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ABSTRACT 

The acquisition of structural data for purposes of geometrical modelling of rock masses in 
underground works entails inherent difficulties given the density of structural data required, spatial 
limitations of mine workings, the safety standards compliance, and operational requirements that 
reduce the exposure time of bare rock in headings before the implementation of fortification. This 
work presents a methodology for the development of Discrete Fracture Network (DFN) models with 
a focus on underground mining usage. As an alternative to field mapping, virtual mapping methods 
of Digital Terrain Models (DTM) generated with photogrammetric techniques were applied. The 
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stage involves the processing of sampled data, identifying joint’s data sets, discontinuity density (P10) 
and finally, discontinuity’s trace length distribution applying the concept of fracture’s fractal 
"
������������finally, the fourth stage consider the construction of DFN models and their calibration 
with respect to the previously defined structural parameters, this stage is carried out using WSP-
Golder’s FracManTM commercial software. Also, an adjustment factor to incorporate borehole data is 
proposed. The methodology is applied to the Block Caving project Chuquicamata Underground Mine 
in Chile. The results show the influence of fractures persistence and scale effect on the fragmentation.

1 INTRODUCTION 

Chuquicamata Underground Mine is a copper-
molybdenum Mine located in the Codelco Norte 
Division in Calama, north of Chile, its extraction 
began in 2019 as a block caving project. One of 
the most important factors in a caving process 
corresponds to rock mass fragmentation because 
a good prediction about fragmentation entails to 
better rock mass characterization, subsidence, 
and hang up prediction analysis, which in turn 
will contribute to determining design factors, 
preconditioning and the operation (Ortiz, 2018).  

Discrete Fracture Networks model (DFN) is a 
specific modelling methodology that tries to 
describe and replicate the fractures of a rock 
mass through the simulation of discrete 

discontinuities whose geometrical properties, 
such as, orientation, frequency, and persistence 
are defined by probability density functions 
(PDF) based on field mapping or core logging. 
In that way, a good DFN model could be used to 
estimate the degree of rock mass fracturing 
(Rogers et al, �#�#��$���%&��#�9� Guajardo et al, 
2022), evaluate the probability of unstable 
blocks (Rogers et al.&��##'��(��
���
����.&��#�'��
Divasto, 2018), characterize the rock mass 
(Elmo et al., 2014), model hydrogeological 
flows (Rogers et al., 2009), define and evaluate 
mining design (Hekmatnejad et al.&� �#����
Kuppusamy, 2022), among others. Nevertheless, 
the construction of a DFN requires that the input 
data fulfill some minimal requirements of 
quality and quantity information to define the 
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geometrical variables with the support the 
statistics. 

In the Chuquicamata Underground mine, the 
acquisition of structural information from field 
mapping of drifts entails some difficulties which 
are associated with limited exposure time of bare 
rock in headings before the implementation of 
fortification, safety standards that restrict 
exposure of people in unfortified areas and scale 
limitations which imply sampling biases. 

Because of the limitations stated above, this 
work proposes a DFN construction methodology 
that focuses on the sampling and analysis of 
discontinuity data derived from 
photogrammetric models, which are generated 
routinary as a backup of the rock mass 
characterization. This methodology is proposed 
as a complementary work activity to in situ 
mapping in underground mines. 

Moreover, we seek to apply this methodology to 
estimate the granulometric curves of In Situ 
Fragmentation by adding core logging 
information near the area of interest. 
Additionally, we try to evaluate the approach 
proposed by Cai et al. (2004) about the effect of 
fracture lengths and rock bridges on 
fragmentation at different observation scales. 

In this work joint, fracture, and discontinuity are 
used with the same interchangeably. 

2 GEOLOGICAL SETTING 

Chuquicamata Underground is situated in the 
Precordillera of the Atacama Desert, west of the 
modern volcanic arc of the Andean Range. It is 
a copper-molybdenum porphyry deposit related 
to intrusive magmatism of the Eocene – 
Oligocene age (Maksaev et al., 1988, Maksaev, 
1990 in Siña et al., 2005). This mega deposit is 
part of the metallogenic province from Upper 
Eocene – Lower Oligocene, which is aligned 
with the Domeyko Fault System from Quebrada 
Blanca – Collahuasi to Potrerillo – El Salvador 
(Siña et al., 2005). 

