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1. INTRODUCTION

The El Toro underground mine of the El Cairo Cements Co. is located in the Central Cordillera
of the Colombian Andes as shown in Figure 1. A marble body elongating NW-SE, which is
interbeded by strongly folded schistose rocks, is a target for mining.

The underground upper and lower access tunnels principally constitute mine with elevations
from 1,140 to 1,160 m’s’ and 1,063 to 1,115 m, respectively. Many chambers have been exca-
vated within the marble body. Each of the upper chambers is 90m long with section of 30m
height x14m width. The lower is 130m long with section of 65m height x22m width. The
thickness of each pillar between chambers is 6 to 10 meters, and a crown pillar between upper
and lower tunnels is attains to 15 meters.

Unstable events have occurred in chambers and access tunnels as excavation proceeds. For
example, block falling from roofs and walls, and extending of fracturing from boreholes can be
cited in there. Moreover, dissolute caverns were often noted in the marble body. Although,
these unstable events are various, however, distinct geometrical and mechanical similarities are
recognized among them. Probably, the occurrence of such events may be strongly related to the
complicated geological structures and anisotropic rock mass condition in and around the marble
body. Hence to understand such phenomena mechanically, structural characteristics in the
mining area and these phenomena have been studied. -
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Figure 1. Locadtion map of the study area.




2. GEOLOGICAL STRUCTURES IN AND AROUND THE ABEJORRAL MARBLE
BODY ‘

2.1. General geology and structures :

Schistose rocks consist of intercalation of green schist, black schist, quartz-muscovite schist and
quartz-sericite schists, and are widely distributed in the mining area. A marble body is interbe-
ded in these rocks. The origin of the schistose rocks and marble body is estimated to be early
Paleozoic in age (Nelson, 1962). However, metamorphic ages have been believed to be from
Devonian to early Cretaceous Period. A small granodioritic body called as Buey stock of Juras-
sic Period intrudes these rocks.

Distribution of marble and schistose rocks and their structural outline are shown in a geological
map (Fig. 2), vertical and horizontal sections on Figures 3 and 4.
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Figure 2. Geological outline around the “El Toro Mine”.

2.2. Folds and planar structures

Multiple tectonic processes were resulted in complicated geological structures in and around the
marble body. Remarkable planar structures with several types of folds are observed in mining
area. One of them is a large synform structure, whose axis is NNW-SSE (Figs. 3-4). Closely
related to this fold, planar structures S; of N16°W/42°W and N18°W/60°E are dominant in both
chambers and exposures. These structures are believed to be formed in response to regional
tectonometamorphism accompanied by green schist facies (graphite-chlorite-muscovite min-
eralogical assemblage) from Devonian to Triassic Period (Restrepo & Toussaint 1984).

In addition to S,, other two types of planar structures S, and S; are recognized, S, is
N18°W/70°E and almost coincides with the axial plane of the main fold of S; mentioned above.
Microscopic observations in thin sections show that S3 was developed as microcrenellation of S,
in black schists. S; is low angle, and is interpreted to have been developed in lower P-T condi-
tions indicated by the graphite-chlorite mineralogical assemblage zone of early Cretaceous
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Figure 3. Topographical and geological Figure 4. Horizontal section map inc-luding
profile of the El Toro Mine. drift tunnels at elevation 1140 m.

Period in comparison with the other two tectonometamorphic conditions (Garcia et al., 1991;
Roldén, 1993; Gil, 19964, b; Gil and Yokota, 1998).

2.3. Joints and Faults

-Besides, the above structures, many kind of joints and faults are also common on walls and
roofs of the chambers and outcrops in mountain slopes. Figures 5(a), (b) and (c) show dominant
direction of such discontinuities developed within marble and schistose rocks.

As shown in Figure 5(a), the dominant direction of joint planes within schistose rocks is
NNW-SSE with steeply dips, and they almost coincide with S, strike. As shown in Figure 5(b),
joint planes within the marble body are dominant in NNE-SSW, NNW-SSE with variable dips
eastward or westward and almost coincides with those of fault planes.

Faults observed in chambers are divided into 3 groups by direction; i.e. NNE-SSW, NNW-
SSE, and N-S with variable dips eastward and westward respectively (Figure 5(c)). Displace-
ments and relative movements are also recognized along some of them in chambers and expo-

sures.

The fault planes are slightly undulating and filled with rock fragments and soft clayey materi-
als, while joint planes are smooth and are almost not filled with particles. These faults and
joints were believed to have been formed along pre-existing planar structures mainly in the

Miocene.

lower hemisphere projection

Figure 5. Dominant directions of joints and faults planes obtained in and around Abejorral
" Marble Body. (a) joints in schistose rocks; n=97. (b)joints in marble body; n=396. (c) faults in
marble body; n=238. All diagrams are on lower hemisphere projections.



