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Abstract: Bodovalle is an iron carbonate mine located in
Gallarta (near Bilbao, northern Spain), which is currently
in the closure stage. The deposit was ﬁrst exploited as an
open-pit mine and later as an underground mine. The
underground mine currently has 40 large rooms with
rib pillars, occupying an area of 2,000 m long by 600 m
wide. Room depth is around 200 m. The main geotechnical incident occurred in the NW1N zone, where an overexploited rib pillar in poor condition was partially
removed, leaving a 70-m roof span that eventually collapsed in 1999, resulting in a surface crater measuring
60 m in diameter. The collapse was preceded by noises
and movements detected outside the mine. The subsidence was improved by means of inﬁlling and monitoring. In 2014, residents living in homes built over the
abandoned mine rooms detected very loud noises similar
to those of 1999. The article describes a stability review
carried out using advanced numerical methods (ﬁnite
element method and boundary element method) and
the geomechanical parameters obtained from a back analysis of the 1999 collapse.
Keywords: room-and-pillar mining, stability, subsidence,
numerical methods, back analysis

1 Introduction
Bodovalle is a semi-abandoned underground room-andpillar mine located in Gallarta, a town with a population
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of approximately 10,000 inhabitants located in the Basque
Country (northern Spain). The extracted ore was iron carbonate destined for the blast furnaces of Bilbao. The mine
ended production in the 1990s and is currently in the
closure stage.
From a geological perspective, the mineralization
corresponds to Upper Aptian limestone and is formed of
siderite – the most abundant ore – and ankerite to replace
the limestone. The mineralized limestone is part of a formation consisting of calcarenites, limestone, marlaceous
lime and sandy loams. The mineralized zone, occupying
a graben with a sub-horizontal tabular shape, dipping
from 10° to 30°, with a mean value on the central zone
(where NW1N rooms are) of 15°, extends lengthways over
2000 m in the SE-NW direction and is 600 m wide on
average. The iron concentration of the deposit is low
(27%), but the company performed a process to increase
its concentration to 40% before its commercialization.
Ore was initially extracted by means of open-pit
mining and, once the pit reached the projected depth,
an underground mine was opened using the room and
pillar method. The underground mine, approximately
2,000 m long by 600 m wide, with large rooms and intermediate rib pillars, is formed of seven mining zones
(Block 1, SE, NW Exp, NW Exp S, NW1N, NW1S and
NW2; see Figure 1). Mining commenced in the NW Exp
zone, with rooms 13 m wide, rib pillars 8 m wide and
height 40 m, and very irregular due to the characteristics
of the deposit. The over-burden exceeds 200 m, except in
the area closest to the open pit, where the over-burden
is 100 m.
The main geotechnical incident was a progressive
pillar failure that occurred in the NW1N zone (Figure 1).
The pillar, damaged due to a reduction in its width in
order to increase the extraction ratio, ﬁnally collapsed
in 1999 (Figure 2). The collapse, preceded by noises
audible on the surface, resulted in a 60-m diameter crater
on the surface, which was improved by backﬁlling (28%
of granular backﬁll and 72% of cement-based backﬁll)
and subsidence monitoring. A similar event occurred in
1986 in the same zone, when a progressive caving process
reached the surface, resulting in the formation of a 35-m
This work is licensed under the Creative Commons Attribution 4.0
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Figure 1: General plan view of the Bodovalle mine, showing the faults conforming the graben and the layout of the rooms. The study area is
the SE zone, marked in red, and the remaining zones are indicated in blue.

Figure 2: Aerial photograph of the surface crater resulting from the 1999 collapse (image by the authors).

deep sinkhole, with a small-diameter opening that later
grew into a crater measuring 30 m in diameter. The crater
was improved through backﬁlling from the surface. The

NW1N zone can, therefore, be considered to be almost
completely backﬁlled and the only backﬁlled zone. In
August 2014, local residents heard very loud noises similar
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to those of the 1999 collapse, and subsequent inspections
found several rock blocks from the roof in room #8 in the
SE zone.
This was the context in which the authors aimed to
evaluate the subsidence risk associated with SE room #8,
analyse surface land occupation and review the planned
actions of the closure project. Used were numerical
methods [ﬁnite element method (FEM) and boundary element method (BEM)] to analyse the stability of the SE
zone, considering geomechanical parameters obtained
from previous reports and ﬁne-tuned by means of a
back analysis of the 1999 collapse.

