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ABSTRACT: Experimental studies on poorly draining soil-reinforcement interactions
were reviewed in a companion paper by Zornberg and Mitchell in 1994, leading to the
conclusion that permeable geosynthetic inclusions are useful for reinforcing marginal
backfills. This conclusion is strengthened by lessons learned from the case histories de-
scribed in this paper. There are no design guidelines for reinforced soil structures using
poorly draining backfills. Nevertheless, several of these structures have already been
constructed, and the performance of some of them has been reported. Good structure
performance is strongly dependent on maintaining a low water content in the poorly
draining fill. Large movements occurred in reinforced structures when pore water pres-
sures were generated, and failures were reported in marginal backfills reinforced with
impermeable inclusions that became saturated after rainfalls. Benefits and applications
of reinforcing poorly draining backfills are addressed, and research needs aimed at for-
mulating a consistent design methodology for these structures are presented.
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1 INTRODUCTION

Soil reinforcement is a highly attractive alternative for embankment and retaining
wall projects because of the economic benefits it offers in relation to conventional re-
taining structures. The rapid acceptance of soil reinforcement can be attributed to a
number of factors, including low cost, aesthetics, reliability, simple construction tech-
niques, and the ability of the reinforced soil structures to adapt to different site condi-
tions. However, these economic benefits have often been limited by the availability of
good-quality granular material, which has generally been specified for the backfill. Un-
doubtedly, substantial cost savings and new soil reinforcement applications would re-
sult if fine grained cohesive soils as well as industrial and mine waste materials could
be used in reinforced soil construction.

Interestingly, however, the first geotextile-reinforced wall ever constructed used
poorly draining cohesive soil as backfill material. The purposes of this first geotextile-
reinforced structure, built in 1971 by the French Highway Administration in Rouen,
were to test its stability and to verify the magnitude of deformations caused by the soil-
geotextile interaction (Puig and Blivet 1973; Puig et al. 1977). The first geotextile-rein-
forced wall in the United States was built by the U. S. Forest Service in 1974 (Bell and
Steward 1977). This wall used on-site silty sand for the backfill, and was built to recon-
struct a road fill above the Illinois River in Oregon. The construction of reinforced soil
structures using poorly draining backfill has been largely restricted, however, to early
applications of soil reinforcement. This is probably a consequence of strong recommen-
dations by various design agencies against the use of low-quality backfill for permanent
structures.

Experimental research done to investigate the interaction mechanisms between rein-
forcements and poorly draining soils was reviewed ina companion paper (Zornberg and
Mitchell 1994). Both this and the companion paper are condensed and updated from
a more comprehensive report by Zornberg and Mitchell (1992). Although reported ex-
perimental results have led to contradictory conclusions on the effects of impermeable
reinforcement layers, there is already strong experimental evidence that permeable in-
clusions can effectively reinforce poorly draining backfills. There is no general design
methodology for reinforced soil structures built with cohesive backfills. Nevertheless,
since a number of these types of reinforced structures has already been constructed,
many lessons can be learned from past experience. The purpose of the present paper is
to complete the assessment on the use of marginal soils by evaluating the performance
of structures reported in case histories.

2 LESSONS LEARNED FROM CASE HISTORIES
2.1 General Considerations

Several aspects of the performance of those reinforced marginal soil structures for
which data are available are reviewed individually in this section, including generation

of pore water pressures in the fill, possible modes and causes of failure, and structure
deformability.
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Reduced-scale models of reinforced soil structures have been built to help define the
mechanisms of soil-reinforcement interaction. Behavior and conclusions drawn from
the performance of models that used poorly draining soils as backfill material are sum-
marized in Table 1. Additionally, several full-scale mechanically stabilized structures
have been built using low-quality backfills, and the performance of these structures is
noted in Table 2. Full-scale experimental reinforced soil structures proved to be unique
sources of information. Although generally built with a more limited instrumentation,
the performance of actual (nonexperimental) reinforced clay structures also supplied
valuable information. Complete details about each of the cases summarized in these
tables may be found in the indicated references.

Relatively few of the reported small-scale models and full-scale structures contained
metallic reinforcements (e.g. Elias and Swanson 1983; Hannon and Forsyth 1984; Ber-
gado et al. 1991). This may be a consequence of concerns about corrosion and pore wa-
ter pressure generation. Most of the reported case histories relied either on the high ten-
sile strength offered by geogrids (e.g. Sego et al. 1990; O’Reilly et al. 1990; Burwash
and Frost 1991; Hayden et al. 1991), or on the drainage capabilities of nonwoven geo-
textiles (e.g. Puig et al. 1977; Tatsuoka and Yamauchi 1986; Yunoki and Nagao 1988).

Silts or low plasticity clays were used as backfill material for many structures; e.g.
Bodenetal. (1978), Hannon and Forsyth (1984), Perrier et al. (1986), Sego et al. (1990),
Burwash and Frost (1991). However, more difficult to compact plastic clays were used
in some cases; e.g. Hashimoto (1979), Yamanouchi et al. (1982), Tatsuoka and Yamau-
chi (1986), Hayden et al. (1991). In a few cases, industrial or mine wastes were used
as embankment fill (Jewell and Jones 1981).

Although there is usually a tendency to report only successful case histories, some
unsuccessful cases are also described in the literature (Elias and Swanson 1983; Mitch-
ell and Villet 1987; Burwash and Frost 1991; Huang 1992).

2.2  Pore Water Pressure Generation in Reinforced Fills

Only asmall number of the reported case histories included monitoring of the genera-
tion and dissipation of pore water pressures in a cohesive backfill. Since many of these
structures were constructed using unsaturated compacted clay, the fill material was
often considered to have a drained behavior. Analytic prediction of the generation or
dissipation of pore water pressures has generally not been done. Some theoretical meth-
ods have been proposed for the analysis of consolidation between horizontal geotextiles
(Zornberg and Mitchell 1994). Although they assume full saturation in the fill, this con-
servative assumption could be eventually used to estimate the pore water pressure dis-
sipation in a reinforced clay structure reinforced with permeable inclusions.

2.2.1 Structures Reinforced Using Impermeable Elements

To investigate the feasibility of using cohesive fills, a full-scale experimental rein-
forced wall was constructed by the Transport and Road Research Laboratory (TRRL),
U.K. The construction and instrumentation are described by Boden et al. (1978), and
the early performance by Murray and Boden (1979). This structure was a vertical sided
6 m high embankment, with three layers of different fill materials, each occupying
about one-third of the height (Figure 1). A wet cohesive fill was placed at the lowest
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Figure 1. Transport and Road Research Laboratory (TRRL) experimental reinforced
wall (after Boden et al. 1978).

level, granular fill was used for the central layer, and a cohesive fill at lower moisture
content was placed in the upper part of the structure. A range of different types of im-
permeable reinforcing elements, basically plastic and steel strips were used. Pore water
pressures were monitored during construction of the embankment. An indication of the
relatively high excess pore water pressures generated in the lower clay layer can be ob-
served in Figure 2, which shows the excess pore water pressure condition immediately
after construction, and six months later at a distance of 3 m from the facing. Higher pore
water pressures were measured at a location 5 m from the facing, and negligible pore
water pressures were recorded at distances less than 1 m from the facing. Pore water
dissipation was reported to agree well with that predicted using the coefficients of con-
solidation from laboratory tests. No preferential drainage along the reinforcements
(plastic and metal strips) appears to have occurred.

