Slope stability analysis with modified shear strength reduction technique
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ABSTRACT: This paper deds with the dope sability engineering. Due to the rapid development of computing effi-
ciency, saverd numericd methods are gaining ncreasing populaity in dope stability andyss. The most popular nu-
mericd method of dope stability estimation is shear strength reduction technique (SSR). The factor of safety (FS) for
dope may be computed by reducing shear strength of soil (or rock) in stages, until the dope fails. Application of SSR
for complex geology dopes is usudly redtricted to the weskest “link” estimation — part of dope with the lowest FS.
Finite Difference Method code FLAC (FLAC, 2000) gives the opportunity to analyse severd dip surfaces by using
modified SSR technique (MSSR). The method is based on reducing shear properties of soils after identification of first
dip surface. MSSR dlows performing complete estimation of stability for any type of dope.

1 INTRODUCTION

The gtahility of dopes may be estimated usng 2D limit
equilibrium methods (LEM) or numerica methods. Due
to the rapid development of computing dficiency, sev-
erd numerical methods are gaining increasing popularity
in dope Sahility engineering. A very popular numerica
method of dope stability estimation is shear strength re-
duction technique (SSR). In that procedure, the factor of
safety (FS) of a soil dope is defined as the number by
which the origind shear strength parameters must be di-
vided in order to bring the dope to the point of falure
(Dawson & Roth, 1999).

It's wel known fact that for smple dopes FS do-
taned from SSR is usudly the same as FS obtained
from LEM (Griffiths & Lane, 1999, Cda & Hisak,
2001). However for complex geology dopes, consder-
able differences between FS vaues from LEM and SSR
may be expected (Cala & Hisiak, 2001).

The anadlysis of complex geology dopes stability re-
quires suitable numericd modelling.

It must be stated that classca SSR technique has
seved limitations. Application of SSR requires ad-
vanced numericd moddling skills. Cdculaion time, in
case of complicated models, can last aslong as severd
hours.

However, the most fundamentd limitation of SSR is
identification of only one failure surface (in Some cases it
may identify more than one surface, but with the same
FS vaue). This is not a Sgnificant limitation in case of
ample geometry dope. But in case with complex g
ometry (and geology) it's not possible to analyse FS for

other parts of the dope. This may sometimes lead to se-
rious mistakes.

2 MODIFIED SHEAR STRENGTH REDUCTION
TECHNIQUE (MSSR)

2.1 Benched dope stability case

Applicaion of SSR for complex geology dopesis usu-
aly redricted to the weskest “link” estimation — part of
the dope with the lowest FS. However the Finite Differ-
ence Method code FLAC gives the opportunity to ana-
lyse severd dip surfaces usng modified $ear strength
reduction techniqgue — MSSR (Cala & Flisak, 20033,
b).

This method is based on reducing shear properties
of soils after identification of first dip surface (FSy). Itis
amply the continuation of classic SSR, but after first i
gability occurrence. It is possble only using Finite Dif-
ference Method. Program FLAC uses the explicit, La-
grangian cdculaion scheme. The full dynamic equations
of motion are used, even when moddling systems that
ae essatidly datic. This endbles FLAC to follow
physically unstable processes (i.e. severa processes s-
multaneoudy!) without numerica distress. In fact, FLAC
is most dfective when applied to non-linear or large-
drain problems, or to Stuations in which physica inda
bility may occur. This may lead to identification of sev-
erd other dip surfaces.

Let’s consder benched dope stahility (figure 1).
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Figure 1. Benched slope case geometry.

Figure 2 shows the displacement vectors for the first
identified failure surface. It is (of course) locdised inthe
lower part of the dope. Figure 3 shows the shear dtrain
rate digribution. Failure of the lower part of the dope
was detected utilizing FLAC/Sope. FS; = 0.90 cacu
lated by SSR is very close to FS=0.921 given by
Bishop’'s method. And precisaly here ends the range of
classical SSR technique — especidly with application of
any Finite Element Method code.

Figure 2.Displacement vectors for the first identified failure surface

Figure 3. Shear strain rate distribution for the first identified failure
surface

However FLAC is created especidly for modelling
physcd ingability (in this case - physcd ingabilities
would be better term). This alows to continue shear
srength reduction and to identify another possble dip
surfaces. In analysed case, next identified falure surface
is located in the upper part of the dope. Figure 4 shows
the displacement vectors for the second (and first) iden

tified failure surface. Figure 5 shows the shear Strain rate
digtribution for both failure surfaces.

Figure 4. Displacement vectors for the second (and first) identified
failure surface

Figure 5. Shear strain rate distribution for both identified failure sur-
faces

FS, = 1.00 caculated by MSSR is again very close
to FS=1.008 given by Bishop's method. And findly
gpplication of MSSR dlowed to evauate FS for entire
dope — FS;=1.24 is dso very close to FS=1.228
given by Bishop's method.

