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ABSTRACT: Four full-scale test geosynthetic-reinforced soil retaining walls with a sand
or clay backfill reinforced with a relatively short. geotextile (about 30% wall height)
having a continuous rigid facing were loaded to failure with a large footing on the crest.
In the laboratory, static and dynamic loading tests were performed on scaled models with
a reinforced backfill sand having a facing with different degrees of rigidity. The models
became more stable as the facing rigidity increased. This result was successfully simu-
lated by limit equilibrium stability analyses based on the experimental finding that the
facing rigidity increases the earth pressure on the facing back face and locates the to-
tal reaction activated on the bottom of facing and backfill closer to the toe of facing.

"1 INTRODUCTION

A permanent geosynthetic-reinforced soil
(GRS) retaining wall system which satisfics
the following requirements has been devel-
oped by using relatively short sheets of
geosythetic and a continuous rigid facing
(Murata et al., 1991, Tatsuoka et al., 1991,

1992): A) By using an appropriate type of

geosythetic, it should permit the usage of
mosl on-site soils as the backfill soil,
which leads to a considerably large cost
saving, compared with the cost for the use
of selected cohesionless soil and the
treatment of excavated soil. B) It can re-
construct a gentle slope of existing em-
bankment to a near vertical or vertical
wall without a large amount of excavation
(Fig. 1}). C€) It should exhibit very small
deformation, especially very small settle-
ment at the crest so as to use as important
permanent structures such as bridge abut-
ments supporting vertical and horizontal
l.ozms acling on the crest mear the wall
face. 1) It should be reasonably inexpen-
SIve so as to use for large lengths as, for
lpstfmce. railvay or highway embankments.
E) To achicve a relatively long lifetime,
Lbhe wall face should be sufficiently dura-
_1?_114,’amst natural and artificial damaging
actlons. 1°) the wall face should be aes-
?hclucally acceptable, which is particular-
'y !_mpol'tunt when constructed in an urban
area. potential damage due to the relative
iﬁé“elli@n}' between the rigid facing and
Lay :j):lc:{<llll_ can be avoided by using a de-
Wul(f ‘('-(‘lst—m-[.)l.acte conerete facing. This
Cone system has already been used to re-

Istruct slopes of railway embankment for
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Fig. 1 . Typical railway embankment slope re- -
constructed by the proposed GRS retaining
wall system, Amagasaki.

almost Tkm. This paper presents the re-
sults of model tests and stability analyses
taking into account the effect of facing
rigidity. ' :

2 LOADING TESTS OF GRS RETAINING WALLS

In the laboratory, 50cm-high GRS retaining
walls with sand backfill reinforced with a
model grid having different types of facing
with various degrees of rigidity were con-
structed (Fig. 2). Type A facing was made
of rubber membrane. Type B' was made of
tracing paper, which was stiffer than Type

‘A. Type B was made by piling up wooden

blocks having a smooth back face with a
soft material. in between vertically adja-
cent blocks so as to reduce the Tacing ri-
gidity as the I‘rench Reinforced farth re-.
taining walls. Type C was similar to Typc
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Fig. 2 Small models of GRS retaining wall in the laboratory (Tatsuoka et al., 1989).
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Fig. 3 Average footing pressure versus
footing settlement for the models (Fig. 2);
(a) Back loading and (b) front loading
(Tatsuoka et al., 1989).
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B, but the back face was made rough and
the blocks were in direct contact with each
other. For Type D, the wooden blocks were
tightly fixed to form a continuous rigid
facing. These model walls were loaded to
failure by means of a 10cm-wide strip foot-
ing with a smooth base. For each type of
wall, front loading (loading from the top
of the reinforced zone, see the right-most
figure in Fig. 2) and back loading (loading
from immediately behind the reinforced
zone) were performed (Fig. 3). In each
case, the wall was more stable in the order
of Types D, C, B, B' and A in accordance
with the degree of facing rigidity. In par-
ticular, despite the use of relatively
short reinforcement (only 30% the wall
height), the model wall using a continuous
rigid facing of Type D was very stable.

