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Discussion by Dov Leshchinsky,4

Member, ASCE

The discussed paper and its companion (Zornberg et al.
1998) provide much needed insight into limit equilibrium de-
sign of geosynthetics reinforced steep slopes. It uses well-
focused experimental work. The purpose of this discussion is
to add a perspective. This perspective is relevant only in the
context of design.

It can be postulated that the main objective of design is to
produce safe and economical structures. In light of this pos-
tulate, the following three points, all related to the discussed
paper, are examined:

1. Use of peak shear strength rather than residual
2. Redistribution of reinforcement force
3. Modes of failure

PEAK VERSUS RESIDUAL STRENGTH

In their conclusions the writers state, ‘‘The test results in-
dicate that the stability of the reinforced slopes is governed by
the peak shear strength and not by the critical state shear
strength of the backfill soil.’’ The writers then indicate that
‘‘failure initiated at midheight of the slopes.’’ In fact, the writ-
ers discuss in some detail the elapsed time between failure
initiation and complete collapse observed in various model
configurations. Clearly, this observation indicates a phenom-
enon of progressive failure, implying that while the soil is
about to reach its peak strength along portions of the slip sur-
face, it has already passed the peak along other portions, per-
haps reaching its residual strength. The noninstantaneous de-
velopment of slip surface is to be expected because of the
inclusion of discrete reinforcement layers. The fact that this
reinforcement tends to creep rapidly when approaching break,
and the nonuniform stressing among layers just facilitates the
possibility of progressive failure. There are several
publications indicating directly that, for reinforced soil, failure
is a progressive phenomenon [e.g., Huang et al. (1994)]. Other
publications imply indirectly progressive failure by describing
large deformations and bulging before ‘‘collapse’’ occurred
[e.g., Al-Hussaini and Perry (1978) and Tatsuoka et al.
(1989)]. The writers’ conclusion (see also the companion pa-
per) would produce a more economical structure compared
with the use of residual strength. However, is it safe to conduct
limit equilibrium analysis of reinforced steep slopes employing
peak shear strength along a slip surface that develops pro-
gressively? Since there is no clear experimental or logical an-
swer, it would perhaps be prudent to adopt a pessimistic design
approach assuming that stability must be insured even if re-
sidual shear strength is fully reached along the slip surface.
That is, the stability of steep slope hinges on the strength of
the reinforcement (i.e., without reinforcement the steep slope
will slide; e.g., granular slope steeper than its angle of repose).

Use of residual strength has clear cost implications in the
design of reinforced steep slopes. The required strength of the
reinforcement increases somewhat; however, the required
length increases significantly since much deeper slip surfaces
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FIG. 16. Shear Band in Plane Strain Compression Test (Ticino
Sand: Dr 5 79%, D50 5 0.527 mm at s3 5 78 kPa and gmax 5 13.3%)
(Photo Courtesy of Prof. F. Tatsuoka, University of Tokyo, Japan)

are predicted. This extra length makes construction more dif-
ficult, especially if a space constraint exists (e.g., widening
existing embankment), thus rendering construction more ex-
pensive than just the cost of extra reinforcing material. Hence,
this combined with what currently appears as overly conser-
vative designed reinforced slopes create a need to introduce a
less conservative design approach. The authors’ experimental
results may support the following proposed modified ap-
proach. The full details of the modified approach are presented
by Leshchinsky (1999); it is restricted to steep slopes (and not
to reinforced slopes that are stable without reinforcement,
making the installed reinforcement ‘‘dormant’’).

It is an experimental fact that only one slip ‘‘surface’’ de-
velops during the shear of granular dense soil element (e.g.,
unreinforced soil in triaxial or plane strain tests). In these tests,
combining Mohr circle with Coulomb failure envelop produce
a shear surface inclined at an initial angle of (457 1 fpeak /2)
to s3. As displacement continues, a shear band forms and the
residual state of strength is reached. As an example, see Fig.
16 [reproduced from Yoshida and Tatsuoka (1997)]. Observing
Fig. 16 (unreinforced soil element), as well as Figs. 4, 7, and
9 (reinforced slope models) presented by the authors, one can
define an average slip ‘‘surface’’ within the shear zone. That
is, there are not two different slip surfaces, one attributed to
fpeak and the other to fresidual.

