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Abstract

Sodalite is one of the typical stones used in tombstone and tile manufacturing. Namibia's mining industry is vital in
supplying the dimension stone if these sodalite rocks are mined in big blocks. However, the current surface mining
method employed results in the extraction of smaller blocks of about 3 cm to 45 cm due to the application of
improper slope angles and use of primitive extraction tools. The study was conducted at two (2) shallow pits
operated by artisanal and small-scale (ASM) miners, mining a sodalite vein in a gabbro rock formation. The study
evaluated the geomechanical parameters of the rock mass through application of the Finite Differential Method
(FDM) and FLAC 2D software to establish the Safety of Factor (SOF) and optimum slope angle for sodalite mining
up to a depth of 120 m. The optimum overall slope angle for both pits (Oroutumba pit 02 and Oroutumba 03) is
75°while the optimum pit depths were found to be 120 m and 80 m respectively.

Keywords: Slope angle; Finite deferential method; FLAC 2D, Safety of Factor, sodalite mining

1. Introduction

Most sodalite quarries in Namibia are located in the northern part of Kunene region[1][2][3]. The region is arid and
receives an annual mean rainfall of about 200 mm[4]. Artisanal and small-scale miners (ASMs) are the major
players in the sodalite mining industry[5][6]. However, the ASMs lack funds and mining technical skills and
employ primitive tools[7][8][9][10][11]. Another drawback is that they primarily mine sodalite in small blocks
ranging from 3 cm to 45 cm[11]. The size of the blocks makes it difficult to supply to lucrative international

markets[5] and often times ended up with the tourists being the only customers [10].

The study was conducted at 2 shallow sodalite pits (Fig.1 and 2) located in the Oroutumba area.

International Journal of Novel Research and Development (www.ijnrd.org) d332

[JNRD2309346



http://www.ijrti.org/

© 2023 IJNRD | Volume 8, Issue 9 September 2023 | ISSN: 2456-4184 | INRD.ORG

2 B

Fig 1: Oroutumba pit 03 Fig 2: Oroutumba pit 02

Oroutumba pit 02 (-17.340936°, 13.786071°) in Fig 1 and Oroutumba pit 03 (-17.339248°, 13.783323°) in Fig 2,
both operating pits with depths ranging from 3m to 5 m, about 4 m in width and the slope angle ranging from 45°
to 90°, these pits are characterised by gabbro rocks and sodalite bearing dike[12] which formed as a result of
carbonatite intrusion[13][14][15][16]. Information from 3 boreholes indicated that the water table lies about 120 to
150 m[16]. The study aims to evaluate the geomechanical parameters of the rock mass through finite differential

and empiric methods to establish the overall optimum slope angle for sodalite mining up to a depth of 120 m.

2. Material and methods

The slope hazard assessment was undertaken based on the empirical method Q-slope developed by Barton and the
Finite Difference Method (FDM) with the application of FLAC 2D by calculating the factor of safety (FOS) [13].
FDM has been used to simulate the open pit high wall up to a depth of 120 m.

A. Determination of maximum stable Slope angle with Q-slope

1. RQD
RDQ is a standard technique in the Geotechnical, Geology and whole mineral industry for assessing rock quality,
looking at the degree of joints, fracturing and shearing in the rock mass[17]. It is mainly used to evaluate rock mass
from the core samples; however, this study assessed rock mass from the exposed lateral wall measuring the block

larger than 100 mm[18].

YLength of rock blocks>100 mm
Total length of the measured rock blocks

RQD(%) = X 100% (Equation 1)

2. Determination of Jn, Jr, Ja, ] wice and SRF
Comprehensive fieldwork was done, and then all the necessary geological information such as Joint number set
(Jn), Joint roughness (J;), Joint alteration (J;), environmental and geological factors influence (Jwice) and strength
reduction factor (SRF) were recorded and evaluated based on Tables 1, 2, 3,4, 5, 6,7 and 8 to convert the ground

condition into quantitative values for the calculation of Q-slope and Slope angle [19].