Four half-scale embankments, including a control and three geogrid reinforced em-
bankments, were constructed in stiff overconsolidated clay soils (London Clay) and
loaded to failure (Irvin et al. 1990). The response of the embankments to vertical sur-
charge loading applied through hydraulic jacks was monitored by extensive instrumen-
tation. Piezometers were installed to monitor the effect of geogrid layers on the distribu-
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Figure 2. Vertical distribution of pore water pressure in the lower cohesive layer of the
TRRL experimental wall (after Murray and Boden 1979).
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Figure 3. Instrumentation in Devon test fill (after Scott et al. 1987).

tion of pore water pressures, showing that changes in pore water pressures generally
reflected the changes in applied load. Some piezometers in the upper part of the em-
bankment showed increasingly negative pore water pressures as the load increased. It
was suggested that dilation of the clay, associated with widespread shearing of the soil,
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may have occurred. The response of piezometers at the level of the geogrid layers and
midway between them was similar, indicating that geogrid layers did not provide pref-
erential drainage paths.

Aninsight into the interaction between pore water pressure generation, soil displace-
ments, and geogrid strains may be gained from the analysis of the field measurements
done at the Devon test fill. This test fill, built near Devon (Alberta, Canada), isa 12 m
high test embankment with three sections reinforced with different geogrid materials
and one unreinforced test section (Scott et al. 1987). The fill material is a silty clay that
was compacted wet of optimum moisture content to ensure significant deformations
and straining of the reinforcements.

The location of instruments installed within the embankment is shown in Figure 3.
A series of field measurements has been reported for one of the test sections, showing
the effect of pore water pressure on the deformations within the embankment (Sego et
al. 1990). The reported field data are from instrumentation located in the fill, 3 m above
the foundation level, where the second level of primary reinforcement was installed.
Figure 4a shows the fill height versus time throughout the construction period. Inclem-
ent weather and short construction seasons resulted in a 26 month long fill construction
period. Figures 4b and 4c present the horizontal and vertical displacement recorded at
the 3m level within the embankment and at various distances (2, 6, 10, and 14 m) behind
the slope face. Pore water pressures measured 5 m from the slope face at the 3 m eleva-
tion (Figure 4d) increased in direct response to the loading during the fill placement pe-
riods.

Figure 4e illustrates the geogrid strains at various distances from the slope face, also
3 mabove the base of the fill. The geogrid began to strain as the embankment underwent
vertical and horizontal deformation during embankment construction. After the first 3
m of fill were placed above the geogrids, the reinforcement strains measured 5 m from
the slope face were about 0.6%. Also, up to 20 and 15 mm of horizontal and vertical
deformations occurred 3 m above the base during the same period, while the pore water
pressures increased from 0 to 34 kPa. During the winter shut down (after day 430), sig-
nificant settlements occurred as the pore water pressures dissipated from 34 to 10 kPa.
Since the soil was becoming stronger as effective stresses increased, the geogrids were
not required to carry much additional load, and the measured strains decreased slightly.

The placement of an additional 6 m of fill caused the geogrid strains and the horizon-
tal and vertical displacements to increase, and pore water pressures within the fill in-
creased from 10 to 30 kPa. After the embankment reached the fill height of 12 m, pore
water pressures at the 3 m level continued to increase from 30 to 50 kPa. This increase
was attributed to shear deformations occurring within the embankment, and to pore wa-
ter pressure migration from the center of the embankment towards the slope face. Dur-
ing the year following completion of the fill the geogrids gradually strained as the pore
pressures increased. Although full understanding of the interaction between the geogrid
reinforcement and the soil may require further analysis, it was clear that the increase
in strain within the geogrid, and thus load in the reinforcements, was in direct response
to both horizontal and vertical deformations in the embankment soil. The measured de-
formations, in turn, can be interpreted in terms of the generation and dissipation of pore
water pressures.

In the previously described monitored case histories, the pore water pressures were
generated during construction of the reinforced soil structures. Another critical situa-
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Figure 4. Field measurements at 3 m above base and at various distances from slope face
within embankment and geogrids of Devon test fill: (a) fill height; (b) horizontal
displacements; (c) settlements; (d) pore pressures; (e) geogrid strains (after Sego et al. 1990).
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tion results from water infiltration after rainfall events, but no case histories have been
found that monitored this condition. However, failure cases of reinforced soil structures
with poorly draining backfills were reported to have been caused by the saturation of
the backfill due to water infiltration (Eliasand Swanson 1983; Mitchell and Villet 1987;
Burwash and Frost 1991; Huang 1992). These structures, some of them described in
Section 2.3.1, were constructed with marginal backfill soils reinforced using imperme-
able inclusions.

2.2.2 Structures Reinforced Using Permeable Elements

An experimental embankment at Rouen, France, provided information on the com-
bined mechanical and hydraulic functions of permeable geotextiles (Perrier et al.
1986). Pore water pressures were monitored in this 5.6 m high experimental structure,
built with a silt backfill having a water content 5% wet of optimum. The structure con-
sisted of three sections reinforced with different types of woven geotextilesand one sec-
tion reinforced with a composite nonwoven bonded to a polyester geogrid. Figure 5
shows positive and negative pore water pressures as a function of time recorded at dif-
ferent locations within the fill. The pressure sensor inside the embankment and beyond
the reinforcement region, indicated as location (4) in the figure, recorded placement ex-
cess pore water pressures of as much as 60 kPa at the end of construction. Along the
woven geotextile, positive pore water pressures on the order of 20 kPa were registered
at the end of construction, 3.5 m from the wall face. These pore water pressures were
dissipated in 350 days, becoming negative near the facing. Along the composite geotex-
tile, on the other hand, negative pore water pressures were registered over the whole
length of the reinforcement even at the end of construction. As indicated in the figure,
pore water pressures along the composite geotextile were systematically lower than
those recorded along the non-draining woven textile. The limited drainage provided by
the woven geotextiles affected the stability of the structure, since pore water pressures
along these reinforcing layers may result in sliding along the interface. As an example,
anchorage failure was observed in a nearby test section reinforced with woven polyester
(Delmas et al. 1988).

