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Joints should always be monitored after blasting operations, especially during the spring-summer 
seasons, when water may flow through joint system.

3. Slope stability analysis with 3D numerical calculations

All the 3D numerical calculations for the purpose of this report were performed with the 
Finite Difference Code FLAC 3D. The theoretical description of the code is introduced in code 
manuals (Flac3D, 2008a,b). FLAC3D is a numerical modelling code for the advanced geotechnical 
analysis of soil, rock, and structural support in three dimensions. FLAC3D is used in analysis, 
testing, and design by geotechnical, civil, and mining engineers. It is designed to accommodate 
any kind of geotechnical engineering project where continuum analysis is necessary. FLAC3D 
utilizes an explicit finite difference formulation that can model complex behaviours not readily 
suited to FEM codes, such as: problems that consist of several stages, large displacements and 
strains, non-linear material behaviour and unstable systems (even cases of yield/failure over large 
areas, or total collapse). The FLAC program uses the explicit, Lagrangian calculation scheme. 

Fig. 3. Joints observed during the excavation 

Fig. 2. Joints from Wardell Armstrong Documentation (2010)
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TABLE 2

Mechanical properties of gneiss for Hyttemalmen open pit.

Rock Cohesion, kPa Friction, deg
Gneiss 1, depth 0÷10 m 67

36

Gneiss 2, depth 10÷30 m 134
Gneiss 3, depth 30÷50 m 184
Gneiss 4, depth 50÷70 m 227
Gneiss 5, depth 70÷90 m 265
Gneiss 6, depth 90÷110 m 300
Gneiss 7, depth 110÷130 m 333

All of the nodes at the bottom surface of the model were fixed. For all four walls of the model, 
the only displacements in the perpendicular direction to each wall were fixed. Including above 
conditions into a numerical model, the failure mode of the ramp was simulated. Fig. 4 shows 
the mas of velocity for the FS = 1, the light blue color shows the actual range of the rockslide.

Fig. 4. Rockslide range for the ramp, FS = 1.00

Figure 5 shows the geometry of the entire open-pit (with water table) for the state after the 
ramp rockslide (state for March 2011). The SSR calculations for this state provided the FS = 1.36. 
That amounts to a stable situation, because generally, the minimum factor of safety should be 
equal to 1.3, which is widely accepted in open pit mining all over the world. 

However two or three (depending on open-pit side) deeper levels were planned for further 
excavation. The final state of the open pit may be observed in figures 2 and 3 (the golden color). 
Here FS value is equal 1.06. Figure 6 shows the contours of velocity vectors and the failure of 
the entire open-pit wall, which can be easily observed. 
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This is considered to be a minor FS value, therefore such an excavation option should not 
be executed. The normal level of inclination for the Hyttemalmen open-pit level is 80°. It was 
however proved that for such a slope, global open-pit stability cannot be assured. The change 
of slope geometry seemed to be unavoidable. The Hyttemalmen open-pit is in a very poor state 
due to blasting damage, water inflow and the freeze/thaw processes. These seriously reduced 
the rock mass and joint strength. That’s why, two options were analysed to establish whether it’s 
enough to optimise this geometry for the lower stages – decreasing the  inclination to 60° and 
70° respectively. 

Fig. 6. Rockslide range for final state, FS = 1.06, unsafe situation

Fig. 5. Geometry of open pit for state after rockslide, March 2011
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Assuming a slope angle of 60° for the lower stages, FS for such a proposition is equal 1.30, 
which is enough to provide slope stability (Fig. 7). The failure surface ranges of the upper level 
of the open pit suggests that geometry change improves stability and is satisfactory for providing 
the necessary safety level.

Fig. 7. Rockslide range for final state, slope inclination 60°, 
FS = 1.30 safe situation

Unfortunately, a slope inclination of 60° degrees could not be obtained due to technological 
reasons. The drilling machines (derricks) for blasting holes can only bore with maximal (vertical) 
inclination of 70°. Other considered options for drilling were discarded. Due to this, the 70° slope 
inclination of the lower slopes were deeply studied. Unfortunately, FS for such a proposition 
is equal 1.26, what is not enough to provide slope stability. The failure surface ranges through 
all levels of the open pit, which would suggest that geometry change improves stability, but not 
satisfactory enough to provide the necessary level of safety.

The 70° slope angle option for the lower stages is however much easier and better to realize. 
In the meantime, (April-May 2011) a new system of dewatering was applied in the Hyttemalmen 
open-pit, which allowed for a serious increase in pumping capacity.

This allowed for the following series of calculations to be performed. The object of the 
analyses was to estimate, what the water level for the option of slope angle 70° for lower stages 
should be in order to obtain a factor of safety value equal 1.3. therefore, lowering the water table 
through dewatering improves global slope stability. After a few calculations for different water 
levels, it was evaluated that for a water table at the level of 72 m, the factor of safety equals 1.3 
(Fig. 8). The failure surface is slightly different than in the case of fig. 6, but the safety factor of 
1.3 assures the necessary stability level.
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4. Summary

The results of 3D numerical calculations show that it is necessary to redesign the slope-bench 
system in the Hyttemalmen open pit. Changing slope inclination for lower stages is recommended. 
The minimum factor of safety should be equal 1.3, which  is widely accepted in open pit mining.

At the final planned stage of excavation, the factor of safety drops to 1.06 with failure surface 
ranging through all of the  slopes (Fig. 6). Options for decreasing the inclination of lower slopes 
to 60° or 70° degrees are not fully satisfactory. In the case of a 60° inclination, safe  FS ranges 
equal a  value of 1.3. This option is however not technologically executable due to the limitations 
of drilling equipment. In the case of a slope angle 70° for lower stages, FS = 1.26, which is not 
enough to provide slope stability. Another series of calculations were therefore performed taking 
water table lowering into consideration, which increases the global safety factor. It was finally 
evaluated, that for a water table level of 72 m the factor of safety equals 1.3, which is enough to 
assure global open-pit stability. 

The application of three-dimensional numerical calculations provided optimal open pit 
excavation. This geometry is a balance between safety and economy and can only be estimated 
with 3D simulations. 2D calculations do not take the concave configuration of the open-pit into 
consideration. 
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Fig. 8. Rockslide range for final state, slope inclination 70°, water level at 72 m a.s.l, 
FS = 1.30 safe situation




