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Purpose. The aim of our work is to study the influence of the failure surface choice on the factor of safety for open-
pit Phosphate mine case.

Methodology. To estimate the influence of failure surface, our study is focalized on the case of the real slope with
complex geometry (Kef-Essnoun Mine), where an important sliding has happened. Firstly, the safety factor (FS) was
calculated with Limit Equilibrium Method (LEM) and three non-circular potential surfaces were chosen. Secondly,
calculation of the safety factor was performed through the Finite Difference Method (FDM). Finally, the different
values of FS obtained for the failure surfaces were compared in order to find the closest approach to what happened
in our study case.

Findings. The FDM is a useful tool for verification of LEM design due to precise calculation of the safety factor
and a unique failure surface.

Originality. The originality of this work is to use two different approaches, LEM and numerical method (FDM),
for analysing the slope stability design and the accuracy of this method in mining engineering field.

Practical value. This study illustrates that the results obtained by LEM in the cases (2) and (3) (FS = 0.920 the
minimum value) of failure surface are almost identical to those obtained using the FDM (FS = 0.87), which reflects
the reality of our case of study. On the other hand, in the case (1) LEM gives a contradictory result regarding that by
FDM (FS =4.345), the sliding does not happen (total stability). The close agreement between the two analysis meth-
ods indicates that the FDM can be used as a practical and meaningful verification of conventional LEM of complex

slopes.
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Introduction. Slope stability analyses are an impor-
tant issue and delicate problem in mining and civil engi-
neering. Although landslides may occur in many parts of
the world, their consequences depend on the natural
phenomena and human activities. Landslide triggering
is caused by many major causal factors [1, 2], such as
rain, slope height, earthquake, ground water pressure,
and vibration induced by blasting.

The study of these stability analyses can be estimated
by the determination of a safety factor value, which from
the mechanical point of view represents the ratio of se-
curity against failure. Also, the safety factors depend on
the assumed hypothesis in the failure surface choice.
Hence, the latter has a great influence on the value
of FS.

However, the detection of the shape (circular or
non-circular) of this surface is more difficult in geotech-
nical engineering. In general, slope stability methods are
appreciated through two approaches: the LEMs and the
numerical methods.

The LEMs are based on determining the forces and
mobilized strength applied over a slide surface in the
rock or soil slope. But these methods have more disad-
vantages with the choice of failure surface being one
among these problems. In the last decades, with the
technological development of the computer, these nu-
merical methods including FEM (Finite Element Meth-
od), FDM and DEM (Discrete Element Method) have
been used to overcome the limitations in the LEM [3].
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The FDM can capture the strain-stress behavior of
the rock and thus eliminate formulated assumptions in
the LEM to bring the undetermined static problem to a
statically determined one. Moreover, the problem of the
slip surface choice is resolved.

The purpose of these studies is to describe the influ-
ence of the failure surface choice on the value of the
safety factor by two different methods (LEM and nu-
merical methods) for an open-pit phosphate mine.

Analysis Methods. Limit Equilibrium Methods.
LEMs are mostly used for slope stability studies. These
methods consist in cutting the slope into vertical slices
and solving the hyper-static system of the equilibrium
forces applied [4]. Several variants introducing each
simplifying resolution hypothesis can be used in the
case of a circular slip surface (Ordinary method, Bishop
simplified) or of any shape of the slip surface (Method of
Janbu, GLE/Morgenstern-Price (GLE/M-P) and
Spencer (Table 1) [5].

In this work, the stability of the slope was analyzed
using the computer program SLIDE 2D version 6.009
by Rocscience (2011) [7] to determine the static factors
of safety, without load dynamic.

Numerical Methods. The numerical methods are a
powerful tool for solving many engineering problems.

