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GEOSYNTHETIC REINFORCED SLOPES: LIMIT EQUILIBRIUM
AND FINITE ELEMENT ANALYSES

KA-CHING SANY, Dov LESHCHINSKY® and TAMOTSU MATsUIiD

ABSTRACT

This note presents a comparative study of geosynthetic reinforced slope analyses. The comparison is between
predictions of a finite element (FE) method and a limit equilibrium (LE) method. The comparisons are limited to the
potential failure surface and the maximum tensile force developed in the geosynthetic reinforcement layers. These two
items signify the design output in the LE analysis of geosynthetic reinforced slopes. The agreement between EE and
LE methods is found to be reasonably good in terms of both location of critical slip surfaces and required strength of

reinforcement.
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INTRODUCTION

Finite element (FE) slope stability method, using
strain-based failure judgment method, has been
proposed by Matsui and San (1993). Its applicability to
practical problems has been demonstrated through two
Class-A predictions (Matsui and San, 1992a and 1992c).
This note compares the predictions of this FE method
with the results of a rigorous limit equilibrium (LE)
analysis.

Many factors could affect the results of stability analy-
sis using FE and some have been discussed elsewhere
(San, Matsui and Katsuraya, 1990). However, in the
Class-A Denver Wall prediction, it has been demonstrat-
ed that accurate failure prediction of geosynthetic rein-
forced walls could be successfully achieved by using
proper modeling of the various components comprising
the problem and material properties (Matsui and San,
1992c¢).

In this note, comparisons between FE and LE rein-

forced slope stability analyses are conducted. First, rein-

forced slopes with dense and loose backfills, for three
slope inclinations, are analyzed by the LE analysis.
Then, FE analysis of the reinforced slopes, designed by
the LE analysis, is performed utilizing the Duncan and
Chang (1970) model. The backfill material properties cor-
respond to data from triaxial tests, but the coefficient of
earth pressure at-rest is chosen so that the LE result of

one arbitrary slope inclination will fit the FE result. Fi-
nally, using the same parameters, FE analysis for other
slopes is performed and compared with the LE analysis.

LIMIT EQUILIBRIUM ANALYSIS

The design problem to be considered is a 5 m high
granular slope with ten equally spaced horizontal reinfor-
cement layers, as shown in Fig. 1. The overall safety fac-
tor, Fi, is 1.0. Two types of backfills are considered,
dense backfill with ¢=0.0 and ¢=35°, and loose backfill

e

H=5m / 7’
]

Fig. 1. The slope to be considered
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having a trace of cohesion with ¢=3.0 kPa and ¢=20°.
For both backfills y==20 kN/m?, The soil-geosynthetic in-
teraction coefficients are C;=0.8 and C;=1.0. Note that
Cirepresents the ratio between Coulomb’s shear strength
of the interface of reinforcement-backfill and the shear
strength of backfill; its value is typically determined from
pullout test (Leshchinsky, 1992). Cy; is the direct sliding
coefficient and it represents a similar relationship as Cj;
however, its value is established based on a direct shear
test, presumably simulating the sliding of soil block over
the reinforcement layer (Leshchinsky, 1992).

Three slope inclinations were studied (i equals 75°, 60°
and 45°). The analysis was conducted using ‘STRATA-
SLOPE,’ a LE slope stability analysis computer code
(Leshchinsky, 1992). In this procedure, the reinforce-
ment strength is determined based on internal stability
considerations; reinforcement length is determined based
on possible compound failure and direct sliding of the re-
inforced mass.

In assessing the internal stability, log spiral slip

surfaces, passing through all reinforcing layers, are exam-.

ined; the one rendering the maximum required reinforce-
ment strength is considered the critical surface. Leshchin-
sky and Lambert (1991) have demonstrated the adequacy
of log spirals to represent critical slip surfaces in rein-
forced slopes. Furthermore, they have shown that the
maximum height of a stable slope based on the log spiral
limit equilibrium analysis procedure is very close to the
measured value (i.e., the required reinforcement ultimate
tensile strength from the log spiral analysis is close to the
one measured at failure). Their observations, however,
were limited to internal failure mode.

