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ABSTRACT 

The sublevel caving mining method is a mass production method with 
potentially very low operational costs. The success of this method is 
dependent on, among other factors, the cavability of the orebody and the 
overlying rock mass. However, caving of the surrounding rock mass also 
results in deformations in the cap rock as well as on the ground surface above 
the orebody being mined. From this follows that any existing infrastructure 
on the ground surface must be relocated as not to be affected by the mining-
induced deformations. 

This thesis work was undertaken to bring about a better understanding of the 
rock mass behavior in the cap rock of non-daylighting orebodies, with 
particular application to the Printzsköld orebody as part of the LKAB 
Malmberget Mine. Rock testing, field observations and underground 
mapping was conducted to characterize the rock mass in the caving 
environment. A methodology for identifying the caving front based on 
seismic monitoring data was derived by studying the Fabian orebody (which 
has caved to surface), and using laser scanning data for validation. The 
methodology was then applied to the Printzsköld orebody to identify the 
caving front.  

Numerical modeling was performed for various scenarios of the rock mass as 
mining proceeded. Modeling included (i) stress analysis to understand stress 
changes and their effects on the rock mass behavior, (ii) discontinuum 
numerical modeling to quantify the influence of large-scale geological 
structures on the cave progression, and (iii) discontinuum cave modeling to 
simulate possible cave mechanisms in the cap rock more explicitly. Laser 
scanning together with seismic event data were used to calibrate the 
numerical models. 

The numerical simulation results showed that as mining progresses, the cap 
rock and hangingwall were exposed to stress changes that resulted in yielding. 
Two failure mechanisms were predominantly at play (i) shear failure 
(dominant in the cap rock) and (ii) tensile failure (dominant in the 
hangingwall). The presence of the large-scale structures affected the nearfield 
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stresses through slip along the cave boundaries. The effect of the structures 
on the far field stresses were less significant. 

Discontinuum modeling to explicitly simulate failure and caving involved 
simulating the rock mass as a jointed medium using Voronoi tessellations in 
2D, and bonded block modeling (BBM) in 3D. Both the 2D and the 3D 
modeling results showed fair agreement when comparing the inferred 
boundary of the seismogenic zone, with that identified from seismic 
monitoring data. Predictive numerical modeling was conducted for future 
planned mining to assess future cave development in the cap rock. The results 
from both 2D and 3D modeling indicated that cave breakthrough for the 
Printzsköld orebody is expected when mining the 1023 m level, 
corresponding to approximately year 2022, as per current mining plans.  

The estimated boundary between the seismogenic and yielded zones, as 
defined in the Duplancic and Brady conceptual model of caving, was 
coinciding with, or was close to, the cave boundary in the Printzsköld 
orebody. This may imply that in some areas the yielded zone was not present 
and that the Duplancic and Brady model may not be universally applicable. 
Additional work is required to verify this indication, as well as to fine-tune 
the modeling methodology.  

KEYWORDS: sublevel caving, numerical analysis, laser scanning, seismic 
data, large-scale structure, rock mass characterization, failure mechanism, 
discontinuum modeling, continuum modeling, caving analysis, voronoi 
modeling, bonded block model. 
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1. INTRODUCTION 

1.1. Problem statement 

The sublevel caving mining method is a mass production method with 
potentially very low operational costs. The success of this method is 
dependent on, among other factors, the cavability of the orebody and the 
overlying rock mass. However, caving of the surrounding rock mass (which 
is a pre-requisite for the method) also results in ground deformations in the 
cap rock as well as on the ground surface above the orebody being mined. In 
cases in which there is infrastructure underground or on the ground surface 
that may be affected by caving, it is particularly important to be able to predict 
the extent and amount of caving and mining-induced deformations. Non-
daylighting orebodies present a special challenge as mining those using caving 
methods may leave a cap rock (defined as the volume of rock from the top of 
the orebody to the ground surface). In many cases, there is limited knowledge 
of the position of the cave back and the rate of advance of this cave back 
through the cap rock and towards the ground surface.  

It is important to understand the processes that take place in the cap rock in 
order to get an insight into the anticipated ground deformations. 
Understanding the caving and failure mechanisms in the cap rock may help 
management to plan in preparation for the acceptable ground disturbances.  

1.2. Study area and scope. 

The Malmberget Mine is owned and operated by the Luossavaara-
Kiirunavaara Aktiebolag (LKAB). It is located in the municipality of Gällivare 
about 100 km north of the Arctic Circle. The mining area comprises about 
20 orebodies, 14 of which are currently in production. Two of these 
orebodies are the Printzsköld and the Fabian orebodies.  

The Printzsköld orebody is one of the larger orebodies in the Malmberget 
Mine; see Figure 1. It is located near the center of the mining area and it does 
not daylight to the ground surface. The orebody strikes about 40° from the 
mine north and has an approximate dip of 60° southwards (Wettainen, 2010). 
The thickness of the Printzsköld orebody is approximately 50 m on average. 
Large-scale sublevel cave mining started at level 780 m; with a cap rock 
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thickness of 630 m. Currently, mining is ongoing at the 970 m level, and the 
cap rock thickness has reduced to about 200 m due to upward caving. The 
Printzsköld orebody was the focus of this study, due to the potential of its 
cave daylighting to the ground surface. It was also the focus of this study 
because of its importance as one of the main production areas for future 
planned mining at Malmberget. 

The Fabian orebody is located southeast of the Printzsköld orebody and has a 
longer history of mining. Ore production started in 1976 on level 400 m, 
initially using slot caving and open stoping, thus creating a large open void 
(Sjöberg and Savilahti, 2014). Below level 600 m, sublevel caving was used, 
which over the years caused additional caving of the open void. Eventually, 
this cave broke through to the ground surface, on March 20, 2012. The cave 
development had been documented mostly through laser scanning 
measurements and seismic monitoring. The Fabian cave development and 
breakthrough was used in this study to get an insight into the seismic behavior 
before, during, and after, caving has broken through to surface. 
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Figure 1. Location of the Malmberget mine in the north of Sweden. Also shown is 
the plan view of the Malmberget mining area with orebodies indicated (horizontal 
projections of current mining levels in each orebody). The dark blue line is the 
fence restricting the mine area, the blue and magenta regions are the horizontal 
projections of the various orebodies. The blue color denotes magnetite ore while 
magenta denotes hematite ore. The ground surface is between 150 and 220 m level 
in the mine coordinate system (courtesy of LKAB). 

1.3. Aims and objectives 

The purpose of this thesis is to improve on how to analyze and interpret 
caving of the cap rock in sublevel caving mines. The thesis focuses on methods 
and models for interpretation of caving as well as observed, measured, and 
analyzed field data. The aim is to identify factors that govern cave progression 

Printzsköld 
orebody 

 

Fabian 
orebody 
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and develop a method for modeling and cave prediction. The specific 
objectives are: 

- To determine the rock mass characteristics that affect or govern the 
stability of the cap rock. 

- To determine the failure mechanism in the cap rock as mining deepens 
to lower levels. 

- To study the behavior and the influence of geologic structures on the 
stress redistribution in a caving environment, using numerical analysis. 

- To determine the extent of caving, as well as cave progression rate in 
the cap rock, using seismic data, laser scanning, and numerical 
modeling.  

- To predict future cap rock behavior as mining deepens. 

1.4. Approach 

The approach used in this study included literature review, field observations, 
laboratory studies, and numerical analysis. The selection and evaluation of 
applicable methods for determination of caving and cave propagation in the 
cap rock was done after a comprehensive literature study.  

Field observations involved various rock mass characteristics in the cap rock 
related to caving, and collecting data through sampling and measurements 
from the field. Other field data collected included observations of seismic data 
and laser scanning performed in the cap rock of the Printzsköld orebody. 

Laboratory studies involved the analysis and testing of the collected 
information to further gain insight into the rock mass characteristics that 
govern the caving and stability of the cap rock. 

Numerical analysis was used in the assessment of factors governing caving and 
cave propagation in the Printzsköld orebody. It was supplemented by 
comparisons and calibrations with observations, primarily seismic monitoring 
data.  
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1.5. Thesis outline 

The thesis is structured as outlined below:  

- Chapter 2 presents the literature available on caving mechanisms in 
relation to the problem statement of this thesis. 

