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Abstract

Hydraulic Fracturing (HF) in cave mining is commonly used in competent rock under high stresses and 
seismic conditions, to manage risks associated with induced seismicity and cave propagation. The HF 
process is done using up holes drilled from the undercut level (e.g. El Teniente - Codelco) or down holes 
from an upper level (e.g. Newcrest mining). Discrete fractures assumed to be in the order of 20 to 40 m 
in diameter are then created every 1.5 m or 2.5 m along the drill holes, using water at higher pressures. In 
comparison, other industry experience such as Petroleum, HF is based on similar principles in terms of the 
drill hole alignment with the principal stresses and the use of water at high pressures, but more efficient 
during the process of the creation of the network of fractures. The network of fractures thus created 
covers a volume rather than discrete fractures and could be as long as 100 m. Currently, petroleum HF 
process is carried out from the surface down to 3,000 m in depth. Also, the use of additional materials 
such as “sand” to improve the propagation of fractures is another example of Petroleum practices that 
can be used in Cave Mining. Another point of discussion relies on the current practices in Cave mining, in 
which, stress anisotropy is not considered to address important topics such as efficiency of the HF process 
and spatial distribution of the HF holes, for a better coverage of the rock mass. Hydraulic Fracturing 
is increasingly becoming an essential enabling tool in deep hard rock cave mining, and some of the 
current HF practices used in the Petroleum industry offer an opportunity to improve the cave mining HF 
processes. This paper proposes the use of known rock mechanics principles for the cave mining industry 
to adopt practices used in the Petroleum to achieve the intended outcomes from HF as currently used in 
cave mining.

1 Introduction

Pre-conditioning is the process to induce in situ fractures into a rock mass, with the purpose to modify its 
geomechanical properties and potentially enable a higher cave performance. Pre-conditioning has been 
applied using drillholes to inject water (or viscous fluids) at high pressure to produces the fracturing. Most 
elements used to fracture rock are explosives and water injection, and more recently, liquid natural gas. 
The pre-conditioning in cave mining has been shaping the caving mining method along the years (see 
Figure 1).

The history of cave mining shows different types of application of pre-conditioning, using confined 
blasting, hydraulic fracturing or a combination of both. The first case of application in cave mining was 
Northparkes, in which hydraulic fracturing was used for enhanced cave propagation and the application 
of blasting preconditioning to enhance slot performance (Figure 2).

El Teniente mine has widely applied hydraulic fracturing for preconditioning for over 15 years, currently 
being an integral part of their mining method (Brzovic & Gonzalez 2019). Currently, hydraulic fracturing is 
applied to create flat fractures every 1.5 m from the undercut upwards to the rock mass, and downwards 
to the production level, jointly with a conventional undercutting (Figure 3).
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Figure 1 Evolution of exploitation mining method at El Teniente mine until current application of pre-
conditioning (Pardo & Rojas 2016)

Newcrest developed the concept of intensive pre-conditioning based on the use of hydraulic fracturing 
from an upper level (above the undercut level), to then apply confined blastings along lower drillholes 
from the undercut level. This application allowed increasing the in situ fracturing with the combination 
of the two techniques (Figure 4).

Regardless the specific application, pre-conditioning has been developed over the application of 
hydraulic fracturing techniques. In this regards, Petroleum industry has developed different applications 
of hydraulic fracturing using not only water but also viscous fluids in conjunction with proppants like 
sand. Nevertheless, the Petroleum’s business objective is the increasing of in situ permeability, with the 
purpose of connecting the wellbores and the resource (oil). In this regards, there are two general types 
of application: vertical wellbores stimulation and hydrofracturing of shale unconventional reservoirs. 
Vertical wellbores stimulation application is used in conventional Petroleum operation, in which hydraulic 
fracturing generates axial fractures, to improve connectivity along the hole. On the contrary, hydraulic 
fracturing is used in unconventional shales reservoirs (and natural gas) to generate multiple fractures 
perpendicular to horizontal wellbores, to increase the permeability and connection with the resource (see 
Figure 5).
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Figure 2 Pre-conditioning implemented in Lift 2 North extension (L2NE) block cave based on hydraulic fractur-
ing and blasting along slot margin in Northparkes mine, Rio Tinto (Talu et al. 2010)

Figure 3 Scheme of Conventional Panel Caving with hydraulic fracturing at El Teniente mine, Codelco (Rojas 
2018)