Compound failure analysis used by Leshchinsky (1992)
considers log spiral surface (i.e., a rotational failure)
emerging at the toe and extending through the reinforced
soil and into the retained soil. In fact, the length of each
reinforcing layer is extended so that the most critical log
spiral passing at its end will produce the same prescribed
factor of safety; deeper slip surfaces will yield safety fac-
tors exceeding the prescribed value (Leshchinsky, 1992).
In other words, the log spiral failure mechanism was as-
sumed to prevail also for possible compound failure pass-
ing through the end of each reinforcing layer. In fact,
these surfaces determine the required length of each layer
down to the second layer from the bottom. Since the com-
pound surfaces are assumed to emerge at the toe, the re-
quired length of bottom layer cannot be determined by
these surfaces (i.e., they all intersect this layer at the same
point, the toe). Bottom layer, however, should be an-
chored long enough to provide adequate pullout
resistarice. Consequently, there are (n—1) such surfaces
(n=number of reinforcing layers), each yielding the
same safety factor. In Figs. 2 through 7 the outer-most
compound surfaces (i.e., log spiral for second reinforce-
ment layer from bottom) are plotted.

Direct sliding analysis considers a two-wedge mechan-
ism in which one wedge is sliding directly over the bot-
tom reinforcement layer. This sliding is due to the lateral
pressure exerted by the second wedge that is located in

the unreinforced zone. The inclination of the interwedge
force resultant was taken equal to the internal angle of
friction. This force equilibrium analysis results in the re-
quired length to prevent such sliding.

Referring to Fig. 1, reinforcement length at the bottom
is selected based on the direct sliding or compound
failure (whichever is longer); top reinforcement length is
based on maximum length obtained from compound
failure analysis. Length of intermediate layers is adjusted
according to top and bottom layers. This practical layout
results in overall reinforcement length that is somewhat
longer than necessary based on compound failure.
Hence, it assures that the safety factor against compound
failure (i.e., the most frequent type of failure) actually ex-
ceeds the prescribed value.

FINITE ELEMENT ANALYSIS

The use of finite element method to analyze the stabil-
ity of geotechnical problems needs an appropriate defini-
tion of failure. Definitions of failure commeonly used in
practice are mainly based on stress failure criterion.
However, it appears that failure of a soil structure is
more reasonably defined as a state of rapid increase of
strains. Consequently, a strain-based failure judgment
method for finite element stability analysis has been
proposed by Matsui and San (1993). In the FE analysis,
failure is defined as the development of a full failure
shear strain zone in the soil. The faijlure shear strain zone
is the potential failure pattern in which the shear strain ex-
ceeds a cutoff value (Matsui and San, 1990 and 1992b).
The failure shear strain of soil (i.e., the cutoff value) can
be obtained from the standard triaxial test.

In the present analysis, the dense backfill is assumed as
hyperbolic stress-strain elastic materials (Duncan and
Chang, 1970) with ¢ =35° and failure shear strain of 4%.
The loose backfill possesses a trace of cohesion of ¢=3.0
kPa, and ¢=20° and failure shear strain of 15%. The
hyperbolic stress-strain parameters for the dense backfill
are assumed as: K=2000, K,=2120, n=0.54, and
R;=0.91. The hyperbolic stress-strain parameters for the
loose backfill are assumed as: K=295, K,=1090,
n=0.65, and R;=0.90. The failure shear strains and the
hyperbolic stress-strain parameters correspond to data
from triaxial tests on the dense and loose silica sand (Dun-
can and Chang, 1970). For both backfills y=20 kN/m>.
The reinforcement is assumed as geosynthetic having
E=2.73%10°kN/m and A=7.50%10"* m?/m. The in-
terface between the soil and reinforcement is modeled by
an elastoplastic joint element (Matsui and San, 1989).