The effect of nonwoven geotextile reinforcements on the stability and deformation
of clay embankments was investigated through a series of field tests in Japan (Tatsuoka
and Yamauchi 1986; Tatsuoka et al. 1990). A sensitive volcanic ash clay called Kanto
loam was used as backfill for these geotextile reinforced embankments which ranged
in height from 4 to 5.5 m. The Kanto loam had a degree of saturation of 83 to 90%, and
the as-constructed water content was 100 to 120%. Even though the test embankments
have been subjected to heavy rainfalls and earthquakes, they have performed satisfacto-
rily. Figure 6 shows the pore water pressure changes in a test embankment 5.2 m high
(Test Embankment 1) during a heavy rainfall. When the rainfall occurred, the geotex-
tile-reinforced zones at both sides of the embankment (U1, U3, U4, and U6) were able
to maintain a high degree of suction (negative pore water pressures), whereas positive
pore water pressures were generated in the unreinforced zones (U2 and U5) as water
infiltrated into the soil. After the rainfall, the excess pore water pressures dissipated rap-
idly through the geotextile layers. These results indicate that the nonwoven geotextile
was effective as a drainage layer. Limit equilibrium analyses, in which the beneficial
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Figure5. Porewater pressures (u) recorded in the Rouen reinforced wall, along a woven and
a nonwoven/geogrid composite, at different locations within the silty backfill (redrawn after
Perrier et al. 1986).

effect of suction was taken into account, showed that suction in the backfill material
contributes significantly to the stability of the clay slopes (Yamauchi et al. 1987).

As part of a highway widening project, the U. S. Federal Highway Administration
designed and supervised the construction of a permanent geotextile-reinforced slope
15.3 m high (Barrows et al. 1994). The reinforced structure isa 1H:1V (45°) slope lo-
cated in ldaho’s Salmon National Forest along Highway 93. Several characteristics
were unique to the design: the structure was higher than usual for geotextile-reinforced
slopes; it involved the use of high strength woven/nonwoven composites; and it was
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Figure 6. Variation of pore water pressures during rainfall in a clay embankment
reinforced with nonwoven geotextiles: (a) rainfall recorded; (b) pore water pressures (after
Tatsuoka and Yamauchi 1986).

(Note: U1, U3, U4 and U6 indicate piezometer locations within the fill.)

constructed using indigenous soil (decomposed granite) as backfill material. Conse-
quently, the reinforced slope was considered experimental, and an extensive program
of instrumentation and construction monitoring was implemented to evaluate its perfor-
mance. Piezometers were installed to evaluate generation and dissipation of pore water
pressures that could develop either during construction or after rainfall events. Slope
construction took place during the summer of 1993. Based on the pore water pressures
monitored since construction of the reinforced slope and through the following spring,
it can be inferred that the destabilizing flow is not occurring within the reinforced soil
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mass and that, as considered in the design, a separate drainage system was not necessary
at the back of the slope.

2.3 Modes and Causes of Failure

Reduced-scale models have been constructed with the purpose of studying the failure
modes in reinforced soil structures using either impermeable or permeable reinforce-
ment elements. Some experimental full-scale structures were also brought to failure to
investigate the failure mechanisms and, although without instrumentation records, a
few failure cases of real (nonexperimental) reinforced structures have also been re-
ported.

2.3.1 Structures Reinforced Using Impermeable Elements

To assess the possibility of using clay fill in the construction of reinforced soil struc-
tures, a series of model wall tests was carried out by Ingold (1981) using kaolin clay
reinforced with polyethylene geomeshes. Due to the impracticality of bringing a labo-
ratory model to failure by self-weight only, the walls were failed under the application
of a vertical surcharge as shown in Figure 7. The surcharge was applied using a rigid
platen that had the effect of inducing failure along a preselected plane. Results from
these tests were interpreted using total stress analyses which related the surcharge inten-
sity at failure to the geometry and strength parameters of the clay and reinforcement.
Reasonable agreement was obtained between observed and calculated values of failure
surcharge loads, which were found to increase linearly with the number of layers of re-
inforcement in the wall.

The failure behavior of reduced-scale structures was also reported by Irvin et al.
(1990) for half-scale embankments constructed with London Clay and loaded to failure

p
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H /|<— Ly ~
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Figure 7. Arrangement of reinforcements in a clay wall model (after Ingold 1981).

(Note: p = vertical surcharge; S = distance between reinforcement layers; H = height of reinforced wall;
L = length of reinforcement; L = equivalent length of reinforcement behind failure plane; and ¢ = soil fric-
tion angle.)
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Figure 8. Moisture content and percentage fines for damaged and undamaged walls
reinforced with metallic strips (after Elias and Swanson 1983).

with a vertical surcharge. Failure loading was characterized by large internal displace-
ments, large slope face movements, and the development of a near horizontal shear
plane above the geogrid layers. The information obtained during sectioning of the em-
bankments, together with the measured displacements, confirmed that the clay fill
sheared adjacent to the geogrid layers. After comparing the performance of reinforced
and unreinforced embankments, the authors concluded that the geogrid reinforcement
modified the mode of deformation, improving the overall stability of the structure and
limiting failures to localized areas.

The failures of some full-scale reinforced soil structures constructed with low-quali-
ty backfill have been reported. Elias and Swanson (1983) reported on problems that
evolved in Reinforced Earth walls constructed during the winter of 1978-1979 in Vir-
ginia. The walls varied in height, with a maximum section of approximately 7 m, and
specifications required that the backfill be nonplastic with less than 15% passing the
no. 200 sieve (0.075 mm). Earthwork was halted due to adverse weather conditions, and
significant wall movements were later observed after above normal precipitation. Typi-
cal movements consisted of tilting 250 to 300 mm out of plumb, which caused the wall
facing to apply a lateral force on some adjacent piers.

To investigate the probable cause of the movements, test borings and hand-dug ex-
cavations of the backfill were performed, and detailed tests were conducted (field sam-
pling, moisture contents, compaction tests, and grain size analyses). The cause of the
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(Note: ¢ = soil friction angle; and L, = equivalent length of reinforcement behind failure plane.)

problem is shown in Figure 8, which indicates that the reinforced walls with the most
severe damage were composed of excessively wet fill with a high fines content. The
investigation revealed that a significant portion of the backfill was not within the proj-
ect gradation specifications since, in the areas of severe wall distress, the backfill con-
tained well over 30% and up to 50% fines. Plasticity limits were also outside of the proj-
ect specifications. Based on this investigation, the areas of reinforced backfill with
more than 25% fines were identified, excavated, and replaced with select backfill. Elias
and Swanson concluded that backfill with a high percentage of fines in structures rein-
forced with steel strips may result ina significant reduction in pullout capacity, decreas-
ing the internal stability of the wall.