The ore body of Chuquicamata is elongated in 
the NNE-SSW direction, with 4 km in length and 
300 m to 900 m in width, being narrower 
southwards. The predominant geological unit is 

the Chuquicamata Intrusive Complex which 
occurs as a mega subvertical dyke and is limited 
on its western side by the West Fault, and 
eastward by the Mesabi Fault or East 
Deformation Zone. The Complex is divided into 
three main intrusive bodies, Pórfido Este, 
Pórfido Blanco, and Pórfido Oeste whose 
compositions range from granodiorite to quartz 
monzodiorite rock types. The Pórfido Este 
contains most of the metallic mineralization with 
economic benefits, with the greatest grades 
hosted in zones of structural weakness 
(Espinoza, 2018). 

Regarding hydrothermal alteration, the 
Chuquicamata Complex consists of a huge 
volume of background potassic alteration with 
more intense zones, which are overprinted by a 
younger phyllic alteration of pyrite-sericite 
(Rivera et al., 2012). It has been proven that the 
injection of copper into the hydrothermal system 
has been due to early mineralization events, but 
the highest hypogene grades occur in zones with 
late quartz-sericite alteration which in turn 
obliterate the early alteration associations 
(Codelco Norte, 2009). 

Concerning Structural Domains, Chuquicamata 
Underground is mainly placed in the Americana 
Domain. This domain is characterized by being 
flanked on its western side by the West Fault and 
on its eastern side by the Americana Fault. In 
turn, the Americana Domain is subdivided into 
three sub-domains denoted as: Americana 
North, Central, and South, respectively, which 
are defined by trend breaks of Barton’s NGI-Q 
parameter (Barton et al., 1974) value 
distributions (Codelco Norte, 2009). 

The concept of Basic Geotechnical Unis (UGTB 
initials in Spanish) has been developed for the 
geotechnical characterization of Chuquicamata 
Mine. It consists of relatively homogeneous 
bodies of rock mass that result from the 
superimposition of Alteration Geological Units 
onto the Lithological Units, restricted to the 
mineralization zone. Thirteen UGTBs has been 
identified, of which the main ones are Roca 
Cuarzo Sericita (RQS), Pórfido Este Sericítico 
(PES), and Pórfido Este Potásico (PEK). 
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Furthermore, Table 10 shows the inverse value 
of �����t) of every single angle to have a better 
perspective of the Terzaghi Correction.  

Table 9 Angle between Sets and boreholes 

Structural Set 

Jt Set – Borehole (°) 
C

H
D

D
 

10
25

0 

C
H

D
D

 
10

24
1 

C
H

D
D

 
10

24
9 

C
H

D
D

 
86

23
 

Set 1 29 55 20 21 

Set 2 87 55 2 5 

Set 3 37 6 15 26 

Set 4 4 20 76 55 

Table 10 Original Terzaghi Factor 

Structural 
Set 

Original Terzaghi Factor 

C
H

D
D

 
10

25
0 

C
H

D
D

 
10

24
1 

C
H

D
D

 
10

24
9 

C
H

D
D

 
86

23
 

Set 1 2.1 1.2 3.0 2.8 

Set 2 1.0 1.2 23.4 10.9 

Set 3 1.7 9.5 3.9 2.3 

Set 4 13.5 2.9 1.0 1.2 

Table 11 Theoretical FF’ Estimation 

Structural 
Set 

Theoretical FF’ estimation 
(1/m) 

C
H

D
D

 
10

25
0 

C
H

D
D

 
10

24
1 

C
H

D
D

 
10

24
9 

C
H

D
D

 
86

23
 

Set 1 2.0 3.4 1.4 1.5 

Set 2 1.5 1.2 0.1 0.1 

Set 3 0.8 0.1 0.3 0.6 

Set 4 0.1 0.5 1.5 1.2 

When applying Equation 4 is possible to deduce 
the apparent fracture frequency (FF’) of each 
joint set to every borehole orientation (see Table 

11). This is a necessary step to understand the 
expected relative percentage of the different sets 
in each evaluation trend. 

Terzaghi (1965), indicates that there isn’t an 
adequate correction to low values of � because, 
in a rock mass the number of fracture 
intersections is significantly affected by local 
variability of discontinuity in terms of spacing 
and fracture length. Likewise, the variability of 
discontinuity sets orientation also has an impact 
on the quantity of intersections. 

