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(2) If setf-induced filters were formed, the drainage performance was
_significantly affected by the geotextile being initially dry.
(3) If the backfill material does not contain fine particles, self-induced N
filters were not formed behind the geotextile. A Reinforcing Method for Steep Clay Slopes using a
(4) In order to examine the composition of soil and geotextile without Non-woven Geotextile
disturbing the sample structure, the block sampling method by in !
situ freezing was found effective. Further, it was difficult to directly
observe the mechanism of self-induced filters by using a scanning

electron microscope because the mechanism is likely to be changed
by the drying process. F. Tafeuoka and H. Yamauchi

The test reported was performcd using speciﬁc soils and geotextiles, so 1 Institute of Industrial Science, University of Tokyo, Roppongi, Minato-ku, Tokyo, Japan

further investigation is nceded to generalize the results. It was re-
confirmed, however, that tests need to be performed under realistic in situ
conditions in order to estimate meaningful drainage performance.

ABSTRACT
REFERENCES ] The effect of non-woven geotextile reinforcement on the stability and
deformation of two clay test embankments is examined bused on their
1. Hul_iburl(m, T. A. and Wood, P. D., Evaluation of the US army corps of performance for abowt 3 years for the first embankment und about 1'2
engincers gradient ratio test for geotextile performance. Second Int. Conf. years for the other. Horizontal planar sheets of a non-woven geotextile are
Geotextiles (1982). ] expecied 10 work in three ways: for compaction control; for drainuge; for
2. Hoare, D. ., Synthetic fabrics as soil filters: a review. ASCE (1982) GT10. tensile reinforcement. The degree of stability of the sieep slopes of the test

embankments decreased during heavy ruinfull. It is found that the use of
non-woven geotextile reinforcement may effectively improve embankment
performance. Only the stability analysis in terms of effective stresses can
explain the performance of the test embankments. The horizontal creep
1 deformation of the embankments during 2-3 years, which is parily
attributed to the creep deformation of the non-waven geotextile, was found
to be small. The resulis of both laboratory bearing capuacity tests of u strip
1 Jooting on a model sand ground reinforced with the non-woven geolextile
and plane strain compression tests on sand specimens reinforced with the
non-woven geotextile show that the non-woven geotextile gives tensile

4 reinforcement to soils.
NOTATION
c cohesion intersect of soil in effective stress
1 E Young's modulus
K, (1 + sing’)/(1 — sing’)

[739 pore water pressure
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R rate of rcinforcing

(R;),  rupture strength per unit width of a geotextile sheet in the ith
layer.

SF salety factor

T total tensile force in geotextiles sheets per unit width of an
embankment

(T.), pull-out resistance per unit width of a geotextile sheet in the ith
layer

a tensile force per unit width of a geotextile

) total unit of soil

€ strain
Poisson’s ratio

o total stress

o’ effective stress

T shear stress

T shear strength of soil

¢ angle of internal friction of soil in cftective stress

b, friction angle between soil and a geotextile

1 INTRODUCTION

In spite of its high tensile stiffness the use of steel reinforcement is
restricted to selected cohesionless soils to avoid a serious reduction in the
cffective stress on its surface caused by the increase in pore water pressure.
Although polymer geogrid is more effective than steel reinforcement for
tensile reinforcement of cohesive soils,' this material, like steel, lacks any
drainage ability. The idcal reinforcement for nearly saturated cohesive
soils is therefore a low-cost stilf material with an ability to drain the soil.
Since such a material is currently not available, a method to reinforce
medium to low height (say less than 7 m) clay embankments by means of a
non-woven geotextile has been investigated by constructing two test
embankments (Fig. 1). Their post-construction performance has been
partly reported elsewhere.? .

The first test embankment (embankment 1) was constructed in June 1982
and was demolished in October 1985. The second one (embankment 1)
was constructed in March 1984 and about 70 m* of water was supplied from
a pond made on the crest during 2 weeks in October 1985 to critically
evaluate its stability. The observation of the performance of the embank-
ment has continucd. The embankments were made usi@g a kind of volcanic
ash clay which is locally called Kanto loam (sce Table 1). This kind of soil
has a high natural water content of the order of 120-130% and a high
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Fig. 1. Intial dimensions of two test embankments constructed at Chiba Experiment Station,
lnstitute of Industrial Scieace, University of Tokyo.®

degree of saturation of the order of 80% and is characterized by its high
sensitivity of 4=5. Although the intact soil has a rather large shear strength
due to its natural cementation, this soil becomes considerably weakened by
remolding. Thus many rather steep-sided embankments constructed with
this volcanic ash clay experienced large deformation, or failure, during
filling or during heavy rainfall or carthquakes. Since a very large arca in
Japan is covered with various kinds of volcanic ash clays, there is a need for
a method to construct stable side slopes using these materials.

