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Six full-scale test embankmants having near-vertical slopes were constructed. five of tham by using
8 nesr-sotursted clay, while one by using sand. Based on the observation of thelr behaviour., a
reinforcing method suitable for most types of soils is proposed. In this method, relatively short

planar shsets of geotextile having a function of drainags ars used togather with a contlinuous rigid
facing structure placed after the filling of backflll is completed.

NTRODUCTION Table 1. Descrinstion of test embankments
+* " Soil reinforcing witl find more increasing
popularity Iin stabilizing e steep slope of em- Tedustesat
Z7iibankment If the following requiraments are sat- te. | to. 2 fo. 3 | Lsai-Oada
-*!:flsd. @ For & targe cost saving., most on- Proserties of the dechfil] (Lente lasa)
ite” solls iIncluding near-saturated cohesive
Toter il 100 120 e ||:
n‘avatlable from excavation work in inland ar- Sontenelh) | o8 Leweltates n o t
s.in Japan. On the other hand, the usage of m«:um ot fitting '"" 0.35-0.0% o.lo. 0.4
cchesianless soils would be much mare expensive. {efent) " falintee| S0 S : i
iHowaver, when using such coheslve solls, appro- Oesren of | ot tiitlag = Lo B bt
‘dpriate mossures for the drainage should be taken saterativn | ot deselieding] s T !
b‘for compacting the backfll] effectively a?ﬁ for “ " st filbing 210 iﬂryul $-10 .
tdiiensuring the stability of the slope. e . R
1/as® - -fg - 2-4.8
should be reasonably iInexpensive so that it (ulfert) | ot duselinbioe] *00 s
Gould be used for large length as, for axample. -Diseastons of esh and ore of ssstextile
; ;llvnv or highway embankmants. @ 1t con be Baieht at f10I%0g §o) o0 5.2 5.8 |4.0, 5.4
'ugcd far the re-construction of embankment for ; -
king the slope steeper (Fig. 1). In this e ) A0 o 0.8
se, the use of long reinforcement needs 3
3 :large smount of excavation of the existing gen- e Tt e | vt EEEE] sene | teso
Y e tlc slope. The doformation of slopa, espe- teree (0) Ceeastant) | 0:1.0-2.4
2&“ &ﬁ qlallv the settliement at the crest. should be Pr— o1t
i ‘l::lo :artlcularlv when used for railway em- O ertsentel tverttent] o.2: 1of o2z e
ments,
2.- A reinforcing method for earth retaining Fecles strecters o ) PP P
Iis which can satisfy the sbove requiraments Mee T e
8 been studied for the last dacade. So far. ::Lhu :cxu"
X 4.0 to 5.4 m-high test embankments rein-

fced with various types of geotextile and fac- 1) Averaged excest for a slightly dried thin

N3 structures were constructed. A high-water
zgontent, very problemstic volcanlc ash clay
'-Ollld Kento laam was used for five of them. and
Sohesionless soll for the other ona. Their
st-construction bahaviour was continuously ob-

,l' Reconstruction of embankment

layar nesr the crest. 2) not measured.

3) For the mechanically compacted central places
of emdankment.

4) For the manually compacted places near the

‘slope face.

5) Cone penetration resistances obtalned with 2
cone having a cross-sectional area of 6.45 cm2
and an apex angle of 30 degrees.

6) The height of the lower wall and the haight
in tatal after the upper wall was constructed.
respectively.

T) L: left-hand slope, 8) R: right-hand slope
and 9) B: back-sides slope.

10) Ths slope face of each soll laver was
wrapped around with & geotoxtile sheet.

11) Gabions wsre placed at the shoulder of sash
sotl layer.

12) A shotcrete laver was pleced on the slope
tace which had been constructed with the aild of
gebions.

.13) The facing stucture consisted of discrete

concrete panels.
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BEHAVIOUR OF TEST EMBANKMENTS
3. This research consisted of three stages.
rs M

4. Three embankments (Nos. | and 2 and Kani-
-Onda) were constructed from 1982 (Table | and
Flo. 2. rofs 1-2, 4-6). For thase three and the
next (No. 3) clay embankments, 2 spuyn-bond non-
~woven geotextile of 100 % polypropylene was
used. |t had force per unit width (tonf/m) at IS
X elongation was 0.435 + 0.00675- 0 o, where O o

I's the normal force between 0 and 32 tonf/m2.