The FDM is one of these methods. In our work, this
analysis is performed through the Itasca software FLAC
version 7.0 by Itasca (2011) [8], where the acronym is
Fast Lagrangian analyses of Continua. In the FDM, the
factors of safety were obtained by Technique of the
Shear Strength Reduction (TSSR).
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Table 1
The different methods of analyses which are most applicable [5, 6]
Equilibrium conditions
I Shape of L
Methods | Force Equilibrium M(.)me.m dlip surface Applications
Horizontal | Vertical | Equilibrium
Ordinary - - v Only Non-homogeneous slopes. Quite accurate for total stress
circular slip | analyses for circular slip surface. Low accuracy for effective
surfaces stress analyses of flat slopes with strong water pressures
Bishop - 4 ' Non-homogeneous slopes. More accurate for the ordinary method
Simplified for total stress analyses with large interstitial pressures
Janbu’s v 4 — Any shape | Non-circular slip surfaces. The computed value of the safety
Simplified of slip factor is sensitive to the assumed inclinations of side forces
GLE/M—-P v v v surfaces An accurate procedure applicable to virtually all slope
geometries and soil profiles. Rigorous, well established
S complete equilibrium procedure (GLE/M-Price’s method).
pencer , . . e
Spencer’s method is the simplest complete equilibrium
procedure for calculating the safety factor

In TSSR, rock shear strength is gradually decreased
by applying finite difference programs as long as the first
indications of failure appear.

The TSSR has many advantages compared to other
methods of analyses of slope stability. One of these ben-
efits is that it does not need to define the path of the
critical failure surface beforehand. Due to the evolution
the computer systems (high-speed), this method is more
popularly used today than before [9].

To examine slope stability through TSSR, modeling
is carried out using a set of safety factors as trial and er-
ror. In this TSSR, slope stability is defined using rock
strength characteristics as follows

ey

9 = arctan(% tan(p} ()

where C* and ¢ are rock reduced strength characteris-
tics, (adhesion and friction angle) in proportion to the
real mode (C, ¢).

Geology and Mine Description. Geology. The Djebel
EI-Onk mining field is one of the largest mineral depos-
its in the world. The site in question (Kef-Essnoun
mine) is located on the southern flank of Djebel E1-Onk
cretaceous anticline. It is about 73.5 km in the south of
the Tebessa province in the northeast of Algeria and
about 21 km to the Algerian-Tunisian border (Fig. 1).

A series of three major faults of NNW-SSE direction
passes through the deposit without causing essential de-
formations on the geometry of the layers [10]. On the
other hand, in the Kef-Essnoun zone, elongated to the
Northeast (N75° E), soft, brittle tectonics resulted in an
abrupt change in the dip of the strata with an almost
sub-vertical dip to strongly inclined towards the South-
East and sometimes the North-West (Fig. 2, a).

From the point of view of the current tectonic situa-
tion and activity, the geological structure of the deposit
has not undergone any recent tectonic activity.
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Mine Description. Fig. 2, a shows the opening of the
Kef-Essnoun deposit which takes place from the side of
hole N°28 corresponding to the center of the deposit
and has the following characteristics [11]:

1. Thickness of the covering layer (limestone-dolo-
mitic) 40 m.

2. Thickness of the phosphate layer 31.5 m.

The pit is cut at 70 m depth and has an overall face
angle of 60°, made up of three benches, 30 m in height
with face angles of 75 to 85° and 10 to 20 m in width [12].

Mass Wasting of Kef-Essnoun Mine. On September 8,
2007 at 5:00 a.m., upon sliding of the northeastern side of
Kef-Essnoun mine, a large mass of rock got detached
from the massif and fell completely (Fig. 2, b). Gadri et al
(2015) [10] mentioned that the failure mode which oc-
curred in the open pit (Kef-Essnoun mine) is a planar
sliding localized along the layer of phosphate/marls.

The area covered by this sliding block is about 11
hectares with an average thickness of about 70 m (30.5 m
of phosphate and 40 m of overlying land).

The sliding of the Kef-Essnoun mine is a real catas-
trophe, although no damage, neither human nor mate-
rial, was recorded. The only consequences are:

1. Shutdown of the exploitation of the slipped zone,
which represents more than 90 % of the total production
of the mine, over a prolonged period.