[JNRD2309346

International Journal of Novel Research and Development (www.ijnrd.org) d333



http://www.ijrti.org/

© 2023 IJNRD | Volume 8, Issue 9 September 2023 | ISSN: 2456-4184 | INRD.ORG
Table 1: Barton (2018) Rock quality Designation

RQD Description RQD (%) *
A Very poor 0-25

B Poor 25-50

C Fair 50-175

D Good 75 -90

E Excellent 90— 100

Table 2: Barton (2018) Joint Set Number

Joint Set Number  Description Jn
A Massive, no or few joints 0,5-1
B One joint set 2

C One joint set plus a random joint 5

D Two joint sets 4

E Two joint sets plus random joints 6

F Three joint sets 9

G Three joint sets plus random joints 12

H Four or more joint sets, random, heavily jointed 15

J Crushed rock, earth-like 20

Table 3: Barton (2018) Joint Roughness Number

Joint Set Number Description In
A Discontinuous joints 4

B Rough or irregular, undulating 3

C Smooth, undulating D)

D Slickensides, undulating 1.5

E Rough or irregular, planar 1.5

F Smooth, planar 1

G Slickensides, planar 0,5

H A zone containing clay minerals thick enough to prevent 1

rock wall contact.
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J Sandy, gravely or crushed zone thick enough to prevent 1
rock wall contact.

Table 4: Barton (2018) Joint Roughness Number

Joint Alteration Description Ja

Number

A Tightly healed, hard, non-softening, impermeable fillings 0.75

B Unaltered joint walls, surface staining only 1

C Slightly altered joint wails 2

D Silty or sandy clay coatings, small clay disintegrated rock 3

E Softening or low-friction clay mineral coating 4

F Sandy particle, clay-free disintegrated rock 4

G Strongly over consolidated non-softening clay mineral fillings 6

H Medium or low over-consolidation, softening, clay mineral 8
fillings

J Swellings clay fillings 8-12

M Zone or bands of silty or sandy clay, small clay fraction. 6,8

N Thick, continuous zones or bands of clay 5

Table 5: Barton (2018) Environmental and Geological Condition Number

Jwice * = 2 s g o 3
s & s = 3 S <
s = S E o o
= =) =3 =3
= = as.
@ (<] =
= = "
- =S
Stable structure, competent rock 1 0.7 0.5 0.9
Stable structure, incompetent rock 0.7 0.6 0.3 0.5
unstable structure, competent rock 0.8 0.5 0.1 0.3
Unstable structure, incompetent rock 0.5 0.3 0.05 0.2
[JNRD2309346 International Journal of Novel Research and Development (www.ijnrd.org) d335



http://www.ijrti.org/

© 2023 IJNRD | Volume 8, Issue 9 September 2023 | ISSN: 2456-4184 | INRD.ORG
Table 6: Barton (2018) Strength Reduction Factor Physical Condition (SRF,)

Description SRF,

A Slight loosening due to surface location, disturbance from 2.5
blasting or excavation.

B Loose blocks, sign of tension cracks and joints shearing, 5
susceptibility to weathering, severe disturbance from
blasting
As B, but strong susceptibility to weathering 10

D Slope is in advanced stage of erosion and loosening due 15

to periodic erosion by water and/or ice wedging effects

E Residual slope with significant transport of material down 20
slope

Table 7: Barton (2018) Strength Reduction Factor Stress and strength (SRF},)

Description o./0, SRF,
F Moderate stress strength range 50-200 2.5-1
G High stress strength range 10-50 5-25
H Localised intact rock failure 5-10 10-5
J Crushing or plastic yield 25-5 15-10
K Plastic flow of strain softened material 1-25 20-15

Table 8: Barton (2018) Strength Reduction Factor Major Discontinuity (SRF.)

Description

AIIA

d[qe.InoAe
pajaoddnsun Jy
Janjrej guisne))

d[qeanoAejun)
d[qeanoAejun)

N
o0

L  Major discontinuity with little or no clay 1 2

M Major Discontinuity with 2 4 8 16
RQD;40=0 due to clay and crushed rock

N Major discontinuity with 4 8 12 24
RQD3,0=0 due to clay and crushed rock
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3. Q-slope value

The Q-slope is a modified generation of the Q system to fit the slope condition, and it is given in Equation 2. It can
be broken down into three (3) components: the first component is the block size, the Second is the Shear strength,

and the last part is the external factors and stress[19].