- The description of the study site and mining activities that contribute 
to this study, such as seismic monitoring and laser scanning is presented 
in Chapter 3. 

- Chapter 4 presents the various results from, and comparisons of, 
numerical simulations for the case studies of this work. 

- Chapter 5 is a discussion of the results. 
- Chapter 6 presents the conclusions and recommendation from the work 

done. 

A number of scientific papers are appended at the end of this thesis. Below 
are descriptions of the author’s contributions to the appended papers: 

Paper I: Rock Mass Characterization and Conceptual Modeling of the 
Printzsköld Orebody of the Malmberget Mine, Sweden. Authors: Sraj Umar 
Banda, Jonny Sjöberg and Erling Nordlund. 

Written by Sraj Umar Banda1, who conducted field data collection including 
core logging, planning and performance for laboratory tests, and collation of 
data, and also summarized the results. 

Paper II: Modeling of caving and deformation mechanisms of the hangingwall 
of the Printzsköld orebody in the Malmberget Mine. Authors: Sraj Banda 
Umar, Jonny Sjöberg and Thomas Savilahti. 

Written by Sraj Banda Umar. Mr. Banda Umar conducted all numerical 
modeling, interpretation of results and infilling of information gaps by visiting 
the study sites. 

Paper III: Influence of large-scale structures on the stability of the hangingwall 
in a caving mine - a modeling study. Authors: Sraj Banda Umar and 
Catrin Edelbro. 

                                                                 
1 This is the same as Sraj Banda Umar 
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Written by Sraj Banda Umar. Mr. Banda performed field observation and 
mapping to examine deformation zones underground, and conducted all 
numerical modeling presented in the paper. 

Paper IV: Analysis of caving propagation using seismic data and numerical 
modeling, applied to the Printzsköld orebody. Authors: Sraj Banda Umar, 
Jonny Sjöberg and Catrin Edelbro.  

Written by Sraj Banda Umar. Mr. Banda Sraj analyzed the seismic data and 
carried out all numerical modeling presented in the paper. 

Paper V: Caving in the cap rock for non-daylighting orebodies. Authors: 
Sraj Banda Umar. 

Written by Sraj Banda Umar, who also performed all numerical simulations 
and interpretations of the results. 
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2. LITERATURE REVIEW  

2.1. Caving mechanisms  

Sublevel cave mining of steep orebodies often creates a cave in the overlying 
cap rock. This cave can propagate towards the ground surface. The cave 
propagation will depend on factors such as rate of production, rock mass 
properties in the cap rock, presence of both small-scale and large-scale 
geologic structures, etc. According to Duplancic and Brady (1999; 2001), a 
caving environment can be described as consisting of the following zones: 

The mobilized zone 

This zone is characterized by dislodged or fallen rock blocks from the 
cave back as the cave propagates upwards. 

The air gap 

This is the space between the mobilized zone and the cave roof. This 
zone is controlled by the rate of draw, rock mass yielding and bulking of 
the rock mass. 

The yielded zone 

This is the zone where the rock mass has yielded and cannot produce any 
support to the overlying rock. 

The seismogenic zone 

In this zone, seismic events develop as a result of slip failure along pre-
existing geologic structures as well as failure in the intact rock. 

The elastic zone 

This is the surrounding rock mass that experiences elastic deformation 
ahead of the seismic front. 

Many researchers have used this conceptual model of caving as a starting point 
into the understanding of caving and cave progression in a cave mining 
operation (Potvin et al., 2010, Hudyma et al., 2008, Potvin and Hudyma, 
2008, Sainsbury et al., 2016, Abolfazlzadeh and Hudyma, 2016, Glazer and 
Townsend, 2010, Glazer and Hepworth, 2006). The success of a caving 



8 
 

method such as sublevel caving partly depends on the cavability of the 
orebody and the overlying rock mass (Rafiee et al., 2015). Cruz and Pierce 
(2016) were able to determine the influence that a veined rock mass strength 
had on caving in their study regarding the effects of variations in rock mass 
strength on the cavability of that rock mass. They found that higher strength 
rock masses were capable of slowing down cave propagation in the cap rock 
as this strength directly influences the cavability of the rock mass. 

In many cave mining operations, seismic monitoring has been used to gain 
insight into the caving in the cap rock (and/or crown pillar). Hudyma et al. 
(2008) studied the seismic monitoring system of the Lift 2 at Northparkes 
Mine, from which they proposed a caving mechanics model. They used 
seismic parameters such as relative apparent stress to identify active fracturing 
zones within the seismogenic zone; and frequency magnitudes to identify 
seismic events that took place as a result of destressing within the rock mass. 
Enrique and Daulat (2009) used microseismic information to calibrate 
numerical models in an effort to develop a method that integrates the two 
(seismic data and numerical modeling) for the purpose of cave propagation 
prediction. 

In relation to the conceptual model of caving by Duplancic and Brady (1999), 
Abolfazlzadeh and Hudyma (2016) used seismicity to investigate caving and 
cave advance at the Telfer gold mine. In this study they used seismic source 
parameters, such as event rates, event sizes, event locations, and S:P energy 
ratios, to investigate the caving mechanisms. They found that movement of 
the seismogenic zone was not constant but varied many times due to different 
caving phases and due to interactions between the cave and geological 
features. They also found that during cave initiation, cave propagation and 
cave breakthrough, the predominant seismic source mechanism was stress-
driven rock mass and tensile fracturing. 

Other examples of using seismic monitoring data to get a better understanding 
of caving patterns can be found in e.g., Potvin et al. (2010), Glazer et al., 
(2005), Glazer and Hepworth (2006) and Lynch (2016). Lynch (2016) 
proposed the use of velocity inversions by through the method of adding 
active seismic sources to the standard mine micro seismic monitoring system. 
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This was proposed to overcome the limitations of cave estimations using event 
locations due to seismic ray bending around the cave.  

Glazer and Hepworth (2006) used an approach involving the use of seismic 
data to a back analysis investigation in to the failure that occurred in the crown 
pillar as the Palabora mine transitioned from open pit to block cave mining 
underground. In this study, they used seismic parameters such as seismic 
energy release and even magnitudes to assess and investigate rock mass failure.  

Cumming-Potvin et al. (2016) proposed an extension to the Duplancic-Brady 
model based on results from physical centrifuge model tests. They postulated 
through these models that the main mechanism of cave propagation was 
through extensional fractures that were parallel to the cave back.  

2.2. Numerical simulations for cave evaluations 

Sainsbury et al. (2011a) reviewed the numerical modeling approaches used to 
simulate cave mining and caving environments. In their work they found that 
numerical modeling approaches were able to represent a true three-
dimensional mining geometry and the entire mining processes leading up to 
ore production. They described in detail the so-called "caving algorithm" — 
a numerical scheme to simulate caving in a continuum model, while 
accounting for mass balance, rock mass softening, etc. They also went on to 
describe the application of this algorithm to numerically assess caving at the 
Grace Mine. 

Following from the conceptual model of caving by Duplancic and Brady 
(1999), Sainsbury et al. (2011b) used the computer code FLAC3D to 
determine the influence of large-scale structures. Additionally, building on the 
achieved advancements in computing power, various studies have been 
conducted successfully in which finite element and discrete element 
modeling, as well as the hybrid methods between the two, have been utilized 
to represent a jointed rock mass in a caving environment (Sainsbury et al., 
2008, Vyazmensky et al., 2010, Sainsbury et al., 2011a, Sainsbury et al., 
2011b).  

Vyazmensky et al (2010) used ELFEN, a hybrid numerical modeling approach 
between finite and discrete element modeling techniques, to evaluate the 
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influence of large-scale structures on caving and cave propagation. This study 
found that indeed the orientations of large-scale structures had an influence 
on the cave direction and geometry of the ensuing cave. It was found that the 
crater formed during caving and its progression followed the orientation of 
faults, if present in the cave area, a result shared by Sainsbury at al. (2011a) 
and Sainsbury et al. (2011b). 

The influence of geologic structures has also been discussed in Sainsbury et al. 
(2008, 2009), Sainsbury (2010) and Lupo (1997). In Vyazmensky et al. (2010), 
the effects of the rock mass discontinuities on the caving geometry and 
patterns were further described. In Sainsbury et al. (2008), for instance, it was 
demonstrated using ubiquitous Joint rock mass modeling that joint 
orientations can induce modulus, strength, and brittleness anisotropy in a rock 
mass using the synthetic rock mass model calibrations to accommodate scale 
effects.  