Fig. 1. Location map of the study area
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Fig. 2. Geological section of the studied slope (Kef-Ess-
noun mine):

a — after exploitation and before sliding; b — after sliding

2. The volume of the slippery mass is estimated at 7.7
million m? filled with the entire open pit.

3. The volume of buried and abandoned reserves in
the landslide zone (more than 3 million m?).

4. The exploitation trend turned to the west side of
the open pit.

Location of the Surface Failure. The determination
of the shape and location of the failure surface is an es-
sential and indispensable step in characterizing a natural
or anthropogenic landslide. For this sliding, the deter-
mination of the failure surface was easy.

Based on the North-South geological section of the
slipped area (Fig. 2), the communicated documentation
and the direct field observations, the characteristics of
the sliding surface can be described as follows:

- the rock mass affected by the movement consists
mainly of the exploited phosphate layer surmounted by
marl limestone coverings;

- the observation of the shape of the slipped zone
shows that the cover layer, consisting, in particular, of
the limestones, has more or less retained its initial struc-
ture, which implies that the sliding surface is much
deeper under this formation;

- the existence at the base of the phosphate layer of a
Pelitic and clay formation of the lower Thanetian repre-
sents geomechanically a weak resistance compared to
the phosphate layer;

- the main escarpment of the slip corresponds to the
base of the phosphate level exploited (Fig. 2) and this
base would coincide with the topographical dimension
of the pit at the foot of the operated slope.
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From the foregoing, it follows that the sliding surface
corresponds to the phosphate/marl interface and that its
shape follows the topography thereof, it would be a sliding
guided by a stratigraphic plane inclined 14 to the south.

Methodology. To appreciate the influence of failure
surface, our study is focalized on the case of Kef-Ess-
noun where an important sliding happened. Firstly, the
safety factor was calculated and established with the
LEM and three non-circular potential surfaces were
chosen. Secondly, calculation of the safety factor
through the FDM using TSSR was conducted with a
unique failure surface imposed by the calculation tech-
nique. Finally, a comparison of the different values of
FS obtained against failure surfaces was established in
order to find the closest approach to what happened in
our study case.

In this research, a typical cross-section of the Kef-
Essnoun mine in eastern Algeria, with complex geome-
try was used as the case study. Boundaries, geometric
conditions (materials) of the examined problem are all
shown in Fig. 3 and were used as such in the following
analyses with their respective geotechnical properties
shown in Table 2.

As shown in Fig. 3, the phosphate layer is located
between the limestone Ypresian-Lutetian intercalation
layer and the marls.

These analyses were performed by both the LEM
and FDM through the SLIDE® and FLAC® computer
programs respectively to better understand a safety fac-
tor and the path of the critical failure surface.

1 Limestone Ypresian Lutetian
B Prosphate
E Mar

4 Limestone Danien

Montian

Fy 1o 150 200 20 3o 350 %0 0 o o 0

Slope Stabilty Case Study
OCN [ Ker-Essnoun Mine

ST P Faeo Woramea 1 ‘W ALGERA

oo il 05/1272017 kef-Essnoun Mine model sim

Fig. 3. Geometrical model used in SLIDE simulation

Table 2
Geotechnical parameters

= R, Ya E c o |y
S

‘§ (MPa) | (kN/m’) | (kPa) | (kPa) | () | ()
1 58.84 27 27 000 5400 37 | 7
2 49.00 21 24000 2300 35 | 7
3 9.58 23 1000.0 100.0 1510
4 19.17 27 27 000 3600 37 | 7

R. — Compressive Strength; vy, — dry unit weight; v — Poisson’s ratio; E —
Young’s modulus; c — cohesion; ¢ — friction angle; v — dilatancy
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Results and Discussion. Analyses performed by SLIDE
[7]. Slide 2D is a geotechnical computer software used
to analyze different problems of slope instability, by cal-
culating the safety factor of any shape of the failure sur-
face a natural or artificial slope by the LEM.