It should be noted that based on plane strain compression
tests conducted on 12 different unreinforced sands, Yoshida
and Tatsuoka (1997) have demonstrated that the average in-
clination of the shear band (i.e., the ‘‘slip’’ surface) is slightly
less than (457 1 fpeak /2). That is, it is approximately related
to fpeak. This observation, however, is valid for medium to fine
sand while the confining pressure is less than, say, 100 kPa.
In their companion paper, the authors demonstrate that a single
‘‘slip’’ surface also develops in their reinforced slopes (i.e., in
a sense, similar to the soil element). They show via limit equi-
librium back-calculations that indeed the traced slip surfaces
correspond well to fpeak. Consequently, the following hybrid
procedure is proposed for design steep slopes when the backfill
is composed of medium (or less) cohesionless soil and heights
do not exceed, say, 6 m:
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1. Use fpeak and limit equilibrium analysis to locate the crit-
ical slip surfaces. These surfaces will be used to deter-
mine the required layout of geosynthetic layers (i.e.,
length and spacing). Note that in reinforced slopes there
can be several critical slip surfaces [i.e., surfaces pro-
ducing same minimum factors of safety (Leshchinsky
1997)]. Note that fpeak without any reduction is used [i.e.,
unlike conventional limit equilibrium analysis, no formal
Fs on soil shear strength is used; this is similar to the
design of reinforced soil walls—see Leshchinsky (1999)
for details and definition of Fs].

2. Use fresidual along traces of the critical slip surfaces to
compute the required geosynthetic strength.

Note that this hybrid approach recognizes that slip surfaces
will initiate and have a trace based on the soil peak strength.
However, development of progressive failure is feasible, and
at this state, the ductile reinforcement should be sufficiently
strong to keep the system stable. It is entirely possible that the
backfill in steep slopes will deform (during or after construc-
tion), mobilizing the soil beyond its peak strength. Conse-
quently, the reinforcement strength becomes critical to stability
in case residual strength develops. It should be pointed out
that Tatsuoka et al. (1998) proposed a similar hybrid approach;
however, it was limited to seismic design of reinforced walls.

In the strict sense of mechanics, use of fresidual along the slip
surface defined by the shear band cannot yield static equilib-
rium when considering an element (Fig. 16). However, in the
context of limit equilibrium analysis, this is not an issue since
only global equilibrium needs to be satisfied for a system com-
prising soil and reinforcement. Hence, the analogy to a soil
element at failure is restricted to the experimental observation
of the development of a singular shear ‘‘surface.’’

The proposed procedure in this discussion may result in
significantly shorter reinforcement as compared to using
fresidual. However, the required reinforcement strength will be
somewhat larger than that computed using fpeak [see Lesh-
chinsky (1999) for results of analysis and a simplified ap-
proach].

REDISTRIBUTION OF REINFORCEMENT FORCE

Limit equilibrium analysis can deal with the global equilib-
rium of reinforced slopes. As input, it requires the knowledge
of the reinforcement layers’ force at their intersection with the
slip surface. The authors suggest a distribution that is propor-
tional to overburden pressure above the point at which the
reinforcement intersects the slip surface. As failure ap-
proaches, redistribution of force will occur leading to nearly
uniform mobilization of reinforcement strength (Fig. 15). The
following points are noted:

1. Force distribution in the reinforcement is mainly a func-
tion of local conditions (e.g., foundation soil), the length
of the reinforcement layers, and the stiffness and ductility
of the reinforcement. Conventional limit equilibrium
analysis cannot account for these factors in predicting
the reactive force in the reinforcement. Boedeker (1987)
conducted an extensive parametric study on the effects
of various assumed distributions on limit equilibrium sta-
bility of reinforced slopes. Subsequently, Leshchinsky
and Boedeker (1989) suggested ‘‘upper’’ and ‘‘lower’’
values for the required force employing linear and uni-
form distribution with depth, respectively.

2. In the context of design, logical and consistent modifi-
cation of limit equilibrium analysis can lead to a range
of feasible values for the reactive force in the reinforce-
ment layers (Leshchinsky 1992; Leshchinsky et al.
1995). One possible distribution, stemming from limit
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equilibrium consideration of multiple failure surfaces, is
linear. The second distribution is uniform. Leshchinsky
et al. (1995) concluded that the reactive force in rein-
forcement layers stabilizing a steep slope is probably
contained between these two values. (Force in the rein-
forcement will also depend on its tributary area; i.e.,
spacing.)

