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Abstract: The main objective of this study was to analyze the geometric parameters of the northwestern flank of the Ruashi 11 mine in
relation to the geomechanical characteristics of the host rock if they are respected. This flank experienced a slope failure of the stopes
slopes that washed away 177m3 of earth, which hampered the mining operations for several months. To do this, modeling based on the
measurements of discontinuities, discriminated a family of stratification whose orientation is 87/311, two families of breaks oriented
77/45 and 46/117 and a westward sliding plane whose orientation parameters are 44/300. Samples taken from the three formations on
the flank up to the current operating level have been used to determine the geomechanical parameters that were used to assess the
margin of safety with respect to the rupture. After implementation of the 2D model obtained on the area under study by performing two
cuts, the result showed that the safety factor was satisfactory. The landslide that occurred at the Ruashi 11 site is due to the saturation of
the soil by the infiltration of runoff water through the tensile cracks in the Saprolite. This resulted in a decrease in cohesion and an
increase in specific weight in the geological formations. For its protection, a surface drainage upstream of the unstable zone by digging

gullies and percolation drains at the foot of the bleachers is to be considered.
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1. Introduction

The knowledge of the physico-mechanical characteristics of
the deposits allows, based on in situ tests or on laboratory
samples, to determine the angles of the slopes and special
oscillation techniques, which allow a very precise control of
the edges of the quarries of an open pit mine which is of
great importance for the stability of the mining works [1]. In
an open pit mine, uncontrolled instability and movement of
materials are risk factors (safety factors, social factors,
environmental factors [2] [3]. Recently, a rockfall of a flank
wall that occurred was at the root of several material
damages, as well as the stoppage of mining works at the
Ruashi site. As a consequence, the expected decrease in
production at the mine has been reduced, while [4] shows
that rock mechanics is an important discipline for the
rational management of resources. Our study addresses the
question of whether it was the cause of the landslide in the
middle of mining operations. The lack of a monitoring plan
and/or a poor dimensioning of the structures would be the
cause of this landslide [5] [1]. To carry out this study, a
geostructural survey was carried out along the flank for
interpretation [6], and laboratory analysis of the samples for
the determination of the values of the characteristic
properties of the rock [7]. The objective is to analyze the
geometrical parameters of the flank in accordance with the
geo-mechanical characteristics of the host rock followed by
a digitization of the zone for the evaluation of the flank
safety factor.

2. Site of Investigation, Materials and Methods

The Ruashi mine is located seven kilometers from
downtown Lubumbashi. Itis located between longitudes 270
30" and 270 40' East and latitudes 110 30" and 110 40" South.
The surface data offrentis a particularly interesting source of
information for the construction of a numerical model since
it allows direct and relatively precise observation of the
underground structures [8] [9]. This information mainly
concerns the nature of the rocks, their composition and the
geometry and orientation of the structural units that compose
them [10]. These structural units were taken with a
geotechnical compass along the northwestern flank of the
mine on the observed breaks and fractures. Samples
submitted for laboratory analysis provided mechanical
information according to NF P 94-071-1 [11], NF P 94-420
[12]. The description of the materials was used to obtain the
mechanical parameters of the rocks. Slide will be of
importance in the exploitation of these data for the analysis
of stability on the basis of geometrical and geomechanical
parameters in order to deduce the safety factor. The
stereographic projection is a mode of representation and
abstract geometrical construction which analyzes the
orientation relationships of tectonic elements in space, [13]
and the exploitation of structural data will be developed by
the stereographic projection software Dips [14] for the
statistical analysis of discontinuities, determination of the
sliding direction [15]. Flank data for the discontinuities,
whose dip and direction of dip have been tabulated, and data
from sets of discontinuities are grouped in Tables 1 and 2.
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Table 1: Measurements of stratification directions and dips