Pierce et al. (2007) described a so-called synthetic rock mass (SRM) modeling 
approach as a method through which they were able to define the material 
properties and the overall constitutive responses of the rock mass in a mining 
environment. Using this approach, they were able to estimate rock mass 
responses due to large-scale stress effects. In a compression test, Mas Ivars et 
al. (2008) used an 80 m SRM cube to demonstrate the response of a 
carbonatite rock to compression. Sainsbury et al. (2008) used the SRM 
approach to test the influence of scale on the rock mass responses during 
mining. The so called Ubiquitous Joint Rock Mass Model (UJRM) was 
developed in this study to investigate the effects and responses of a heavily 
jointed rock mass to stress changes. Results showed that this approach 
produced an accurate representation of the failure mechanisms and strength 
anisotropy. 

Villegas et al. (2013) also, in their analysis of caving, used numerical 
simulations during the evaluation of the cave extents at the Kiirunavaara 
Mine. They used a finite element modeling approach to determine the cave 
break angles as mining deepened. Following this, they used a discrete element 
modeling approach to analyze the displacement path of the caved rock during 
draw and to determine the contribution this rock had on the stability of the 
footwall.  
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The bonded block model (BBM) approach has recently been developed to 
model the rock mass as a discontinuum material. This model approach allows 
to simulate failure to explicitly represent caving. Gao and Stead (2014) 
developed the so-called trigon method of using Voronoi Tessellations to 
capture brittle rock fractures. In this study, they cut the conventional UDEC 
polygonal blocks into several constituent triangular blocks, hence building the 
“Tri-gon” (from polygonal to trigon) method of modeling. The trigon blocks 
were separated by an interface across which a force-displacement law was 
applied and acted on the element contacts. The material behavior of the 
triangular blocks was controlled by the Coulomb friction law. They further 
developed this idea to be used in a 3D modeling approach using 3DEC. In 
this case the material was represented by an assembly of tetrahedral blocks 
simulated through a bonded block model approach.  

Ghazvinian et al. (2017) used a 3D Voronoi block model approach to evaluate 
rock mass damage around deep excavations. Their approach, similar to the 
Gao and Stead approach above, relied on simulating the rock blocks (within 
the Voronoi or tetrahedral blocks) as elastic material, while setting the contacts 
to the Mohr-Coulomb slip model. 
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3. SITE DESCRIPTION AND DATA ANALYSIS 

3.1. Geologic setting and orebody description 

The geologic setting of the Malmberget deposit comprises paleproterozoic 
successions of greenstones, clastic meta-sediments and porphyries, which are 
hosted by pegmatite-granite intruded meta-volcanics, Figure 2, (Martinsson 
and Hansson, 2004). A transformation occurred in the volcanic intrusions to 
muscovite, quartzite silimanite gneisses and hematite-rich apatite sections 
(Romer, 1996). Moreover, Romer (1996) interpreted the skarn zones found 
on the borders of the hematite ore as related to the formation of the ore itself.  

 

Figure 2 Geologic map of the Northern Norrbotten (Martinsson and Hansson, 
2004). 

As with many areas of the Northern Sweden, the Malmberget deposit is 
characterized by NW-SE trending shear zones (Romer, 1996). Skiöld (1988) 
alluded to these shear zones as resulting from a complex geodynamic 
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evolution, which comprised extensional and compressional tectonic regimes, 
associated with magmatic and metamorphic events.  

3.2. Rock mass characterization 

As part of the efforts towards an increased understanding of the rock mass 
properties that govern the stability of the cap rock and surrounding rock (or 
lack of it), various studies were conducted. The work was focused on the 
Prinzsköld orebody and surrounding rock, but was also further extended to 
the Fabian orebody for the reasons explained in Sections 1.2 and 1.3. 

Rock mass characterization was conducted using core from four diamond 
drill holes drilled from the ground surface (Umar et al., 2013), and 
underground mapping in the drifts. Two holes were drilled in each of the 
Printzsköld and Fabian areas, respectively. The lithology was described as 
shown in Table 1. The core that was obtained (Figure 3) was logged using 
the Bieniawski (1989) RMR characterization system used to determine the 
rock mass quality.  

Tests on the core were conducted such as point load tests and direct uniaxial 
compressive strength (UCS) tests. For the UCS tests, care was taken to apply 
the force at the two end points on the sample, at the rate of 10-60 seconds 
to the break of the sample. 

 

Table 1: Rock formations intercepted in the Printzsköld orebody (Umar et al., 
2013). 

 

 

 

 

 

 

 

 

Rock 
formation 

Abbrev Description of rock 

Red Leptite RLE 
Reddish-brown, medium to coarse 
grained feldspathic quartzite matrix, hard. 

Grey Leptite GLE Grey medium grained, partly micaceous 
Red-Grey 
Leptite 

RGL 
Pinkish grey, medium to coarse grained, 
hard, micaceous in many places 

Magnetite MGN 
Greenish grey, dark patches, medium 
grained, micaceous. 

Skarn SKN Dark, green, coarse grained. 
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Figure 3 Example of rock core from the Printzsköld orebody drill holes (Umar et 
al., 2013). 

Finally, borehole photography (optical televiewer logging) was conducted in 
the drill holes to determine the intercepted discontinuity orientations and 
classify them. Other activities included underground tunnel mapping to 
observe the discontinuities intercepted at various points by the mine 
workings. The results from the characterization of the Printzsköld orebody 
have been described in detail in Umar et al. (2013), and summarized below. 

Laboratory direct uniaxial compressive strength test results from ten samples 
were used to calibrate the point load index into the UCS values. The 
conversion factor was found to be 21. The resulting intact rock strengths 
derived directly from the point load testing were subsequently used in the 
determination of the RMR values for this area. 

The rock units around the Printzsköld orebody showed considerable strength 
anisotropy. The axial-to-diametral strength ratios were calculated for each 
sample and, with the exception of a few outliers, the majority of the test data 
indicated isotropy ratios of between 0.6 and 1.1 for the Printzsköld orebody. 
This suggests that this is a rather anisotropic rock with respect to strength.  

Rock mass descriptions from detailed core logging of the rock core from 
diamond drilling for both the Printzsköld and Fabian orebodies showed that 
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the RMR in the orebody hangingwall fluctuated between 65 and 75, with 
many rock formations reaching a maximum value of 80. 

Three main joint sets were found in the hangingwall of the Printzsköld 
orebody. The joint conditions were summarized as follows:   

� Moderately weathered, predominantly rough planar joint, hard infilling, 
some soft infill found in some joints.  

� Joint spacing of 10 to 50 cm.  

� Predominantly hard kaolinitic infilling. 

� Mean joint orientations (dip/dip-direction) were: (i) 27°/346°, (ii) 
13°/097°, and (iii) 72°/173°. 

3.3. Seismic data and interpretation 

A seismic monitoring system was first installed in the Malmberget Mine in 
2005, and between 2005 and 2007, 24 triaxial geophones (14 Hz) were in 
place. This number was increased to a total of 137 triaxial geophones by 2009. 
By the end of 2013, the system had been expanded to about 180 geophones, 
30% of which were 4 Hz geophones, while the rest were 14 Hz geophones 
(Wettainen and Martinsson, 2014). Figure 4 (a and b) shows the spatial 
distribution of the geophones in the Malmberget mine. For the purpose of 
this study, only seismic information from the Printzsköld and Fabian 
orebodies was used. 
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Figure 4 Distribution of the seismic system (both triaxial and uniaxial geophones) 
in the Malmberget Mine (a) plan view and (b) longitudinal view looking towards 
north (courtesy of LKAB). 

A methodology was developed by Umar et al. (2017)for using seismic event 
location data to determine the location of the caving front per the Duplancic 
and Brady conceptual model. The methodology was developed for the 
Fabian orebody, which already had a cave breakthrough in 2012. The 
development process involved evaluation and calibration of the seismic front 
positions with the help of laser scanning conducted by LKAB. This method 
was then used to determine caving and cave advance in the Printzsköld 
orebody. 