3. The authors suggest that ductility of geosynthetic rein-
forcement will allow for load redistribution leading to a
different (more efficient and therefore, less conservative)
force distribution. The discusser also thinks that load
shedding (or redistribution) is likely to occur as the geo-
synthetic deforms and, more likely, as it creeps and re-
laxes (Leshchinsky 1992; Leshchinsky et al. 1997).
However, in the context of design, how does one define
sufficient ductility? Is the proposed new distribution
valid regardless of the foundation? The writers indeed
point out that ‘‘further research should be undertaken to
validate the proposed distribution.’’

To avoid uncertainties, it is perhaps safer to use in design
a limit equilibrium analysis that considers both linear and uni-
form distributions [e.g., Leshchinsky (1997)]. If the reinforce-
ment layout is wisely selected, such an approach is not overly
conservative when compared with the authors’ proposed dis-
tribution. However, it covers a wide range of possible realities,
insuring both local and global stability (i.e., linear and uniform
distributions, respectively). The end result is not necessarily
more reinforcement but rather adequate reinforcement ‘‘den-
sity’’ along the height to insure safe structure. For realistic
length of geosynthetic, this approach shows good agreement
with relevant field data recorded by Fannin and Herman (1990)
[see comparison by Leshchinsky et al. (1995)].

It is interesting to note that the authors’ suggested distri-
butions, which are based on overburden pressure, imply non-
uniform mobilization of reinforcement layers’ tensile strength.
When the geosynthetic layers approach a break, such nonun-
iform reactive force will lead to different rates of creep in each
layer. This, in turn, will result in different soil movement
around each layer, thus producing progressive failure.

MODES OF FAILURE

It should be stated up front that massive failure of reinforced
steep slopes has rarely occurred (surficial failures are com-
mon). The failure mechanism observed by the authors provides
an insight about one important mode of failure (i.e., ‘‘internal’’
failure). However, this is only one possible mechanism.

In all tests, the reinforcement layers were long relative to
the height of the slope (L/H = 0.9). It is clear that the com-
bination of reinforcement layout and geotextile strength ‘‘al-
lowed’’ for the development of only one failure mechanism:
rotational surface passing through all layers (i.e., made all
other potential modes of failure less critical). In reality, how-
ever, shorter reinforcement is used. Also, due to large strength
reduction factors (i.e., for creep, installation damage, and ag-
ing), the strength of specified geosynthetics is much larger than
the value needed for short-term stability. Consequently, other
possible failure mechanisms are feasible (possibly more criti-
cal) and must be checked in design. For example, direct sliding
is feasible, especially in slopes flatter than the one experi-
mented by the writers (i.e., flatter than 1H:2V). Furthermore,
compound rotational failure (i.e., failure extending through the
reinforced soil into the retained soil) is feasible and likely.
Such mechanisms were discussed, formulated, and computer-
ized, for example, by Leshchinsky (1997).

APPENDIX. REFERENCES
Al-Hussaini, M., and Perry, E. B. (1978). ‘‘Analysis of rubber membrane

trip reinforced earth wall.’’ Proc., Symp. on Soil Reinforcing and Sta-
INEERING / MARCH 2000



bilizing Techniques, New South Wales Institute of Technology and Uni-
versity of New South Wales, Sydney, Australia, 59–72.

Boedeker, R. H. (1987). ‘‘Analysis and design of geotextile reinforced
granular embankment over firm foundations,’’ MS thesis, University
of Delaware, Newark, Del.

Fannin, J., and Herman, S. (1990). ‘‘Performance data for sloped rein-
forced soil wall.’’ Can. Geotech. J., Ottawa, 27(5), 676–686.

Huang, C.-C., Tatsuoka, F., and Sato, Y. (1994). ‘‘Failure mechanisms of
reinforced sand slopes loaded with a footing.’’ Soils and Found., To-
kyo, 34(2), 27–40.

Leshchinsky, D. (1992). ‘‘Issues in geosynthetic-reinforced soil.’’ Proc.,
Int. Symp. on Earth Reinforcement Practice, Ochiai, Hayashi, and
Otani, eds., Vol. 2, Balkema, Rotterdam, The Netherlands, 871–897.

Leshchinsky, D. (1997). ‘‘Software to facilitate design of geosynthetic-
reinforced steep slopes.’’ Geotech. Fabrics Rep., 15(1), 40–46.