Direction Pendage Sens | Dip Dip Direction Direction Pendage Sens | Dip Dip Direction
N145E 20 SW 20 235 N132E 70 NE 70 42
N70E 48 SW 48 160 N136E 71 NE 71 46
N127E 50 SW 50 217 N130E 72 NE 72 40
N93E 40 SW 40 183 N134E 45 NE 45 44
N125E 72 SW 72 215 N122E 60 NE 60 32
N123E 44 SW 44 213 N133E 56 NE 56 43
N125E 46 SW 46 215 N138E 45 NE 45 48
N121E 25 SW 25 211 N131E 65 NE 65 41
N125E 90 90 215 N135E 80 NE 80 45
N122E 70 SW 70 212 N135E 65 NE 65 45
N121E 70 SW 70 211 N123E 55 NE 55 33
N110E 70 SW 70 200 N145E 76 NE 76 55
N105E 60 SW 60 195 N131E 85 NE 85 41
N115E 40 SW 40 205 N136E 80 NE 80 46
N121E 82 SW 82 211 N128E 78 NE 78 38
N129E 85 SW 85 219 N143E 85 NE 85 53
N125E 88 SW 88 215 N140E 85 NE 85 50
N134E 87 SW 87 224 N154E 70 NE 70 64
N136E 85 SW 85 226 N130E 66 NE 66 40
N133E 90 90 223 N134E 50 NE 50 44
N135E 86 SW 86 225 N130E 50 NE 50 40
N152E 84 SW 84 242 N132E 45 NE 45 42
N86E 54 SE 54 176 N140E 60 NE 60 50
N20E 36 SE 36 110 N125E 45 NE 45 35
N76E 52 SE 52 166 N126E 54 NE 54 36
N145E 90 90 235 N112E 35 NE 35 22
N66E 49 NW | 49 336 N164E 60 NE 60 74
N120E 90 90 210 N121E 88 NE 88 31
N122E 80 SW 80 212 N140E 78 NE 78 50
N130E 80 SW 80 220 N157E 90 90 67
N120E 85 SW 85 210 N149E 85 NE 85 59
N130E 72 SW 72 220 N134E 90 90 44
N124E 72 SW 72 214 N135E 40 NE 40 45
N110E 40 SW 40 200 N141E 70 NE 70 51
N157E 65 SW 65 247 N144E 72 NE 72 54
N120E 69 SW 69 210 N147E 90 90 57
N116E 71 SW 71 206 N148E 82 SW 82 238

Table 2: Measurements of break directions and dips

Direction Pendage Sens Dip Dip Direction Direction Pendage Sens Dip Dip Direction
N67E 44 NW 44 337 N147E 38 SW 38 237
N58E 41 NW 41 328 N103E 10 SW 10 193
N74E 20 NW 20 344 N132E 42 SW 42 222
N140E 12 SW 12 230 N135E 20 SW 20 225
N78E 29 NW 29 348 N130E 11 SW 11 220
N66E 61 NW 61 336 N42E 38 NW 38 312
N59E 25 NW 25 329 N65E 41 NW 41 335
N46E 35 NW 35 316 N4E 60 NW 60 274
N8OE 22 NW 22 350 N8E 63 NW 63 278
N165E 19 SW 19 225 NOE 79 W 79 270
N53E 30 SW 30 143 N40E 86 SE 86 130

N2E 50 SW 50 92 N42E 75 SE 75 132
N31E 61 NW 61 301 N59E 79 SE 79 149
N100E 26 SW 26 190 N24E 84 SE 84 114
N12E 32 NW 32 282 N46E 76 SE 76 136
N96E 35 SW 35 186 N41E 76 SE 76 131
N83E 46 SE 46 173 N34E 70 SE 70 124
N75E 46 NW 46 345 N1E 34 SE 34 91
N91E 55 NW 55 361 N6E 30 SE 30 96
N8OE 35 NW 35 350 N48E 77 SE 77 138
N58E 59 NW 59 328 N55E 80 SE 80 145
N95E 51 SW 51 185 N38E 83 SE 83 128
N168E 65 SW 65 258 N174E 39 SW 39 264

N2E 60 SE 60 92 N30E 37 NW 37 300
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N165E 34 SW 34 255 N53E 82 SE 82 143
N5SE 45 NW 45 275 N35E 55 NW 55 305
NG63E 75 SE 75 153 N43E 53 NW 53 313
N44E 83 SW 83 134 N61E 69 SE 69 151
N76E 54 SE 54 166 N37E 85 NW 85 307
N15E 64 NW 64 285 N20E 53 NW 53 290
NG67E 44 NW 44 157 N35E 50 NW 50 305
N58E 41 NW 41 148 N164E 85 SW 85 254
N74E 20 NW 20 164 N34E 70 NW 70 304
N140E 12 SW 12 230 N35E 73 NW 73 305
N78E 29 NW 29 168 N132E 27 NE 27 402

Geomechanics uses the physical and mechanical properties
of materials. Thus, the density or specific weight of the rock
on the one hand, and the stresses at breakage, cohesion and
the angle of internal friction on the other hand. The focus of
our study is solely on the stability of the northwestern flank
of the Ruashi Il mine. For this purpose, samples were taken
from different formations on the mine flank to be tested,
namely:

o Laterite;
o Black ore limestone (CMN);
e Altered dolomitic shale (Saprolite)

Rock mass classification systems represent an important tool
often used for the preliminary evaluation of the technical
behavior of the rock mass [16]. In the framework of this
study, we will focus on the Rock Mass Rating (RMR) of
Bieniawski 1989 to classify the rock mass [17] [18].

