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condition of the quarry, the large amounts of the overburden in the event of an expansion of the 
surface part of the quarry, and the increasing needs for natural stone as a raw material.

Marmor Sežana, which has been the leading stone-cutting company in the Karst region for 
over half a century, began its excavation of natural stone at the Lipica I quarry in 1960 and at the 
Lipica II quarry in 1986 (Fig. 2). In Lipica quarries excavates two types of natural stone, which 
were named by the Karst stone-cutters as “Lipica Unito” (homogenous stone) and “Lipica Fiorito” 
(rose stone) (Marmor Sezana, 2013). In terms of size, the Lipica II quarry ranks among the largest 
Slovenian natural stone quarries. For similar reasons to the case of the Hotavlje I quarry, in the 
Lipica II quarry also decided on a trial underground excavation of natural stone blocks in 2001 
and introduced it in 2002 (Lipica I, 2008 and Doline, 2009).

Fig. 2. The Lipica II (left-front) and Lipica I quarry (left-behind), “Lipica Unito” (right-up homogenous stone) 
and “Lipica Fiorito” (right-down rose stone)

In all quarries, the underground excavation of natural stone blocks is done using the modi-
fied room-and-pillar excavation method, which is adjusted to the characteristics of the sites with 
irregularly spaced safety pillars (Kortnik & Bajželj, 2005). Since in both cases the underground 
excavation is done at a relatively shallow depth from 20 to 40 m, the value of the primary vertical 
stress state is relatively low (< 1.0 MPa). This significantly increases the risk that wedge-shaped 
pieces or blocks may fall out of the ceiling in open underground spaces. When planning the 
underground excavation, special attention therefore had to be paid to the engineering-geological 
mapping, which was initially done for the external surfaces of the future area of the underground 
spaces (i.e., galleries, transverse roads and niches, and, after deepening, also the rooms) and the 
structure of the productive layer. On the basis of these data, the predominant dike systems, which 
are important for the stability and consequentially also the safety of the underground spaces, were 
determined. However, this issue will not be addressed in greater detail in the paper.
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2. The planning and design of high safety pillars

The strength of safety pillars has been studied for decades by many researchers. The majority 
of studies in the past were focused on the research of safety pillars in coal mines, but some were 
also applied to rocks. As a result of these studies, it was found that the strength of a safety pillar 
is proportional to the strength of the rock in which it is located, and inversely proportional to its 
thickness: the thinner the pillar, the smaller is its load-carrying capacity. Among the methods 
used for planning safety pillars, the following two groups predominate:

Analytical methods, which are based on the mathematical principles of the mechanical 
behaviour of rocks and are computationally less difficult to execute. However, in spite of the 
possibility of fostering a better understanding of the mechanics of safety pillars, these methods 
have not been widely used in practice. Their primary disadvantage lies in the use of certain pre-
scribed values (constants), which are difficult or almost impossible to determine in practical work.

Numerical methods, which use modern, numerical techniques and are computationally more 
demanding, are intended for modelling the loads on safety pillars and presenting changes in the 
rock’s stress and strain states. Furthermore, they enable the modelling of special conditions by 
taking into account the faults and dikes, as well as the inclusion and assessment of the effect of 
weakened areas on the overall stability. Nowadays, numerical models play a very important role 
in the planning of safety pillars for special conditions.

3.1. Analytical method for determining the largest span 
of open spaces (rooms) between safety pillars

Analytical investigations are usually based on a determination of the static equilibrium of the 
rock. In such analyses, the average stress state is first determined within the support elements (i.e., 
the safety pillars) and is then compared to the average value of the rock’s strength (see Fig. 3).

Fig. 3. Cross-section over a horizontally positioned productive layer of uniform thickness, 
which is excavated by forming long rooms with a width of Wr and intermediary pillars 

with a width of Wp (Brady & Brown, 1985)
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Based on the modelling results, it was concluded that: 
– A gallery-room with a width of up to 13 m is stable up to a width-to-height ratio of  r = 

0.28 if the geomechanical properties of compact limestone are used; if those of failed 
limestone are taken into account, then up to a width-to-height ratio of r = 0.48,

– A gallery-room with a width of 15 m is stable up to a width-to-height ratio of  r = 0.36 if 
the geomechanical properties of compact limestone are used; if those of failed limestone 
are taken into account, then up to a width-to-height ratio of r = 0.76,

– A gallery-room with a width of 20 m is stable up to a width-to-height ratio of  r = 1.78 
if the geomechanical properties of compact limestone are used; 

– The models showed that galleries-rooms with a width of 13 m, 15 m or 20 m can be 
deepened up to a width-to-height ratio of r = 0.28 by using support measures in the form 
of local anchoring of the lower half of gallery-room sides.