2 Methodology
Classical empirical pillar strength formulae are typically
used as a ﬁrst approximation to the design of pillars in
coal mines [1–6], hard rock [7–11] and metal mines
[12–15]. Empirical methods, many of which include the
height-to-width ratio, are based on the uniaxial compressive strength of the rock, which, in combination with
stress estimates derived from the tributary area method,
can be used to calculate the factor of safety for pillars
[16]. The rapid advance in computer tools and the mathematical development of FEM software and BEM software
enables the determination of not only the possible pillar
collapse but also the expected deformation type, stress
distribution and the points where rock may fail due
to either tension or shear stresses [17–34]. Numerical
methods have also been used to reduce the operational
losses in room and pillar method [35,36] or to determine
the original heterogeneous and anisotropic stress ﬁeld [37].
Due to its origins and later deformations, the Bodovalle
deposit is quite irregular and so the underground rooms
are also irregular in shape and size. Empirical methods
are based on regular pillars, however, and so consider
that (i) the rock forming the pillars is homogeneous, (ii)
the geometry of rooms and pillars is regular and (iii) there
is constant vertical stress depending on the over-burden.
However, these conditions are not fulﬁlled in the SE zone
in Bodovalle: (i) room length varies, as it is adapted to the
distance between local faults in most cases; (ii) the rooms
are not usually in the same horizontal plane, which
means that pillars have diﬀerent face heights; (iii) the
room height usually varies; (iv) some pillars combine
diﬀerent types of rock and (v) the over-burden is aﬀected
by the open pit.
For these reasons, this research was performed using
advanced computational tools instead of empirical
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methodologies. Development of the models, i.e. determining the geometry of the excavations, the geological
conﬁguration of roofs and pillars and the geomechanical
parameter values, was a complex task due to the inherent
diﬃculties implied by the irregularity of the deposit and
the semi-abandoned state of the mine.
Uniaxial compressive strength and rock quality designation (RQD) values were obtained from previous studies and the geological strength index (GSI) [38] was
determined from RQD values. The GSI allows global
rock mass strength to be calculated using an equation
proposed by Hoek et al. [39]. The value of K (the ratio
between horizontal and vertical in situ stresses prior to
excavation) should fall in the interval between 0.8 and
2.5 according to the work carried out by Hoek and Brown
[40] in metal mines around the world. Given the recommendation of Hoek and Brown and the relatively smooth
orography, K = 1.0, indicating that horizontal and vertical
in situ stresses were equal before the excavation works.
The study covered the following phases:
1. Geotechnical characterization based on an analysis of
previous studies, speciﬁcally, the geotechnical reports
corresponding to the closure project. It is to mention
that these reports performed laboratory tests on the
diﬀerent materials of the rock mass.
2. Topographic survey of the excavations in the SE
zone, consisting of 3D laser scanner and photographic
reports.
3. Field inspection of the open pit and of the NW1 and SE
zones of the underground mine to compare geotechnical characteristics.
4. Back analysis of the 1999 collapse to ﬁne-tune the
geotechnical parameters used in the FEM software
(Phase2 V8.0 [41]).
5. Stability estimates for the SE rooms, according to the
conditions established in the closure project, using the
FEM software and BEM software (Examine 3D, [42]).
6. Evaluation of the subsidence risk for SE room #8, analysis of surface land occupation and a review of the
planned closure project actions.
Since geometric parameters are keys to calculating
room stability, the reliability of data from the previous
works was checked. It was therefore necessary to topographically survey SE rooms #6, #7 and #8 to determine
their geometry, relative positions and pillar positions.
The 3D laser scanner technology was selected as the
most suitable approach, to the topographic survey, due to
the diﬃculties of access and poor visibility and also for
safety reasons (to minimize the time spent in the mine).
An ultra-high-speed Leica Scanstation P20 scanner
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(available from the Mining and Civil Engineering Department
of the Universidad Politécnica de Cartagena) was used,
given its ability to scan up to 1 million points per second
and its extended range of up to 120 m.
Some 60 million 3D points were scanned and the 3D
point cloud was processed using Cyclone 9.0 software
(developed by Leica). The digital geometry allowed the
following conclusions to be drawn: (i) the widths of the
three rooms and the pillars were practically identical to
those documented in previous works; (ii) the extended
range of the 3D laser scanner was insuﬃcient to measure
the total lengths of SE rooms #6 and #7 and (iii) the crosssections of the rooms were not rectangular, the corners
between walls and roofs were curved and the corners
between wall and ﬂoor appeared funnel shaped (see
Figure 9).