The Vantage software (Institute of Mine Seismology, 2014), was used to filter 
and organize the seismic events; and Leapfrog (Aranz Geo Ltd., 2015), was 
used for visualization and seismic events analysis. Two-dimensional sections 
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were used to analyze the seismic events for each selected time periods. The 
sections were generated by use of a slicer that was moved transversely across 
the entire spectrum of seismic events. The sections were set to a defined depth 
of view for which seismic events would form an observable seismic front. For 
this study, a depth of view of 20 meters was used except in places where few 
seismic events were present. In such cases, about 40 meters of depth of view 
was used to achieve observable seismic event patterns see Figure 5 a and b.  

 
Figure 5 (a) Seismic event analysis of two dimensional sections with a depth of 
view ranging between 20 and 40 meters thick and (b) how alignment of seismic 
events was used to define the position of the section plane. 

After all events were organized, the boundary interpretation procedure 
involved identifying areas with dense population of seismic events, and 
iteratively drawing lines under the events which represented the lower 
boundary of the seismogenic zone, see Figure 6 a and b. The interpretations 
were done for each time-filtered events in such a way that if the events from 
a previous period did not show any increase in the next period, the boundary 
interpretations was maintained and became part of the current interpretation. 

 

Ground surface 
slice 

depth of 
view 

(a) 
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Figure 6 Procedure for outlining the seismic front or seismogenic zone boundaries 
over a period. In (a) some parts of the boundary are identified while the other parts 
are determined in the consecutive period as in (b), to give a completed outline of 
the boundary at the end of the second period. 

During interpretations, considerations were made for the location error of 
the seismic events, which is judged to be less than 20 m on average (for each 
XYZ component) (Ersholm, 2016), which meant that the boundaries drawn 
could fit within a range defined by this location error. A spatial difference 
between the interpreted cave boundaries and the scanned cave boundaries 
was therefore expected.  

Time filtering was set to coincide with the times of laser scanning to get 
accurate comparisons of the seismic data interpretations and results from laser 
scanning. For the purpose of getting significant event groups, all events in the 
selected regions were used; i.e., no filtering by magnitude or by Es:Ep ratios 
was done. The interpreted shift of the seismic events in any given time period 

No seismi
events   pres

(b) 

No seismic events in 
the cave back in this 

period 
First period seismic 

boundary interpretation 

(a) 

Seismic events 
indicating presence 

of cave back 

(a) 

Boundary interpretation 
drawn from previous 

estimation 

Boundary interpretation 
drawn from current 

period showing seismic 
events in the cave back 

(b) 



20 
 

was interpreted to be the advancement of the seismic front followed by the 
cave boundary.  

In the Printzsköld orebody the processing of seismic events were done on a 
yearly basis to determine the annual progression of the seismogenic zone. 
This was followed by comparisons with laser scanning, which provided a 
correction mechanism for the specific periods. With regard to seismic data 
interpretations, two types of sections were used: a transverse vertical cross-
section and a longitudinal cross section. Production completion for the levels 
was used to determine the selection of levels to compare the seismic data 
interpretation of the seismic front and that from numerical simulations. The 
result for this is shown in Table 2. These time points were also selected to be 
used for numerical model calibration, since mining of entire levels were 
completed at these specific times. The estimated seismogenic zone boundaries 
for the respective years are presented in Figures 7 through 9.  
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Figure 7 The seismogenic zone boundary above the Printzsköld orebody (in 
blue) as mining on level 870 is completed in 2008. 

 

 

Figure 8 The seismogenic zone boundary above the Printzsköld orebody (in 
blue) as mining on level 895 is completed in 2011. 
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Figure 9 The seismogenic zone boundary above the Printzsköld orebody (in 
blue) when mining on level 945 is stopped in 2015. 

Figure 10 is a summary of the upward seismic front advance. It also shows 
that there was a rapid seismogenic zone advance between 2009 and 2010. 
Similar to the procedure used for the Fabian orebody, the seismic data was 
interpreted with respect to the dates of laser scanning, except for the dates 
when no laser scanning results were available. In those cases, the seismic data 
for the entire year was interpreted. The cave advance interpretations were 
arrived at as best case scenarios and were subject to engineering judgment.  
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August 2015 

2015 
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Figure 10 Seismic front upward advance in the Printzsköld orebody cap rock 
from 2007 to 2015.  
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4. STRESS AND CAVING MECHANISMS 

4.1. Numerical modeling approach 

Numerical analysis was used as a method to simulate the rock mass in the 
Printzsköld orebody as a means to investigate, assess, and understand the 
significance of rock mass parameters and governing mechanisms for the 
caving process. The Printzsköld orebody has a complex geometry, which 
required some geometrical simplifications. Initially, a two-dimensional 
analysis was conducted, in which a vertical cross-section of the orebody and 
hangingwall was modeled. This simplification was judged acceptable to 
conceptually study stress distribution and possible failure mechanisms of the 
hangingwall.  

The findings and experiences from the 2D models was then applied to 3D 
modeling, incorporating both large-scale structures and rock mass fabric 
(jointing). Caving was not explicitly simulated in these models. Instead, the 
cave rock was simulated as a void, starting from the point at which caving 
had progressed to about 300 m below the ground surface. It was in the final 
2D and 3D models, in which caving was explicitly simulated and as mining 
proceeded to lower levels, that the development of this cave was simulated 
and predicted.  

In this entire study, four numerical modeling approaches were used: 

� Continuum conceptual modeling (2D); 
� Discontinuum conceptual modeling (3D); 
� Discontinuum modeling with large-scale structures (3D); and 
� Discontinuum modeling with explicit failure/caving (2D and 3D). 

In the first approach a two-dimensional finite element continuum conceptual 
model was analyzed using the code Phase2 (Rocscience Inc., 2008). Stress 
responses were determined as mining deepened, followed by simulations 
using a plastic material model to investigate the possible rock mass failure 
mechanisms. Mining was simulated level-wise, in which the excavation was 
simulated by excavating the entire level at once, as shown in Figure 11. A 
parametric study was also conducted in the continuum model in which rock 
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mass strength parameters were varied to study the influence of parameters on 
rock mass behavior.  

 

Figure 11 Cross-section of the simplified Printzsköld orebody used in the 2D 
finite element numerical model in the Malmberget Mine. 

In the second approach, a three-dimensional conceptual equivalent 
continuum model was developed using the distinct element code 3DEC 
(Itasca Consulting Group Inc. 2013). In this simulation, the objective was to 
investigate the behavior of the cap rock during cave mining; as well as to 
assess the sensitivity of the rock mass parameters and their effects on caving 
and deformations in the cap rock and hangingwall of the Printzsköld orebody. 
The rock mass strength parameters were varied according to Table 3. It 
should be noted that although a discontinuum code was used (3DEC), the 
construction joints (used to define model geometry) were glued.  

Table 3 Strength parameters used in the 3D numerical model and variations for 
parametric sensitivity study. 

 
Base 
case 
values 

High 
tensile 
strength 

Low 
tensile 
strength 

High 
cohesion 

Low 
cohesion 

Cohesion c [MPa] 5.18 5.18 5.18 8.18 2.18 
Tensile strength σt 
[MPa] 

0.71 1.5 0 0.71 0.71 
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The third modeling approach involved a discontinuum conceptual modeling 
with 3DEC, in which large-scale structures were included. In this approach, 
three of the presumed large-scale structures that have been inferred to exist 
in the vicinity of the Printzsköld orebody were included in the model as 
shown in Figure 12. This was done to investigate their influence on stress 
redistribution and yielding in the cap rock and hangingwall during mining, 
and to determine their influence on the cave direction in the cap rock. In this 
approach, a parametric study of the large-scale structure strength parameters 
was conducted to determine the significance and possible influence from 
these structures and their strength. 

 

Figure 12 Model set-up showing large-scale structure locations in the Printzsköld 
orebody and the model extents. 

In the fourth approach, the rock mass was simulated as a jointed entity. This 
entailed explicit simulation of failure and cave development under the effects 
of applied stresses as well as gravity (for detached blocks). The fourth approach 
actually involved two different methodologies: (i) a 2D Voronoi modeling 
approach using UDEC Version 6 (Itasca Consulting Group Inc., 2014), and 
(ii) a 3D bonded block model (BBM) approach using 3DEC (Itasca 
Consulting Group Inc., 2016a) with a methodology as described in 3DEC 
(Itasca Consulting Group Inc., 2016b). In both approaches, randomly jointed 
discontinuum models were generated in a region close to the orebody, thus 
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simulating a jointed rock mass. Failure could thus develop both along joints 
and within the rock blocks. In both approaches, the rock block material was 
simulated as an elasto-plastic Mohr-Coulomb (perfectly plastic) slip material 
model, with the joints also obeying a Coulomb slip model.  