A welded wire wall was constructed in 1982 on Interstate 580, near Hayward,
California (Mitchell and Villet 1987). This vertical faced wall ranged in height from
1.8 m to 9 m and was about 137 m long. The reinforcing mats in the top section were
substantially shorter than those in the bottom section of the wall, as shown in Figure
9. Following construction, a section of the upper portion of the wall was gradually tilt-
ing outward, and cracks began appearing at the back of the wall. A 600 mm wide fissure
was observed, and remedial backfilling did not solve the problem. Testing of represen-
tative soils indicated that, instead of the specified granular backfill, a sandy clay with
a moderate potential for expansion had been used. The soil was found to have a water
content generally well in excess of optimum and above the plastic limit. The primary
cause of the problem was considered to be poor drainage of surface water. Although the
original plans called for positive drainage on top of the wall, water was allowed to satu-
rate the backfill material. Remedial measures involved removal of the top layers of
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mats, their replacement with longer mats and select backfill, and improved surface
drainage to prevent water migration into the wall. The wall has performed satisfactorily
since completion of this work.

A 9 m high retaining wall reinforced with polymeric geogrids and backfilled with
cohesive soil was constructed in Calgary, Canada, in 1984 (Burwash and Frost 1991).
The wall performed satisfactorily for 16 months when signs of settlement were first ob-
served in the fill behind the wall. Conditions gradually deteriorated and, over the next
22 months, settlement of the backfill approached 900 mm in one area. The top of the
retaining wall rotated outward about the toe and a deflection of 310 mm was recorded
with a slope indicator over a 17 month period (Figure 10). The rates of displacement
were, in general, constant. The post-construction site investigation showed that the
moisture content of the clay backfill had increased significantly from that measured
during construction of the wall. The upper 3 m of the fill appeared to be saturated and
was much softer than when placed. The poor performance of this retaining wall was
then believed to be related to saturation of the clay backfill which was placed 4% dry
of optimum. Saturation occurred by ponding of surface run-off near the face of the wall
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and, consequently, the geogrids were subjected to increased loads to compensate for the
resulting loss in soil strength. Approximately 3 years after completion of construction,
the upper 6 m of wall was replaced with a free standing 2H:1V slope.

2.3.2  Structures Reinforced Using Permeable Elements

Reduced-scale models were constructed by Fabian and Fourie (1988) to study failure
modes in walls reinforced using permeable nonwoven geotextiles. The clay wall mod-
elswere tested by applying a vertical load using arigid plate, while strains in the geotex-
tile reinforcements were monitored. The peaks on the strain distribution curves indi-
cated the location of the failure surface. The authors considered that even in undrained
loading conditions the true failure surface should be inclined at 45°+¢'/2. A good agree-
ment was reported between the inclination of the observed failure plane and the theoret-
ical one.

Centrifuge models of geotextile reinforced and unreinforced vertical walls were re-
ported by Goodings (1990). Models were built of kaolin clay placed at its plastic limit
and compressed using a pressure of 200 kPa applied to each layer of soil. The models
were reinforced with nonwoven geotextiles with variable vertical spacings and lengths.
Two modes of failure were observed in the models after centrifuge loading until cata-
strophic failure. In lightly reinforced walls, the characteristic mode of failure was the
opening of a tension crack followed by overturning and geotextile breakage (Figure
11a). In intermediate to heavily reinforced models (Figures 11b and 11c), failure was
characterized by opening of a tension crack followed by development of an inclined
sliding failure surface that emerged on the face of the wall. Failure occurred by geotex-
tile breakage in all cases, never by pullout. Models were also built using mixes of kaolin

(a) (b) (c)
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Figure 11. Sequence of failure for centrifuge models of kaolin clay reinforced with
nonwoven geotextiles: (a) lightly reinforced model; (b) intermediate reinforced model; (c)
heavily reinforced model (after Goodings 1990).
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Figure 12. Cross-section of clay Test Embankment Il, observed at dismantling (after
Yamauchi et al. 1987).

with different percentages of sand as well as different natural soils. The equivalent pro-
totype height of the reinforced walls at failure was compared to the equivalent height
of unreinforced walls at failure showing that, in all tested models, reinforcement had
asignificant beneficial effect. The reinforcement effectiveness increased with the num-
ber of reinforcement layers and, for models reinforced with sixteen layers, an equiva-
lent height at failure approximately three times higher than for unreinforced models
was achieved.

Five full-scale test embankments, having near-vertical slopes and using permeable
reinforcements, were constructed using a nearly saturated clay (Tatsuoka and Yamauchi
1986; Yamauchi et al. 1987). The embankments were made using a volcanic ash clay
with a high natural water content and high sensitivity (4 to 5). Test Embankment 1l was
constructed using two layers of gabions that were placed at the edge of each previous
layer of the slope, before placing the soil layer. These gabions helped to achieve better
compaction of the soil near the slope faces and prevented local failures during and after
filling. A spun-bonded polypropylene nonwoven geotextile that demonstrated good in-
plane drainage capabilities was used as reinforcement for this embankment.

Two years after construction, the slopes of Test Embankment Il did not show any no-
ticeable displacements. It was concluded that the slopes would not displace under natu-
ral heavy rainfall. Subsequently, a total supply of about 70 m3 of water was allowed to
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(a) Rotation about the toe (b) Sliding along DE (c) Settlement due to
local compression
failure at the toe

Figure 13. Schematic diagram showing deformation of right-hand slope of Test
Embankment Il in Figure 12 (after Yamauchi et al. 1987).

percolate from the crest of the embankment over a period of eight days. After the artifi-
cial rainfall, several large cracks appeared in the embankment, as shown in Figure 12.
The cracks appeared only in the unreinforced fill behind the reinforced zones. More-
over, in spite of the large deformations experienced during the wetting, the long-term
deformations observed after the artificial rainfall were very small. Analysis of the
cross-section in Figure 12 obtained after dismantling of Test Embankment 11 indicated
that three modes of deformation took place. They are rotation about the toe, sliding
along a shear band, and local compression near the toe (Figure 13). Displacements due
to the rotational mode were considered to be the largest of the three modes. Since the
reinforced zone at the right hand slope rotated as a monolith about the toe and no cracks
or slip surfaces were observed in the reinforced zones, it was concluded that the nonwo-
ven geotextiles were effective in reinforcing the cohesive backfill.

2.4 Displacement Evaluation

The magnitude of displacements that occur during and after construction are impor-
tant considerations in the performance of reinforced soil structures. However, even for
reinforced soil structures using good-quality backfill, there is no standard method for
prediction of the lateral displacements. Horizontal movements depend on compaction
effects, reinforcement extensibility, reinforcement length, reinforcement to facing con-
nection details, and deformability of the facing system (Mitchell and Christopher
1990). Finite element analyses have shown that while reinforcement length has only
little effect on the maximum tensions in the reinforcements, its effect on lateral de-
formation is large. Based on the ratio of reinforcement length to wall height, an estimate
of the lateral displacements that may occur during construction of simple structures
with granular backfill can be made using Figure 14.
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Considering the difficulty involved in the analytical prediction of movements in rein-
forced soil structures, displacement predictions rely heavily on the reported perfor-
mance of similar structures. Relevant information about reported displacements on re-
inforced clay structures is reviewed in this section.