3 Geotechnical context
Field inspections pointed to good correlation between
joint sets and large-scale faults. The orientation of the
SE rooms was favourable to the stability of potentially
failing wedges in the walls. Since neither the main faults
nor the joint sets can open a way to the excavation, there
was no risk of falling wedges deﬁned by these discontinuities. Roof rock blocks formed from cayuela, a local
name for a type of carbonated siltstone, had fallen since
the mine was closed, attributed to production blasting

Table 1: Geomechanical parameters of the hard cayuela
Hard cayuela
γ (MN/m3)
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)

0.026
70
60
5
39
0.3
12

σcp (MPa)
σtp (MPa)
Ep (GPa)

18.09
0.52
25

Hoek and Brown ﬁt
Elastic
D=0
mb
s
a

Plastic

4.11
0.0357
0.501

mr
sr
a
Dilatancy

1
0
0.501
0.2

*The subscripts i, p and r stand for intact specimens, pillar scale
and residual, respectively.

that caused fracturing and mechanical decay of the ﬁrst
few meters of rock into the rock mass. This circumstance
was taken into account through coeﬃcient D in the
Hoek–Brown failure criterion, which reﬂects the disturbance experienced by the rock mass as the result of blast
damage and stress relaxation. D varies from 0 for undisturbed in situ rock masses to 1 for very disturbed rock
masses [39].
As well as the assignment of individual mechanical
strength values to the diﬀerent rock types, the following
were taken into account: (i) the impact of production
blasting on roofs, (ii) changes in rock types, most speciﬁcally in pillars, (iii) diﬀerent degrees of jointing in the
pillars according to the analysed zone and (iv) the existence of mylonitized areas surrounding the main faults.
For each type of material, we calculated the GSI [38] and,
using RocLab [43], the generalized Hoek–Brown criterion
[39]. This failure criterion yielded Young’s modulus (Em),
average uniaxial compressive strength for the pillars
(σcp) and the maximum tensile strength supported by
the roofs (σtp). Post-failure behaviour parameters (ar,
mr, sr and dilation) were calculated according to Crowder
and Bawden [44].

3.1 Geomechanical parameters
The following material types were identiﬁed: hard, weak
and host cayuela; hard, slightly altered and mylonitized
ore; footwall limestone and hanging wall sandy loams.
Tables 1–4 summarize the geomechanical parameters for
the diﬀerent materials, based on laboratory tests carried
out for previous research and ﬁeld surveys. The values
were calibrated through a back analysis of the 1999 collapse, as the best in situ test material available. Figure 3
shows images of the two types of cayuela.

3.2 Back analysis of the 1999 collapse
The main objective of this analysis was to ﬁne-tune the
geomechanical parameters of the diﬀerent materials. A
FEM of the NW1N zone (Figure 4) was performed according to the characteristics of the collapse as documented
in the technical report of the failure:
– Five 25 m wide by 50 m high rooms with four 20 m wide
rib pillars and an average over-burden of 220 m.
– One rib pillar (formed of mylonitized ore) in poor condition by the 1980s was partially removed, leaving a
70-m roof span that collapsed in 1999.