5. Artificial hsavy rainfall tests wers par-
formed on No.2 and Kami-Onda embankments to
critically evaluate their stability. They ware
dismantled to closely observe the inside fallure
modas (Flg. 2). The following points were found:

6. (1) The slopes of No. 2 (Fig. 2b) and the
upper wall of Kami-Onda (Fig. 2¢) were con-
structed with the aid of gabions placed at the
shoulider of each sail layer. The lower wall of
Kami-Onda (Fig. 2¢c) was constructed with the aid

of discrete concrete panels. Despite their
steep slope of 0.3 or 0.2 in horizontal to 1.0

in vertical. all these slopes were vary stable
against natural heavy rainfalls, due meinly to a
high degres of compaction of the backfili behind

the slope face and the confinement to the soil
layer by the fecing structure.
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Fig. 2. Cross-sections of test embankments.

(a) No.l, (b) No.2 (c) Kaml-Onda

(refs 1. 2, 5. 6)

Note: Lines denoted by 1| and 2 in Fig. 2b are
the failure surfaces by the stability anafysis
by the limit equilibrium method with and without
water pressure in the cracks. respectively.
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T. The slope face of each soil laysr of No. |
(Fig.22) was just wrapped around with a geo-
textile sheat. The right-hand sloepe having a
vertical spacing of ‘geotextile sheet was 40c¢cnm
was very stable. However. in the laft-hand
slope in No. 1 embankment (Fig. 2a), large com-
pressive deformation was caused in the lowest
soil layer near the slope face by natural rain-
falis of an anticipation of 30 mm/day or more.
This was due to a8 too large vertical spacing of
80 cm between the geotextile layers in addition
to the lack of the confinement to the soil by
the non-woven geotextile sheet wrapped around
the slope face of sach soil layer.

8. (2) The non-woven gsotextile functioned very
well as a drsinage both during the filling of
backfill and against heavy rainfalls in main-
taining a high degree of suction (i1.e.. negative
pore water pressure) in soil layers between geo-
textile sheets. In contrast, the pore water
vressure in the zones remote from geotextile
sheets became positive occasionaliy during heavy
rainfaills.

9. Fig. 3 shows the safety Ffactors defined as
the ratio of the failure height to the actusl
beight of slope. plotted against the suction in
soit. for the two slopes of No. 2 embankment.
These values were calculated by the stability a-
nalysis by the two-wedge !imit equilibrium math-
od, by using the estimated shear strength of
soil: T = {total normal stress ¢+ suction): tan
@ (% 'z 30 degrees) (ref. 6). This result
suggests that the suction contributes signifi-
cantly to the stability of clay sloses.

10. {3) Fig. 4 shows the deformation of the
three slopes caused by the artificial rainfail
tests (ref. 6). They are simplified as llus-
trated in Fig. 5. It mev be seen from Fig. 4a
that the deformation due to the sliding atong o
fallure surfsce (DE in Fig.5) was relnatively
small when compared to that due to the o-
ver-turning about the toe of siope (E «n Fig.
§). This was due to the use of relatively short
geotextile. In this case. the over-turning mode
was accompanied with the local compression tn
the lower soll layers (see Fig. 4b).

11. Based on the observation described in the
above, it was considered that the use of contin-
uous rigid facing can increase the resistance of
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Fig. 3. Safety factors of slopes of No. 2
embankment assuming no water pressures tn

vertical cracks (ref. 6)
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wall against the over-turning by Increasing (1)
the strenoth of soll behind the facing by the
confinement of facing, (2) the overall bending
rigidity of wall and (3) the vertical pressure
developed on the bottom of facing.

12. Then. a 5.5 m-high No. 3 clay test embank-
ment was constructed in 1986 (Fig. 6). which had
three tast slopes: (a) the back-side slope (Fig.
8b), with the siope face wrapped around with
nen-woven gaotextiie as the left-hend slope of
No. 1 embankment., (b) the right-hond slose (Fig.
6a), covered with discrete concrets panels as
used for the lower wall of Kami-Onde embankment.
and  (c) the left-hand slape (Fig.Ba), con-
structed with the ald of sabions as the slopes
of No.2 embankment, but with an about 8 cm thick
shotcrets layer subsequently placed on it. Fig.
T shows the deformation of the woails for three
end a half years. Note that in Filg. 7, two dif-
farent scales are used for deformation.

13.  The embankment experienced sesveral times
of natural heavy rainfalls. The deformation in
the back-side slopa was much larger than that in
the other two. Therefore. 8 counter-weight filt
wes constructed to stabilize It so that its de-
formation did not damage the other two stable
slopes. The back-side slope further deformed
slightly by a relatively large earthquaks In De-
combar 1987. which had a maximum horlzontal ac-
celeration of 326 gals at the site. Howsvar.
the deformation of the other two walls was neg-
ligible. After that event, all the slopes have
been very stabls.