In the two-dimensional model, a Voronoi tessellation with a maximum edge 
length of 15 m was used (Figure 13) to simulate the rock mass. The 2D model 
was calibrated using seismic data from the Printzsköld orebody. In this 
calibration, the rock mass and joint strength parameters were systematically 
varied. The section chosen for analysis passed through the highest point of 
the cave as shown in Figure 14.  

 

Figure 13 Model set-up of the Printzsköld orebody showing the Voronoi 
tessellations surrounding the orebody block. 

Printzsköld orebody 

Voronoi 
Tessellations Mined part of the 

orebody 
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Figure 14 Location of the vertical cross-section of 2D model. 

In the 3D model, the maximum edge length of the tetrahedral element was 
set to 50 m. These tetrahedral elements defined the volume of material 
modeled using the BBM approach and they were set to border the orebody 
all round. Two primary sections were used to evaluate the results: the long 
section and the cross-section (C1). An additional section (C2) was included 
in the simulation to check the results at the “plunge” hangingwall that 
developed as mining progressed to the lower levels see Figure 15 and 16.  

  

Vertical cross-section 
plane 

Printzsköld orebody 
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Figure 15 Cross-sectional evaluation planes (a) plane C1 in the middle of the cave 
back and (b) plane C2 used to evaluate rock mass behavior in the plunge 
hangingwall. 

 

Figure 16 Evaluation plane in the long section to determine the rock mass 
behavior in the cap rock. 

The rock stresses used in all models were derived from those used in (Sjöberg, 
2008), which comprised a numerical stress calibration against conducted 
measurements. The vertical stresses were considered to equal the pressure of 
overburden material at a given depth.  
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zH �� 0358.0�          (1) 

zh �� 0172.0�          (2) 

where z is the vertical depth in meters below the ground surface, σH being 
the maximum horizontal stress and σh the minimum horizontal stress. All 
stresses are in MPa, with σH having an orientation of about 111° from 
geographic North (131° from the local mine north).  

4.2. Stress conditions in the cap rock  

Numerical investigations, both in the 2D and 3D models for the Printzsköld 
orebody, showed consistent stress conditions in the cap rock and hangingwall 
at various stages as mining deepens. The 2D finite element model showed 
that most of the hangingwall close to the cave boundary (or mined out areas), 
was under tensile stress. In the cap rock there was a mixture of tensile and 
shear yielding. Generally the hangingwall yielding was mainly tensile while 
that of the cap rock was mostly shear, although some tensile yielding was also 
found in this area.  

Model results from all 3D models, both continuum and discontinuum, 
showed similar stress results in the cap rock compared to the 2D model results. 
The 2D model however, was found to have lower stresses compared to the 
3D model as shown in Figure 17. In the 2D modeling codes, the third 
dimension of the model is absent. In fact, in the 3D code, the third dimension 
provides an abutment effect, which would lead to lower stresses. However, 
the high stress was thought to be because of the larger element sizes used in 
the 3D models, compared to the ones in the 2D models. Larger elements are 
"stiffer" and thus attract stresses, but smaller element size were not practically 
possible within the scope of this work, due to excessive calculations times.  
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Figure 17 Major principal stress calculated using a three-dimensional continuum model 
(3DEC) in (a) and compared to that calculated using finite element code (Phase2) in (b)  

4.3. Influence of large-scale structures. 

Large-scale structures in the Printzsköld orebody were included in the 3D 
discontinuum model (Umar and Edelbro, 2016). The model results showed 
that the structures did not affect the far field (at some distance from the 
orebody) stresses compared to the continuum simulations. The discontinuum 
model results were compared to the continuum model results for 3DEC, see 
Figure 18. In the continuum 3D model the stress build-up was higher around 
and near the cave, compared to the discontinuum model. In the cap rock, 
the maximum value of the major principal stress along an evaluation line was 
about 72 MPa in the continuum model, while in the same location in the 
discontinuum model the stress was about 48 MPa. However, the yielding 
patterns in the rock mass were similar in both cases.  

The differences in the stress were also found to hold for the cave bottom of 
completed mining. In the continuum model, the major principal stress was 
192 MPa, compared to 144 MPa for the discontinuum model results.  

 

Query line 

(a) (b) 
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Figure 18 Maximum principal stress calculated using a three-dimensional 
discontinuum (3DEC) model with large-scale structures; and shown on the 
evaluation plane L1 after mining the 1225 meter level. 

The reduced stress build-up around the cave boundaries in the discontinuum 
model was due to slip along the large-scale structures. When the cohesion 
was lowered from the base case values, there was no significant difference in 
the area of slip along the large-scale structures. However, when the friction 
angles was reduced, slip increased along two of the large-scale structures, 
which both were near parallel to the major principle stress. Therefore, for the 
large-scale structures, it was deduced that friction angle was the controlling 
factor in combination with the orientation of the structures in relation to the 
major principle stresses in the model. These structures thus acted as stress 
release areas for the highly stressed regions. In Table 4 the variations in slip 
that took place along the three included structures are shown.  
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Table 4 Numerical modeling results showing the calculated slip (in brown) on 
the three structures with the various strength parameters after mining the 1225 m 
level. Viewed parallel to the strike of the Printzsköld orebody. 

case Joint DZ031 Joint DZ032 Joint DZ050 
Base case 

Low 
cohesion 

Low 
Friction 
angle 

4.4. Explicit modeling of cave failure. 

The 2D numerical model of a jointed rock mass was calibrated using seismic 
data observations. The interpreted bottom boundary of the seismogenic zone 
from seismic data (described previously) were used as the benchmark for the 
calibration of the numerical model. Two factors were primarily considered 
in the model calibration: (i) the depth of the seismogenic zone boundary from 
the ground surface and (ii) the nature of joint behavior in the cap rock.  

In the numerical model, the joint slip indicated where the joint shear strength 
had been reached whereas open joints signify tensile failure across the joints. 
Yielding within the rock mass and slip (or shear yielding) and tensile yielding 
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along and across the joints respectively are believed to cause seismic activities 
through the release of energy. This process is exemplified in Figure 19. It 
shows (a) the yielding in the rock mass and (b) the plots of a combination of 
joint slip and open joints.  

A procedure was established on how to determine the bottom boundary of 
the seismogenic zone based on results from numerical modeling. In this 
procedure, plots of joint slip and joint openness are first used to identify areas 
of shear and tensile yielding, respectively. The transition zone between these 
two yielding mechanisms is identified as the zone or area where the 
seismogenic-yielded zone boundary is located. A line is drawn, separating the 
shear from tensile yielding, thus defining the bottom boundary of the 
seismogenic zone. This boundary also defines the depth from the ground 
surface at which the yielded zone is found. The procedure is then repeated 
for the next mining step, ensuring that the zone boundary cannot decrease 
(being located closer to the orebody) as mining progresses.  

 

 

Figure 19 (a) Yielding in the cap rock and (b) seismic front advance from seismic 
data interpretation compared to results from numerical modeling (b), for the 
mining year 2015. 

Following the above procedure, the location of the seismogenic zone in the 
models was compared with that from the seismic monitoring data. Out of the 
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cases that were run, the best agreement with seismic data interpretation was 
found for the case with parameters as shown in Table 5. 
 
Table 5 Rock mass and joint strength parameters for the selected calibrated 
numerical model. 

Parameters Joint strength 
properties 

Rock mass strength 
properties 

Cohesion (MPa) 0.5 0.5 
Friction angle (°) 37 55.7 
Tensile strength (MPa) 0.5 1.0 

 
For the three selected mining levels and their year of completion, the depths 
of the seismogenic-yielded zone-boundaries, interpreted from numerical 
modeling and seismic data analysis, were compared as shown in Figure 20.  

 
Figure 20 Seismogenic zone-yielded zone-boundary depth locations measured 
from the ground surface for the numerical model and seismicity data 
interpretations. 