Stability of an abandoned siderite mine
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Table 2: Geomechanical parameters of intact and blast-damaged weak cayuela
Intact weak cayuela
γ (MN/m )
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)
3

Blast-damaged weak cayuela
γ (MN/m )
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)
3

0.026
55
60
5
39
0.3
15

σcp (MPa)
σtp (MPa)
Ep (GPa)

14.12
0.14
20

Hoek and Brown ﬁt
Elastic
D=0
mb
s
a

σcp (MPa)
σtp (MPa)
Ep (GPa)

8.1
0.06
20

Hoek and Brown ﬁt
Plastic

mr
sr
a
Dilatancy

3.007
0.0067
0.504

0.026
55
60
5
39
0.3
15

Elastic

1
0
0.504
0.2

D = 0.8
mb
s
a

Plastic
mr
sr
A
Dilatancy

1.03
0.0011
0.504

0.5
0
0.504
0.2

*The subscripts i, p and r stand for intact specimens, pillar scale and residual, respectively.

Figure 5 depicts the collapse sequence, which follows
the diﬀerent stages of the excavation. After excavation of
room #1, yielding rock appears in the limestone ﬂoor, in
the upper part of the left wall and in the cayuela roof
because of the damage produced by production blasting,
although dilation prevents rock blocks from falling. The
left wall of room #1 does not yield, apparently because of
the mylonitized ore a few meters to the right (inside the
rock mass), which, rather than loading that left wall,
liberates energy in the form of displacement (Figure 5a).
When room #2 is excavated, developments are similar.

Again, deformation tends to concentrate in the mylonitized ore in the future pillar #2. The yielding occurs
mainly in the wall of this future pillar #2 due to its poorer
quality (resulting from mylonitized ore, blasting damage
and over-excavation), which bears most of the deformation in order to accommodate stresses (the upper right
corner of room #2 is vertically displaced by 1 cm, while a
similar displacement of 0.8 cm occurs in the upper left
corner) (Figure 5b). After excavation of room #3, pillar #2
deteriorates further and deformation continues (the upper
right corner of room #2 is vertically displaced by 4.5 cm)

Table 3: Geomechanical parameters of the intact and mylonitized ore
Intact ore
γ (MN/m3)
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)

0.033
70
80
8
60
0.2
10

Mylonitized ore

σcp (MPa)
σtp (MPa)
Ep (GPa)

22.48
0.83
30

γ (MN/m3)
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)

Hoek and Brown ﬁt
Elastic
D=0
mb
s
a

mr
sr
A
Dilatancy

σcp (MPa)
σtp (MPa)
Ep (GPa)

8.38
0.06
5

Hoek and Brown ﬁt
Plastic

3.425
0.0357
0.501

0.033
40
60
4
20
0.2
10

Elastic

1
0
0.501
0.2

D=0
mb
s
a

Plastic

1.17
0.0013
0.511

* The subscripts i, p and r stand for intact specimens, pillar scale and residual, respectively.

mr
sr
a
Dilatancy

0.5
0
0.511
0.2
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Table 4: Geomechanical parameters of the footwall limestone and of the hanging wall sandy loams
Footwall limestone
γ (MN/m )
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)
3

0.026
70
65
7
59
0.25
10

Hanging wall sandy loams
γ (MN/m )
GSI
σci (MPa)
σti (MPa)
Ei (GPa)
ν
mi (bibliography)
3

σcp (MPa)
σtp (MPa)
Ep (GPa)

18.26
0.68
29

Hoek and Brown ﬁt
Elastic
D=0
mb
s
a

mr
sr
a
Dilatancy

σcp (MPa)
σtp (MPa)
Ep (GPa)

1.758
0.023
2

Hoek and Brown ﬁt
Plastic

3.42
0.0357
0.501

0.024
40
15
—
—
0.25
7

Elastic

1
0
0.501
0.4

D=0
mb
S
A

Plastic

0.821
0.0013
0.5

mr
sr
a
Dilatancy

0.821
0.0013
0.5
0

* The subscripts i, p and r stand for intact specimens, pillar scale and residual, respectively.