Two full-scale test embankments Nos. 1
and 2 were constructed in 1988 and 1989 by
using sand and clay, respectively, as the
backfill soil. Herein, only No.l embank-
ment will be described. The backfill sand
had Dso= 0.2mm and a fines content of 16%.
In Fig. 4, the solid and broken lines show
the dimensions at the end of construction
and about two years after construction,
respectively. The vertical spacing be-
tween reinforcement layers was 30cm and
the length of reinforcement was 2.0m, ex-
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Fig. 4 (a) Plan (T; test section, and C; con-
trol section) and (b) one section of No. 1
embankment (sand).
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cept 1.5m for Segment f. The test wall seg-
ments had a delayed cast-in-place unrein-
forced concrete facing with two lightly re-
inforced construction joints having a
slightly inclined wall face, except Segment
h having a discrete panel facing (Type C,
Fig. 2). The backfill was reinforced with a
grid having a tensile rupture strength of
2.8tonf/m and an initial modulus of
1.0tonf/m at an elongation of 5%. All the
wall segments having a continuous rigid
facing exhibited a very small settlement of
Icm or less even at the center of crest o-
ver one and a half years (Fig. 4), whereas
Segment h having a discrete-panel facing
deformed much more largely.

Three segments of No.l embankment were
loaded from their crests using a 2m x 3m
footing (Fig. 5). These 3m-wide test sec-
tions were separated from each other
through a 2m-wide control section in be-
tween by using a layer of two plywood
sheets sandwiching a layer of grease used
to lubricate the boundary planes. The
footing was located at a setback of 2m from
the crest edge of Segments d, f and h (Fig.
6). Fig. 7 shows the average footing pres-
sure plotted against the horizontal out-
ward displacement at the mid-height of fac-
ing, which is representative of the defor-
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- ture during the model tests.
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Fig. 6 Deformation of three sections of No.lembankment by back loading test.

mation of facing. The effect of the differ-
ent lengths of geotextile between Segments
d and T (2.0m and 1.5m) and the effect of
the different facing types between Seg-
ments d and h may be clearly seen. The
very low part of the discrete-panel facing
of Segment h buckled during loading (Fig.
8), since the facing could not resist large

axial force in the facing during loading.:

Segments d and f yielded when a crack ap-
pearcd in the upper. construction joint of
facing (Fig. 6). Therefore, if the con-
struction joints had been stronger, the
strength of the walls would have been
larger. One sectjon of No. 2 embankment
was also loaded to failure (Murata ct al.,
1991,  Tatsuoka et al., 1992).

For the aseismic design of the GRS retain-
ing wall system, five 100cm-high models
were constructed on a shaking table (Fig.
8). The sand backfill was reinforced with a
grid having a high rupture strength of
L.0tf/m, which leaded to no chance of rup-
Model 1 was
the standard one having a vertical contin-
uous rigid facing (Type D). Compared to
Model 1, Model 5 had a discrete panel fac-
ing (Typc B), Models 2 had longer rein-
forcement, Model 3 had an inclined facing
and Model 4 had a smaller number of rein-
t‘or(.‘c_:mcm layers. A series of horizontal
Sh“k}ng at a c¢onstant amplitude of accel-
€ration was applied with increasing the ac-
Cffleriltl<)n level step by step. The accumu-
lated horizontal outward displacement of
f{mlng at the end of each step of shaking
“l“(s much targer for Model 5 than for Model
i f“’_'( 9. apparently duc to its low facing

I8ldity. The wall also became more stable

by using longer yeinforcement (Model 2)°

%3(11 by using an inclined facing (Model 3),
numbhocmﬂ_o less stable by using a smaller
Fu ner ol reinforcement layers (Model 4).
mor 1Cr, a 2.48m~high model of No.l embank-
Wa-(f’}i C‘or_\structed on a large shaking table
vsipJ¥namically loaded. - The test results

g these small and large models showed
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Hydrauliz jack i

Load cell . oading

Holler platen (3 x2m)
v i o
Anchor —~|,

Cross—section

Reaction Frame
Hydradlic jack -—é . é
I HIRIEL "~ )
T
/—%\ o ﬁ' Load cell
Conral '\"Eg;mem /Conlrnl segment
sepment A
~—|
Lubrication
l—— laver
had -
Anchor —

Front view

fig. 5. Back loading for No. 1 embankment.



Case 1

Case 5

SMOOTH
BACK FACE

CUSHION
BETWEMN PANELS

Facing

LR*

Siope of vall face

uni L

d0ca

Note

Verticai

Standard

unit

§0cn

Yertical

Longer reinforcemcnt

" unlt

10

40co

1:0. 1(V:11)

Inclined facing

uni t

§0ca

Yertical

Smailer NRL

§ | discrete

40cn

~ Vertical

Less rigid facing

NRL:
LR :

Nuaber of reinforcemnetl layers

Length of reinforcernct

‘Fig. 8 Models for dynamic loading tests.