Galleries-rooms with a flat ceiling remain stable even if a factor of safety of Fs = 1.6 is used. 
The factor of safety is taken into account in the model so that the geomechanical properties of 
limestone are reduced by the corresponding percentage of the safety factor.

4. In-situ measurements

In-situ control measurements for the room-and-pillar mining method include measurements 
of the stress state (2D stressmeter) as well as the strains (EL-beam sensors, multipoint extensom-
eter, meter for determining the displacement of open dikes) within safety pillars and in ceilings 
of large, open, underground spaces. Only the results of in-situ control measurements done at the 
Lipica II quarry are shown below due to more intense excavation of natural stone blocks and the 
longer monitoring of these measurements.

To perform control measurements of the changes in the stress state of high safety pillars, a 2D 
stressmeter (VW (vibrating wire) biaxial stressmeter model 4350-1) manufactured by Geokon 
was used to monitor the main stresses in a single vertical plane perpendicular to the axis of the 
drill hole (Fig. 7). Measurements of the main stresses are enabled by three VW sensors, which 
are oriented at 60° angles within the probe. The stressmeter also has a sensor for temperature 
measurements. The stressmeter body is made of a steel cylinder with a maximum external di-
ameter of 57.1 mm (Kortnik, 2009).

TABLE 3

Technical characteristics of 2D stressmeter (Model 4350 BX)

Standard stressmeter range 70 MPa
Resolution1 14 do 70 kPa
Accuracy ±0.1% F.S.
Temperature range (253…353 K) –20°C to +80°C
Borehole diameter BX (60 mm)

1 Depends on rock modulus

For transferring data from the stressmeter, a memory unit (datalogger CR10 module, AVW1, 
SC32B) is used for the data capture, along with the appropriate software (the PC200W software 
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package). The data capture is done automatically, using the time interval set in the program 
(1 min, 60 min or 240 min).

The VW1 stressmeter used to monitor the changes in the primary stresses in the vertical 
plane perpendicular to the axis of the drill hole was installed in the SP02 safety pillar (22.10.2003; 
drill-hole L-14/03 at the depth 3.00 m) see Figure 11. The site of the stressmeter installation 
corresponds to the site of monitoring the primary stresses in the numerical model for the case 
of deepening of the gallery pairs. The results of the measurements of the stress state in the SP02 
safety pillar are shown in Table 4.

TABLE 4

Average measured values of the main stresses in the SP02 safety pillar

VW1 stressmeter
width-to-height ratio r

Temperature
[°C]

Sig_1
[MPa]

Sig_2
[MPa]

k
[/]

1.80 5.4/14.5 –2.60 –2.09 1.24
1.10 3.0/15.1 –3.03 –2.29 1.32
0.80 2.7/15.6 –3.62 –2.67 1.35

With deepening of the gallery/safety pillars (see Fig. 8) or reduction of the width-to-height 
ratio r, the ratio of the vertical to horizontal components of the primary stresses in the safety 
pillar is within the range of 1.24 to 1.35 (1.30).

The EL beam gauges (also tiltmeter) are used to measure vertical movements, declination 
or movements on dams, observation of the stability and convergences of banks areas, observa-
tion of the tunnels stability, observe of the structures around exploitations areas, etc. EL beam 
sensors monitor differential movement and rotation in structures. Two types of sensors are used 
– horizontal and vertical type. Horizontal beam sensors monitor settlement and heave. Vertical 
beam sensors monitor lateral displacement and deformation.

The beam sensor consists of an electrolytic tilt sensor attached to a rigid metal beam. The 
tilt sensor is a precision bubble-level that is sensed electrically as a resistance bridge. The bridge 
circuit outputs a voltage proportional to the tilt of the sensor. The beam, which is typically one to 
two meters long, is mounted on anchor bolts that are set into the structure. Movement of the struc-

Fig. 7. VW01 Biaxial Stressmeter and its position in the borehole
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ture changes the tilt of the beam and the output of the sensor. The voltage reading from the sensor 
is converted to a tilt reading in mm per meter. Displacements are then calculated by subtracting 
the initial tilt reading from the current reading and multiplying by the gauge length of the sensor 
(the distance between anchors). When sensors are linked end to end, displacement values can be 
accumulated from anchor to anchor to provide a profile of differential movements or settlement.

TABLE 5

Technical characteristics of EL beam gauge manufacturer Slope Indicator (Slope indicator, 2013)

Horizontal Vertical
Measurement range ± 40 arc min, (±11 mm/m)

Accuracy ± 0.1 mm/m
Operating temperature –20 to +50°C

Weight 210 g 890 g

From practical experience, the best indicators of developments are movements in pillar 
corners. Consequently, it was decided to monitor the developments on the safety pillar corner, 
where the sliding surfaces of the main crack are driving out.