to the point that yielding begins to occur in the previously
healthy pillar #1 (Figure 5c). After excavation of room #4,
further tension yielding points appear in the roof of
rooms #2 and #3, pillar #2 is further vertically displaced
(6.85 cm in the upper right corner of room #2) and
yielding now extends to pillar #3 (Figure 5d). After excavation of room #5, pillar #2 is vertically displaced by
10 cm and the deformation leads to progressive damage
of the pillar (Figure 5e). The pillar ﬁnally collapses,
leaving a 70-m roof span, where yielding progresses
upwards to reach the full height of the weak cayuela
(70 m) (Figure 5f). The progressive collapse ﬁnally reaches
the surface.

Since the FEM results were conﬁrmed to faithfully
reﬂect the technical report of the failure, the material properties, as based on previous geotechnical studies and the
bibliography and ﬁne-tuned by means of the FEM, were
considered suitable to calculate SE room and pillar stability.

4 SE rooms stability analysis
Two diﬀerent numerical methods were used to evaluate the
stability of SE zone rooms and pillars: 2D FEM for diﬀerent
cross-sections, followed by 3D BEM of the entire zone.

Figure 3: (a) Hard cayuela in the roof of SE room #8. (b) Weak cayuela near the collapse location (images by the authors).

Stability of an abandoned siderite mine
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Figure 4: Initial numerical model of NW1N zone rooms where the 1999 collapse occurred.

4.1 2D FEM results
The FEM (Phase2 v8.0 [41]) was performed to explore the
inﬂuence on stability of the excavations of diﬀerent rooms.
Note that this study only concerns itself with the ﬁnal
excavation, as the objective of the study was to evaluate
the future risk of subsidence over the excavated rooms.
Since the geometry and locations of the rooms were
diﬀerent, four diﬀerent cross sections of the SE zone were
considered, as depicted in Figure 6, which shows the
risky situation of the area located over rooms #3, #4,
#5, #6 and #7 if any of these rooms collapsed.
In what follows, the strength factor (SF) – also known
as the stress safety factor – which is calculated by dividing the rock strength (obtained from the used failure criterion) by the induced stress at every point in the mesh
[41], while the strength reduction factor (SRF) obtained
by means of the shear strength reduction technique; in
this method, the strength parameters of a model are
reduced by a certain factor (SRF), when the FEM model

does not converge (it becomes unstable) the SRF is called
critical SRF, being considered another way to calculate
the safety factor of the model [41].

4.1.1 Northern cross section
The northern cross section goes through rooms #3 to
#6 and through the northern end of rooms #2 and #7
(Figure 6). This section was selected for analysis because
of the road and the children’s playground located over
rooms #6 and #7. Figure 7 shows the FEM geometry
and the materials. Note the diﬀerent geometries of the
rooms, going deep into the footwall of limestone in
some cases and remaining far from the hard cayuela of
the roof in other cases. This situation and the geometry
are probably due to a lack of planning. Noteworthy is the
extraordinary height of room #6 (84 m) and also the fact
that, except for rooms #6 and #7, the rooms have ore in
the roof.
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Figure 5: (a–f) Excavation and collapse sequence of NW1N zone rooms, explanation in the text.

Figure 6: Location and geometry of the SE zone rooms.

Stability of an abandoned siderite mine
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Figure 7: Geometry and materials of the northern cross section of the SE zone rooms.