SINGLE AMPLITUDE ACCELERATION (gals)

00

N
- Q
l

TOP OF FACING AT THE END OF PREvIOUS SHAKING, D(mm)
H
o
L1

HORIZONAL OUTWARD DISPLACEME T 10cm BELOW THE

D
(=]
T
[w]

|

~TlO cm

AT THE END OF PREVIOUS SHAKING
100 200 300 400 500
Ea

o0
<

¥ ¥
105 177

Fig. 9 Resuls of dyriamic tests (Fig. 8).

388

b ®
___T_u§|' A
R

that this type of GRS retaining wall can be
designed so as to be stable enough against
the design seismic load.

3 STABILITY ANALYSIS

Two-wedge stability analyses (Fig. 10) were
performed, seeking the smallest safety fac-
tor by changing the locations of Points
and B and the angles 0 ~ and 0 . Plane'BE
was assumed to be vertical. The effects of
facing rigidity were taken into account in
the following three ways: 1) For a continu-
ous rigid facing Type D, Point A can be lo-
cated only at the bottom level of facing
(Fig. 11), whereas for flexible or incremen-
tal facings as Types A, B and C, Point A pay
be located at any level of facing. 2) Part
of the weight of backfill can be transmitteq
to the facing through the shear force on
the back face of facing (Fig. 12). The axial
force V in the facing may be expressed as:

V=P -tan ¢ w,

P=a -Pa m

Fig. 11 Force components working in a GRS
retaining wall.
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Nw= V+W
W: weight of facing
V=P - tangp,
P.= Active earthpressure when unreinforced.
Hu= (V+W) - tang,

Fig. 12 Coefficients_ a and B
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where P is the total earth pressure acti-
vated on the back face of facing, ¢ « is the
wall friction angle and P. is the active
earth pressure activated on the back face

" of facing when the backfill is un-reinforced.

The results of the laboratory and field
tests showed that as the facing rigidity in-
creases, the coefficient a increases from
nearly zero for Type A to -almost unity for
Type D. 3) The test results also showed

that as the facing rigidity increases, the lo-
cation of the total reaction force (the sum
of the reaction R on Plane AB and the verti-
cal reaction Nw at the bottom of facing) be-
comes closer to the facing. This is due to
the mechanism expressed by Eq. (1) and that
the soil adjacent to the facing may become
stronger as the facing rigidity increases
due to the larger confining effect. . The lo-
cation of R is expressed as B ‘L (see Fig.
12b). These three mechanisms increase the
stability of GRS retaining wall against slid-
ing out and over-turning. This factor is ig-
nored in most conventional limit equilibrium
stability analyses.

The safety factor SFs for sliding out a-
long Plane AB was computed as:

SFs= {(Srw+SrRpP+SrRT1+SrT2+Srvw+Sruw).~

(FDW+FDP)}min (2)

where Srw and Sre are the shear strength
of soil along Plane AB due to the weight of
Block ABED and the earth pressure Ps acti- °
vated on Plane BE, respectively, Srri is
the component in the direction of Plane AB
of the reinforcement force Ta activated
between Points A and B, Srrz is the shear
strength of soil along Plane AB due to the
increase in the normal stress caused by Ta,
Srnw and Sruw are ‘the components in the
direction of Plane AB of the vertical reac-

- tion Nw and the shear force Hw, respective-

ly, at the bottom of facing, and Fow and
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L“l% 13 Comparison of the results between
Odel tests (Fig. 3a) and stability analysis.
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Fpr are the disturbing forces due to the

weight of Block ABDE and Ps, respectively.

The safety factor SFo for over-turning of
the block ABED together with the facing a-
bout Point 0 was computed as: ’

SFo= {{Mew+tMr~1),” {(Mpr*MbF) }min (3)

where Mrw is the resisting moment about
Point 0 of the weight of Block ABED and
facing, MrTi is the resisting moment about
Point O of the reinforcement forces Ta and
Tz (Fig. 11), Mbr and Mpr are the disturb-
ing moment about Point 0 of the sum of R
and Nw, and Ps. In this method, the rein-
forcement force increases the normal.
stress on the failure plane(s), thus, the
soil shear strength. The smaller one of
the above two safety factors is considered
as the safety factor of wall.