Figure 4 Intensive pre-conditioning (combination of hydraulic fracturing and confined blasting) in Cadia East 
mine proposed for PC1 and PC2 cave blocks, Newcrest Mining (Catalan et al. 2017)



MassMin2020

278

Figure 5 Multistage hydraulic fracturing applied to horizontal wellbores in Haynesville Shale, BHP Billiton 
(Bayer et al. 2016)

It is evident that mining followed petroleum application of the hydraulic fracturing concepts, but not 
taking advantage of those to adapt the process to be more efficient and effective in the context of 
cave mining. Table 1 shows a summary of the applications in cave mining and petroleum but also the 
objective related to each extraction method. While petroleum engineering application focus on increase 
permeability, cave mining has exhibited evidence of: better seismic response (Johnson & Martinsson 
2018), better cave propagation (Sainsbury et al. 2018) and better fragmentation size (Brzovic & Gonzalez 
2019).

Table 1 Summary of pre-conditioning application in cave mining and petroleum

Industry Extraction method objectives Pre-conditioning application
Cave mining Better seismic response Confined blasting, Hydraulic 

fracturing, Intensive pre-
conditioning

Better cave initiation/propagation

Reduce fragmentation size

Petroleum Increase reservoir permeability for enhanced oil 
recovery

Hydraulic fracturing (water/
oil and proppants)

2 Opportunities to optimise a hydraulic fracturing design

The application in petroleum engineering and the understanding of the mechanical process of hydraulic 
fracturing, is key to identifying opportunities for a successful implementation in cave mining. In this 
regard, application aspects of using water, other type of fluids and proppants, provide a broader range of 
combination and designs, to produce different effects of fracturing. Additionally, there are other aspects 
such as geotechnical environment, fracture re-orientation and stress shadow, which potentially affect the 
performance of the process in the context of current application in cave mining.

This work presents the key aspects to be considered for a hydraulic fracturing process in cave mining and 
petroleum engineering, and what the opportunities are to improve cave performance.

2.1 Key aspects on hydraulic fracturing in cave mining and petroleum

The result and type of in situ fracturing depends on several aspects, that must be described but also 
understood in terms of the impact in a hydraulic fracturing implementation in both cave mining and 
petroleum engineering. For each aspect can be seen a positive or negative impact on performance, which 
is related to the extraction method and specific implementation.
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2.1.1 Geotechnical environment

In terms of the geotechnical environment, stress regime is one the key elements that address fracture 
propagation in the far field. The fractures are produced by injecting a fluid, usually water, into a drillhole 
to initiate the fracturing. Independently of how the fracture was initiated, eventually it will propagate 
aligned with the major principal stresses (Deeg 1998). In the case of shale reservoirs, the major principal 
stress (σ1) is usually vertically oriented, and minor/intermediate principal stresses (σ3 and σ2 respectively) 
are constrained, based on hydraulic fracture tests. Then, hydraulic fractures tend to be vertically, 
independently the wellbore orientation (see Figure 6).

Figure 6 Longitudinal and transverse hydraulic fracture in deviated wellbores (Yew & Weng 2015)

In comparison, Figure 7 shows that σ1 is usually horizontal in most of cave mines in which a pre-
conditioning technique has been applied (Hormazabal et al. 2010; Catalan & Suarez 2010; Windsor et al. 
2006; Jeffrey et al. 2010). This means that hydraulic fractures tend to propagate horizontally.

Figure 7 In Situ Stress regime in cave mines with application of hydraulic fracturing, compared to a Haynesville 
shales reservoir. Cases of El Teniente, Cadia East, Northparkes and Chuquicamata (Hormazabal et al. 
2010; Catalan & Suarez 2010; Windsor et al. 2006; Jeffrey et al. 2010)

In terms of strength parameters such UCS, it is also possible to see differences between Petroleum 
(sedimentary deposits) and cave mining (porphyry copper deposits). A representative rock strength from 
Texas Gulf Coast, hosting many petroleum reservoirs applying hydraulic fracturing, shows a UCS range 
of 22 MPa to 85 MPa (Zham & Enderlin 2010). In comparison, most porphyry copper deposits hosted 
in primary rock shows a range of 89 MPa to 144 MPa (Hormazabal et al. 2010; Catalan & Suarez 2010; 
Windsor et al. 2006; Jeffrey et al. 2010).
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In Situ stress field and rock strength impact the performance of hydraulic fracturing, in terms of 
requirements for breakdown pressure (Pb) needed to initiate fracturing. Table 2 shows a summary of 
breakdown pressures for cave mines and a case of shale reservoir, using empirical information, poroelastic 
assumption (Detournay & Cheng 1993) and elastic assumption (Jaeger et al. 1976). Based on field studies, 
a high pore pressure value is considered for Haynesville, and a poroelastic parameter (⅓) typical for 
sandstones (Bayer et al. 2016). 