Figure 8: Finite element method results for the northern cross-section of the SE zone rooms. (a) Total displacement. (b) Strength factor.
(c) Major principal stress. (d) Strength reduction factor.
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Analysis of the FEM results (Figure 8) reveals the
following:
• The largest displacements (around 1.3 cm) are in the walls
of room #6, while surface displacements are around
0.4 cm and occur approximately over room #3 (Figure 8a).
• The SF is high in most cases, with the lowest values
occurring in the pillars but do not develop completely
between rooms. The lowest SF values (1.26) are below
room #5 and in the left wall of room #7, with both
tending to the lower part of room #6, while, following
this trend, only a few elements show yielding in the
ﬂoor of room #5 (Figure 8b).
• High concentrations of principal stress (mostly vertical) occur in the left walls of the pillars between
rooms #4 and #5 and between rooms #5 and #6,
reaching values of 15 MPa (Figure 8c). The ﬂoor of
room #6 also achieves this principal stress value
(mostly horizontal), with the square corners of room
#6 as the probable cause.
• In applying the SRF, Phase2 points to a critical value
of 1.36 (the strength parameters should reduce a 36%
to get the non-convergence of the model, i.e. the failure
of the rooms), with the failure surface occurring between the
lower parts of rooms #6 and #7 (Figure 8d). According

to the results of the model, if the SRF value reaches 1.4
(the strength parameters reduce a 40%), the failure could
become generalized and aﬀect the rest of the rooms, and
if it is higher than 1.7 (the strength parameters reduce a
70%), the collapse could aﬀect the surface.

4.1.2 Central cross section
The central cross section goes through rooms #2 to #8.
This section was selected because the slope of the open
pit may aﬀect rooms #7 and #8, as will be explained
below. Figure 9 shows the FEM geometry and the materials. Contrasting with the northern cross section is the
similar geometry of these rooms, with rounded corners
in the roofs and funnel-shaped ﬂoors. A 5-m (determined
as a function of the tension strength of the intact rock
and the peak particle velocity originated by production
blasting [45]) layer of damaged cayuela was added to the
roof of each room to take into account the damage produced by production blasting.
Analysis of the FEM results (Figure 10) reveals the
following:

Figure 9: Geometry and materials of the central cross section of SE zone rooms.

Stability of an abandoned siderite mine
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Figure 10: Finite element method results for the central cross section of the SE zone rooms. (a) Total displacement. (b) Strength factor.
(c) Major principal stress. (d) Strength reduction factor.

Figure 11: Geometry and materials of southern cross section I of the SE zone rooms.
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• The displacements are small, reaching a maximum of
around 1.4 cm in the roof of room #5. The shape of the
displacements is very inﬂuenced by the open pit, which
causes asymmetry of the loads and, therefore, of the
displacements. Surface subsidence in the order of 0.8 cm
occurs approximately over room #4 (Figure 10a).
• SF reaches a value as low as 1.02 in the pillar between
rooms #5 and #6 (Figure 10b). This low value occurs
because there is no longer damaged cayuela in the roof.
The asymmetric load (because of the open pit) combined with the great height of the pillars produces
some buckling in the pillars, which ultimately causes
yielding in some elements (Figure 10d).
• Also because of the asymmetric load, the largest compression values do not occur in the pillars but in the ore
base of the pillars between rooms #3 and #4 and
between rooms #4 and #5 (Figure 10c). Similarly, the
maximum tension values do not occur in the roofs, but
in the pillars, reaching a value of −0.45 MPa in the
pillar between rooms #6 and #7.
• In applying the SRF, Phase2 points to a critical value of
1.24, with the failure surface occurring in the middle of

the pillars between rooms #4, #5, #6 and #7. Note that
rooms #5 and #6 will be backﬁlled according to the
closure project, so this will ultimately improve the stability of these rooms.
• Note also that, according to FEM results, room #8
does not play a key role in the stability of the cross
section.

4.1.3 Southern cross section I
Southern cross section I goes through rooms #2 to #7 and
correspond to the southernmost end of rooms #2, #3, #4
and #7 (Figure 6). In this cross section, the road is above
room #2 and the remaining rooms are at the current limits
of the open pit. Figure 11 shows the FEM geometry and
materials. Also located in this zone is a unit of sandstone
below some rooms and mineralized rock that seems to go
through the limestone unit.
Analysis of the FEM results (Figure 12) reveals the
following:

Figure 12: Finite element method results for southern cross section I of the SE zone rooms. (a) Total displacement. (b) Strength factor.
(c) Major principal stress. (d) Strength reduction factor.