2.4.1 Structures Reinforced Using Impermeable Elements

The TRRL embankment, one of the first full-scale embankments constructed using
cohesive fill, incorporated seven types of reinforcement (basically plastic strips and
steel), four types of facing panel, and three different soils (Boden et al. 1978; Murray
and Boden 1979). The layout of this 6 m high trial structure is shown in Figure 1. Be-
cause the sandy clay at the bottom of the structure was placed very wet, excess pore
water pressures were generated during construction in the bottom layer (see Section
2.2.1), and large horizontal movements and vertical settlements occurred over the first
two years after placement of this fill material. Maximum values of vertical settlement
of up to 50 mm were recorded just behind the facing panels, and up to 40 mm were mea-
sured near the center of the structure. Deviations of the facing panels from vertical were
large, with typical values of about 200 mm and extreme values up to 400 mm. Little
difference was seen in the vertical profiles between comparable sections of the wall sup-
ported by metallic and non-metallic reinforcements.

The performance of a Reinforced Earth wall built in Japan using a volcanic clay as
backfill material at a water content greater than 50% is described by Hashimoto (1979).

3 | I I
e Omax = 0g X H/250 (Inextensible)
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Figure 14. Curve for estimation of lateral displacement anticipated at the end of
construction of reinforced walls (after Mitchell and Christopher 1990).

(Note: Based on a 6 m high wall, the relative displacement increases approximately 25% for every 19 kPa
of surcharge. Experience indicates that for higher walls the surcharge effect may be greater. L = length of
reinforcement; H = wall height; g = relative displacement; and dyax = maximum displacement.)
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Lateral displacements of 40 mm were measured in this 8.7 m high wall, while maximum
vertical displacements reached 910 mm at the top of the wall.

Battelino (1983) reported the performance of a 3.5 m high wall, reinforced with poly-
ester strips, that used a clayey silt backfill material at a water content of about 20%.
Lateral displacements were monitored and reached 35 mm 152 days after the end of
construction. The rate of deformation decreased rapidly and was negligible at the end
of this period.

To prevent significant movements when impermeable reinforcements are used, wa-
ter content conditions should be controlled during construction, and appropriate drain-
age systems should be adopted. An example of reinforced soil structures where ap-
propriate drainage systems were used with impermeable bar-mat reinforcements was
reported by Hannon and Forsyth (1984). Four mechanically stabilized embankment
walls were constructed for the widening of Interstate 80, near Baxter, California. Two
of the four walls were instrumented with strain gauges, pressure cells, reference monu-
ments, plumb points, and piezometers, to monitor the effects of using a low-quality
backfill. The maximum wall height was 4.9 m. The material used for the embankments
was a sandy silt with about 50% of the material passing the No. 200 sieve (0.075 mm),
which is considered excessive for most reinforced soil walls. Since this on-site material
was not free-draining and was subject to considerable strength loss when saturated, a
subsurface drainage system was constructed. Because of intermittent rains, the fine-
grained backfill material became excessively saturated, and construction was forced to
stop more than once since additional time was required to dry out the material before
work could be resumed. The wall was completed in the fall of 1982. Monitoring of the
wall during and after the record rainfall of the 1982-1983 winter showed no significant
lateral or vertical wall movements.

Field measurements reported by Sego et al. (1990) for a geogrid reinforced slope
constructed with silty clay showed that generated pore water pressures had a significant
effect on the performance of the monitored reinforced structure (see Section 2.2.1). As
indicated in Figure 4, lateral and vertical displacements were closely related to the gen-
eration and subsequent dissipation of pore water pressures.

Displacements in walls and embankments reinforced using either metallic or poly-
meric impermeable inclusions were also reported by Ingold (1981), Perrier et al.
(1986), Temporal et al. (1989), Irvin et al. (1990), Bergado et al. (1991), and Hayden
etal. (1991), as described in Tables 1 and 2. Although large movements were observed
in some of the structures having a cohesive backfill placed at high water content, an
acceptable performance was generally reported if no increase in water content occurred
in the backfill after construction. However, as described in Section 2.3.1, the increase
in water content due to heavy rains has been critical to structures reinforced with im-
permeable inclusions.

2.4.2 Structures Reinforced Using Permeable Elements

Fabian and Fourie (1988) measured deformations in wall models built using a silty
clay soil as backfill material and nonwoven needle-punched geotextiles as reinforce-
ment. Models with and without geotextile reinforcement were failed under the applica-
tion of a vertical surcharge. The results showed that the vertical load-bearing capacity
of the wall can be significantly increased with these geotextiles. Figure 15 shows curves
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Figure 15. Load-horizontal displacement curves of reinforced and unreinforced clay wall
models (after Fabian and Fourie 1988).

of load versus horizontal displacement, at the location of the top geotextile layer, for
geotextile-reinforced and unreinforced wall models. Since failure was reached in less
than 20 minutes in most of the tests, the loading condition was regarded as undrained.
Clearly, the reinforced wall model did not reach failure at the displacement that caused
failure in the unreinforced wall.

The first geotextile-reinforced wall was built by the French Highway Administration
in Rouen (Puig and Blivet 1973; Puig et al. 1977). Weathered chalk, silt and fire stone
were used as backfill material, and a surcharge load was placed on top of the vertical
faced wall. The structure, 4 m high and 20 m long, was founded on very compressible
peat having a natural moisture content of 300%. As illustrated in Figure 16, layers of
polyester needle-punched nonwoven geotextile were placed extending 5 to 6 m behind
the wall face, and the wall face was formed by wrapping geotextile layers around 0.5
m thick backfill layers. A berm was raised on the passive side of the wall as construction
proceeded and was partially removed after the end of construction. The purpose of this
berm was to provide stability for the wall and its compressible foundation, and to sup-
port a temporary wood-form system used for the facing. Lateral deformations on the
order of 20 mm were recorded on the wall face, and were confirmed by an inclinometer
located in the reinforced fill. A total settlement of 1.1 m, and differential settlements
of about 250 mm over a length of 3 m were observed. The drainage action of the geotex-
tiles in this structure was later confirmed by traces of deposited calcite found on nonwo-
ven samples taken from the wall in 1986 (Delmas et al. 1988).

The stabilizing function of structural facing elements in steep reinforced clay em-
bankments was examined based on the behavior of five full-scale test embankments
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Figure 16. Geotextile reinforced wall on Autoroute Al5, France (after Puig and Blivet
1973).
(Note: Zones 1 and 2 were removed after construction.)

constructed using a nearly saturated clay (Tatsuoka et al. 1990). The performance of
one of these structures, Test Embankment I, was partly described in Sections 2.2.2 and
2.3.2. Based on the behavior of these nonwoven geotextile-reinforced embankments,
the authors concluded that facing structures with various kinds of rigidities should be
used to increase the stability of steep slopes. These various kinds of rigidities were clas-
sified as local rigidity, overall axial rigidity, and overall bending rigidity. The slope
faces of the different structures were either wrapped around with nonwoven geotextile,
covered with discrete concrete panels, or constructed with the aid of gabions. The de-
formations in the slopes wrapped around with nonwoven geotextiles were generally
larger than those in the other two slopes. It was concluded that the use of full height
continuous rigid facing would be effective in reducing the deformations in clay rein-
forced walls. Based on the results of this study, the authors proposed that steep clay
slopes be designed using relatively short nonwoven geotextile sheets, but using struc-
tural facing elements to prevent large lateral movements.