Table 12  Simulated FF’ Estimation 

Structural Set 

Simulated FF’ Estimation (1/m) 

C
H

D
D

 
10

25
0 

C
H

D
D

 
10

24
1 

C
H

D
D

 
10

24
9 

C
H

D
D

 
86

23
 

Set 1 2.0 3.5 1.8 2.0 

Set 2 1.3 1.3 0.5 0.6 

Set 3 0.8 0.4 0.6 0.7 

Set 4 0.7 0.7 1.4 1.1 

Table 13 Simulated Terzagui Factor 

Structural 
Set 

Simulated Terzagui Factor 

C
H

D
D

 
10

25
0 

C
H

D
D

 
10

24
1 

C
H

D
D

 
10

24
9 

C
H

D
D

 
86

23
 

Set 1 2.0 1.2 2.3 2.1 

Set 2 1.2 1.2 3.2 2.6 

Set 3 1.6 3.0 2.3 1.9 

Set 4 2.0 2.1 1.1 1.3 

To overcome this situation, an empirical solution 
was necessary making use of DFN models. A 
DFN of every discontinuity set was simulated in 
a standard box of 40 m sides. Additionally, 
cylinders were created of about 20 m length to 
recreate the boreholes near the study area. 
Subsequently, the apparent fracture frequency 
was measured for every set in each borehole, 
resulting in Table 12. Then, applying Equation 4 
to these results, it is possible to get a Simulated 
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A more detailed review of the results can be 
found in Table 17 and Table 18, where the P80 
passing of each granulometric curve generated 
for all ranges of P32 is indicated in the 
Discontinuous and Continuous Models, 
respectively. With respect to these results, it is 
indicated that there is a trend of increase in the 
P80 value as the P32 decreases, while, for the 
same volumetric intensity the scale effect shows 
slight variability evidence of P80, excepting the 
evaluations of 9, 11, and 13 P32 values. 

Nevertheless, the magnitudes of the calculated 
results in Table 17 are higher than those 
observed for the Continuous Model (Table 18). 
These results are explained by the presence of 
rock bridges, which result in a decrease of the 
fracture intensity. This leads to mega blocks 
forming and, therefore, the larger the 
observation scale, the bigger the mega blocks 
formed. While the Continuous Model is just 
controlled by the fracture spacing (intensity) and 
the orientation of sets. 

Consequently, the magnitude and influence of 
rock bridges on the fragmentation, as well as the 
observation scale, are significant.  

5 CONCLUSION AND 
RECOMENDATIONS 

The proposed methodology in this work allows 
the establishment of a strategy for mapping, 
analysis, and calibration of DFN models, based 
on high-resolution digital mapping in 
underground mining combined with core 
logging as input data. It is recommended to 
replicate this method in other sectors of interest 
in Chuquicamata Underground Mine to amplify 
the database, identify the structural systems, and 
differentiate clusters of intensity and orientation 
by UGTB models and Structural Domain. 

The Terzaghi Adjustment Factor (TAF), allowed 
to integrate and compare the core logging data 
with the DTM mapping. This factor combines 
the need to adjust theoretical geotechnical 
estimations to the rock mass variability. The 
authors recommend continuing with the analysis 
of this factor by applying different dispersion 
levels to the fracture sets orientation, including 
more trends of P10 evaluation, and applying 

different criteria of DFN modelling, such that 
could be differentiated the influence of the 
variables in the calibration of TAF. 

Additionally, the results were coherent with the 
expected assumption about the influence of 
fractures persistence on the fragmentation. 
However, the observation scale effect in models 
with a constant intensity is not defined with 
clarity.  

Unfortunately, it was not possible to define a 
more specific correlation between the included 
variables and the results since this was not 
included in the scope of the initial study. 
Nevertheless, new hypotheses and challenges 
are raised for future research. So, a continuation 
of these studies is recommended, to determine 
the correlations between the persistence, the 
observation scale, the connection in fracture 
networks, and the presence of rock bridges with 
the rock mass fragmentation. It is also proposed 
to estimate through laboratory test the shear and 
tensile strength of the main block-forming 
fractures, as well as the integration of geological 
rock blocks mapping in draw points to 
understand the process of rock mass 
disassembling. 

Integrating this analysis with numerical models 
could lead to a better understanding of the 
propagation and connection between joint 
systems with the fragmentation under dynamic 
conditions of caving. 
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