Leshchinsky, D. (1999). ‘‘Stability of geosynthetic reinforced steep
slopes.’’ Proc., Int. Symp. on Slope Stability Engrg., Yagi, Yamagami,
and Jiang, eds., Vol. 1, Balkema, Rotterdam, The Netherlands, 49–66.

Leshchinsky, D., Dechasakulsom, M., Kaliakin, V. N., and Ling, H. I.
(1997). ‘‘Creep and stress relaxation of geogrids.’’ Geosynthetics Int.,
4(5), 463–479.

Leshchinsky, D., Ling, H. I., and Hanks, G. (1995). ‘‘Unified design ap-
proach to geosynthetic reinforced slopes and segmental walls.’’ Geo-
synthetics Int., 2(4), 845–881.

Tatsuoka, F., Koseki, J., Tateyama, M., Munaf, Y., and Hori, N. (1998).
‘‘Seismic stability against high seismic loads of geosynthetic-reinforced
soil retaining structures.’’ Proc., 6th Int. Conf. on Geosynthetics, Vol.
1, 103–142.

Tatsuoka, F., Tateyama, M., and Murata, O. (1989). ‘‘Earth retaining wall
with a short geotextile and a rigid facing.’’ Proc., 12th Int. Conf. on
Soil Mech. and Found. Engrg., Vol. 2, 1311–1314. Rotterdam, The
Netherlands, Balkema.

Yoshida, T., and Tatsuoka, F. (1997). ‘‘Deformation property of shear
band in sand subjected to plane strain compression and its relation to
particle characteristics.’’ Proc., 14th Int. Conf. on Soil Mech. and
Found. Engrg., Balkema, Rotterdam, The Netherlands, 237–240.

Discussion by Bruno T. Dantas5 and
Mauricio Ehrlich,6 Member, ASCE

A parametric numerical study has been performed to pro-
vide a basis for the extension of Ehrlich and Mitchell’s (1994)
analytical working stress method for reinforced vertical walls
to generic reinforced soil slopes (Dantas 1998). The following

5Grad. Student, COPPE, Fed. Univ. of Rio de Janeiro, Brazil.
6Assoc. Prof., COPPE, Fed. Univ. of Rio de Janeiro, Cx. P.: 68506,
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factors were analyzed in this study: the influence of slope
height and inclination, the reinforcement stiffness and spacing,
the soil friction angle, and compaction-induced stresses on the
soil on reinforcement tension. A modified version of the
CRISP92 (Britto and gunn 1990) finite-element program with
Soil Compaction (Iturri 1996) was used for the analyses.

Taking into account the above mentioned finite-element
analyses (Dantas 1998), some points of the authors’ conclu-
sions are addressed as follows.

STRESS PATH AND CONSTRUCTION PROCEDURE

The prototype construction sequence usually involves the
placement and compaction of backfill until the slope crest is
achieved. In centrifuge tests the stress increase due to accel-
eration to obtain the corresponding prototype stress levels does
not represent the actual stress path in the field. The soil is
subjected to only one straightforward loading to the stress state
at the end of construction, and the induced stress due to soil
compaction is not represented. As part of Danta’s (1998) stud-
ies, the effect of the stress path and construction procedure on
the reinforcement mobilized tension was evaluated.

Fig. 17 shows finite-element method results for two hypo-
thetical 5 m high reinforced soil slopes, one with geosynthetic
reinforcement and the other with metallic reinforcement, both
with face inclination equal to 607. In the analyses it was as-
sumed that the soil friction angle, f, was equal to 357 and the
soil unit weight, g, equal to 19.6 kN/m3. The relationship be-
tween the reinforcement maximum tensile stresses, T, and
depth, z, in a normalized form, determined for the geosynthetic
reinforced soil slope are shown in Fig. 17(a) and for the me-
tallic reinforced soil slope in Fig. 17(b).

The relative soil reinforcement stiffness index, Si, is defined
by Ehrlich and Mitchell (1994) as

S = (E A )/(kP S S ) (14)i r r a v h

where (Er Ar) = reinforcement stiffness; k = Duncan et al.’s
(1980) modulus number for loading; Pa = atmospheric pres-
sure (a units constant); and Sv and Sh = vertical and horizontal
spacing between adjacent reinforcements, respectively.