Figure 6 shows the dip surfaces identified in benched
dope by MSSR and LEM.
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Figure 6. Severd dip surfaces identified in benched slope by MSSR
and LEM.

It seems that FS cdculated with MSSR are within a
few percent of the FS obtained from LEM for snmple
cases. It must be however underlined that effectiveness
of MSSR must be verified on redl cases.

All the dculations were performed on meshes with
essentidly square dements. According to Shukha &
Baker (2003) this assumption gives more reasonable re-
aultsin FS vaue and failure mode estimetion.

Modified Shear Strength Reduction with FLAC may
be summarized asfollows:

1. apply classc SSR with FLAC/Sope to caculate
FS,,

2. export *.dat file to FLAC; cdculate the initid, Sta
ble Stuation by operating cand f ,

3. find the representative number of steps (N,) which
characterizes the response time of the system (use
1.1N, for further caculations),



4. cdculae stuation for FS; (check out for communi-
cation between FLAC and FLAC/Slope and eimi-
nation of any mistakes),

5. reduce c and f to find further FS (prepare *.dat
file manudly or usng Excd; each time gart from the
initid, sable * .sav file).

2.2 Large scale, complex geology slope stability
case

Let's consder a dope condsted of eight different geo-
logicd units (from a Polish lignite open pit mine). The
mechanicd properties of the soil units involved in the
dopeaegivenin Table 1.

Table 1. Mechanical properties of soil units.

Unit cohesion friction angle unit weight
c, kPa f, deg g kN/n?
1 14.0 6.5 183
2 90.0 109 195
3 114 79 195
4 9.0 109 195
5 114 79 195
6 9.0 109 195
7 280 85 200
8 1000 300 230

Figure 7 shows geometry and geology of the ane-
lysed dope. The overdl doping angle was equd
a=7477°.

Figure 8 presents the al the dip surfaces identified by
MSSR and LEM. Again SSR finds the location of the
lowest safety factor FS; = 0.67. Application of MSSR
identifies four new dip surfaces in severd parts of the

dope. FS, =0.87 dso shows the locad falure surface
which, in fact, does not affect the overal dope sability
(precisely like previous one). Another possible failure
surface with FS; = 1.02 is based on layer 5 (very thin
and weak one) and broken line upward.

Further andyss showed development of previous
falure surface with FS, = 1.17 occurring mainly in layer
5. Bishop's method applied to the upper part of the
dope shows cylindricd failure surface with FS= 1.351.

It must be noted that due to cylindrica shape
Bishop's dip surface covers a little more soil volume.
FS=1351 is however condderably higher than
FS, = 1.17 from MSSR.

Factor of safety for an overdl dope falure sufaceis
equal FSs = 1.29. Bishop's method shows FS = 1.255,
but it covers consderably lower soil volume. Generdly,
the results obtained from LEM are not that close to
MSSR asin the smple dope cases.

Figure 9 shows shear drain rate distribution for the
third (FS; = 1.02) identified failure surface. Figure 10
shows the shear drain rate distribution for the fourth
FS, = 1.17) identified falure surface and figure 11 pre-
sents shear drain rate  digribution for the  fifth
(FSs = 1.29) identified failure suface. It is the find fall-
ure surface for the entire dope. Analysing figures 9-11 it
may be concluded that identification of failure surfacesis
not very easy. It requires understanding of origin of fol-
lowing failure surfaces. The user must rely on experience
and intuition to understand the ability of the numerica
modd to predict the behaviour of the red physca
model of the dope.

The results have an important implication in practice,
snce possble identification of al falure sufaces is nec-
essary in order to perform a sensible prediction of dope

/ @ A

/_/——V/— v

& @
& ®

168 m

63 m

@

A

800 m

Figure 7. Slope geometry and geology.
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Figure 8. FS values and critical slip surfacesidentified with MSSR and LEM.



stehility.

3 SUMMARY

Many authors pointed out the necessity of consider-
ing severd possble falure surfaces. Usudly they used
LEM to analyse such cases.

The use of MSSR has some serious advantages over
LEM cdculation. It swell known fact that application of
LEM requires assumption about shape and location of
dip surface. Circular failure surfaces were assumed here
for calculation purposes. Criticd dip surface with lowest
FS vaue was estimated from 20,000 circles.

In MSSR there is no need for such assumptions.
Stress and drain field in andysed soil determines shape
and location of following dip surfaces. Application of
MSSR can provide consderable insight into the behav-
iour of dopes.

It ds0 seems that MSSR is much more “sensitive’
than LEM in the case of complex geometry and geology
dopes.

The method is sufficiently generd, it can ded not only

with complicated geology but aso with complex loading
sequence. Such a powerful tool as MSSR with FLAC
can be well gpplied to perform complete sability andy-
ssfor any dope.

It must be however noted that MSSR has aso sev-
erd limitations. Correct interpretation of severd dip sur-
faces is not very easy and requires understanding of fail-
ure mechanism.
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