In the time period October 2010/June 2012 absolute max. measured deviation was 
D1 = 0.9 mm and D2 = 1.1 mm (see Table 6), which does not threaten the stability of the heigh 
safety pillar VS3.

If open dikes appear in a safety pillar, relatively simple dike displacement meters are ad-
ditionally installed in order to monitor the sliding surfaces within the dikes (Fig. 10).

Fig. 8. Deepening (from 4.5 m (a) to 25,5 m (h)) of the heigh safety pillar SP02 
(cross-section area 72 m2) in Lipica II. quarry
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TABLE 6

Data of deviation measurement with EL beam 1 and EL beam 2

Date EL beam 1 – deviation [mm] Date EL beam 2 – deviation [mm]
15.11.2010 –0.09336 03.11.2010 –0.11903
19.12.2010 +0.31603 19.12.2010 +0.53867
27.08.2011 –0.48343 09.03.2011 +0.39831
21.12.2011 +0.30086 27.08.2011 –0.34415
05.02.2012 +0.41547 06.02.2012 +0.35279
18.06.2012 –0.42992 18.06.2012 –0.57776
D1max., min. –0.48343 +0.41547 D2max., min. –0.57776 +0.53867

D1 0.89890 mm D2 1.11643 mm

Fig. 9. Vertical EL beam gauge installation on the high safety pillar VS3 in Lipica II. quarry

Fig. 10. Visual (cement seal) and manual (three screw system) measurement of the displacements 
of open dikes within safety pillars
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A dike-displacement meter consists of three screws system installed along a dike and arranged 
in the form of a equilateral triangle (see Fig. 10). The measurements of dike displacements are 
done manually with an adjustable gauge, by measuring the changes in the distance between the 
screws. At the Lipica II quarry, three dike displacement meters are installed: one in the P2 to SP02 
line, one on the right-hand side of the G2 gallery and the third one on the right-hand side of the 
G1 gallery (see Fig. 11). Because of difficult access to the meters after the first deepening, the 
measurements of dike displacements were done periodically. The results of the measurements for 
the relative displacements of open dikes in safety pillars SP02 to SP04 did not show any active 
displacements of the sliding surfaces in the pillars.

Fig. 11. Plain view of the Lipica II underground quarry (VW1 – vibrating wire stressmeter, 
safety pillars SP01 to SP04)
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5. Conclusions

In the planning of an underground excavation of natural stone blocks using the room-and-
pillar excavation method, special attention needs to be paid to the determination of the appropriate 
dimensions (width and height) of large, open, underground spaces (rooms) and high safety pillars, 
as well as the installation of appropriate systems for continual monitoring and identification of 
the instability phenomena in their ceilings. Due to the large heights (even in excess of 20 m) of 
such open, underground spaces, deepening of the plane renders access to the ceiling for any repair 
work or the installation of additional supports more difficult or even impossible.

The results of analytical calculations and numerical modelling showed that in the case 
when the geomechanical properties of the compact limestone were taken, a gallery-room with 
a width of up to 13 m is stable up to a width-to-height ratio of r = 0.28 without having to em-
ploy any additional support measures. If the geomechanical properties of failed limestone were 
used, then such a gallery-room is stable up to a width-to-height ratio of r = 0.48. On the basis of 
the modelling results, the width of the portal portion of the pillar was also estimated (along the 
cross-section that is perpendicular to the surface levels), which had to be greater than 13 m. The 
results of in-situ measurements of the stress state at the Lipica II quarry in the SP02 safety pillar 
have confirmed the results of the numerical modelling. The measurements of the dike displace-
ments also do not indicate any displacements of the sliding surfaces in the area of open dikes in 
the safety pillars SP02 to SP04.

In order to maintain a stable underground structure and the provision of safety and health 
at work, high safety pillars as in the case of Lipica II quarry, should be constantly monitored. 
Even small changes in strain-stress state in the vicinity of underground structures can mean 
a potential risk of the wedge failure, if it is not stabilized properly with anchors. In-situ control 
measurements (2D stressmeter, EL-beam sensors, multipoint extensometer, meter for determin-
ing the displacement of open dikes) have so far proved to be a reliable tool for high safety pillar 
stability monitoring.

For the time being, no methodology is available for dimensioning high safety rock pillars 
with a low width-to-height ratio for underground quarries of natural and technical stone. The 
experience and results of measurements currently obtained in both Slovenian quarries that em-
ploy the underground excavation of natural stone will be beneficially used in the development 
of a new methodology for the implementation of this underground excavation method in other 
natural stone quarries that are suitable for its use. The pillar-design guidelines developed throught, 
the observational, analytical and numerical simulations discussed above will require further field 
confirmation. This approach can help to form a part of the comprehensive pro-active mine safety 
ground-control plan for underground natural stone mines.
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