When comparing the modeling results with the seismic data, both agreements 
and discrepancies were found. For the 2008-mining year, the seismogenic-
yielded zone boundary location interpreted from numerical analysis (and 
measured from the ground surface) was shallower than the one interpreted 
from seismic data. For the 2011 comparison year, it was the other way 
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around, i.e., the depth of this boundary was shallower as interpreted from 
seismic data compared to that interpreted from numerical modeling. The 
2015 results showed good agreement between the two comparisons 
(numerical modeling and seismic data interpretations).  

The above interpretation of the numerical analysis was used to determine the 
future scenario in the cap rock of the Printzsköld orebody as mining deepens.  
Figures 21 a, b and c show the seismogenic-yielded zone boundary upward 
advance towards the ground surface, taking place in the cap rock for the 
mining levels 970, 996, and 1023 m. respectively. In Figure 21c, it can be 
seen that by the time the mining of level 1023 finishes, the boundary reaches 
the ground surface. By this time, there would likely be effects of caving in 
the ground surface such as cracking and steps forming. 

Even though lowering of ground was observed in the numerical model, it 
was difficult to determine from the results the stage at which stage the cave 
would breakthrough to the ground surface. However, based on Figure 21, it 
might be that mining beyond the 1023 m level could show signs of cave 
breakthrough.  

Three cases that were selected during the calibration of the 2D model were 
chosen for further use in the calibration of the 3D BBM model. The selected 
cases I to III had the rock mass and joint strength parameters as shown in 
Table 6. 
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Figure 21 The seismogenic-yielded zone boundary advance towards the surface 
in future mining for the (a) 970 m, (b) 996 m and (c) 1023 m mining level. 
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Table 6. Rock mass and joint strength input parameters for case I to III. 

Case 

Joint strength parameters 
Rock mass (block) strength 

parameters 

Joint 
Cohesi
on (cj) 
MPa 

Joint 
Friction 
angle 
(ϕj) deg 

Joint 
Tensile 
strength 

(σtj ) 
MPa 

Cohesion 
(crm) MPa 

Friction 
angle 
(ϕrm) 
deg 

Tensile 
strength 
(σtrm ) 
MPa 

 (Case I) 0.5 37 0.5 0.5 55.7 1 
 (Case II) 0.64 37 0.5 0.7 55.7 1 
(Case III) 0.64 37 0.5 0.64 55.7 0.64 

Through calibration of the BBM simulations, Case II (see Table 6) was 
determined as the best case as it gave boundary interpretations that were close 
to those from seismic data interpretations. There was good agreement 
between these results and the seismic data interpretation of this bottom 
boundary of the seismogenic zone as shown in Figure 22.  

Calculated yielding in the model further showed that shear failure was 
dominant in the rock mass of the cap rock of the Printzsköld orebody. A large 
amount of tensile failure was observed around the cave boundaries. The same 
scenario was observed in the results evaluated for the longitudinal section of 
the orebody. Calculated yielding was compared with the previously selected 
case simulated in the 2D model. There was agreement in the failure 
mechanisms but there were some inherent differences, especially the amount 
of failure in the cap rock. Figure 23, for instance, shows the comparison 
undertaken for the 3D and 2D models for the mining level of 945 m. It can 
be seen clearly that the 3D model showed more yielding. This is particularly 
so near the ground surface (vertical extent of yielding), whereas the extent of 
yielding in the hangingwall is fairly similar. In the cap rock and on the 
footwall side, the amount of yielding is slightly less in the two-dimensional 
model.  
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Figure 23 Comparison of yielding in the (a) two-dimensional model (Umar et al. 
2017) and (b) three-dimensional model, for the 945 m level in the Printzsköld 
orebody. 

Finally, future mining was also simulated in the 3D model. Results showed 
that the yielded zone would reach to the ground surface after mining the 
1023 m level of the Printzsköld orebody. The completion of this level is 
planned for the year 2022 by the mine. Figure 24 (a, b and c) show the 
interpreted boundary between the seismogenic zone and the yielded zone 
progressing through the cap rock of the Printzsköld orebody as mining 
deepens.  

(a) 

(b) 
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Figure 24 Seismogenic and yielded zone Boundary upward advance towards the 
ground surface predicted for future mining in the Printzsköld orebody for the (a) 
970 m, (b) 996 m and (c) 1023 m levels. 

 

  

 

 

 

 

970 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

 

 

996 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

 

 

1023 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary. The cave just 
reaching at the ground surface 

(a) 

(b) 

(c) 

970 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

996 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

1023 m level Numerical analysis 
interpreted lower seismogenic zone 
boundary. The yielded zone just 
reaching at the ground surface 
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5. DISCUSSION 
 

In the numerical modeling, several simplifications were made to make the 
numerical model as simple and understandable as possible. Initially, a 
continuum approach using the two-dimensional code Phase2 was used. This 
model was utilized to quickly gain insight into the stress redistribution both 
in the hangingwall and the cap rock of the Printzsköld orebody. Equally 
important was that the simulation was also used to run a parametric analysis 
on the rock mass strength parameters to test their sensitivity and determine 
which of them governed stability. In the parametric analysis, cohesion was 
found to be more sensitive and controlled the stability in the hangingwall 
when it was compared to friction angle and tensile strength. A similar result 
was obtained when tensile strength and cohesion were tested for sensitivity 
using a 3D continuum modeling approach. 

In practice, changing the rock mass strength parameters (to lower or higher 
values) can be compared to the inherent strength variabilities found in the 
rock mass. For instance, during rock mass characterization various weakness 
pockets in the rock mass of the Printzsköld orebody were found. These were 
mostly due to sheared, decomposed or soft rock mass materials. Such 
variations could easily change the strength parameters significantly. In the 
future, it should be considered to simulate a varying strength of the rock mass, 
but this also requires additional and extensive data collection.  

To further understand the stability issues in the Printzsköld orebody, a 
discontinuum model was used to simulate three of the large-scale structures 
found in the Malmberget mine. In this model, the included large-scale 
structures were simulated as joints. Moreover, they were assigned laboratory-
scale base case strength parameters. A limitation with regard to the base-case 
strength-parameters was that they neglected the possible scale effects of the 
large-scale structures in a real sense. The laboratory-scale parameters were the 
best available parameters to use in the modelling at this stage. It is likely that 
the large-scale strength properties are lower than the ones measured in lab 
scale. Thus, the cases run with low joint strength properties may be more 
realistic.  



44 
 

Moreover, the results showed that if the large-scale joint parameters had a 
low cohesion, this would not affect hangingwall or cap rock stability as much 
as it would be affected by a lower friction angle. It thus appears that the 
friction angle of large-scale structures has a more governing effect on stability 
and cave initiation along the structures compared with the cohesion, at least 
for the strength variations simulated. Similar to previously discussed regarding 
the rock mass strength parameters, additional characterization of large-scale 
structures is necessary to increase reliability in modeling and cave prediction.  

The continuum and discontinuum models highlighted that results with added 
details can be obtained with the discontinuum modelling, whereas faster 
solutions could be obtained using the continuum modelling methodology. 
Woo et al. (2014) showed a similar result in their study for the testing of 
various numerical approaches for the influence on undercut depth on caving. 
The result from the comparison between the continuum and discontinuum 
model with large-scale structures in the present study can be interpreted in 
the following ways: 

� There is a loss of stress build-up in the evaluated areas (cap rock and 
cave bottom). 

� The stress build-up lost has been due to the observed slip along the 
large-scale structures. 

Moreover, the slip along the structures can provide an insight into the failure 
direction or caving advance especially since this slip is mostly confined to the 
cave boundaries. For instance, the amount of slip along a specific, well-
defined large-scale structure that intersects a cave would provide information 
on the expected cave geometry as well as cave extents.  

The methodology developed to identify the location of the lower boundary 
of the seismogenic zone took into consideration that, firstly, the yielded zone 
is aseismic due to the parting that has already taken place across the joints, 
leaving the joints open. Secondly, in the seismogenic zone there is usually 
shear yielding. This happens when the two sides of the discontinuity move 
in opposite directions overcoming joint asperities (or joint incongruities). As 
these asperities fail, energy is released and is recorded as seismicity. This 
conceptual model was used to identify locations within the numerical model 
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where tensile yielding transitioned into shear yielding and designated it as the 
average location of the lower boundary of the seismogenic zone. 