14. Flg. 8 shows tensile strains devaloped in
the geotextiis In the right-hand slope. The de-
velopment of some strains a8t the rear of facing
Indicates a degree of confinement from the fac-
ing spplied to the soil layer. It may also be
ssen that the anchorage length, as denoted by A.
was smoll. which Is one of the characteristic
foatures for such planar reinforcement
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Fig. 4. (a) Horizontal outward displacement and
(b) settlemant at the slope face caused by the
artificiel rainfall tests. plotted against the
height from the bottom of slope (ref. 6)
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Fla. 5. Schematic dlagram showing deformation
modes shown in Fig, 4.

15, Any clear differsnce In the behaviour was
not observed betwasn the left-hand slope having
continuous and relatively rigid facing and the
right-hand alope having discrete-pane! facing.
The difference. however. was very clear in the
laborstory tests iIn which model walls of sand
with o wall height of 52 em, having different
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Fig. 6. (&) Right-hand and left-hend slopes and
(b) back-side slope of No. 3 embankment (U:
pore-pressure maters. E: tenslile strain gauges

for geatextlle)
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types of facing were brought to failure by load-
ing at their crests (ref. 3). Namely, the fac-
ing of discrete concrete panels was simulated by
piled-up wooden blocks with » rough back face.
This model wail was weaker than another model
wall having continuous rigid model facing. This
model wall was very stable., despite the use of
short (30 X the wall height) rainforcement of
erid-type. Further, a model wall with facing of
plled-up wooden blocks having a smooth back face

togather with a layer of soft material betwaen
the blocks was weaker than the above two model
walls. The flexible facing wrapped around with
seatextile sheets was simulated by s model fac-
Ing structure made of a rubber membrans. This
model well| was extremely weoak.

18. To confirm the findings described above.
other two test embankments ware constructed from
the end of 1987 through the beginning of 1988.
The first one (JR No. 1, Fig. 9a) used a sand
backfill having 2 mean diametar of 0.2 mm and a
fines content of 16 %. It was reinforced with 2
grid-type reinforcement made of polyester dipoed
with PCV llquied, having &n ultimate strength of
3.0 tonf/m, Among its six test segments. five
had continuous rigid fecing of unreinforced con-
crate slab. The other one had discrete-panel
facing as used for the lower wall of Kami-Onda
and the right-hsnd slope of No. 3.

17. The second embankment (JR No. 2, Fig. 9b)
used 2 volcanic ash clay (Kanto-loam) backfill
having a watser content of about 120 % and a de-
gres of saturation of about 90 %. Two of the
six test segments were reinforced with a grid-
~type geotextile sandwiched betwean gravel
dralnage layers. two others with a non-woven
geotextile and the other two with a composite of
8 sheet of high tensile-rigidity woven geotex-
tile sandwiched between non-woven geotextile
sheets. The ultimate strength was 1.8 tonf/m.
All the six test segments had continuous rigid
facing,
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Flg. 8 Streins In non-woven geotextils lavers at
the right-hand slope of No. 3 embankment

18. All the test seaments having contlnuous
rigid facing of the two JR embankments exhiblted
8 very smail settiement on the crest of only
sbout 1 cm about two years sfter the construc-
tion (Fig. 9). On the other hand., the test seg-
ment with discrete-panel facing exhibited a rel-~
atively large deformation. These results are
well in sccordance with those of the laboratory
nodel wall tests (ref. 3). These embankments
has aiso been very stable against several times
of natural heavy rainfalls.
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Fig. 9. Deformation for abaut twa years of typi-

cal segments of JR embankments; (a) No. | (sand)
and (b) No. 2 (clay)

Note: Scale is different for embankment and
doeformation.
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18. Three test sactions of JR No.l embankment
wors loaded ot their crests by using a footing
with 8 2 ®m x 3 m base in Jenuary. 1990 (Figs. 10
and 11). The footing was located at the center
of the crest. at o distance of 2 m fram the rear
of facing. The test sections were separated to
each other by a control section In between. A
taver of two plywood sheets with a grease layer
In between had been placed between each test
sesction and the adjacent control sections to
achieve plane strain conditions., Of two seg-
ments In each section. the one which had been
considerod weaker In advance failed (Fig. 11).

20. Flg. 12 shows the relationships betwesn
the averags footing pressure and the outward
fateral movement at the top of wall. The effect
of the different length of geotsxtile between
Segments D ( 2 m) and F (1.5 m) and that of the
different facing tvpes between Segments D and H
may be seen, As indicated In Fig. 12, Segments O
and F vielded when a crack appeared in the upper
one of the two construction joints, which were
very lightly steel-reinforced, in sach fscing.
If the construction joint had been stronger., the
footing load which the walls could sustain would
have been larger. Indeed, this result is one of
the evidences for the contribution of tha over-
all rigidity of facing to the stability of the
walls. It Is also found that each pattern of
deformation of facing as sesn in Fig. 11 was
very similar to that observed in the corre-
sponding model test in the laboratory. JR No.2
clay embankment will be loaded in 1990.