Three construction procedures were considered: a multilayer
sequence, a single-layer sequence, and a multilayer sequence
with soil compaction (only available for the metallic reinforced
soil slope). The compaction equipment was equivalent to the
FIG. 17. Effect of Stress Path and Construction Procedure on Reinforcements Maximum Tension for 608 Slope Reinforced by (a)
Geosynthetic (Si 5 0.01) and (b) Metallic (Si 5 1) Inclusions
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FIG. 18. Effect of Stress Path and Construction Procedure on Deformability of 608 Slope Reinforced by (a) Geosynthetic (Si 5 0.01)
and (b) Metallic (Si 5 1) Inclusions

FIG. 19. Location of Maximum Tension Point along Reinforcement for Slopes with Face Inclination of 608 and Different Soil Friction
Angles and Si Values
Dynapac CA25 vibratory roller with maximum drum force of
160 kN.

The results in Fig. 17 show that, under working stress con-
ditions, the construction sequence is not a major influence fac-
tor on the mobilized reinforcement tension, but soil compac-
tion may not be neglected. Basically, the same conclusions
were also obtained for all other slope inclinations and rein-
forcement types studied. Adib (1988) and Ehrlich and Mitchell
284 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGIN
(1994) had also shown for reinforced soil walls that soil com-
paction is an important influence factor on reinforcement ten-
sile stresses. Ehrlich and Mitchell (1994) have shown that for
typical condition the compaction may be the major contributor
to reinforcement tension to depths of more than 6 m. There-
fore, as the authors’ centrifuge models were not concerned
with soil compaction, there may not be complete equivalence
between model and prototype, unless the induced compaction
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soil stress could be neglected in the field. The discussers be-
lieve that the effect of soil compaction on the performance of
geosynthetic soil slopes at failure is still to be addressed.

Another aspect to be pointed out is the stress path’s influ-
ence on the slope deformability. Dantas’s (1998) numerical
results can also be used to show that different deformation
patterns are associated with different stress paths, particularly
when vertical displacements are focused (Fig. 18). The nu-
merical studies show that the horizontal displacements are not
significantly affected by the construction sequence. Consider-
ing these results, the monitoring of horizontal displacements
may be the best procedure for evaluation of deformability of
prototype slopes trough centrifuge studies.

TENSION DISTRIBUTION WITH DEPTH

The authors have pointed out that failure initiated at mid-
height of the slopes, contradicting assumptions in current de-
sign methods that failure should develop from the toe of the
reinforced slopes. These experimental results are consistent
with finite-element analysis results performed by Dantas
(1998) that show a nonlinear reinforcement tension distribu-
tion with depth under working stress (in Fig. 17 these results
are exemplified). For different slopes inclinations and rein-
forcement stiffnesses, Dantas’s (1998) results show that the
layer at which the highest reinforcement tension value occurs
varies over a depth of 70 to 80% from the top of the slope.

Nevertheless, it is important to note that the authors’ ex-
perimental results may have been influenced by the additional
reinforcement at the toe of the slope provided by the overlap
of the inclusions. As pointed out by the authors, the uppermost
reinforcements may have been overloaded compared to the
ones located near the bottom of the wall.

LOCATION OF POTENTIAL RUPTURE SURFACE

The results shown in Fig. 19 support the authors’ statement
that the potential failure surfaces may be independent of the
reinforcement stiffness and spacing. The location of the po-
tential rupture surface may be interpreted as the location of
the maximum tension point along the reinforcement. The re-
sults show that under working stress conditions, this location
is not significantly affected by the soil friction angle or by the
reinforcement stiffness and spacing, but it may be considered
only a function of the slope geometry.

SOIL-REINFORCEMENT STRESS-STRAIN
COMPATIBILITY

The authors’ results show that even for geosynthetic rein-
forcement systems (extensible reinforcements) the stability is
governed by the peak soil shear strength. Thus, at the failure
surface, i.e., at the reinforcements’ maximum tension point,
reinforcement deformations are much lower than expected,
based on results of unconfined laboratory test. Therefore under
working stress the soil may not be fully plastified. This con-
clusion supports the discussion addressed in the companion
paper.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

Ar = reinforcement transverse area;
Er = reinforcement modulus;
H = slope height;
Pa = atmospheric pressure;
Sh = horizontal spacing between adjacent reinforcements;
Si = relative soil reinforcement stiffness index;
Sv = vertical spacing between adjacent reinforcements;
T = reinforcement maximum tension;
x = horizontal distance from toe of slope;
z = depth from top of slope;
g = soil unit weight;
k = modulus number (hyperbolic stress-strain curve model);

and
f = soil friction angle.