The test embankments have steep slopes, being 1:0-2 (vertical to
horizontal) for embankment 1 and 1:0-3 for embankment 11 These slopes
were reinforced with horizontal planar sheets of a non-woven geotextile
(Fig. 2). The non-woven geotextile was used for three purposes: for
allowing better compaction of the fill; for draining water quickly out of the
embankment to prevent an increase in pore water pressure during heavy
rainfall; for tensile reinforcement of embankments. In this paper, the
experience obtained by continuous observation for about 2-3 years of
these two instrumented test embankments is described together with the
results of stability analyses. Also, results are given for laboratory plane
strain compression tests and small model tests on reinforced soils.
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EMBANKMENT 1

am MEFERENCE STEEL FRAME

Rps_| J

wi (%) = 168 w(%) + 93¢ ‘ TR Y — ‘ (R)
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Soil excavated from nearby intact ground of Kanto loam was used as the fill i ' CONGRETE 600K |
material. Each soil layer was compacted to a 40 cm thickness using ' WooDEN PiLE—]
compaction plant except within about 1 m of the face where manuat 10

compaction was used. A spun-bonded (needle-punched) 100% poly-
propylene non-woven geotextile was used (Table 2). The mechanical and
hydraulic properties of the geotextile are reported elsewhere.? Tensile tests
were performed on the geotextile at a strain rate of 1%/min by means of a
newly developed tensile testing device (Fig. 3) where a test piece of
geotextile can be confined by pressures under plane strain conditions (no
change in the width of the test piece). The effects of both pressure ~

confinement’ and plane strain restraint were found important for the

non-woven geotextile. Details of the tensile tests will be presented in a

subsequent paper. e

CROSE-SECTION |

01-D8 : DIGPLACEMENT TRANSDUCERS

§1~82 : DISPLACEMENT TRANSDUCEAS FOR SETTLEMENT
Ui+ UG : TIPS FOR PORE WATER PRESSURE

11412 NCLINOMETERS

( ): CROS3-SECTION 2

. . .2
Fig. 2. Cross-sections of test embankments.




s

Ty I

246 F. Tatsuoka, H. Yamauchi

TABLE 2
Mechanical and Hydraulic Properties of Nan-waven Geotextile

Fiber density, pe (gfem”) = 0-31

Fiber diameter, dy (um) = 0-40)

Mass per unit area, p (gjm’) %= 400

Unstressed thickness (mm) = 33

Permeability in plane (cm/s)* = 2x 10103 x 1072

Friction angle at interface with Kanto loam under water (degrees)’ = 28-37¢
Force per unit width at 15% elongation, ag.s (kN/m)® = 4-26 + 0-006 T5cra
Farue per unit width at peak, o (kN/m)® = 14-7 + 0-01700

Poisson's ratio, »,* = 0-0

“For normal stress, oo (kN/m?) = 0-313-6.

bFor normal stress, o' (kN/m’) = 0-196,

“These values are similar to the angle of internal friction at large strains of Kanto loam.
“The value when compressen in the direction nonmal to the plane.
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Fig. 3. Tensile testing apparatus (in planc strain tests; the inner pressure o is controlled so
that the circumferential length of the test piece is constant during test).
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When compressed in a direction normal to its plane the non-woven
geotextile exhibits a zero Poisson's ratio (v,). This provides a significant
advantage in the tensile reinforcement of soils since the non-woven
geotextile is extended in the horizontal (axial) direction only when the
horizontal (axial) tensile force is applied. As shown later, it was found
from laboratory tests that the non-woven geotextile can act much more
effectively as tensile soil reinforcement than rubber sheets having a similar
tensile stiffness but a Poisson’s ratio of 0-49.

As shown in Fig. 2, the vertical spacing of the geotextile reinforcement
was too large (80 cm) for the lefi-hand side slope of embankment 1 and the
length was too small for the right-hand side slope of embankment II as
compared to the values to be used in practice. These dimensions were
selected to make the stability of the slopes critical so that the slopes would
experience large deformation, and even failure, during heavy rainfall.