In the LEM, the factors of safety were obtained by
Spencer and GLE/M-Price’s methods. For studying the
influence of failure surface in rock slope stability, three
potential surfaces were chosen in our case based of the
observations after the sliding. The total number of the
slip surface generated by block search is 5000. The sur-
face that has the minimum value of FS was taken as the
critical surface failure.

Fig. 4 shows the different location of slip surfaces
proposed. The output results of this slip surfaces are
shown in Table 3. The minimum value of the safety fac-
tor is 0.920.

The results obtained from the SLIDE analyses
showed that the location of the surface failure has a
strong influence on the safety factor.

As shown in Table 3 the safety factors varied between
4.345 (total stability for surface failure 1) to 0.920 insta-
bility and failure (surface failure 2). That finally indi-
cates the importance of the choice of the path of failure
(failure surface).

As a result, the accuracy of the use of the LEM de-
pends essentially of failure surface choice. As mentioned
by Hoek (2003) [13] ‘The LEM suffers from the disad-
vantages that some form of predefined failure path must
be assumed and that displacements in the slope are not
taken into account’. These disadvantages can be over-
come by using a numerical analysis method in which the
progressive failure and deformation of the entire system
can be simulated.

s,_
& Surface failure 3 i«
Surface failure 2
Surface failure 1
&

o

Fig. 4. Different location of the surfaces failure

Table 3
The safety factor computed from SLIDE for three cases
Surface Safety Factor
failure Spencer GLE/M-Price
1 4.359 4.345
2 0.955 0.920
3 1.022 0.979
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Analyses performed by FLAC [8]. The stability calcu-
lation was performed by using the TSSR. The geotech-
nical parameters used are presented in Table 2. Fine
mesh (mesh density 150) is used Fig. 5.

The computed factor of safety was found at 0.87. The
localization of failure surface is shown in Fig. 6. More-
over, the FDM allows us to establish: displacements
(Fig. 7), and plastic zones (Fig. 8).

The comparison of the safety factors obtained by the
TSSR according to the Mohr-Coulomb criterion and
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Fig. 5. Mesh plot showing stress and strain of quadrilat-
eral elements from FLAC
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Fig. 6. Localization of failure surface and FS from FLAC
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Fig. 7. Displacement direction plot from FLAC
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the LEM made it possible to extract the following points
(Fig. 6 and Table 3):

- FS was under-estimated by about 9 % compared to
Spencer’s;

- FS was over-estimated by about 5 % compared to
GLE/M-Price’s.

The factor of safety found using the TSSR remains
comparable with those found by the LEM.

The minimum value of the safety factor is less than
5 % from that obtained by the LEM. However, the dif-
ference of computed factor of safety is relatively small.
Additionally, the location of the failure surface is also
close (Fig. 9).

Conclusions. This study has illustrated that the re-
sults of FS obtained by the LEM in the cases (2 and 3) of
failure surface are almost identical to those obtained us-
ing the TSSR (FDM) that reflect the reality of our case
of study. On the other hand, in case (1) the LEM gives a
contradictory result regarding the FDM, with an error
interval being very important, the slide did not happen.
This margin of error is due to the accuracy which de-
pends on the location of failure surface. However, the
choice of the latter can influence the engineer in using
the LEM these studies.

One important limitation of the conventional LEM is
that it requires an arbitrary selection of the search areas
and shape of the potential failure surfaces prior to analy-
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Fig. 8. Localization of plastic zones
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Fig. 9. Critical surface from LEM (surface failure 2) de-
picted on the shear strain from FDM
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ses. Accordingly, critical areas of the slope or critically
shaped failure surfaces may be overlooked if the search
areas and failure surface shapes are not well selected.

The FDM is a useful tool for verification of the LEM
design due to precise calculations of the safety factor
and a unique failure surface.