Given that poroelastic parameter ranges between 0.0 and 0.5, cave mines forced to use the maximum 
value in the upper part of this range to approach the field result. Based on this, an elastic estimation 
is recommended for cave mining, which it was useful to estimate the expected breakdown pressure 
for deeper areas of El Teniente, as part of this exercise. In addition, in situ high stress field (Windsor 
et al. 2006) in deeper areas of El Teniente, is comparable with Haynesville shale reservoir In Situ stress 
field. Regardless breakdown pressure for El Teniente is higher (more than 2 times) than Haynesville, 
mainly explained because of pore pressure conditions and poroelastic behaviour. This result is potentially 
important to understand how geotechnical environment can affect the implementation and performance 
of a hydraulic fracturing process in cave mining.

Table 2 Summary of geotechnical environment in pre-conditioning application in cave mining and petroleum 
(Hormazabal et al. 2010; Catalan & Suarez 2010; Jarufe & Vasquez 2008; Jeffrey et al. 2010; Zhang & 
Yin 2017)

Cave Mining Shale 
reservoir

Parameter Symbol Unit Cadia 
East
PC1

Northparkes
L2NE

El Teniente
Reservas 

Norte-Dacita

El Teniente
New Mine 

Level

Haynesville

Depth (meters below the 
surface)

H m 780 835 600 -1,000 1,700 3,400

Major principal stress σ1 MPa 41 41 41(*) 52(*) 85

Intermediate principal stress σ2 MPa 24 20 31(*) 41(*) 59

Minor principal stress σ3 MPa 20 12 22(*) 30(*) 59

Stress ratio σ1 / σ3 2.05 3.42 1.86 1.73 1.44

Pore pressure Pp MPa 0 0 0 0 61

Tensile strength T MPa 9 7 12 14 7

Poroelastic parameter Η 0.5 0.5 0.5 0.5 0.23

Breakdown 
pressure

Field result Pb MPa 43 35 33 N/A 48

Poroelastic 
estimation(**)

Pb MPa 40 26 64 85 46

Elastic 
estimation (**)

Pb MPa 40 26 64 85 38

(*) Pre-mining in situ stress (Jarufe & Vasquez 2008)

(**) Breakdown pressure estimations based on poroelastic and elastic formulations (Detournay & Cheng 1993; Jaeger et al. 1976)

2.1.2 Fluids and proppants

The use of fracturing fluids and proppants is another aspect that can affect the hydraulic fracturing 
performance. In this regards, the most common fluid used in cave mining and petroleum is water, which 
provides an easier handling and application during the injection at high pressure into the drillhole or 
wellbore. In addition, viscous fluids like gel, are also used to obtain some positive impacts related to 
reduce leak off because of its ability to sustain fracture propagation with time, which is particularly useful 
in the presence of faults or major pre-existing structures or natural fractures (see Figure 8). The use of 
viscous fluids is also useful to generate more extended but flat hydraulic fractures (Ishida et al. 2004).
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Figure 8 Impact of using viscous fluids in hydraulic fracturing. Laboratory experiment using a cube of 19 cm × 
19 cm × 19 cm, horizontally loaded Px = 3 Mpa and Py = 6 MPa. Results of axial pressure Pz versus time 
for a) Water injection and b) oil injection (Ishida et al. 2004)

In addition, proppants are commonly found in petroleum applications to enhance hydraulic fracturing 
performance. Sand is the most common proppant, and its application is to be able to keep the hydraulic 
fractures open, thereby preserving the effect of increasing permeability, which is an important outcome 
in the context of production (see Figure 9). Regardless it is not evident the positive impact of using 
proppants in cave mining, it is possible to explore additional effects of keeping fractures open, in terms 
of cave performance.