For embankment [, the tlat slope faces were made and they were
wrapped around with geotextile round the soil at the face (Fig. 2(a)). This
method of face construction was found to be time-consuming and the
confinement of the soil next to the slope face is lost when the soil is
compressed vertically. Therefore, for embankment 11 two layers of gabions
made of the non-woven geotextile and filled with Kanto loam were placed
at cach previous layer of the slope before placing the soil layer and the
gabions were wrapped with the geoiextile (Fig, 2(b)). The gabions were
well compressed vertically when placed so that they will not be compressed
by further filling and loading. It was found that the gabions help the
compaction near the slope surfaces and also prevent a local failure in the
soil adjacent to the slope face during heavy rainfall. No structural facing
elements were used. To avoid ultraviolet light deterioration of the
geotextile expuosed at the slope surfaces, some measures would be needed
when using this reinforcing method in actual construction projects.

3 BEHAVIOUR OF TEST EMBANKMENTS

Figure 4 shows the variation of displacements, pore-water pressures and
rainfall with time for embankment 1l between April 1984 and October
1985. The measuring method is described elsewhere.’ The antecedent
precipitation index (API) at time ¢ is defined as

API = Py+ KP,+ K'Py+ ...+ K"P, (8))]

in"which K is a constant less than 1-0, Py is the rainfall for onc day
preceding the time 1 concerned and P, is the daily rainfall on the nth day
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Fig. 4. Performance of embankment 1) beiween May 1984 and October 1945,

before time ¢. The API represents the humidity condition; it was found that
when a value for K of (-8 is used the variation of the API with time
corresponds well to that of the pore-water pressures. Generally, when the
API became higher than around 50 mm, the pore-water pressures in the
test embankment increased, resulting in increased deformation of the
embankment. It can also be seen that the behaviour of the embankment at
the two measuring cross-scctions is very similar. Figure 5 shows the
detailed cecords for 4 days in June 1984 when the embankment experi-
enced the largest rate of deformation.

From these results and similar results for embankment I the following
points emerge.

(1) It can be seen from Figs 4-6 that the settlement is generally much
larger than the outward horizontal displacement of slope which is a good
indicator of the degree of instability of such steep slopes. A similar
deformation was observed for the right-hand slope of embankment I (Figs
7 and 8). Since the major part of the settlement was due to one-
dimensional compression of the soil, this kind of settlement would have
occurred cven if the slopes had been retained by means of very stable
massive walls. Furthermore, it may also be seen from Fig. 6 that for
embankment 11 the total outward horizontal disptacement of the left-hand
slope reinforced with longer sheets of geotextile is as small as 1-2-1-8 cm at
the crest, which is smaller than that for the right-hand slope reinforced
with shorter sheets of geotextile. The left-hand slope of embankment I
experienced a large displacement due to a large local compression in the
lowest soil layer, probably due to too large a vertical spacing of geotextile
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sheets. Therefore it seems that sufficicntly long non-woven geotextile
sheets with a not too large vertical spacing can effectively reinforce such
clay steep slopes.

(2) The crest of embankment 1 setiled in proportion to the accumu-
lated rainfall in the first year (1984), whereas the settlement increased at a
very much lower rate in the second year (Fig. 9(a)). It seems that this kind
of settlement can be attributed 1o the collapse of the soil by wetting. For
embankment 11 the outward horizontal movement in the first year is much
larger than in the second year. The outward horizontal movement
increased with increase in the accumulated rainfall in the first year (Fig.
9(b)). Similar behaviour was also observed for embankment 1. Therefore it
is clear that most of the deformation of the embankments was associated
with rainfall.
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Fig. 7. Toual displacements at represemative points between 13 July

1982 and 16 September 1982 and between 16 September 1982 and 18

October 1985; cross-section 2 of embankment ] (displacements in

two directions were measured only at the point A).
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(3) It may be seen in Fig. 4 that for cmbankment 11, when the API _is
lower than about 50 mm, the negative pore-water pressure or suction did
not decrease from its equilibrium value of about —1:0 m head of water.
During the first year the outward horizontal displacement increased at a
relatively large rate only when the negative value of pore-water pressures
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U2 and U8 decreased and subsequently became positive. Figure 10 shows
the relationships between the change in the pore-water pressure U2 and
the outward tilting of both slopes. It may be seen that the behaviour
resembles that of a visco-clasto-plastic material in the sense that (i) the
deformation increases at a higher rate only when the pore-water pressure
exceeds the previous maximum value and (i) the creep deformation