The lateral drainage provided by nonwoven geotextiles has proved effective in re-
ducing or eliminating pore water pressures in the backfill material. The use of geotextile
composites with higher tensile strength than that of nonwovens, would expand the use
of geotextiles as reinforcement for more critical, permanent structures.

3 BENEFITS AND POTENTIAL APPLICATIONS OF POORLY
DRAINING BACKFILLS IN REINFORCED SOIL CONSTRUCTION

Although there are no design guidelines for reinforced soil structures using marginal
soils, good performances were observed for reinforced soil structures that adequately
prevented the generation of pore water pressures in the fill. Thus, it is clear that proper
design can lead to the use of fine grained marginal soils as backfill material for
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reinforced soil construction, providing important cost savings and new soil reinforce-
ment applications.

One potential solution for reinforcing marginal soils is the use of permeable geosyn-
thetics that function not only as reinforcements but also as lateral drains (Zornberg and
Mitchell 1994). This would lead to a number of benefits:

® reduced cost of structures that would otherwise be constructed with expensive select
backfill;

* improved performance of compacted clay structures that would otherwise be
constructed without reinforcements; and

* use of materials, such as, nearly saturated cohesive soils and mine wastes, which
would otherwise require disposal, in civil engineering construction projects.

The generally specified granular backfill material may lead to high transportation
costs, and the disposal of unused cohesive soils can also generate substantial costs.
While the reinforcement materials generally account for a relatively small portion of
the total cost of the structure, the cost of granular backfill may be as much as half the
total cost. For example, Hollinghurst and Murray (1986) reported that from the total
cost of a 6 m high reinforced earth wall only 17% represented the reinforcement ele-
ments, while 25% represented the facing, 40% the granular fill, 15% the parapets and
foundation, and 3% represented the earthwork. Hayden et al. (1991) reported that
constructing a geogrid reinforced clay embankment costs a total of $2.1 million, result-
ing in about $1.1 million savings over conventional alternatives such as the importation

of granular fill.

</
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Figure 17. Water infiltration in a reinforced slope for road widening projects.
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The rate of construction when using free-draining granular backfill is not a design
consideration since, even for rapid loading, the fully-drained condition will prevail.
Thisisnot necessarily the case for poorly draining fills, where rapid construction is like-
ly to be associated with undrained loading. In this case, permeable reinforcements, such
as nonwoven geotextiles, could be used to increase the rate of consolidation and, conse-
quently, speed the embankment construction. The dissipation of pore water pressure
will increase both the shear strength of the cohesive backfill and the pullout resistance
along the soil-reinforcement interface.

The controversial issue of what type of stability analysis should be used to design
staged construction projects and to check stability during actual construction was ad-
dressed by Ladd (1991). Staged construction uses controlled rates of loading to enable
soil strengthening via consolidation in order to increase the foundation stability of
structures such as dams, embankments, landfills, and tanks founded on soft cohesive
soils. It is also used for the operation of many tailings waste storage dams. A reinforced
soil wall or embankment with poorly draining backfill and permeable reinforcements
is another type of structure to be added to the list of geotechnical structures requiring
staged construction. In this case, however, it is the strengthening due to consolidation
of the fill material, and not of the foundation soil, that may require controlled rates of
loading to guarantee stability. The speed of construction of this particular type of staged
construction will be governed by the drainage capabilities of the reinforcement layers.

Permeable reinforcements would not only be useful to dissipate pore water pressures
generated during construction, but can also prevent the formation of flow configura-
tions with destabilizing seepage forces within the embankment fill. Transient and
steady state seepage conditions in natural and artificial slopes have a significant effect
on the slope stability. An infinite slope analysis gives an indication of the potentially
adverse effect of seepage forces on slope stability: while in an infinite slope without
seepage the maximum angle of stability is equal to the soil friction angle, in a slope with
seepage forces parallel to the surface the maximum stable angle is approximately half
the soil friction angle. Although the adverse effect of seepage forces in engineered
slopes could be prevented by designing special drainage systems, a more economical
design alternative could be to combine drainage and reinforcement capabilities by us-
ing permeable geosynthetics as reinforcement elements. Internal drainage is of particu-
lar concern in road widening projects, because of the potential water seepage from cut
slopes, in fractured rock, into the reinforced fill, as shown in Figure 17. Geotextile lay-
ers have already been used to provide basal drainage of unreinforced embankments
placed on compressible and saturated soils. Ingold (1992) analyzed the stability of an
embankment where surface water infiltration threatened long-term stability (Figure
18a) and demonstrated that the flow regime obtained using a basal geotextile layer (Fig-
ure 18b) led to a substantial increase in the embankment stability. Multiple permeable
reinforcement layers would also be effective in preventing destabilizing flow regimes
caused by infiltrating water.

The performance of properly designed and constructed reinforced soil walls during
earthquakes has been excellent (Mitchell and Christopher 1990). Qualitative assess-
ment has been made on the performance of structures reinforced with inextensible ele-
ments and geosynthetic reinforcements that have actually experienced earthquake ex-
citation during the Loma Prieta earthquake (The Reinforced Earth Company 1990;
Collin et al. 1992) and during the recent 1994 Northridge earthquake (Stewart et al.
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(a) Steady rainfall infiltrating embankment

2 A R R

Impermeable base

(b) Steady rainfall infiltrating embankment

I A R

Basal underdrain

Figure 18. Flow regime for embankment: (a) on an impermeable base; (b) on a pervious
base (after Ingold 1992).

1994). No significant signs of structural distress or movements have been observed dur-
ing these events. A good performance was reported for an embankment built using a
clay backfill and reinforced with nonwoven geotextiles, that experienced relatively
large earthquake motion (Nakamura et al. 1988). Any amplification of accelerations in
structures with extensible reinforcements, should be compensated by the greater damp-
ing in less stiff systems and by the higher factors of safety adopted on the reinforcement
tensile strength to allow for creep under long-term static loads. It may also be speculated
that lateral drainage provided by permeable reinforcements would be beneficial in dis-
sipating excess pore water pressures generated during seismic events ina reinforced fill.

