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Fig. 1. 3D scheme of the rock body, surface exploitation and underground exploitation; the increase in waste 
removal required to continue surface exploitation can be observed (Mancini et al., 2005)

1.1. Mining method

A sub-level stoping method has been adopted (Lawrence, 2007), with haulage by means of 
conveyor belts. The blasted rock is taken from the draw-points by LHD machines and transferred 
to a mobile crusher, before being sent to the conveyor belt – ore pass system; the lower stopes 
are exploited in largely the same way, but here haulage is conducted by means of LHD + dumper 
tracks and the primary crusher is installed in a fixed position. A general plan of the quarry is 
shown in Figure 2; only 6 of the 13 stopes have been exploited thus far.

Fig. 2. 3D view of the rooms, at the end of exploitation (Mancini et al., 2005)
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Guarascio & Oreste, 2012; Oreste, 2012); a rock thickness of 2 m adjacent to the wall surface 
without strength has been considered as a load, as it has been overstressed due to the proximity 
of the blasts.

1.3 Evolution of the exploitation

As mentioned above, the 14 rooms are arranged on two levels (Fig. 3); rooms C1, C2, C3 
and C6 have been completed, rooms C4 and C5 are currently under exploitation, and the re-
maining 8 rooms are yet to be started. The first stope (C1) has been exploited using one drilling 
tunnel per sub-level, that is, 3 drilling tunnels per stope, as shown in the right of Figure 4. This 
arrangement was chosen with the aim of minimising the development work and reducing the 
width of the stope, in case of an unforeseen reduction in the self-supporting ability of the roof 
(Stiehr & Dean, 2011).

Fig. 3. Longitudinal section of the quarry rooms; the continuous lines depict those rooms currently planned, 
and the dotted lines those assumed in a hypothetical development of the exploitation

A number of drawbacks (all of which were successfully overcome) became apparent during 
exploitation: slotting was difficult and time consuming; the side walls of the open stope were 
often very irregular due to poor or excessive failure at the toe of the holes; and the round included 
a great number of long upward holes, which were difficult to drill and charge. Although the results 
were still acceptable, starting from stope no. 2 a different scheme was adopted involving the use 
of two drilling tunnels in each sub-level (Fig. 4, left), resulting in more preparatory work but 
better control of pillar size and strength; other changes (increasing the sub-level spacing and the 
size of the production blasts) were also made so that the rooms located at the present lower level 
could be realised with two sub-levels and two drilling tunnels for each sub-level (Fig. 5, left).
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Fig. 4. Right: Exploitation with 3 sub-levels and one drilling tunnel per sub-level; left: The same scheme 
with 2 drilling tunnels per sub-level (Mancini et al., 2003; Mancini et al., 2005)

Fig. 5. Left: Exploitation with 2 sub-levels and 2 drilling tunnels per sub-level; right: The same scheme 
with 3 sub-levels (Mancini et al., 2003; Mancini et al., 2005)

Current production blasts have been designed for 2,700 to 3,000 m3 rock volumes each. The 
basal collecting trough has been produced with smaller blasts, with some rounds in advance of 
those exploited, as shown in Figure 5. Draw points have been spaced every 20 m. Blasted rock is 
collected in 7-9 m3 LHD loaders, carried to the mobile crusher and fed to the belt-ore pass system.

Stope average volume is 500,000 to 550,000 m3 (the width being 30 m, the length 180 m 
and the height 110 m), for 1.4 years of production. This means that a new stope must be ready 
(i.e. the drilling tunnels prepared and the slot opened) before the previous one is finished, a pace 
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Fig. 10. Trend of SF for the 4 alignments with reference to the M-C strength criterion

Fig. 11. Trend of SF pertaining to the 4 alignments with reference to the H-B strength criterion 
(undisturbed conditions)

Fig. 12. Trend of SF pertaining to the 4 alignments with reference to the H-B strength criterion 
(disturbed conditions)
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at each point (Fig. 11). In the second scenario (m and s under disturbed conditions), SF values 
are slightly higher than those obtained by applying the Mohr-Coulomb envelope, and the same 
considerations apply (Fig. 12). For the sake of clarity and comparability, the results are sum-
marised in Table 4.

TABLE 4

Average SF values obtained for the analysed alignments and percentage plasticisation in each alignment

Alignment
[n.]

Average SF Plasticisation
[%]M-C H-B Und.. H-B Dist.