A reinforcing method for sieep clay slapes using a non-woven geotexule 255

continucs, even at a virtually constant negative pore-water pressure, with
the creep rate decreasing with time. [n particular it may be seen that the
incremental ereep deformation in the second and following years was much
less than that in the tirst year for both embankments | and 11 (see Figs
4+ 10). The explanation for this phenomenon may be as follows, Even for
party saturated soils it can be assumed that il the degree of siduration is
high enough, as in this case, the shear strength of the soil is controlled by
the effective stress (o), defined as o' = o—u,, where o is the totl stress
and u, is the pore-water pressure.* Therefore the decrease in the negative
pore-waler pressures (suction), with the pore-water pressures subse-
quently becoming positive, means a decrease in the shear strength ol soil.
Stnce the soil was initially near full saturation in this case it is likely that the
degree of saturation did not increase at o high rate even during heavy
rainfall. Therefore the increase in the sell-weight ol soil during heavy
raintall can be ignored. Consequently the reduction in lactor of safcty
against Tailure in soil can be attributed to a decrease in clfective stress in
sotl and possible water pressure in vertical cracks. Some stresses in the soil
may be translerred to the geotextile by the reduction in factor of satety
against failure in soil. Then the outward horizontal displacement of the
slopes takes place by the deformation ot both the soil and the geotextile. It
seems that, since the deformation characteristics of both the suil and the
geotextile are visco-elasto-plastic, the overall deformation of the slopes
shows a similar tendency.

(4) From the abuove it follows that preservittion of a high soil suction is
very important for maintaining slope stability, and the pore-walter
pressures within the embankment should be preveated (rom becoming
positive, and water should be drained from vertical cracks (if any). [t may
be seen in Figs 4 and 5 that even during heavy rainfall the pore-water
pressures in the soil layers between geotextile sheets (UL, U3, Ud, Ub in
cross-section 1; U7, U9, UI0, UI12 in cross-section 2) were still negative
whereas the pore-water pressures in the unreinforeed zones (U2, U3 in
crass-section I; U8 in cross-section 2) became positive. This behaviour
clearly demonstrates that the non-woven peatextile functioned very
cffectively as a drainage material for these test embankments,

(5) The tensile strains in the geotextile were not measured for these two
embankments. However, the following evidence shows that the non-
woven geotextile did provide tensile reinforcement to the embankments.
First of all, when embankment 1 was demolished major cracks were found
only in the uareinforced zone between the right- and lefi-hand reinforced
zones (Fig. 8). In the reinlorced zones hair cracks were observed especially
in the top soil layers and in the zones adjacent to the slope laces. Itis to be
noted that even in the left-hand slope, which experienced a large overall
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Fig. 11 Deformation of embankment 1 by artiticial downpour in October 1983,
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T8

displaccment, the reinforced zone overlying the lowest soil layer moved
almost as a rigid body. Sccondly, both slopes of embankment 11 rotated
about their toes when a supply of about 70 m*® of water was allowed 10
percolate through from its crest over a 2-week period in October 1985 (Fig.
L1). It may be seen that the slope tilting was larger in the right-hand slope,
which had shorter reinforcement, than in the left-hand slope which had
longer reinforcement. Although several vertical cracks appeared in the
unreinforced zone between the two reinforced zones, no clear eracks were
observed in the crests of the reinforced zones. Apparently both slopes
would have experienced failure in this artificial heavy downpour if these
had not been reinforced. Lastly, another test embankment very similar to
these two test embankments (A in Fig. 12) was constructed on a 7 m thick
layer of a very soft fill of Kanto loam at another site in March 1985 by
Nakamura ef al.* The slope had a height of 3 m and a slope of 1:0-2 with
the vertical spacing and the length of horizontal non-woven geotextile
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MARCH, 1985 ~ DECEMBER, 19856

i} 1
0 : 1
SCALE
(m)

ELONGATION OF NON-WOVEN GEOTEXTILE

m AFTER ARTIFICIAL RAINFALLING (23 DEC. 1085)

0 DURING ARTIFICIAL RAINFALLING (18 DEC. 1885)
o AT END OF FILLING OF B (16 DEC. 19885)

a (2 DEC. 1988S5)

o (5 APR. 1985)

e AT END OF FILLING OF A (16 MAR. 1885)