Qslope = — D% ( )0 ]‘”Z;"’ (Equation 2)

4. Slope angle

The steepest slope angle has been determined from equation 3, and then B will be used with the Q-slope value in

the Q-slope stability chart presented in Fig 12 to evaluate if the angle is stable[19].
B = 20log10Qslope + 65° (Equation 3)
B. Calculating the factor of safety with the finite difference method (FDM)

The factor of safety calculation was done through the Fast Lagrangian Analysis of Continua (FLAC 2D) advanced
Geotechnical modelling software used in mining and civil engineering for analysing, testing and designing
engineering structures in soil, rock incorporating in groundwater [20].

1. Slope design parameters
The primary step is to create a drawing with the slope specifications, including design parameters: slope angle,
slope height, slope depth and slope angle, as indicated in Fig 3. This drawing can be done in the FLAC 2D software
or any other CAD software and then imported into the FLAC 2D software.

Fl' Edit simple slope parameters >
Parameters Diagram

Rise [m] 1.0

(®) Slope [deg]|45.0
() Run 1.0

Depth [m] 1.0

Left [m] 1.0

Right [m] 1.0

Rise \.l.-lr"""’ Slope (deg)

Depth

LowerLeft.x [m] 0.0

—Left ——Run ———Right—

A (1] (4] [ (4] [¥] [4][¥] [4] [ (5[] (40 (o] [4] [

LowerLeft.y [m] 0.0

Zoning

(®) Step grid (best for steep slopes) () Expanded grid (best for shallow slopes)

Create as mirror image

Ok Cancel Help

Fig 3: Interface of the simple slope design parameters
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2. Geotechnical parameters

It is the critical stage where the boundary condition gets set to ground state (rollers in lateral and fixed at the bottom

of the model), as indicated in Fig 4 of the model below.
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Fig 4: Slope model boundary condition setting interface

Defining the finest mesh size of 100 was used in all models to minimise error even though it increased the duration

of the model to run before converging. Fig 5 shows the interface of the mesh size selection.
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Fig 5: Mesh size setting interface
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The final step is to define the rock stability model and material properties of the rock mass (presented in Table 2),
as shown in Fig 6. All models were set to run the Hoek and Brown model, so stresses and strain were also considered

during the FOS calculation [21][22][23].
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This step involves setting the gravitational force value at 9.8 1m/s*, as shown in Fig 7.
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Fig 7: Gravitational force setting

Then, select the parameter to be displayed on the model outcome when it finishes the convergence process, as

indicated in Fig 8.
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Fig 8: Interface of the outcome model displayed parameters

4. Calculation

FLAC 2D software uses the strength reduction method [24]. This method uses a reduction factor by dividing
simultaneously the value of cohesion, friction angle, and intension parameters of the slope [14][25][26]. The new
value obtained will be used as a new input parameter until the slope reaches the extreme state where the computing
is not convergent [27][28][29]. The corresponding value will be the minimum safety factor of the slope
[27][26][25]. The safety factor is assumed to be K=1 at the first iteration, then changes with computing, and C and
¢ are on the sliding plane[30].

Ce = % (Equation 4)

tand, = m;a) (Equation 5)

the FLAC 2D iterate computation of stress-strain load with a boundary condition applied on the rock slope[31][21].

The components of the sliding surface are given by the resisting force F,. equation and driving force F; in

equation[28].
Fo=13i Tl (-tanBeong + C)V, (Equation 6)
T A=l g=1 anVeiOnig ei)Vig quation

1 <N, N .
Fe= ?Zi=1 Zgilhnigwig (Equation 7)

Ne is the total number of elements, Ny is Gauss integral in each element, onigis the positive stress on Gauss point g
in element 1, Trg 1s the shearing strength on Gauss point g in element 1, Vg is the control volume, t is the thickness
of the element i on sliding surface, @.iis the angle of friction reduction of element i, Ce; is cohesion reduction while

onig=>0, which is zero [25].
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The equation gives the factor of safety
K*=KYNe E/¥Ne F, (Equation 8)

This final step starts with solve and is followed by the model RUN command[28]. The model takes 4 to 6 hours to
converge, and then the outcome models showing the FOS and shear strain rate are presented in Fig 9, Fig 10, Fig

11 and Fig 12.