1 1.50 2.85 1.60 8.5
2 1.13 2.25 1.15 0.0
3 1.09 2.16 1.10 0.0
4 1.39 2.62 1.48 10.6

Considering these findings, it was decided to evaluate SF in two pillars on the same level 
(C12-C11 and C11-C10), paying particular attention to the central portion (where the situation 
is more critical due to the lower lateral confinement) and to the method producing the most 
cautionary data, namely the Mohr-Coulomb envelope. The results of this analysis are presented 
in Tables 5 and 6.

TABLE 5

Average SF values obtained for pillar C12-C11, evaluated using the 3 proposed methods

Alignment
[n.]

SF 
M-C H-B Und. H-B Dist.

1 1.58 3.02 1.69
2 1.20 2.39 1.21
3 1.16 2.30 1.17
4 1.47 2.79 1.57

TABLE 6

Average SF values obtained for pillar C11-C10, evaluated using the 3 proposed methods

Alignment
[n.]

SF
M-C H-B Und. H-B Dist.

1 1.59 3.07 1.69
2 1.24 2.46 1.25
3 1.19 2.36 1.19
4 1.46 2.79 1.55

For the first pillar (C12-C11), the lowest SF values are associated with alignment 3; again, 
further analysis is necessary, but caution must be taken when evaluating the possibility of ex-
ploiting room C12. 

For the second pillar (C11-C10), SF values decrease to almost 1.2; given the very precaution-
ary assumptions with which the parameters introduced in the numerical model were calculated, 
and considering that the most precautionary method was well thought-out, stress conditions in 
this pillar can be assumed acceptable.
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Fig. 16. Alignments considered for the assessment of pillar SF values

The method adopted for the calculation of SF was the same as that explained previously; 
the obtained results are shown synthetically in Table 7.

TABLE 7

Average SF values obtained for the analysed alignments and percentage plasticisation in each alignment

Alignment
[n.]

SF Plasticisation
[%]M-C H-B Und. H-B Dist.

5 1.31 2.49 1.40 17.0
6 1.02 2.01 1.04 80.9
7 1.01 1.99 1.04 100
8 1.25 2.35 1.33 27.7

Although the same observations as those for the previous case (§ 2.2) also apply here, the 
plastic zone is further expanded and now encompasses the entire area between the two rooms. 
Safety factor values are on average 10% lower.

Given the low safety margins obtained using the two more cautious methods, an alternative 
situation regarding the exploitation of the last room on the second level (as stated in the project) 
and the hypothesised third level of rooms was proposed, with the aim of reducing the risks related 
to excessive stress in the pillars.

When changing the position and/or size of the rooms, the pillars must continue to be aligned 
vertically.

A further geological constraint is the ore-body limit within which the rooms must be kept; 
in this case the ore-body fold can be represented on the two-dimensional plane of the numerical 
model as an inclined line passing through the top of the innermost of the three rooms on each 
level (C4bis, C13 and C26).

As summarised in Figure 17, the proposal involves a 9 m translation of the last two rooms 
on the last two levels (together with a 19.2% increase in pillar thickness from 47 to 56 m). Tak-
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ing into consideration the geological constraint at the end of the exploitation, the height of room 
C13 would decrease from 112 m to 97 m (as for room C5). A new numerical model accounting 
for these changes was used to assess the improvement in SF that this proposal would achieve; 
the results are summarised in Table 8.

Fig. 17. Proposal for the amendment of the exploitation

TABLE 8

Increase in SF value for pillars C12-C13 and C24-C25 after modifying the original project

Pillar C12-C13
Evaluation method SF Increase [%]
M-C + 6.94
H-B Undisturbed + 5.98
H-B Disturbed + 8.66

Pillar C24-C25
Evaluation method SF Increase [%]
M-C + 0.86
H-B Undisturbed + 0.28
H-B Disturbed + 1.07

The values referring to pillar C12-C13 were calculated only for the 3 lower alignments, 
as the uppermost alignment was excluded due to the decrease in room size resulting from the 
proposed change. SF values would increase by an average of 7.2%, reaching 7.8% when only the 
two more cautious methods were considered. The proposed project changes would thus improve 
both void stability and worker safety.

As can be seen, the increase in the distance from the failure curve is much less pronounced 
for pillar C24-C25, reaching an average of 1%. However, the main advantage arising from the 
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However, the present study has revealed that an accurate assessment of rock-mass quality 
is necessary in that portion of the ore body, in order to verify the characteristics of the material 
and to ascertain the presence of ground water.

If SF values were still too low, considering the new accurate characterisation, the idea of 
expanding exploitation to a whole new third level would have to be abandoned, despite the 
decrease in rock-mass stress.
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