Fig. 12, Strain distribution of non-woven geotestile in a test embankment made by
Nakamura et al.>®

shects being 0-5 m and 2 m respectively (Fig. 12). The slope face was
covered with precast concrete facing panels connected to‘thc geotextile
sheets. Average tensile strains for a 0-5 m length in geotextile sheets were
obtained from the elongation of the sheets measured by means of a newly
developed method. This method will be described in a'subsequcql paper.
In the geotextile layer at an elevation of 0-5 m the maximum tensile strain
was observed 1-4 m behind the face and was about 1-2% at the end of
ﬁlling'. This strain increased to about 1:7% over the following 12 days and
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increased to about 2% some 8 months after the end of filling. Then an
additional reinforced soil layer, with a height of 2-d m and a slope of 1:0-2
(B in Fig. 12), was placed above the existing slope in December 1985, This
m'crcuscd the strain o sbout 3%. The distributions of tensile strain seen in
Fig. 11 seem to indicate that the non-woven geotextile sheets functioned as
a le.nsilc reinforcement. Then, under the cffects of an artificial ruinfull‘
equivalent to 620 mm of rain over 4 days, the slope experienced :;
considerable displacement aithough overall stability was maintained. It
was again found, from demolishing the slope and observing the exposed
cmssjscclinns, that the major cracks were only in the unreinforced zone

showing that the reinforced zone displaced almost as a rigid body. '
. Generally, the creep elongation of non-woven peolextiles is larger than
to.r‘ gthcr Kinds of geotextiles. This behaviour may reduce long-term
cl!lc!cncy since relatively large deformations may occur in earth structures
reinforced with a non-woven geotextile. However, the horizontal creep
deformation of the two test embankments was found 10 be slight exeept in
the first year as shown in Figs 4, 7 and Y. The explanation for this
phcnun?enon may be that long-term sustained loads induced in the
gcgtcxulc are smaller than those created when the effective stress in the
soil is reduced and water pressure in vertical cracks is induced by heavy
rainfall as illustrated schematically in Fig. 13, In fact, the creep strain rate
of the non-woven geotextile at point C in the third test embankment (Fig

12) decreased from about 3 x 107/day | week after the filling :Jo

®

RAINFALL !

D
HEIGHT OF EMBANKMENT

/\®J”’)4) ®

o ELAPSED TiME

CONSTANT ¢ TESTS

-®
oyl

// wsy 9 ‘"@"‘“
[]

BEHAVIOR

0] Ga

Fig. 13. Schematic diagram illustrating creep deformation of non-woven geotextile.
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3 x 107%¢n/day 200 days after the filling.® Careful creep analyses are needed
1o explain this behaviour.

In summary, when a slight deformation of the embankment can be
allowed, as is the case for many clay embankments, a non-woven geo-
textile soil reinforcement may be used. However, the combined use of a
non-woven geotextile and a stiffer reinforcement such as polymer geogrid
may be needed for critically high structures.

4 LABORATORY TESTS

When a material, such as a non-woven geotextile, having a refatively low
Young’s modulus is used as a lensile reinforcement its Poisson's ratio,
when compressed normal to its plane, is also a very important factor.
Figure 14 shows the stress regime and results of plane strain compression
tests on either an unreinforced sand specimen or sand specimens re-
inforced with various materials listed in Table 3. Since stresses and strains
within reinforced specimens are not uniform, @, is the average axial stress
and €, is the average lateral strain which is taken to be negative. The
deformation and strength properties of uareinforced Toyoura sand are

given in detail elsewhere.’
Figure 15 shows the relationship between the reinforcing ratio defined as

R = (T ) mar toF reinforced specimen] 10
[ (7 1) mee fOF unreinforced specimeny

and the tensile stiffaess £ - where £ is the Young's modulus and ¢ is the
thickness of the reinforcement. For the geotextile, the value of £-1is the
secant modulus at an clongation of 15%, ays/0-15 (Table 2). It may be
seen that the measured reinforcing ratios are not a unique function of £-1,
but they are larger for the geotextile than for rubber (¥ = 0-5) at the same
value of E-t. On the other hand, when the stress non-uniformity in the
reinforced soil is ignored and when the increase in the average confining
pressure is represented by Agrs, the reinforcing ratio is given by

g = WGutAm)K, _Ag, @)
U’oKP oy,

where o is the confining pressure which is equal to 49 kN/m for the data
shown in Fig. 14 and K, = (1 + sing)/(1 — sing) where ¢ is the angle of
internal friction of the test sand, The assumption above as to the stress
uniformity becomes less accurate for stiffer reinforcements. Then the
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Fig. 15. Relationship between reinforcing ratio R and £-£in plane strain compression tests.