Stability of an abandoned siderite mine

• The displacements are small, at a maximum of around
1.1 cm in the roof of room #4 and 1 cm in the roof of
room #5. The shape of the displacements is, again, very
inﬂuenced by the open pit, which causes asymmetry
of the loads and, therefore, of the displacements.
Surface subsidence in the order of 0.7 cm occurs
approximately over the pillar between rooms #3 and
#4 (Figure 12a).
• The SF reaches values of around 1.11–1.12 in the pillars
around room #5 (Figure 12b). The lowest value in this
section occurs in the contact between hard cayuela and
limestone. Note that the closure project plans for backﬁlling of rooms #5 and #6, which will improve the stability of these rooms.
• As in the central cross section, the largest compression
values do not occur in the pillars but in the ore base of
the pillars between rooms #3, #4 and #5 (Figure 12c),
reaching values of 14.5 MPa. Similarly, maximum tension values occur in the pillar between rooms #5 and
#6. The reason is, again, the asymmetrical loads caused
by the open pit.
• In applying the SRF, Phase2 points to a critical value of
1.25, with the failure surface occurring in the pillars
between rooms #3, #4 and #5 (Figure 12d).
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4.1.4 Southern cross section II
Southern cross section II comprises the southernmost
end of rooms #5 and #6 (Figure 6). This cross section
was considered because, since it is the nearest point to
the slope of the open pit, there was some concern about
how the rooms aﬀected the slope and vice versa. Figure 13
shows the FEM model geometry and materials. No limestone appears in this cross section.
Analysis of the FEM results (Figure 14) reveals the
following:
• The displacements are small, at a maximum of around
0.7 cm in the roof of room #5 and 0.6 cm in the upper
left corner of room #6. Deformation of the slope of the
open pit becomes evident but is only 0.4 cm at the
nearest point to room #6 (Figure 14a).
• The SF reaches a minimum value of 1.22 in the upper
left corner of room #6, where there is contact between
hard cayuela and ore (Figure 14b).
• The maximum compression stress occurs in the left
base corner of room #5, reaching a value of 13 MPa
(Figure 14c). Tension stress occurs in the remaining
rock mass between the slope and room #6, reaching a
value of −0.35 MPa.

Figure 13: Geometry and materials of southern cross section II of the SE zone rooms.
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• In applying the SRF, Phase2 points to a critical value
of 1.79, with the failure surface vertically connecting the
roof of room #6 with the slope of the open pit (Figure 14d).

4.1.5 Eﬀect of backﬁlling
As mentioned, the closure project indicates that rooms #5
and #6 will be backﬁlled. The same analyses as above
were performed for fully backﬁlled rooms #5 and #6.
The backﬁll was considered to be cohesionless granular
material (mining rock waste) with a density of 2 t/m3 and
a friction angle of 40°. Figure 15 and Table 5 depict the
SRF results for the four cross sections, indicating great
improvement after backﬁlling.

4.2 3D BEM results
Geomechanical 3D analysis allows the mechanical behaviour of the rooms as a whole to be considered, including
the galleries connecting the diﬀerent rooms. The objective

is to identify zones with stress concentrations or excessive
displacements that may act as a trigger for greater
instability.
The software used was Examine 3D [42], a BEM that
enables complex geometries to be analysed. In our
case, some simpliﬁcations were necessary. Thus, in situ
stresses were constants and K = 1, and only one material
was considered for roofs and pillars, although the model
was run for all the existing materials in the rock mass.
The resulting BEM is shown in Figure 16.