The description of hole RGT1 of Ruashi upstream of the
landslide zone of coordinates 559485.561; 8714911.692;
1281.934 is used to determine the CMA according to five
parameters and to classify the Ruashi rockmass (see Table
3).

Table 3: Summary of the result of the survey description

Training | Is | RQD | Js | Jc | Jw | CMA

Saprolite | 1 5 51117 19
CMN 7 13 9 [ 10| 15 54

The results show that Saprolite belongs to class V materials
with a value lower than 20 (very bad) while CMN belongs
to class Il materials with a value between 60 and 41
(good) [17]. Since Saprolite is predominant in the flank
formation, these materials are assimilable to the soil.
Hence the choice of Bishop as the analytical model for the
simulation [19]. With (RMR: Rock Mass Rating), (ls:
Franklinindex), (RQD: Rock Quality Designation), (Js:
JointSpacing), (Jc: Joint Nature), (Jw:Water Flow ).

The laboratory tests determined the effective parameters for
a long-term stability study. The tests are made for the
deduction of normal stress (c) and shear stress (t), cohesions
(C) and internal friction angles (¢). The average density
weights (y) are taken from the studies of the implementation
of geotechnical data of the city of Lubumbashi [20]. The
above mentioned parameters in table 4.

Table 4: Mechanical parameters and intrinsic characteristics

of the soil

| Formation |KBANISIKPAIN

34,70 | 67,23 | ¢[°] |C[kPa] | y[kN/m"3]
Latérite 52,07 | 78,46 | 32,10 | 45,57 15,64

69,40 | 89,00

34,70 [113,23 | ¢[°] [C[kPa] | y[kN/m"3]
Saprolite 52,07 |116,77 {10,674 | 106,78 19,28

69,40 |119,77

The knowledge of the effective normal stress and the shear
strength of two specimens allows the determination of the
points of the intrinsic curve, whose ordinate at the origin
represents the effective cohesion of the material and its slope
the angle of internal friction as shown in Figure I.

Courbe intrinseque de la saprolite

t[kPa] = 0,18850[kPa] + 106,78
120,01 R =0,9978

Courbe intrinséque de la latérite

90,00 ([kPa] = 0,62 74o[kPa] + 45,57 .
R? = 0,9997

Figure I: Intrinsic soil curves (Saprolite and Laterite)

The cohesion and the internal angle of friction are
determined by the values of the compressive and tensile
strength [21]. The results presented in table 6 are based on
the rock of black ore limestone, especially the cohesion, the
internal angle of friction and its specific weight.
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Table 6: Intrinsic Characteristics of Black Ore Limestone.

Parameter Average Value
Cohesion 286.75 kPa
Internal angle of friction 30°
Specific weight 31.95 kN/m®

Several classifications of slope movement exist and they are
based on the nature of the terrain, water content, kinematics
of the movement etc. The shape of the sliding surfaces
depends much more on the characteristics of the material.
Based on the kinematics of motion and the morphology of
failure surface, [22] [18] counts the cases of slope sliding
(plane failure; wedge failure; tilting failure; and rotational or
circular failure). Its analysis is commonly used to predict
potential mechanisms of structural instability using
stereonets methods. In this paper, we treat the case of
circular failure because the rock is highly altered and the
rockfall occurred in the upper part of the mine which is
essentially composed of altered rocks with soil behaviour
[19].

3. Results and Discussion
1) Geostructural modeling
Numerical modeling is used for slope geometries, more

complex failure mechanisms and provides insight into the
effect of stress distribution in the slope and displacements on

) = (i

®

its behavior. As a mode of representation of discontinuities,
we use spherical projection [23]: Lambert projection using
Schmidt's framework and stereographic projection using
Wulff’s framework.

The geometrical constructions are practically the results of
the digitization in Dips which shows the observation of the
concentration of poles around the points as well as the
preferential families of discontinuities are presented in
Figures 11 to VIII.

Figure I1: stereogram of densities of 96 poles of
stratification
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Figure 111: Rosace of stratification measurements (left) and histogram of stratification measurements (right)
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Figure 1V: Pole distribution of the stratification surfaces (left) and representative stratification plane (right)
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At the end of the treatment of ninety-seven measures (97) of
the stratification designs, we found a single family of
stratification designs whose orientation parameters show
87/311 according to the English notation. The histogram of

the stratification measurements shows that the considerable
quantity of these measurements has directions between 210°
and 245°, i.e. 35% Figure 111 on the right.
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Figure V: Sterebgram of 115 pole break densities
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Figure VI: Rosace of break plane measurements (left) and histogram of break measurements (right)
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Figure VI1: Breakage pole distribution (left) and representative break planes (right).
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Figure VI11: Representative drawings of the breaks and estimation of the internal angle of friction.