There are potentially new applications of soil reinforcement using on-site, generally
marginal soils for waste landfill construction. For waste repository construction in
which the waste is to be placed in an excavation, steep sidewall slopes help maximize
the available waste storage volume for a given site area. However, the repository must
be designed considering several possible failure modes and mechanisms of the landfill
during excavation, during filling, and after closure (Mitchell and Mitchell 1992).
Among them, sidewall slope failures can occur during the excavation of a repository
and during the placement of liner systems prior to the commencement of filling opera-
tions. Use of reinforcements to provide stable steep sidewall slopes would be an eco-
nomic design alternative. These reinforced slopes could be designed as temporary
structures since the reinforcement function of the geosynthetics would be required only
until filling of the basin is completed. The low reduction factors (creep, durability) on
the geosynthetic tensile strength required for temporary structures, would lead to an
economic design. Instead of steepening the sidewall slopes, the construction of vertical
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reinforced sidewalls would be another potential alternative design. Besides maximiz-
ing the storage volume, a vertical excavated wall would eliminate other potential fail-
ure modes such as pullout of liner system components from anchor trenches, and side-
wall failure along interfaces within the composite liner system. Current landfill design
accounts for these failure modes by using flat side slopes, that can result in considerable
reduction of waste storage volume.

If the strength of industrial and mine wastes could be increased by reinforcement, the
range of civil engineering uses for these materials would be greatly broadened. Em-
bankment construction using mine waste as a backfill material has already been re-
ported by Jewell and Jones (1981). The range of particle size distributions found for
mine waste materials is highly variable and depends on many factors including the
method of handling and placement. Many materials are predominantly fine-grained,
but include sand and gravel sized particles. Although plasticity characteristics of mine
wastes vary substantially, there are strong similarities to inorganic clays of medium
plasticity. Another potential alternative is the use of reinforced waste materials not for
construction purposes, but with the objective of facilitating waste placement in storage
systems. The use of cheap geotextiles could be effective in preventing failures through
the waste pile which is a critical failure mode for low-strength waste materials.

The use of admixture stabilizers, while not yet fully investigated, may enhance the
range of materials that can satisfactorily be used for reinforced soils. The addition of
lime to stabilize cohesive soil for use as fill in geotextile reinforced walls was investi-
gated by Giiler (1990). A successful performance was obtained by using quicklime and
a filter geotextile for embankments in a difficult cohesive soil in Japan (Yamanouchi
et al. 1982). Additionally, good performance was reported for a geogrid reinforced
slope constructed at Yattendon, U.K., where clay fill was stabilized with lime (O’Reilly
etal. 1990), and for a geogrid reinforced slope in Japan built for a waste disposal facility
using cement-stabilized cohesive backfill (Toriihara et al. 1992). Centrifuge models of
geotextile reinforced soil retaining walls using lime stabilized kaolin have been tested
to failure by increasing the self-weight (Giler and Goodings 1992) and demonstrated
that lime improved wall stability substantially.

The usefulness of consolidation by electro-osmosis as a technique for stabilization
has been recognized in a number of geotechnical applications (Mitchell 1991). The use
of electro-osmosis for accelerating the consolidation process in reinforced structures
with cohesive backfill may deserve some speculation. If cohesive soil with high as-
placed water content is used as backfill material, a time-dependent gain in both soil
strength and pullout resistance occurs as pore water pressures dissipate. However, if a
slow rate of pore water dissipation rate compromises either the stability of the embank-
ment or the construction speed, electrically driven flow could be generated by placing
electrodes along the reinforcements. A mathematical representation of the coupled
flow generated by electro-osmosis would need to be formulated. Implementation, prac-
ticality, and costs involved in using this stabilization method are yet to be evaluated.

The advantages of using nonwoven geotextiles in clay embankments are not just lim-
ited to their reinforcement and drainage functions. Two problems frequently reported
for embankments of (unreinforced) compacted clay are: the development of surface
tension cracks, and compaction difficulties. In a reinforced soil structure, any surface
tension cracks in the cohesive fill will be limited to the region above the first geosynthe-
tic layer. Moreover, the use of nonwoven geotextiles has been reported to help in the
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Figure19. Effect of nonwoven geotextile spacing on compaction curves for reinforced clay
specimens (after Indraratna et al. 1991).

compaction of the fill, by allowing a better distribution of the compaction effort and by
draining excess pore water pressure induced during compaction (Yamauchi etal. 1987).
The compaction characteristics of a geotextile-reinforced soft marine clay have been
investigated by applying to reinforced soil samples, a known compactive effort, equiva-
lent to that of the Standard Proctor test (Indraratna et al. 1991). Figure 19 shows the
compaction results for specimens reinforced with an increasing number of nonwoven
geotextile layers. The increase in dry unit weight was significant for the reinforced
specimens, particularly at a close geotextile spacing, with no significant change in the
optimum moisture content. In contrast, woven geotextiles were reported to barely con-
tribute to the compaction of the clay specimens.

The use of geosynthetics in cohesive soils has also been suggested for purposes other
than reinforcement. For example, a geosynthetic based solution to the problem of ex-
pansive clays was investigated by Al-Omari and Hamodi (1991). Experimental results
revealed a significant reduction in swell due to geogrid reinforcement.

4 RESEARCH NEEDS

The results of experimental studies and the performance of several reported case his-
tories have shown that poorly draining fills can be efficiently improved if the appropri-
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ate reinforcement systems are used. Nevertheless, soil-reinforcement interactions in
cohesive backfills are still not fully understood and no generally accepted design meth-
odologies are currently available. On the basis of the review done in thisand a compan-
ion paper (Zornberg and Mitchell 1994), aspects that require further insight to achieve
safer and more economical designs of reinforced soil structures with poorly draining
backfills are identified in the following.

Analysis of Poorly Draining Soil-Geosynthetic Interaction.  Although different mech-
anisms have been proposed to explain soil-reinforcement interactions, more detailed
understanding is needed in order to better define the load transfer mechanisms. The in-
fluence of confinement on the stress-strain characteristics and on the transmissivity of
geosynthetics requires special consideration.

Analytic Treatment of Pore Water Pressure. The effect of geosynthetic transmissivity
and reinforcement spacing on the pore water pressure dissipation within a reinforced
clay fill should be further investigated. As pore water pressures dissipate, there is a
coupled increase in both soil shear strength and pullout resistance that requires analytic
formulation. Not only the effect of permeable inclusions on the dissipation of pore wa-
ter pressures generated during construction, but also their effect on preventing perma-
nent and transient flow configurations should be addressed.

Selection of Design Methods and Failure Criteria. Even though some geosynthetics
have been shown to effectively dissipate excess pore water pressures, design methods
and failure criteria that take into consideration the combined effects of geosynthetic
transmissivity and reinforcement have not been developed. Practical methods for pre-
dicting the increase with time of the stability factor of safety as consolidation proceeds,
as well as the speed of construction required to keep a minimum factor of safety, should
be developed.