The critical lengths of the reinforcement obtained
from LE analysis for a safety factor of one are used as an
input in the FE analysis. The finite element analysis of
the reinforced slope was performed by adding elements
from the bottom to the top of the slope, and applying the
gravity force to each element. The Ko=0n /o, value was
used to specify the initial stresses of the added elements.
In the FE analysis of the 60° slopes, for both dense and
loose backfills, the value of K, was gradually reduced in
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subsequent runs from its empirical value (Ko=1—sin ¢)
until the failure of the slope occurred using the strain-
based failure judgment method. It should be noted that
the empirical value (Ko=1—sin ¢) may not always satisfy
the initial boundary stress conditions. The empirical
values (Ko=1—sin ¢) of the dense and loose backfills are
0.43 and 0.66, respectively. It was found the values of K,
at failure for the dense and loose backfill walls are 0.40
and 0.62, respectively. Using these values of Kj, analyses
of 75° and 45° slopes for both dense and loose backfills
were conducted. The maximum reinforcement tensile
force and the failure pattern of the reinforced slopes
were then compared with the results obtained from LE
analysis.

COMPARISONS

Figures 2 to 7 show the patterns of shear strain for the
75°, 60° and 45° reinforced slopes for both dense and
loose backfills obtained from the FE. The failure
surfaces, both critical and compound, obtained from the
LE analysis are also plotted on these figures. It can be
seen that the failure patterns obtained from FE compare
well with those obtained from LE. Generally, it appears
that the LE traces of the compound failure surfaces are
not likely locations for the development of slip surfaces
as would be predicted by the FE; i.e., the critical spirals
corresponding to internal stability are more likely loca-
tions. As previously noted, the plotted compound
surfaces are the outer-most ones and the reinforcement

length is specified based on the maximum obtained from
both compound and direct sliding analyses. Conse-
quently, there is reinforcement in excess of length needed
based on the prescribed safety factor in the compound
analysis. Hence, the plotted compound surface does not
signify a critical LE situation when the practical layout is
specified and analyzed by the FE. However, plotting this
surface, superimposed on the FE results, is instructive in
realizing the effects the practical design layout (Fig. 1)
has on what is considered in a simplified analysis the
potential compound failure.

The required reinforcement strengths from FE are
quite close to those from LE as shown in Tables 1 and 2.

Table 1. Required reinforcement strength (kN/m)
(dense granular backfill)
i Finite element method STRATASLOPE | Difference
75° 9.0 8.0 1.0
60° 6.0 5.0 1.0
45° 3.0 2.0 1.0

Table 2. Required reinforcement strength (kN/m)
(loose backfill)

i Finite element method STRATASLOPE Difference
75° 17.0 15.0 2.0
60° 10.0 11.0 1.0
45° 9.0 7.0 2.0
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Fig. 2. Failure pattern for 75° slope (dense granular backfill)
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Fig. 4. Failure pattern for 45° slope (dense granular backfill)
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Fig. 6. Failure pattern for 60° slope (loose backfill)
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Fig. 7. Failure pattern for 45° slope (loose backfill)

The summation of required tensile resistance of all rein-
forcement layers for both backfills obtained from FE are
reasonably close to those obtained from LE (see Tables 3
and 4). This summation is a measure of the overall (i.e.,
global) equilibrium of the sliding mass, an aspect dealt
with in the LE analysis. It should be pointed out that the
factor of safety, Fj, in the LE analysis, was taken as one.
In design, high F; is applied to the ultimate tensile
strength of the geosynthetics (typically this F; is between
5 to 10) and therefore, the differences in the tables
become less significant in practical terms. However, the

Table 3. Summation of required tensile resistance of all layers of rein-
forcement (kN/m) (dense granular backfill)

i Finite element method STRATASLOPE Difference
75° 51.7 41.1 16.6
60° 19.2 23.9 4.7
45° 14.0 8.9 5.1

Table 4. Summation of required tensile resistance of all layers of rein-
forcement (kN/m) (loose backfill)

i Finite element method STRATASLOPE | Difference
75° 67.3 66.3 1.0
60° 35.1 44.6 9.5
45° 29.5 24.4 5.1

embedment length of reinforcement is very important
and is not affected by this F;. Consequently, the compari-
sons shown in Figs. 2 to 7 are important.

CONCLUSIONS

Comparisons of results of analyses of geosynthetic rein-
forced slopes, using FE and LE, were presented. It was
found that good agreement between FE and LE for a
range of slope inclinations could be achieved by adjust-
ing slightly the empirical value of K. Using a consistent
value of Kj, the results of FE analysis agreed reasonably
well with LE results.
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