The treatment of one hundred and fifteen measures of
breakage discriminates between two types of families whose
orientation parameters are 77/45 and 46/117 respectively for
the first plane and the second plane and a sliding plane
whose orientation parameters are 44/300. The histogram of
break measurements shows that break measurements in
directions between 124° and 159°, i.e. 18%, are in large
quantity (Figure Von the right). And we have estimated an
internal angle of friction phi which amounts to twenty-three
degrees (¢=23° see figure VIII). After analysis, we found
that the slip is oriented towards the west.

2) Geomechanical modeling

The limit equilibrium method compares the amplitudes of
the driving and resistance forces acting along the sliding
planes to estimate the factor of safety Coggan et al. 1998 in
[18], and it is also widely used to examine the structural
stability of slopes. The Slide software is exploited for the
simulation of this analysis, from the sections of the two-

Safety Factor

dimensional geometric model created on the digital terrain
model (DTM) of the Ruashi mine.

Two cuts were made, one on the extreme West with the
following coordinates derived from the top and bottom
points of the discovery where the cut plane passes through
('Y=8714789.503; X=559375.010; Z7=1292.668),
(Y=8714780.344; X= 559688.588; Z=1292.668) and the
other at the extreme North with the coordinates of the top
and bottom points of the cut plane respectively:(Y=
8715232.096; X= 559696.392; Z= 1271.092) and (Y=
8715115.267; X= 559714.887; Z= 1218.518). It should be
noted that the analysis is done by the simplified Bishop
method over a slump height of approximately 77 metres. The
results of the analysisby two approaches (deterministic and
probabilistic) on heterogeneous geological formations a
Saprolite surmounted by a layer of laterite are presented on
figure X.

| Safety Factor

S (deterministic) = 1.358
(mean) = 1.362

=4 400%

(normal) = 1.772

r
(lognormal) = 1.997

5.000 o

5.500

6.000+

Figure IX: Presentation of the Western Logging Security Factor.

The sensitivity of the materials shows that an increase in the
specific weight of Saprolite slightly decreases the safety
factor, on the other hand the lines of cohesion and the
internal angle of friction are almost stiff whatever the

increase of the latter. Figure X shows the sensitivity of this
analysis.
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Figure X: Sensitivity of the geomechanical parameters and the evolution of the probability of the western cut.

The distribution function of the geomechanical parameters of the Saprolite surmounted by the Laterite shows for this cut, a
probability of 51.38% of stability for the slices with a safety factor of 1.362.
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Figure XI: Presentation of the Safety Factor for the North cut
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Figure XI1: Sensitivity of the geomechanical parameters and the evolution of the probability of the North cut.
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The sensitivity of the parameters of the north cut, makes us
observe that the more the cohesion increases, the more the
safety factor increases, on the other hand, the more the
specific weight increases, the more the safety factor
decreases and the other straight lines are steep.

The distribution function shows that units with a safety
factor of 3.142 have a 48.85% probability of breakage.

4. Conclusion

Structural measures of fractures and breaks discriminated
three families. A westward sliding plane was established
from two fracture planes with 44/300 as orientation
parameters. This also made it possible to estimate a
structural angle of friction of 23°. Samples collected on the
flank show that the rock is mostly altered shale (Saprolite) to
the west, but towards the north, the black ore limestone rock
is average quality. The digitization of the site by performing
two cuts shows agood safety factor which means that the
flank is stable. Upon inspection of the mine upstream of the
northwestern flank of Ruashi 1l zone adjacent to Ruashi I,
there are a significant number of cracks. Thus [23] shows
that water reduces the shear strength along the potentially
fractured slope surfaces (joints, faults etc.). Meteoric runoff
water in the tensile cracks between the two mines would
have caused saturation of the materials by decreasing
cohesion and an increase in specific weight with a
significant decrease in the safety factor. In view of the influx
of runoff water that threatens the Ruashi mine in general and
Ruashi Il in particular, [19] [6] proposes the following
measures to improve the safety factor. In the context of this
pit, we opt for surface drainage of runoff and percolation
water to reduce the water content in the traction cracks. This
is complemented by the excavation of gullies upstream of
the unstable zone and drainage at the foot of the bleachers. A
study is underway that will take into account dynamic, static
and hydrostatic stresses and traction cracks or their
couplings.
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