Deformation Analysis of Reinforced Soil Structures with Poorly Draining Back-
fills. The use of cohesive backfills in reinforced soil construction produces less stiff
structures than those constructed with conventional granular backfill. Consequently, re-
inforcements will play an even more relevant role in preventing excessive lateral de-
formations. The influence of reinforcement stiffness and length, intensity of soil com-
paction, and types of facing structures on the lateral deformations and on the
reinforcement tension distribution should be addressed. The ability of permeable rein-
forcements, stiffer than nonwoven geotextiles, to prevent large lateral deformations
should be particularly investigated.

Selection of Reinforcements. The most appropriate geosynthetic types to be selected
for these reinforced structures needs better definition. When interface friction is a con-
trolling factor in the choice of a reinforcement material, nonwoven geotextiles offer
good characteristics because of their high contact efficiency and because they can con-
vey water coming out of the soil due to consolidation. However, if tensile strength con-
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trols the design, the use of composite geosynthetics or high strength nonwoven geotex-
tiles should be considered.

Dynamic Response Analysis. Reinforced soil structures constructed using granular
fill materials have shown excellent performance during earthquakes. Greater damping
may be expected in less stiff structures constructed using cohesive backfills. Neverthe-
less, more verification of the seismic stability of structures with poorly draining back-
fills is needed.

Evaluation of Geosynthetic Durability in Cohesive Materials.  Since poorly draining
soils constitute a more aggressive environment than cohesionless soils, there remains
some concern about geosynthetic durability. Reported tests on retrieved geosynthetic
samples show encouraging results (Zornberg and Mitchell 1994). Nevertheless, accu-
mulation of field data on different exposure conditions and in different soils is essential,
since durability predictions are based primarily on observations of buried materials
used for other purposes. A method for classification of polymers regarding their ability
to resist chemical degradation is needed.

Estimation of Geosynthetic-Cohesive Soil Creep Potential. Reinforced soil structures
using sand backfill, as well as confined laboratory creep tests, have shown only very
limited creep deformations. Reinforced structures with poorly draining backfills have
also been reported to behave successfully in relation to long-term creep deformations
(Zornberg and Mitchell 1994). Nevertheless, caution should be taken due to the higher
creep potential of cohesive soils. Long-term pull-out tests in cohesive soils would pro-
vide valuable information related to clay-geosynthetic creep response.

Use of Admixture Stabilization and Electro-Osmosis for Fill Improvement.  The possi-
bility of using admixture stabilizers, such as cement and lime, for improving poor or
marginal backfill soils should be further investigated. Stabilization of reinforced clay
structures by electro-osmosis should be analyzed. Economical and technical viability
of these backfill improvement techniques require careful examination.

Study of the Potential Use of Poorly Draining Wastes as Backfill Materials. If the
strength of industrial, domestic, and mine wastes could be improved by reinforcement,
then the range of civil engineering uses for these materials would be greatly increased.
In view of the rapidly increasing production of mine wastes in industrialized countries,
new potential applications of these materials such as in reinforced tailings dams or em-
bankments should be considered.

5 CONCLUSIONS

This and a companion paper (Zornberg and Mitchell 1994) contain the results of a
review and evaluation of published material on the use of poorly draining soils in rein-
forced soil structures. The cohesive soil-reinforcement interaction and the hydraulic
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function of reinforcements are reviewed in the companion work, while this paper is fo-
cused on the lessons learned from field case histories. Permeable geotextile reinforce-
ments may be especially useful for soil structures with poorly draining backfills be-
cause the drainage capabilities of the geotextile helps to increase the structure’s
stability by dissipating excess pore water pressures. Although reported results have led
to some contradictory conclusions on the effects of impermeable reinforcement layers,
there isalready strong experimental evidence that permeable reinforcements can effec-
tively reinforce poorly draining backfills (Zornberg and Mitchell 1994).

The use of fine-grained poorly draining materials in reinforced soil structures would
reduce the cost of projects that would otherwise require granular material to satisfy cur-
rent specifications, and would broaden the range of use of soil reinforcement to new
applications. Geosynthetic reinforcements with high in-plane transmissivity not only
provide mechanical reinforcement to the marginal fill, but their drainage properties can
prevent destabilizing water flow configurations in a reinforced slope. In addition, the
reinforcement limits the development of tension cracks in the cohesive fill, and may
simplify soil compaction operations. It may also be speculated that lateral drainage
would be beneficial during seismic events. The use of geosynthetic reinforcements to
strengthen industrial and mine wastes for use as backfill materials, instead of disposing
them into a landfill, and the reinforcement of sidewall slopes in waste repository sys-
tems are examples of potential new applications.

No consistent design methodology for reinforced soil structures containing poorly
draining backfills has been developed. Nevertheless, a number of structures have been
constructed, and the performance of some of them has been reported. Reduced and full-
scale reinforced soil structures with poorly draining backfills were evaluated, focusing
particularly on, the generation of pore water pressures in the fill, on the possible modes
and causes of failure, and on the structure deformability. Analysis of these case histories
shows that large movementswere generally recorded in reinforced structures when pore
water pressures were generated in the fill, especially in those containing metallic rein-
forcements. Thus, good performance strongly depends on prevention of excess pore
water pressure development within the fill material. This conclusion is strengthened by
the fact that the failure cases reported thus far involved poorly draining backfills that
became saturated due to surface run-off, and were reinforced with impermeable inclu-
sions.

Metallic reinforcements are not strong reinforcement candidates for poorly draining
backfills. Not only do they not provide lateral drainage to the cohesive fill, but also the
interface friction of these systems relies on the dilatant characteristics offered by granu-
lar fills. An additional concern is the higher rate of corrosion of metallic reinforcements
when embedded in cohesive soils. Polymeric grid reinforcements and woven geotex-
tiles provide adequate tensile strength required for the design of permanent reinforced
soil structures. However, since they offer a limited in-plane drainage capacity, a low
moisture content in the fill should be guaranteed by appropriate drainage systems
throughout the design life of the structure. Nonwoven geotextiles, having a high in-
plane hydraulic conductivity, offer the desired drainage capacity both during construc-
tion and after rainfall events. However, the generally lower strength and stiffness of
these materials have limited their use to low or temporary structures. In order to rein-
force marginal soils, it is apparent that new synthetic materials with both high in-plane
drainage capacity and high tensile strength and stiffness will be valuable. Composite
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geosynthetics, that combine the hydraulic properties of nonwovens with the mechanical
characteristics of geogrids or wovens, are probably the most appropriate reinforcement
for marginal soils.

A number of research needs should be addressed in order to formulate a consistent
design methodology for reinforced soil structures with poorly draining backfill materi-
als. They include: the analytic treatment of pore water pressures in the fill taking into
account the reinforcement transmissivity; a better understanding of marginal soil-geo-
synthetic interactions; the development of methods for deformation prediction; and fur-
ther evaluation of durability and creep potential of geosynthetics embedded in cohesive
soils. Due to an increasing demand for structures constructed using indigenous soils,
current needs go beyond the fundamental understanding of the problem, and a consis-
tent design methodology for walls and embankments with poorly draining backfills
should be formulated.
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