For the laboratory tests (Fig. 3), the an-
gle of internal friction of the backfill
sand (Toyoura sand) by conventional plane -
strain compression (PSC) test was 49°..
However, taking into account the effect of
strength anisotropy and progressive fail-
ure, as the average friction angle mobi-
lized along the failure plane at the moment
of peak footing load, a reduced value ¢ =
43° was used. The average measured. rein-
forcement force of 100gf/cm was used. The
effect of the side wall friction estimated
as 3gf/cm® was taken into account noting
that the sand box width was 40cm. B = 0.4
was assumed for all the models, since val-
ues similar to 0.4 were observed for all the

~cases. In this case, the center of rotation

was the center of facing base where the
wooden block was supported on a hinge.
The data points @ in Fig. 13 represent the
measured maximum footing pressure g. and
the vertical reaction Nw at the facing bot-

_tom when gQu was activated for the case of

back loading (Fig. 3a). The symbols H, []
and [J indicate the values of qu and Nw for
the case of over-turning estimated by the -
stability analysis using « = 1.0, 0.5 and
0.0, resvectively. The symbols A, A and
. are for the case of sltiding out. The ef-
fect of a on both qu and Nw is significant.
For Type D, the estimated values of gqu. and
Nw for over-turning arc very close to the:
measured values. This seems very reasona-
ble, since the lowest block of the facings
B, C and D was not allowed to translate by
being supported on a hinge, thus the only
possible failure mechanism for Type D was
over-turning. For Type C, the estimated
values for sliding out (a = 1.0) were very .
close to the measured values, which were
smaller than the values for Type D. It is
also reasonable, since the observed fail-
ure mechanism f{or Type C was nearly slid-
ing out associated with the bending in the
lower part of the facing which had only
small overall bending rigidity. ¥For Type.
B, both measured and estimated values are



Table 1 Summary of stability analysis for
field loading tests (Fig. 7)

{ Test ! qu (kgf/en®)

i Segment : measured estimated

E i =00 03 0.5 1.0

: : !
td(l=2m ; 6.0 31 - 41 58 |
(f(L=1.5m)| 5.5 3.0 - 4.0 5.5
ih(L=2m) ;{ 425 3.0 4.0 - -

L: the length of reinforcement

much less than those for Types C and D with
a low value of a (the measured and as-
sumed values were 0.05 and 0.0), which re-
sulted from its low facing rigidity. The
observed failure mechanism was close to
sliding out to a larger extent than for
Type C: The observed value of Nw for Type
A was plotted at zero by assuming a = 0.0
and by ignoring the weight of facing. The
observed value of qu for Type A was lower
than that for Type B, due to the local fail-
ure which took place in the top soil lay-
ers. Since the estimated value of qu for
Type A for sliding out should be smaller
than that for Type B due to the lack of
facing weight, apparently, the analysis o-
ver-estimated the actual strength. For
Type B’, the actual value of Nw may not be
zero. Since the value was not measured,
the data point was plotted arbitrarily at

Nw= 0.0. A similar and consistent result
was also obtained for the case of front
loading (Fig. 3b).

In the analysis of the field test (Fig. 7),
¢ = 37.1° and c= 0.082 kgf/cm® obtained from
PSC tests were used. The effect of pro-
gressive failure was ignored considering a
small difference between the peak and re-
sidual strengths. This analysis seems less
straightforward when compared with the a-
bove-mentioned case, because of some ambi-
guity in the side wall effect. A shear re-
sistance between the test and control sec-
tions of 0.15 kgf/cm® was assumed with
which all the field test results were well
simulated. The measured reinforcement
force of 300kgf/m and the assumed value B
= 0.4 were used. For Segments d and I hav-
ing a continuous rigid facing, the observed
failure mechanism was over-turning, which
was due to the effect of the resistance a-
gainst sliding out of the buried part of
facing. For the analysis of Segment h, on-

1y the observed failure mechanism, sliding
out, was considered. For Segments d and f,
the analysis underestimated the actual
values when « =0.0 was used (Table 1), de-
spite that the effects of strength aniso-
tropy and progressive failure were ig-
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nored. This means that the actual vajye of
a would be larger than 0.3. When using ,
=1.0, the estimated values of qu were ver
similar to the measured values. For Seg)i
ment h, a= 0.3 was estimated in such that
the theoretical buckling strength of the
discrete panels is 0.7l(gI‘/m‘, which is 0.3
times the theoretical axial force activated
in the facing at the peak footing load. By
using a = 0.3, the measured value was we}]
simulated. Considering some uncertaintie
in several assumed quantities, a very goog
agreement between the estimated and ob-
served values may be somewhat fortuitous.
However, it is obvious that also for this
case, the effect of facing rigidity as ob-
served could be estimated reasonably by
the method described above. A similar and
consistent result was also obtained for the
static loading test No. 2 clay embankment.
The effect of facing rigidity as observed
in the dynamic model tests could also be
well simulated by this analysis method.

4 CONCLUSIONS

For a geosynthetic-reinforced soil retain-
ing wall, the use of continuous rigid fac-
ing was experimentally found to increase
the stability of the wall. In stability ana-
lyses based on limit equilibrium formula-
tion, the test results could be well ex-
plained only when taking into account the
facing rigidity.
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