Recommendations. Using more than one method for
analyses of existing or proposed slopes is the best ap-
proach for achieving reliable results.
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Meta. BuBuutH BIUTUB BUOOPY MOBEPXHi 3/1aMy Ha
(akTop MILHOCTI M1 BiIKpUTOTrOo (pocdaTHOro pya-
HUKA.

Metoauka. /s OUiHKM BIUIMBY MOBEPXHi 3JaMy
JMOCHIKEHHSI MPOBOAUTHCS HA MPUPOJHOMY CXWIi 3i
ckinamHolo TeoMetpieto (maxta Ked-EccHy), me Binody-
Jocs 3cyBHe nepemiteHHs. CITo9aTKy 3a JOTIOMOTOI0
MeTony rpaHn4Hoi piBHOBaru (MI'P) OyB BusHaueHMiA
(akrop minHocti (PM) i Gyu 0OpaHi TpU HEKPYroBi
noTeHIiiHI ToBepxHi. IloTiM po3paxyHoK dakTopa
MilTHOCTi OyB INpPOBEACHUI, BUKOPUCTOBYIOUM METOI
KiHueBux pizHuub (MKP). Ha noBepiueHHs1 mopiBHIO-
BaJIMCs pi3Hi nmokasHuku @M, oTprMaHi Ha ImiacTaBi
HalaHUX TOBEPXOHb 371aMy, 3 METOIO 3HAUTU HAOLTbII
MPUAHSATHUI MiOXiA A0 JaHO1 TPOOIEMU.

Pe3ynabratu. MKP € HaniiiHuM criocodoM miaTBep-
JKeHHs mpaBujibHOCTI MI'P 3aBasiku TOYHOCTI po3-
paxyHKy (pakTopa MIilIHOCTi Ta yHiKaJIbHOI IOBEpPXHi
371aMy.

HaykoBa HoBM3HA. OpUTiHAJIBHICTh JAHOI POOOTH
MOoJIsIra€ y BAKOPUCTAHHI IBOX pisHUX moaxoaiB — MI'P
i unucenbHoro Metrony MKP — nng aHanmizy mpoekTy-
BaHHSI CTiAKOCTi CXWJIy i TOUHOCTI 1aHOi METOAUKU B
TipHUYili MPOMUCIOBOCTI.

IIpakTiyna 3HaunMicTb. JlocaiTKeHHS MoKa3ye, 110
pe3yJabTaTu, OTpuMaHi 3a gornoMoror MI'P y Bunman-
kax (2) i (3) (®M = 0,920 miHiMaTbHE 3HAYEHHSI) TIO-
BEpXHi 371aMy, MPAKTUYHO iTEHTUYHI TUM, 5IKi OTpUMa-
Hi, BUKopucropyroun MKP (®M = (,87), mo Bimobpa-
JKa€ MiCHICTh JAHOTO MOCIIIKEHH. 3 iHIIIOTO OOKY, Y
Butanky (1) pesynsratu 3 MI'P He Bigmosinatote MKP
(®PM = 4,345), nepemiteHHs He BinOyBaeTbes (ITOBHA
CTalINIbHICTh). Y3rOomKeHiCTh MiX ABOMa METOIaMU
aHaJji3y BKazye Ha Te, o MKP moxe BUkopuctoByBa-
TUCS K MPaKTUYHE i TTOKa30Be MiATBEPIKEHHS Tpa-
nuuitHoro MI'P ckiiamHuX cXutiB.

ISSN 2071-2227, Naukovyi Visnyk NHU, 2018, N° 3

KiouoBi ciioBa: kpumuune nogepxmege pyiiHyeauHs,
gaxmop miynocmi, MI'P, MKP, cmitikicmo cxuny, wax-
ma Kegh- Eccny

Biusinue BbIOOpPA MOBEPXHOCTH HM3JI0MA
Ha 3HaveHHe (hakTopa MPOYHOCTH NpPHU
HCCJIeIOBAHHM YCTOMYMBOCTH CKJIOHOB
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ens. U3yunth BAMsiHUE BbIOOPA MMOBEPXHOCTU U3-
JioMa Ha (paKTop MPOYHOCTH JJIs1 OTKPBHITOro ¢ocdar-
HOI'O pyiHHUKa.