PROPOSED REINFORCING METHOD

21. Based on the above, the following rein-
forcing method can be proposed as the ons which
satisfles the requirements described In INTRO-
OUCTION: D Planar geotextile sheets are used
to Increase the contact ares with the backfill.
thus, to reduce the required anchorage length.
For 2 cohesive soil backfill, a composite of
non-woven and woven geotextiles is used to fa-
cilitate drainage and to ensure high tensile ri-
gidity and strength, Continuous rigid facing
Is used to stabilize the wall and to reduce the
deformation of wall, particularly the settliement
st the crest of backfill, by enhancing the rein-
forced 20ne to bahave like a monolith. 1ts use
Is also to increass the resistance against me-

SECTIONC-D

SECTION G-F

chanicel damage and fire and to pravent the de-
terioration of geotsxtile which occurs when ex-
posing to sun llght. @ Relstively short roin-
forcement 1s used so as to be applicable to the
recanstruction of embankment (Fig. 1), It is
considered that the reduction in the stabilrty
of slopa by using shorter reinfarcement can be
compensated by using a planar geotextile (item

) and using continuous rigid facing (ltem
@). @ A stage construction method (Fig. 13)
is used. Namely, first the wall is constructed
with the aid of gabions placed at each con-
struction lift. After the major compression of
the backfill snd/or the supparting ground has
occurred, the facing is placed by sither of the
following methods or another. (1) A lightly
steal-reinforced concrete slab is plsced direct-
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ly on the slope face wrapped around with geo-
textile sheots so that the siab does not sepa-
rate from the slope face. (2) A precast contin-

uvous lightly stesi-reinforced concrete plate is
placed on the slope face, leaving some space be-
tween Its rear and the slope face, which is sub-
sequently filled with frash concrete.

22. There are several other reinforcing meth-
ods which use continuous rigid facing. Some
characteristic disadvantages when using it. how-
ever., are known as discussed bolow.

23. Flirst, when the backfjll is compacted us-
ing 2 fixed facing structure. anly small amount
of tensile strain may be developed in reinforce-
ment, while larger sarth pressure may be acti-
vated on the back face of facing. For the effi-

cient wusage of reinforcing members, however,
larger tensile strass should be developed in
them, with smaller earth pressurs on the back

face of facing. Whan the support of the facing
Is removed after the full height of wall fs com-

pleted, tensile strain in reinforcement may in-
crease by ths outward movement of facing, but
may not bas much In the lower parts of wall since

about its bottom end.
develop larger tensile
larger displacement of

the facling would rotate
Furthsr., In order to

strains Iin reinforcemant,
facing may be preferabla. It wouid, howaver, be
rather difficult to control and also it may in-
duce some unpreferable relative settlement be-
tween the backfil! and the facing. On the other
hand, in the stage construction method, suffi-
clent amount of tensile strain can be developed
at the filling of backfill, without activating
large earth pressure on the back face of facing.

24, Second, with the reinforcement members
connected to the back face of continuous rigid
facing when filling the backfill, the relative
settlement between the facing and the backfill
due to the comprassion of the backfill and/or
the supporting ground may damage the connections
of the reinforcing members with the back Face of
facing. To eliminate this problem. several meth-
ods have been develoved: e.g.. the reinforcing
members are permitted to slide relstiva to the
facing by means of slideable attachments. This
problem, however, is not serious in the stage
construction method.

25. In the stage canstruction method, there
may be 2 limit of the height of wall because of
the construction of wall without using a2 contin-
uous rigid facing structure. While It is known
that the limit is larger than 5.5 m, this issue
Is to be studied.

26. A ssries of shaking
scaled models also weres performed for
seismic design. The design method including the
stabillity analysis of wall and the structural

table tests of the

design of facing are now betng wundertaken.
Also, the construction of the wall of this type
has been started at several sites for railway
embankments,
CONCLUSIONS

27. The followlng points were found:

(1) A function of drainage of geotextile is es-
sential when reinforcing a clay backfill.

(2) The use of continuous rigid facing Is very

effective to stabilize a reinforced wall and to
reduce its deformation,

(3) The reinforcement cen be relatively short
(say, only 30 X the slope halght) without losing
Its stability when a planar geotextlile and con-

the a-

tinuous and rigid facing are used. However., the
stabliity of wall may be more criticsl agalnst
the over-turning about the toe of wall than a-

gainst that the transliatory sliding-out.

(4) The reinforcing method provosed in this pa-
per Is very saconomical, particularly when used
for 2 near-saturated cohssive soil.
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