Figure 9 Effect of sand in hydraulic fractures (Dusseault 2011)

2.1.3 Fracture re-orientation

Another important aspect is related to the re-orientation of hydraulic fractures, which depends on 
several conditions. The most evident is the orientation of the drillhole in relation to the in situ principal 
stresses, given the fractures tend to propagate aligned with the major principal stress (Brumley & Abbas 
1996).
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Fracture re-orientation can be produced using perforations (casing) or drillhole notchs (open hole), which 
effectively prescribe the initial fracture orientation, which effect is propagated until a distance equivalent 
to 1 times drillhole diameter (Behrmann 1991). This effect was used by He et al. (2016b) to propose the 
concept of ‘prescribed hydraulic fractures’, which are fractures oriented in a different direction than the 
major principal stresses, creating a network of discontinuities that in principle would be beneficial for 
cave propagation. This conceptual design assumes the previous allocation of flat fractures aligned with 
the principal major stress, and then an oblique borehole to create additional reoriented fractures (see 
Figure 10). In theory, hydraulic fractures from the oblique borehole should align with the local stress 
regime created by the pre-located fractures above and below (stress shadow effect). Regardless the 
implementation of this specific proposal can be costly in terms of numbers of boreholes, it provides some 
interesting fundamental concepts based on fractures re-orientation.

Figure 10  Concept of prescribe hydraulic fractures (He et al. 2016b)

 2.1.4 Stress shadow effect

Stress shadow is being extensively studied in the petroleum industry over the time (Sneddon 1945), given 
its impact in the hydraulic fracturing performance. In the case of Petroleum stress shadow effect can be 
negative, producing a less effective impact on permeability enhancement (Bayer et al. 2016).

Stress shadow is the increasing of local stress field due to fluid net pressure, following fracture propagation. 
Perpendicular to the fracture tensions increase more and potentially can rotate the local stress field. 
Figure 11 shows an example of induced stress around a hydraulic fracture, using the elasticity solution 
by Sneddon & Elliot (1946) in two-dimensions under a plane strain condition, as function of normalised 
distance at different positions along the fracture extension. This result shows that perpendicular and closer 
to the fracture; the induced stress effect is maximum, and from a normalised distance of 0.5, equivalent 
to 50% of the radius of fracture propagation, stress shadow effect is still 90% of the maximum value of 
induce stress.

Empirical results of Pilar Norte and Reservas Norte mining areas of El Teniente, show a range of fracture 
propagation between 17 and 30 m, in a Dacite rock type with UCS of 151 MPa and very competent 
rockmass of GSI 75-90 (see Figure 12). Given these empirical results and elastic results of Figure 10, it is 
possible to argue that a stress shadow effect is still high in a range of 8-15 m of fracture propagation.

This induced stress effect has important impacts that can be better understood when fractures 
interact between them. Figure 13 shows a numerical simulation to estimate propagation paths of two 
parallel fractures under isotropic (hydrostatic) and anisotropic in situ stress field. As it can be seen, 
fracturepropagation path is curved due to the stress shadow effect, because of the rotation of the local 
stress field. Because of this result, it is expected to have a networking fracturing in the neighbourhood of 
the drillholes and a flat fracturing far away (see Figure 14 and 15).
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Figure 11 Elastic estimation of the stress shadow effect as the increasing of local stress near the fracture (Yew 
& Weng 2015)

Figure 12  Empirical results of hydraulic fracture propagation versus time in mine areas of Pilar Norte and 
Reservas Norte, El Teniente mine.  (modified from Rojas & Balboa 2017)

Figure 13 Numerical simulation of the stress shadow effect under isotropic and anisotropic In Situ stress field 
(Yew & Weng 2015)
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Figure 14 Simulation of a multistage hydraulic fracturing showing network fracturing near the hole, and flatter 
fracturing far away due to stress shadow effect (Yew & Weng 2015)

Figure 15 Experimental hydraulic fracturing results for a block with a fracture spacing of 15 mm, vertical of 0 
MPa, and horizontal loads of 6.38 MPa (Bunger et al. 2011)

2.2 Opportunities to improve a hydraulic fracturing design in cave mining

Given the successful application of hydraulic fracturing in petroleum, a first option of improvement is to 
just implement the same approach based on drillholes from the surface to inject high pressure water to 
cover the rockmass volume. This implementation also includes cased holes and perforations to inject the 
water at different levels, and higher pumping rates of 10 times than used in cave mining. Eventually, the 
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water can be mixed with proppants (sand) to keep fractures open and increase the fracture extension. 
The expected result can deliver exactly what Petroleumachieves, but it is important to check how this is 
aligned with the target looked for in cave mining.