In the 2D approach, the cave advance determined in the numerical model 
was based on the back-analysis of the previous cave progression. However, 
there are many factors that may influence cave progression such as the 
presence of large-scale structures or weak zones in the rock mass, etc. 
(Vyazmensky et. al., 2010). For the 3D approach, there was fair agreement 
with observed seismic data in the interpretation of the boundary between the 
seismogenic zone and the yielded zone. For the selected cases, a perfect match 
in the cave progression could not be obtained. Some possible reasons are: 
(i) no persistent joint structures were considered in the numerical model, 
(ii) possible variations in the rock mass strength and their parameters in the 
hangingwall and footwall were not incorporated, and (iii) seismic event 
location errors could influence the interpretation of the seismic front location 
based on seismic monitoring data. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1. Key findings 

This study set out to improve the understanding of caving in the cap rock of 
a non-daylighting orebody and the factors that govern cave progression. Its 
objectives were (i) to determine the rock mass characteristics that affect or 
govern the stability of the cap rock; (ii) to determine the failure mechanism 
in the cap rock as mining deepens to lower levels; (iii) to study the behavior 
and the influence of geologic structures on the stress redistribution in a caving 
environment, using numerical analysis; (iv) to determine the extent of caving, 
as well as cave progression rate in the cap rock, using seismic data, laser 
scanning, and numerical modeling; and (vi) to predict future cap rock 
behavior as mining deepens. 

Rock mass stability in the cap rock and hangingwall of an orebody is 
controlled by various rock strength parameters such as cohesion, friction angle 
and tensile strength. In this study, the sensitivity of these strength parameters 
has been tested using numerical modeling. It was found that in the Printzsköld 
orebody the governing strength parameter of the rock mass was cohesion. It 
was further shown that the predominant failure mechanism in the cap rock 
was shear with some tensile failure in the zones closer to the cave. In the 
larger part of the hangingwall, the mechanism was predominantly tensile 
failure. 

Failure in both the cap rock and hangingwall were largely controlled by stress 
concentrations and geologic structures. When stresses are high, there is 
movement along these structures especially if their orientations are near-
parallel to the orientation of the major principle stresses. The large-scale 
structures were found to influence near field stresses by reducing the stress 
build-up after the slip along the structures. However, the large-scale 
structures simulated in this study were found not to affect cave growth per-
se, unless these structures were located near the cave. 

The combination of shear and tensile failure in the cap rock is judged to be 
responsible for the development of the cave and its propagation towards the 
ground surface. Using a numerical model approach to model the rock as a 
jointed rock mass can simulate cave growth and rock mass failure around the 
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cave in a realistic manner. By analyzing the spatial distribution of the seismic 
events in the Printzsköld orebody, it was possible to identify the position of 
the seismic front with respect to caving and through comparisons with laser 
scanning data. These findings were then used for calibration of the numerical 
models in 2D and 3D, thus enabling also future prediction of cave 
development to be made. The calibration proved to be sensitive also to small 
changes in cohesion and tensile strength.  

The estimated boundary between the seismogenic and yielded zones, as 
defined in the Duplancic and Brady conceptual model of caving, was 
coinciding with, or was close to, the cave boundary in the Printzsköld 
orebody. This may imply that in some areas the yielded zone was not present 
and that the Duplancic and Brady model may not be universally applicable. 
Additional work is required to verify this indication, as well as to fine-tune 
the modeling methodology.  

Forward modeling showed that cave breakthrough is estimated to take place 
around year 2022. It may begin by showing some cracking in the ground 
surface. It is however not certain that this cave breakthrough will occur as 
the rock mass may be interlocked. The yielded zone reaching the ground 
surface may not necessarily guarantee cave breakthrough.  

6.2. Recommendations 

It is recommended that the methodology developed in this study should be 
extended to other orebodies in the Malmberget deposit. This should include 
both the seismic data interpretation, as well as the numerical modeling 
methodology using bonded block models (in 2D and/or 3D). This will help 
highlight various differences in the caving and failure processes that take place 
within these orebodies. These orebodies may be transected by various large-
scale structures with different dips, orientations, strength, etc. and so they 
might behave in different ways, which might highlight important aspects of 
the stress interactions within the orebodies. 

The modeling methodology developed and applied in this thesis is judged to 
be both reasonable and providing realistic results. However, there is a need 
to further develop this, in particular in 3D. Efforts should be made to increase 
the resolution by modeling with smaller zone sizes. This would reduce the 
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stiffness-related stresses as the ones observed in the models in this study. 
Comparisons with 2D-models may provide guidance as to the choice of zone 
size.  

It is also recommended that further studies be instituted that may include the 
use of seismic source parameters such as Es:Ep ratios, apparent stress, etc. It 
would not be unreasonable to assume that certain "seismic signatures" would 
be characteristic for different types of caving behavior. The data existing at 
the Malmberget mine is judged to be comprehensive enough to exploit this 
possibility. With such seismic signatures identified, a more precise prediction 
of caving behavior may be possible.  

This thesis has also shown the sensitivity of input data with respect to 
modeling results, which, in turn, implies that more efforts should be devoted 
to data collection. The "random jointing" simulated in the caving models was 
done for the lack of detailed information on jointing patterns. There is thus 
a need to represent the rock mass in a more realistic and representative 
manner. It is envisioned that a more statistical approach could be of value, 
e.g., aiming at developing and constructing discrete fracture network (DFN) 
models. This would require more joint mapping, and with a slightly different 
approach than currently used. DFN models can later be used as input to 
detailed numerical models to simulate caving.  

Currently the Printzsköld orebody numerical simulation ends at the level 
1225 m. It is recommended that additional numerical simulations be 
conducted to levels beyond the currently simulated levels to estimate the 
extent of future caving also for very deep mining. 
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Abstract
The LKAB Malmberget Mine is mined using sublevel caving. This mining method is 
cost-effective but results in successive caving of the host rock and mining-induced ground 
deformations. Consequently, re-locations of residential areas have been in progress in
Malmberget ever since iron ore extraction on industrial scale commenced about a century 
ago. This study seeks to increase the understanding of the intrinsic characteristics of the 
rock mass governing deformation and caving activities. Rock mass characterizations were 
done in two selected orebodies — Printzsköld and Fabian. Two drill holes were drilled in 
each orebody from the surface. Geotechnical core logging was performed using the RMR 
system. Weakness zones were categorized to determine what role they played in the 
caving process. Point load testing was conducted for a sampling interval of about 5 m and 
selected uniaxial compressive strength tests were conducted to calibrate the point load 
index. Tunnel mapping was conducted in the hangingwall of the Printzsköld orebody. The 
finite element modeling code Phase2 was used for a sensitivity analysis of rock strength 
parameters and to study factors that may influence initiation of caving of the hangingwall. 

Keywords: Mining-induced subsidence, rock strength, numerical analysis, weak zone 
characterization

1 Introduction
1.1 Background
The Malmberget mine is operated with large-scale sublevel caving. The mine comprises a 
total of 20 orebodies of which about 10 are in active production today. The mine is 
located in the municipality of Gällivare, see Figure 1 [1].