3. Results

The slope evaluation includes the capability of the same rock mass to withstand its own weight, surcharge, and
gravitational force without deformation and displacement [31]. The parameters such as Rock quality designation
(RQD), the presence of water, the inclined plane toward the pit, faults and filling materials[26] negatively affect the
rock stability. Therefore, there has always been a need to collect field data to determine/calculate the factor of safety
for the rock slope stability analysis [32]. Table 9 summarises the slope stability parameter for two (2) pits.

Table 9: Summary of Q-slope analysis for Oroutumba sodalite pits

Summary of Qslope analysis Oroutumba sodalite quarries
Mine Name
parameters Oroutumba Pit 03 Oroutumba pit 02
RQD (%) Mean 91.67 72.40600316
Jn Mean 14.25 9
Jr Mean 2 2
Ja Mean 0.75 0.75
J wice Mean 1 1
SRF Mean 2.5 2.5
Qslope Mean 6.9 8.581452226
B(©® Mean 76.75 78.65

The results presented in Table 9 were assessed with an empiric rock stability method called Barton's (2018) slope
analysis (Q-slope), similar to the Q system. Oroutumba pit 03 is a composition of fresh gabbro rock with a mean
RQD value of 91.67%, which contains four joint sets which are heavily jointed. On a Barton, slope analysis scored
the highest mean value (14.25). Its joint roughness is smooth, undulating, filled with the tightly healed, hard, non-
softening, and impermeable filling of quartz. The rock structure is dry, stable, and competent enough to support
engineering structures; it is worth noting that it does not present any evidence of harsh environmental conditions.

It also possesses a high strength reduction value due to its high compression ratio against the load. Due to its
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competence, this Gabbro rock scored the Q-slope mean value (6.9), corresponding to the steep mean slope angle of
76.75°.
Oroutumba pit 02 is also made up of hard gabbro rock with three (3) joint sets and a mean RQD value of 72.4%.
This rock mass has similar conditions of Joint roughness, joint alteration, environmental and geological conditions,
and strength reduction factor. This rock formation scores the highest steep mean slope of 78.62°. The maximum

stable slope angle on the Q-slope stability chart is 85°.

3.1 Factor of safety with FLAC 2D
The factor of safety (FOS) is a vital KPI used to measure the stability of the slope. The targeted value ranges from

1.0 to 1.30 depending on the competence of the rock and instability history [33]. All the factors of safety (FOS) for
the study were determined with the application of modelling slopes in the FLAC 2D geotechnical tool, which uses
the finite element under the strength reduction method, whereby it decreases the slope's strength parameters until
the slope becomes unstable[31]. Then, the safety of the factor is given by the ratio between actual strength
parameters and critical strength parameters [34]. The following geological and geotechnical information presented
in Table 10 simulated the slope stability from 1.5m to 120 m.

Table 10 summarises the geological and geotechnical information for the rock mass of two (2) pits.

[JNRD2309346

Name Oroutumba pit 02 Oroutumba pit 03
Sample UCS (Mpa) 266.06 159.44
Rock type Gabbro Gabbro
GSI 70 70
Disturbance Factor 0.7 0.7
Rock mass intact modulus Ei
(Mpa) 119728.04 71746.50
Rock mass cohesion (Mpa) 19.36 11.60
Rock mass Unit weight (y) KN/m2 | 30035.96 28142.00
Rock mass friction angle (°) 40.17 40.17
Rock mass tensile (Mpa) -0.66 -0.40
Rock mass UCS (Mpa) 30.08 18.03
Rock mass global strength 83.35 49.95
Rock mass deformation modulus | 40421.96 24222.69
mb 5.194 5.194
s 0.0129 0.0129
a 0.501 0.501
Oroutumba pit 02
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Fig 9 indicates the factor of safety of the pit at 3m and an angle of 75°, while Fig 10 shows the pit slope stability at

120 m with the same angle.