3. EXCAVATION OF CHAMBERS IN THE ABEJORRAL MARBLE BODY AND
UNSTABLE EVENTS..

Excavation of chambers has been gradually proceeded from the lower to upper levels. Unstable
phenomena such as block falling and spalling from pillar walls or roofs occurred in some cham-
bers and accesses tunnels as excavation proceeds. Some of unstable blocks are now partially
supported with rock bolts. Examples are as follows:

Some tension cracks generated at rim of old holes and extended radially and longitudinally
trough out of it at least two years after drill. The strike of generated cracks is almost N40°W
and vertical (Fig. 6 (2)).

Many naturally dissolute caverns elongating in NW-SE trend exist within the marble body.
One of the biggest is shown in Figure 6(b). It has 90m long and 35m width. Most of caverns
are recognized along NW-SE trending fault planes. Probably, underground water dissolute nar-
row portion along these fault planes, which had been formed as extensional fractures.

Moreover, a big window appeared within a pillar as excavation proceeds as shown in figure
6(c). This window may be a collapsed portion of fractured zone of NW-SE trend. Its volume
attains to 5x5x6 m’. Similar phenomena were recognized at least on the other four pillar walls.
Block falling is also occurred from walls and roofs.

All these phenomena are brittle, and no ductile deformation like swelling or squeezing on
walls and roofs have been noticed in the chambers.

a : b ‘ c
( ) El Torg Faujt '\ ( ) . ( )
N . \ 90° Schistose rocks
N
Drill holes
k
new crac Marble
y--- - Collapsed window
K . 0 10m
L gasem
B R 3
- Bore hole
4 N\ sem
o
0 Scm
Figure 6. Cracking phenomena in the chambers. 750 '
(a) crack development. (b) evolution of the natural dissolution cavern. (c) big window devel-
opment.

4. RELATIONS AMONG HETEROGEINITY OF ROCK MASS CONDITION AND
UNSTABLE EVENTS

Distinct geometrical characteristics are recognized among these unstable phenomena appeared
in chambers and access tunnels. They have a similarity that they occurred along NW-SE strike
discontinuities or planar structures with vertical dip, and some of them are closely related to
extensional fracturing. In other words, these phenomena have been occurred under the control
of anisotropic rock mass condition.

Recent geodetic and seismological research shows that the principal axis of compression is al-
most NW-SE trend in Central Cordillera (Pennington, 1981; Page, 1981; Sarria A, 1990; Hin-
capie et al., 1993; Gil et al., 1995; Mora & Kellog, 1996; Gil, 1996b). The tensile principal



Figure 7. Relationship among heterogeneous condition, deformation and cracking and tectonic
residual stress field.

stress follows NE-SW trend. The former almost coincides with the direction of cracks and the
latter is perpendicular to them. Therefore, these phenomena may be interpreted to have been
occurred within the anisotropy rock mass condition under residual tectonic stress field and its
perturbation is due to artificial excavation (Fig. 7).

5. CONCLUSIONS

Although geological structures in El Toro Mine are complicated, a fundamental structure can be
outlined as three-dimensional model, which are expressed by some vertical and horizontal sec-
tions.

(1) A marble body, one side of which is bounded by NW-SE trending remarkable fault system,
is elongated in NW-SE trend and dips southwestward steeply. Schistose planar structures
showing NW-SE to NNW-SSE trend form a large synform structure around the entrance of the
mine.

(2) Among some unstable phenomena, cracks propagated from rim of old boreholes most of
which have NW-SE trends and is concordant with dominant faults and joints. Therefore, they
may be tension cracks generated under heterogeneous rock mass condition and effect of pre-
existing faults in addition to NW-SE trending tectonic compression in this region.

(3) Considering that big windows appeared in pillars has NW-SE trend and is located in a re-
stricted zone adjacent to main fault, they may be closely related to fracture zones along the fault.
(4) Taking into account that natural caverns are developed along NW-SE trending fault and are
elongated NW-SE and links to ground surface, they are understood to have been formed by
ground water dissolution along faults and have spread out by fracturing due to same mechanism
of windows and tension cracks mentioned before.

(5) According to the geometrical relation between the direction of planar structures and direc-
tion of cracking, unstable phenomena are considered to have occurred along such weak planes,
which have been formed during multiple tectonic process in large residual tectonic stress and its
perturbation due to excavation.
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