Closure by Jorge G. Zornberg,7

Nicholas Sitar,8 Members, ASCE,
and James K. Mitchell,9

Honorary Member, ASCE

The writers thank Prof. Leshchinsky for his interest in the
paper. Based partly on interpretation of the centrifuge test re-
sults discussed by the writers, the discusser suggests a new
approach for designing geosynthetic reinforced steep slopes.
Central to his approach is the use of a hybrid design procedure
in which peak soil shear strength properties would be used to
locate the critical slip surface, while the residual soil shear
strength properties would subsequently be used along the lo-
cated slip surface to compute the reinforcement requirements.

Even though use of the residual shear strength in design
represents a conservative approach, this conservatism is not
supported by the centrifuge data presented by the writers in
the paper, which clearly showed that failure of the geosyn-
thetic reinforced slope models was governed by the peak shear
strength of the backfill. The perceived conservatism in design
is also not supported by the generally observed good perfor-
mance of monitored reinforced soil structures. The controver-
sial issue regarding selection of soil shear strength properties
was extensively discussed, though no consensus was reached,
among practitioners and researchers attending the 6th Inter-
national Conference on Geosynthetics (Panel Session: Rein-
forcement Applications—User’s Questions—Industry’s Re-
sponse, Atlanta, March 1998). Although the hybrid approach
proposed by the discusser is a feasible design method that
departs from the strict use of residual shear strength properties
[e.g., Leshchinsky and Boedeker (1989)], the writers believe
that a hybrid approach would not represent the failure ob-
served in the centrifuge tests and would lead to a still conser-
vative method for the design of reinforced soil slopes.

The discusser’s remarks regarding progressive failure are
based on the premise that the soil will attain its full (peak)

7Asst. Prof., Dept. of Civ., Envir., and Arch. Engrg., Univ. of Colorado
at Boulder, Boulder, CO 90309.

8Chancellor’s Prof., Dept. of Civ. and Envir. Engrg., Univ. of Califor-
nia, Berkeley, CA 94720.

9Univ. Distinguished Prof. and Via Prof. of Civ. Engrg., Virginia Tech,
Blacksburg, VA 24061.
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shear strength before reinforcement rupture, which is not sup-
ported by the reported experimental centrifuge data. No shear
displacements were clearly observed along the ultimate slip
surface before reinforcement rupture. In contrast to the dis-
cusser’s view that the stability of steep slopes would eventu-
ally hinge upon the strength of the reinforcement, failure of
the centrifuge models was triggered by the rupture of geotex-
tile reinforcements. The discusser is correct in pointing out
that some time elapsed between failure initiation and final col-
lapse. However, the elapsed time occurred without any in-
crease in the g-level. Consequently, final collapse after failure
initiation is attributed to the loss of reinforcement tensile
strength due to breakage, rather than to the decrease in soil
shear strength from peak to residual values due to shear dis-
placements.

The writers believe that design approaches for geosynthetic
reinforced slopes should use peak soil shear strength for both
defining the location of the slip surface and calculating the
reinforcement requirements. This approach would be consis-
tent not only with the observed experimental centrifuge results,
but also with the U.S. practice of using peak shear strength in
the design of unreinforced slopes. In fact, the use of residual
shear strength values in the design of geosynthetic reinforced
slopes while still using peak shear strength in the design of
unreinforced embankments could lead to illogical comparisons
of alternatives for embankment design. For example, an un-
reinforced slope that satisfies stability criteria based on a factor
of safety calculated using peak strength, would become un-
acceptable if reinforced using inclusions of small (or negligi-
ble, for the purposes of this example) tensile strength because
stability would be evaluated in this case using residual soil
shear strength values.

The writers agree with the discusser that the tension distri-
bution among the reinforcements is also a function of condi-
tions not represented in the centrifuge models, namely, foun-
dation conditions. However, and even though further
investigation should be pursued to identify the actual rein-
forcement tension distribution, it is apparent that a linear dis-
tribution (i.e., triangular with maximum tension toward the
base of the slope) is not consistent with the centrifuge ex-
perimental results or with observations from monitored full-
scale structures [e.g., Adib (1988) and Christopher et al.
(1992)]. Consequently, a clear message should be conveyed to
designers that the critical elevation in terms of reinforcement
requirements is a function of the slope inclination and that, in
contrast with the case of vertical walls, this critical zone may
not be located toward the base of the structure.