Step 70430
Factor of Sty 21.55

Dl shedr strai-rate
0.00E+00
1.00E-11
200E-11
I00E-11
4 00E-11
SO0E-11
ontonT fdereegl= 1.00E-11

maxvector = 1T5TE-11

Fig 9: Oroutumba pit 02 Slope factor of safety at 3 m depth and angle of 75°

It is evident that the gabbro rocks have excellent quality rock strength. This rock mass is competent enough to
support an engineering structure. The current mining operation is at a depth of 3m, a slope angle of 75° and a
maximum shear strain rate of 5x107'"> as indicated in Fig 9. At this level, the slope of the pit does not pose any

chance of failure.

Step:1T7838
Factor of Safety 1.94
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Fig 10: Oroutumba pit 02 Slope factor of safety at 120 m depth and angle of 75°

Fig 10 indicated that the maximum pit depth at 75°is up to 120 m with the maximum shear strain rate of 4.5 x 10"
%8 This area is dry with a desert environment, with a lot of drilled boreholes with very little water at a depth of
around 150m; since the water table (approximately from 100 to 120 m) could not be established, the safety is kept
very high at 1.94 to account for water. In case of a slope failure, this could be a planar failure, and mining at this

pit is profitable since the KPI strip ratio is minimal.

Oroutumba pit 03
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Fig 11 and 12 also present the behaviour of the overall slope angle of the pit in the Gabbro rock formation to mine
the sodalite. Rock failure is generally caused by the vertical and horizontal pressure trying to find equilibrium after
a disturbance in the state of the said stresses. Fig 11 represents the current state of mining, and it can be seen that
the factor of safety is relatively high at 21.55. with a maximum shear strain rate of about 5x10°% This strain is

relatively minimal to cause shear along the failure plane since the rock mass poses a high friction force of 40.17.

2 00E-09

4 00E-09

5.00E-09 :
ot Ftertral= 1.00 §

macht-:-r= l.ﬁjﬁE

Fig 11: Oroutumba pit 03 Slope factor of safety at 3m depth and angle of 75°

The projected mining depth for this pit is 80m at the current angle of the slope, as indicated in Fig 12. The maximum
shear strain rate the slope can handle without failing is 3.5 x 10 representing the factor of safety of 1.32. A wedge

sliding failure could occur if the shear strain surpasses the limit.

Step: 17079

Fig 12: Oroutumba pit 03 Slope factor of safety at 80 m depth and angle of 75°
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4. Discussion

The data suggest that fresh rocks are usually associated with high RQD and UCS. A low grade of discontinuity
characterises high RQD and UCS rock mass [17]. Therefore, this media behaves more like an intact rock and can
withstand a high wall with a steep angle compared to the rock mass with low values of RQD and UCS [35].
Oroutumba pit 02 has the most increased depth and steep slope angle, shown in Fig 9, while Oroutumba pit 03 can
only reach a depth of 80 m with the same angle. The stable overall angle of the pits is less than the calculated angle
presented in Table 1 and evaluated with the Qslope slope stability in Fig 13. The factor of safety used to simulate

the slope angle is below the geotechnical FOS standard values presented in Table 11.

Table 11: slope stability FOS acceptable criteria values [Source: S. Peter et al. (2010)]

Slope scale Consequences of failure FOS
Bench Low - High 1.1
Inter-ramp Low 1.15-1.2
Medium 1.2
High 1.2-13
Overall Low 1.2-13
Medium 1.2-13
High 1.3-1.5

All slope angle falls within the acceptable range of the FOS limit shown in Table 11. Moreover, the analysis
conducted through Q-slope and finite difference method modelled with FLAC 2D suggest similar failure criteria

and maximum stable slope angle of the gabbro formations[33].
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Q-slope Stability Chart
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Fig 13: Q-slope Stability chart
5. Conclusion

This study provides some important information regarding the failure mechanism of the slope, the optimum overall

slope angle and the optimum depth.

» The maximum stable slope angle modelled in the FLAC 2D is lower than the calculated slope angle through
the Q-slope, and both these angles are considered to be stable as per the Q-slope stability chart and the FOS
critical value.

» The optimum depth is estimated at 120 at Oroutumba pit 02 and 80m at Oroutumba pit 03.

» The models suggested that should the strain rate surpass the critical rate; the possibility of wedge failure

could occur at Oroutumba pit 03 and planar failure at Oroutumba pit 02.
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