average tensile force per width working in the reinforcement T at failure is
given as

T=AO‘;X.\I‘I=(€,R_E)R)XE" (3)

where AH is the vertical spacing between the reinforcements, which is the
height of specimen in this case, € is the lateral strain (negative) at failure
in the unreinforced soil specimen confined by (o + Aoy) and €., is the
lateral strain (negative) at failure in the reinforcement when this alone is
compressed by the axial stress of (oy, + A0)K, from the isotropic stress
condition at the confining stress of oy, The value of €, is obtained by
using the plane strain condition e; = O as

W= _(—l%)"[(l\'p-l)u,ui- K‘,A(T)] (4)

!

By substituting eqns (3) and (4) into eqn (2) we obtain

(L@ _Unw Al 4wy
R—[ Py U "]/[E-:+ E I\,.] 5)

Measured and theoretical eqn (5) values of R are compared in Fig. 16. It
may be scen from Fig. 16 that eqn (5) models the test results well despite
simplifying assumptions made in deriving it.

A similar result was also obtained from model bearing capacity tests of a
strip footing on sand (Fig. 17). The sand box had a width of 40 cm with
well-lubricated side surfaces. It may be seen that a sheet of the non-woven
geotextile having the same width as the model footing improved the
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Fig. 16. Relationship between measured and theoretical values af R.
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Fig. 17. Madel bearing capacity test sesults for reinforced and unreinforced sand grounds,

bearing capacity to a similar extent as a rough brass plate whereas the
compressibility of the ground was increased because of a larger compres-
sibility of the non-woven geotextile.

These laboratory test results seem to indicate that the non-woven
geotextile can perform as a tensile soil reinforcement. However, a larger
soil deformation is nceded to mobilize a sufficient degree of tensile
restraipt in the non-woven geotextiles than might be expected for stiffer

reinforcing materials.
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5 STABILITY ANALYSIS

The overall stability of the horizontal force of the slopes of embankment I1
was examined using a limit equilibrium method. This was bused on a
two-part wedge failure mechanism proposed by Jewell ef al.* (Fig. 18). In
the analyses a soil-geotextile friction angle (p,) of 30° and the tensile
strength of the geotextile («) given in Table 2 were used. The soil friction
along the surface bd in Fig. 18 was ignored. The active earth pressure was

N e.d ¢
) {F) p ® h "'. z
T n]"_@
8, oa¥a) actuaL G
alx,.v,) CROSS-SECTION .\
[+]

Fig. 18. Two-paet wedge fuilure mechanism. ®

assumed along the slope height since the non-woven geotextile is rather
extensible. The earth pressure (Py) is assumed to be the Rankine active
carth pressure with ), = 45°+ ¢'/2. "The gross required tensile reinforce-
ment Toree (T) is defined as the additional horizontal force required for
the static equilibrium in an unreinforced slope for the assumed failure
mechanism; therefore T, is a function of the coordinates of the points a,b
and the angle 8. The gross 1ensile reinforcement foree (7T,..) available for
the assumed failure mechanism is given by

Tuv.nl = Z‘Tl\uﬂ)l
(Tm’ml)n = “\inl(R|)|‘, (7\)|I ((')

where (T )i is the tensile force available for each layer of reinforcement,
(R 1), is the tensile strength of the reinforcement in the ith layer and (77,), is
the pull-out resistance for the reinforcement in the ith layer having a length
(L. 4)i extending bchind the failure surfaces ab and be, which is given by
(T4), = 2y.zitang, (L ). A soil unit weight y, = 1-34 tf/m® (13-1 kN/m?)
was used. The safety factor is defined as SF = min(7T,./T.,) for all
possible failure mechanisms.