Finally, the writers fully agree with the discusser in that the
centrifuge study focused only on one of the several failure
modes that should be contemplated in the design of geosyn-
thetic reinforced slopes (i.e., internal failure due to the break-
age of the reinforcements). As stated by the writers in the
paper, the use of comparatively long reinforcements was de-
liberate since the focus of the study was on the evaluation of
this one particular failure mode. External and compound fail-
ure mechanisms were not expected to develop during testing,
but they should certainly be accounted for in design.

The input provided by Dantas and Ehrlich is appreciated.
The writers are pleased to learn that the numerical simulations
performed by the discussers validate the experimental results
in relation to the reinforcement tension distribution with depth,
the location of the potential rupture surface, and soil-reinforce-
ment stress-strain compatibility. The discussers indicated con-
cern that the centrifuge simulations do not reproduce compac-
tion-induced stresses that may occur in actual prototype
structures. The limitations of centrifuge modeling that lead to
differences in the behavior between reinforced slope models
and prototypes are extensively discussed by Zornberg et al.
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(1997a). As reported by the writers, compaction effects cannot
be replicated in the model, which is constructed at 1 g prior
to centrifuging. More importantly, while placement of a com-
pacted soil layer in a prototype induces deformations on the
layers underneath the one being placed, the preconstructed
centrifuge model responds in its entirety as it is brought up to
scale speed. However, the primary objective of the centrifuge
investigation was validation of the analytical tool used for
analysis and design of reinforced slopes (i.e., limit equilib-
rium), which is also blind to compaction-induced stresses. Nu-
merical simulations presented by the discussers illustrate the
effect of compaction-induced stresses in a metallic-reinforced
slope under working stress conditions. The writers believe that
the effect of compaction-induced stresses would be signifi-
cantly smaller for the case of geosynthetic-reinforced slopes
under failure conditions, which was the focus of the investi-
gation performed by the writers.

LIMIT EQUILIBRIUM AS BASIS FOR

DESIGN OF GEOSYNTHETIC

REINFORCED SLOPES
a

Discussion by Mauricio Ehrlich,4

Member, ASCE, and Bruno T. Dantas5

Limit equilibrium methods have been extensively used as a
basis for design of reinforced soil structures. This procedure
has its limitations and may be considered as a simple ap-
proach. Only geostatic stress could be taken into consideration
through these formulations. It has been shown that compac-
tion-induced stresses may be the major contributor to rein-
forcement tension to depths of more than 6 m (Adib 1988;
Ehrlich and Mitchell 1994; Dantas 1998).

It is the discussers’ intention to provide some insights on
the role of compaction-induced stresses on reinforced soil be-
havior and its importance for design. Compaction may be con-
sidered as a kind of soil preconsolidation and would lend a
stiffer behavior to the reinforced soil. This mechanical im-
provement is due not only to reduction in soil void ratio, but
also to the increase in the soil horizontal stress that generates
a prestressed material.

Fig. 19 shows a simple qualitative approach based on Jew-
ell’s (1985) representation of the strain compatibility between
soil and reinforcement in the soil surrounding the reinforce-
ment at maximum tension point. The curve S1 is a generic
representation of the soil stress-strain behavior under geostatic
conditions.

A more complex situation occurs if compaction is taken into
account. The actual multicycles stress path for soil placement
and compaction during construction may be simplified by the
assumption that each layer is subject to only one cycle of
loading (Duncan and Seed 1986; Seed and Duncan 1986; Ehr-
lich and Mitchell 1994). Loading under K0 conditions due to
the weight of the overlying soil layers plus some equivalent

aAugust 1998, Vol. 124, No. 8, by Jorge G. Zornberg, Nicholas Sitar,
and James K. Mitchell (Paper 14817).

4Assoc. Prof., COPPE, Fed. Univ. of Rio de Janeiro, Cx. P.: 68506,
RJ 21945-970, Brazil.

5Grad. Student, COPPE, Fed. Univ. of Rio de Janeiro, Brazil.
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