Petroleum industry looks for to increase in situ permeability as main objective for using fracturing, which 
brings downgrading of the rockmass because of additional fractures. Hydraulic fracturing was applied in 
cave mining to downgrade the rockmass but looking for a different effect in terms of seismic response, 
cave propagation or fragmentation (see table 1). Regardless, current practice in mining shows that 
optimisation process is carried out following exactly in the same way as it is in Petroleum, in terms of 
fracturing spacing to avoid stress shadow effects (Belyadi et al. 2019) to maximise the extension of ideal 
flat fractures (see Figure 16a). Petroleum implementation intent to minimise the stress shadow effect 
because of the negative impact in creating more fractures along the wellbore, to get connectivity with 
the resource (oil). This is an important point, because in cave mining it is more important the creation of 
a network of fractures into the rockmass, in which stress shadow effect can play a role.

Regardless the fundamental knowledge is the same, the optimisation process for a hydraulic fracturing 
application in cave mining should not follow the same criteria as used for Petroleum hydraulic fracturing. 
In cave mining is more important the creation of dendritic fracturing rather than flat fractures to facilitate 
cave performance (see Figure 16b), which can be done taking advantage of the stress shadow effect 
during the design process.

Then, the proposed objective for optimising the process should be maximise the dendritic fracturing and 
the volume preconditioned by each hole, which address the distribution of boreholes.

Figure 16 Types of fracturing obtained that can be looked for using hydraulic fracturing. a) Idealization of flat 
fractures following a sequence of hydraulic fracturing every 2.5 m, b) Ideal result maximising dendritic 
fracturing and volume to increase cave performance (seismic response, cave initiation/propagation 
and fragmentation)

The ideal outcome proposed in Figure 16b, can be pursued by taking advantage of the stress shadow 
effect and sequence of the hydraulic fracturing. He et al. (2016) proposed the allocation of initial flat 
fractures to generate a local rotated stress field, and then another set of hydraulic fractures that will 
follow different orientation, using an oblique borehole (see Figure 17). There are evident operational 
complexities to implement the second stage, because of the damage generated along the borehole 
after first stage, and the precision required to allocate an oblique borehole with respect the stress 
field in the surrounding rockmass. Also, the dendritic volume is limited by the prescribed fractures in 
red dashed lines in Figure 17. Despite of these operational and design limitations, which they are still 
conceptual, the principles are useful and innovative in the context of current applications of hydraulic 
fracturing in cave mining.
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Figure 17 Prescribe hydraulic fractures based on 2 stages and an oblique borehole. Stage 1 of pre-location of flat 
fractures. Stage 2 of prescribed fractures oriented to stage 1 fractures due to stress shadow (He et al. 
2016a).

With the purpose to pursue the optimisation principles proposed in this work (maximise dendritic fracturing 
and preconditioned volume), and a better operational implementation, it is proposed a combination of 
2 stages to, first create a different local stress condition and secondly a sequence of hydraulic fractures. 
First stage should allocate 2 hydraulic fractures spaced in a range of 8-15 m to still generates a strong 
stress shadow effect (see section 2.1.4), which leave an extension in between less damaged. Second 
stage consists of the allocation of additional hydraulic fractures in between, following a convergence 
sequence to the middle point (See Figure 18). These 2 stages can be iterated to cover the whole borehole. 

From the operational point of view, these 5 steps in this 2 stages, can be implemented with multiple 
packers for more operational control of the process, and the use of proppants for stage 1 can be used to 
keep the fractures open for additional stress shadow effect.

Figure 18 Proposed improvement in two stages, to maximise stress shadow effect to create network/dendritic 
fracturing to increase cave performance

3 Conclusions

Hydraulic Fracturing is increasingly becoming an essential enabling tool in deep hard rock cave mining, 
and some of the current HF practices used in the Petroleum industry offer an opportunity to improve 
the cave mining HF processes. Notwithstanding this trend, the principal author and through his applied 
and part-time PhD research is of the opinion about the lack of research in hydraulic fracturing to produce 
the type of fracturing required for a better cave performance: better seismic response, cave initiation/
propagation and fragmentation. Notably, the ability to replicate successful is not completely understood, 
to obtain expected results in different geotechnical environments.
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In this regard, stress shadow effect provides an opportunity to optimise a hydraulic fracturing design 
to generate a better network (dendritic) fracturing, which can be applied with the right sequence and 
combination of proppants and/or viscous fluids. This conceptual view, which combines petroleum 
fundamental concepts and recent research in cave mining, offer the potential to explore more options for 
optimisation more likely to be operationally implemented.

It is a matter of research the limitations of such approach under high stress and hard rock conditions, to 
understand how deeper environments can affect the performance, and how this can be mitigated with 
the right hydraulic fracturing design.
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