Furthermore, the effect of rainfall was taken into account as a reduction
of the negative pore water pressure (suction), but positive pore water
pressure was not considered. The water pressure in possible vertical cracks
was also ignored. The effect of positive pore water pressure and water
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pressure in vertical eracks should be taken into account when these cannot
be ignored. Theretore the shear strength of the soil was given by

v o —u)tang’ (7)

whiere o is the total normal stress and u, is the pore water pressure. For
¢ = W and u, = 0, the values of SF were 1-41 for the right-hand slope
and 3:36 for the lefi-hand slope of embankment 11 for the failure
mechanisms indicated in the insets in Fig. 19 (a) and (b). The strength
parameters in ¢ftective stress o' = 30° and ¢’ = 0 were selected based on
the results of undrained triaxial compression tests with the pore waler
pressure measurement on samples reconstituted from the shurry ol Kanto
loam taken from the site. Therefore these strength parameters can be
considered 10 be a lower bound for the soil of the embankments. The
ctlect of the reinforcement length can be seen in the resubts. These results
also indicate that for the right-hand slope the local stability of both the
lowest sheet of geotextile and the lowest two soil layers, which arc
designated A in Fig. 19(a), is very important regarding the overall stability
ol the slope. It is o be noted that when the slope facing has not sulficient
ability to confine the soil near the slope toe, which is designated B in Fig.
19(a), large local compression in the soil may occur which can trigger the
overall instability of the slope. This was in fact the case for the lefi-hand
slope of embankment 1. Figure 19 (a) and (b) also shows the change of the
ratio T,/ 1., by the change of the vertical coordinate y» lor the fixed
coordinate v, It may be seen that the ritio Tyuf ooy is 00t the minimum for
the mechanism where T, becomes the maximum. This result indicites
that it is not sufficient to examine the stability for the failure mechanism ol
the unreinforced slope concerned.

Figure 20{a) shows the relationship between safety factor and
(negative) for the right-hund slope of embankment [1. 1t may be seen that
the effect of negative pore water on the overall stability of the slope is
significant, ‘The safety factor increases remarkably from 141 10 13-06 when
i, changes from zero to only a —0-9m head of water. This signilicant
increase in safety factor with increase in magnitude of —u, is duce to the
increase in the critical angle 0, associuted with the increase in —uu. T
increases rapidly with increase in 8,, and while T, increases at a small rute
at small 8, it decreases at larger values of 0,. This result clearly indicates the
importance of the ability of the reinforcement to drain such clay slopes.
Figure 20(b) shows the relationship between safety factor and the angle of
internal friction (p') for i, = 0. This result indicates that to increase o' of
the soil by hetter compaction is an effective measure. However, it is to be
noted that the increase in ¢’ from 30° to #0°, when u,, = ), is equivalent 10
a decrease in u, from 0 to about a ~0-6 m head of water when p = 3"
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The analytical results presented herein are not the final ones. In particular,
much more accurate evaluations of strength parameters of soil are needed
and the stability analyses for the overturning about the slope toc are also
required for slopes reinforced with a short geotextile. The final evaluation
will be conducted after laboratory tests of soil strengths on samples taken
from the interior of these test embankments.

6 CONCLUSIONS

Two test embankments of volcanic ash clay reinforced with a non-woven
geotextile were constructed. 1t was found that non-woven geotextile sheets
are very useful for allowing better compaction, draining pore waler from
the interior of embankments and tensile soi) reinforcement. 1t was found
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that, to achicve a performance of reinforced slopes within acceptable
tolerances, the vertical spacing of the geotextile sheets should not be too
large, the length of the geotextile sheets should not be too small, and some
measures are needed 1o confine soil tayers near the slope surfaces. The
performance of the two test embankments was partly explained by
laboratory loading tests (on reinforced plane strain samples), model tests
and stability analyses using a limit equilibrium method in terms of effective
stresses.
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ABSTRACT

The design of steep reinforced embunkments using high tensile polymer
grids has 10 be formudated making several asswmnptions, The present paper
deals with laboratory tests and instrumented embankments constructed to
investigate the validity of the assumptions made. Laboratory tests were
conducted using a soil container with one layer of grid. lest results
obtained from two kinds of grid condition were found to be in agreement
with the proposed design method based on ‘tie-back-wedge-analysis’. A
vertical fuced embankment and an embankment with a sloping face were
constructed using horizontal layers of grid reinforcement. Measurements of
the tensions in the grids were found to be considerably less than those
predicted by the design method. These studies reveal that the reinforcing
effect is greater than that assumed in the design since the fill material is
integrated with polymer grids laid in the embankment. It is suggested that
such an integration effect should be incorporated in future design methods,

1 INTRODUCTION

High tensile strength geotextiles are particularly applicable as reinforcing

materials for steep embankments and earth retaining structures. These
. 269
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