Metomuka. JJisi OLIEHKW BIUSHUST TTOBEPXHOCTU
MU370Ma UCCAeIOBaHUE MPOBOIUTCS HAa €CTECTBEHHOM
CKJIOHE cO cJIoXkHOoI reoMeTpueil (maxra Ked-OccHy),
rJe POU30IIIO OMoJI3HEBoe MepemeleHue. CHavana
C TTOMOIIBIO MeTOoAa MpeneapHoro paBHoBecus (MIIP)
onLT ompenesicH (pakTop TTpouHoCcTH (PI1) 1 OBUTH BBI-
OpaHBl TPW HEKPYTOBBIC MOTEHIIMAIbHBIC TTOBEPXHO-
cTh. 3aTeM pacueT paKTopa MPOYHOCTH OB ITPOU3BE-
IIeH, UCITOJIb3YysI MeTOoO KOHEUHBIX padHocTeir (MKP).
B moBepiiieHre cpaBHUBAIMCH pPa3IMUHbIC TOKa3aTeIn
®I1, mojydyeHHbIe HA OCHOBAHUU IIPEIOCTABICHHBIX
TOBEPXHOCTEN M3JIoMa C 11eJIbI0 HATU HauboJsiee Mpu-
eMJIEMBbIii MOIX0/ K paccMaTpuBaeMoii mpobiieme.

Pe3ynbTatel. MKP siBisieTcs HaieXXHBIM CITOCOOOM
noaTBepxaeHus: npaBuwibHocTU MITP Gnarogapst Tou-
HOCTU pacyeTa (akTopa MPOYHOCTU W YHUKAIbHOW
ITOBEPXHOCTH U3JIOMA.

Hayunas HosusHa. OpuUTrnHAIBHOCTD TaHHOM pado-
THI COCTOUT B MCTIOJIb30BAHUHM IBYX PA3TMIHBIX TOIXO0-
noB — MIIP u yucienHoro merona MKP — niist ananu-
3a TIPOCKTUPOBAHUST YCTOMYMBOCTU CKJIOHA M TOUYHO-
CTU JAHHOM METOAMKU B TOPHOU IIPOMBIIJICHHOCTH.

IIpakTiyeckas 3HaumMocTth. VccienoBaHue moka-
3bIBACT, UTO PE3YJbTaThl, MOJYYEHHbIE C ITOMOIIbIO
MIIP B cayuasx (2) u (3) (®PIT = 0,920 MuHMMaTbHOE
3HA4YeHUe) MOBEPXHOCTU M3JIOMa, MPAKTUIECKU UIEH-
TAUYHBI TeM, KOTOpbIE MOJy4YeHbl, ucnoiab3ys MKP
(PI1=0,87), uTo OTpaxaeT NeMCTBUTETLHOCTh JAHHOTO
uccinenoBanus. C apyroit CTOpoHsbl, B ciydae (1) pe-
syneratel ¢ MIIP He coorBercTBytor MKP (®IT =
= 4,345), mepemeleHre He TIPOMCXONUT (TTOTHAST CTa-
O6mIbHOCTH). COrsIacOBaHHOCTD MEXKIY ABYMSI METOHA-
MU aHaJIu3a yKa3blBaeT Ha To, 4To MKP moxeT ucrnosnb-
30BaThCsl KaK TMPAKTUYECKOE M TI0Ka3aTeJIbHOE ITOMd-
TBepxkIeHue TpaauliMoHHOro MITP ciioXHBIX CKIIOHOB.

KiioueBble cii0Ba: kpumuurHoe nogepxHocmHoe pa3py-
wenue, gaxkmop npounocmu, MIIP, MKP, ycmoiuu-
6ocmb ckaoHa, waxma Keg-Iccny

Pexomendosarno 0o nybnixauii Aicca benceneyo.
Jlama naoxodxncenns pykonucy 11.05.17.
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