4.2.1 Strength factor results
The Examine 3D software presents results graphically, so
it is possible to visualize a perspective view with coloured
SF contours. In this form of output, instability is marked
by red and orange, while yellow, green and blue indicate
stability.
In Figure 17, which depicts the 3D BEM results for the
diﬀerent materials, it can be observed that some yielding
seems to occur in the galleries connecting the rooms, in

Figure 14: Finite element method results for southern cross section II of the SE zone rooms. (a) Total displacement. (b) Strength factor.
(c) Major principal stress. (d) Strength reduction factor.
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Figure 15: Strength reduction factor results after backﬁlling. (a) Northern cross section. (b) Central cross section. (c) Southern cross section I.
(d) Southern cross section II.

limestone and in hard cayuela (Figure 17c and d, respectively) but decreases as the geomechanical quality of the
material improves (ore and hard ore, Figure 17c and d,
respectively). The yielding zones are small, nonetheless,
so if a failure occurs, the surviving pillars will support the
remaining rock mass. A horizontal yielding zone also
occurs in the east wall of room #4 that, again, is small.
From the analysis, it can be concluded that no geomechanical problems in terms of stress are likely to compromise the general stability of the excavation.

4.2.2 Displacement analysis
The Examine 3D software can also estimate displacements
of the boundaries of the model. Figure 18 shows the displacement for the diﬀerent materials. Since the diﬀerent
materials have diﬀerent elasticities, colour coding is not

constant in all the graphics in Figure 18. Nevertheless, the
computed displacements do not exceed 2 cm, corroborating the obtained FEM results.

4.3 Previous empirical results
The closure project, developed in 2004, includes stability analyses of the SE zone in order to propose reinforcement measures if required. The stability analyses were
conducted using the Panek method [13], according to
which rock strength is modiﬁed depending on pillar
height, width and length in order to estimate the pillar
strength. Comparing pillar strength and tributary load
allows a factor of safety to be calculated for each pillar.
All SE zone pillars obtained factors of safety above 3
(mean 5.2). For the collapsed zone once backﬁlled, a mean
safety factor of 3.2 was obtained, for a minimum value of 2.9.

Table 5: Strength reduction factor before and after backﬁlling of rooms #5 and #6
Strength reduction factor

Northern cross section

Central cross section

Southern cross section I

Southern cross section II

Before backﬁlling
After backﬁlling

1.36
1.66

1.24
1.55

1.25
1.41

1.79
2.41
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5 Conclusions

Figure 16: 3D boundary element method model of the SE zone and
its rooms.

Note that the empirical methods seem to over-estimate factors of safety in comparison with the factors of
safety obtained using the numerical methods described
above. The explanation for this discrepancy seems to be
non-fulﬁlment of the requirement to apply pillar strength
empirical methods.

This stability study of the Bodovalle deposit was performed using data from previous reports, the closure project, in situ geological observations, topographical surveys and back analysis of a previous collapse, which
allowed the parameters used in the numerical models
to be ﬁne-tuned.
Because of the complexity of room geometry, the
diﬀering materials forming roofs and pillars and the
presence of a nearby open pit, the current in situ stress
is complex and causes asymmetry of the loads on the
pillars. For these reasons, it was considered more appropriate to use numerical methods rather than empirical
methods to estimate the loads on the pillars. The empirical
methods over-estimated safety by establishing the factor of
safety values that were more than double those calculated
by the numerical methods.
The maximum stresses computed by FEM and BEM
are around 15 MPa and −1 MPa for compression and tension, respectively. The combination of these stresses produces some very localized yielding zones, with safety
factors of around 1.1. Nevertheless, the load that these
yielding elements are unable to handle is supported by

Figure 17: 3D boundary element method strength factor results. (a) Limestone. (b) Hard cayuela. (c) Ore. (d) Hard ore.
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Figure 18: 3D boundary element method displacement results. (a) Limestone. (b) Hard cayuela. (c) Ore. (d) Hard ore.

the surrounding elements. The BEM analyses do not
reveal any important geomechanical problems that might
lead to global failure. The projected backﬁlling of rooms
#5 and #6 will improve the stability of the excavations. In
any case, the safety levels that can be deduced from the
low SF values should dissuade the implementation of
infrastructures or activities that could put people at risk.
Towards the end of a mine’s life, all its geomechanical circumstances (instabilities, rock types, weathering
grades, joint characteristics, etc.) are well known, making
it possible to develop detailed numerical models for
inclusion in a closure study that will guarantee the safety
of the mine. Also meriting attention is the importance of
taking into account the local deterioration of the rock.
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