1Luleå University of Technology, Sweden. 
2Itasca Consultants AB, Luleå, Sweden.
3Luleå University of Technology, Sweden. 
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Over the years, extraction from these orebodies has created varying subsidence problems 
on the ground surface, thus affecting residential areas and existing infrastructure. This 
subsidence is associated with the mining method which undermines the hangingwall 
causing instability and ground deformations. As mining progresses to deeper levels a 
larger subsidence area is created. 
The subsidence zone on the surface is characterized by cracks, sinkholes and steps in 
many areas. Forecasting the subsidence processes is not straight-forward as it can be rapid 
or slow depending on the rock mass conditions, stress conditions, the mechanisms at work, 
etc. Moreover, several of the orebodies are non-daylighting, which makes reliable 
subsidence prognosis even more difficult. 
Studies have been conducted [2, 3, 4, 5] in which many of these processes have been 
targeted and investigated in Malmberget mine; however, a deeper and detailed 
understanding of the subsidence processes is required. The present study was designed to 
improve the understanding of the subsidence mechanism of the Printzsköld orebody 
hangingwall. 
The Printzsköld orebody is located in the central area of the Malmberget mine [2], and 
was chosen to be the case study orebody. This orebody was chosen for two reasons: (i) it 
is one of the more important orebodies in terms of future production volumes in 
Malmberget, and (ii) it is located partly beneath the central area of the Malmberget 
municipality with associated large impact, if caving to the ground surface developed. 
Since mining started in this orebody there has not been any subsidence on the ground 
surface, but a reliable prediction of future caving and associated ground deformations is 
lacking. This study comprised a rock mass characterization campaign and a conceptual 
numerical modeling of the Printzsköld orebody.
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Figure 1: Geological map of the Northern Norrbotten Region (Sweden), (from [1])

2 Conceptual Model for Caving Analysis
2.1 Cave Mining
Laubscher [6] defines cave mining as all mining operations in which natural caving of the 
orebody is encouraged through undercutting [6]. It includes mining methods such as 
sublevel caving, block and panel caving, and inclined draw caving. These mining methods 
allow for the bulk beneficiation of large orebodies at a low cost [7]. Since their introduction 
in the early 20th century it has been very important for the mine operators to predict the cave 
propagation.
In [6], Laubscher also posits that this type of mining is the lowest-cost underground mining 
method as long as draw sizes are designed to equitable requirement for the material 
cavability. Among the 25 factors that Laubscher pointed out to be of primary consideration 
are surface subsidence and induced cave stresses [6].
For cave propagation to be successfully initiated a well-developed low-dip joint must be 
present which interacts with two steeply dipping joints to create a free falling block [8]. 
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This assertion was earlier stated by [9] who suggested that when tangential stresses are low 
or tensile in nature free blocks may be able to slide on inclined discontinuities and fall by 
gravity in what is called gravity caving. These fallouts can also be augmented by the entire 
domains of weakness due to other factors such as shearing, weathering and dissolution. In 
[10] it is suggested that fallout conditions may develop when horizontal in situ stresses are 
low such as in those cases where slots and early mining have relieved the stresses or 
redistributed them away from the block [10].
Duplancic and Brady [11] developed a conceptual model for caving by analyzing the 
seismic responses in the vicinity of a cave. They found that a caving zone can be 
characterized by the zones shown in Figure 2.

Figure 2: Conceptual model of the caving zone as proposed by [11].

The zones are described briefly here:
i. Caved or mobilized zone

This zone is made up of rocks that have been mobilized or broken. The material in this 
zone is considered cohesion less. This material also provides stability to the walls of the 
cave.

ii. Air gap
The extraction of the caved material affects the height of the air gap. This is the gap that 
is left at the back of the cave.  

iii. Zone of discontinuous deformation
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In [11] this region was characterized as one that no longer provides support to the 
over-lying rock masses. Large scale movements of the rock mass have occurred in this 
region while no seismic activities are recorded.

iv. Seismogenic zone
In this region a seismic front occurs due to brittle failure of joints and their slip on 
joints. The behavior is attributed to the changing stress regime and the propagation of 
caving.

v. Elastic zone

This is the zone furthest from the cave. It is composed of intact rock mass and has an elastic 
behavior towards deformation. It is a region ahead of the seismic front.
Sublevel caving practiced at the Malmberget mine in the Printzsköld orebody fits into this 
model, since there is still a cap rock above the cave. Seismic monitoring in this orebody 
revealed trends of seismic activities in the hangingwall as well as the cap rock, which were 
consistent with the ones described in [11]. Also, the drill hole PRS01, drilled from the 
surface above the Printzsköld orebody in the hangingwall intercepted a void at a hole length 
of about 282 m, as shown in Figure 3.

Figure 3: Seismic monitoring and drilling in the Printzsköld orebody conforming to the 
conceptual model of caving by [11] (courtesy of Malmberget Mine).
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3  Rock Mass Characterization
3.1 Local Mine Geology
The Malmberget deposit is a paleproterozoic succession of greenstones, porphyries and 
clastic meta-sediments which are hosted by metavolcanics that have been intruded by 
pagmatites and granites [1] see Figure 1. The volcanic rocks have been transformed to 
sillimanite gneisses with quartz, muscovite, and local andalusite by the young granite 
intrusions. The iron ores are characterized by coarse magnetite and variable horizons of 
apatite with local sections rich in hematite. Generally, the border zones of the ore are 
characterized by skarn zones interpreted to be related to the formation of the ore [5]. 
Similar to many areas in Northern Sweden, the Malmberget deposit is characterized by 
NW-SE trending shear zones [5]. These zones are thought of as resulting from a complex 
geodynamic evolution which included repeated extensional and compressional tectonic 
regimes associated with magmatic and metamorphic events [12].
Two of the four diamond drill holes used, were placed in the hangingwall of the Printzsköld 
orebody with borehole numbers PRS01 and PRS02 and their respective azimuths indicated 
by the white arrows as shown in Figure 4. The two drill holes were drilled to about 280 m
and 302 m respectively. The rock mass was mainly dry during drilling.

3.2 Characterization of the Malmberget Mine.
In the Malmberget Mine, many studies have been carried out aimed at characterizing the 
rock mass [3, 4]. Debras [3] tried to characterize the rock mass hosting the Printzsköld 
orebody, and offered a comprehensive petrologic and geologic description. Wänstedt, [4] 
carried out a rock mass characterization of the Malmberget rock using geophysical 
borehole logging [4]. He demonstrated the variations in rock mass properties, including 
rock mass strength, based on observations and deductions of rock densities from the 
geophysical electromagnetic methods.
However, the results of the previous work were not geotechnically useful as no explicit 
characterization of geotechnical parameters was done. The lack of geotechnical 
characterization of the Printzsköld and Fabian orebodies in Malmberget necessitated a 
more thorough rock mass characterization study.

3.3 Data Collection and Results
Geotechnical core logging and tunnel mapping was the major source of classification 
information for the various rock formations intercepted. Data was collected and processed 
in accordance with the Bieniawski (1989) Rock Mass Classification (RMR) system [13].
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Figure 4: Drill hole locations for the Malmberget rock mass characterization. The orebody 
(magnetite in blue) and the footwall rock mass (Red Leptite in yellow, Red-Grey Leptite in 
brown) are shown as horizontal projections from the 945 m mine level (Courtesy of LKAB, 

Malmberget Mine, 2011).

Core logging consisted of physical inspection, measurement and observation of the 
diamond drill cores. This approach enabled the collection of information such as RQD 
length, natural breaks, rock mass formation and description, see example in Figure 5. Table 
1 shows the rock formations intercepted in drilling and their descriptions  

Table 1: Rock formations intercepted in the Printzsköld orebody

Rock formation Abbrev Description of rock

Red Leptite RLE Reddish-brown, medium to coarse grained feldspathic 
quartzite matrix, hard.

Grey Leptite GLE Grey medium grained, partly micaceous

Red-Grey Leptite RGL Pinkish grey, medium to coarse grained, hard, 
micaceous in many places

Magnetite MGN Greenish grey, dark patches, medium grained, 
micaceous.

Skarn SKN Dark, green, coarse grained.
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Figure 5: Example of rock core from the Printzsköld orebody drill holes.

Tunnel mapping was undertaken in the Printzsköld orebody on 970 and 945 m levels see 
Figure 6. Other characteristics investigated were the geological strength index (GSI) [14], 
estimated from the rock mass characteristics in the field; joint orientations, and general rock 
mass descriptions. Table 2 shows the GSI values obtained from tunnel mapping of the 945 
and 970 m levels in the Printzsköld orebody.
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Figure 6: The 945 m level in the Printzsköld orebody in which underground mapping was
carried out. (Courtesy of LKAB, Malmberget Mine, 2012)

Table 2: GSI values as obtained from mapping the 945 and 970 m levels in the 
Printzsköld orebody

Rock Formation
GS
I

Conditio
ns Comment

Red Leptite (RLE) 68 GOOD Blocky, slightly weathered iron stained
Grey Leptite (GLE) 64 GOOD Blocky, slightly weathered joints, iron stained.
Red-Grey Leptite
(RGL) 40 FAIR moderately weathered and altered surfaces
Magnetite (MGN) 65 GOOD rough and slightlyweathered

BiotiteSchists (BIO) 20 POOR
highly weathered surfaces and slicken sides 
joints, seamy

3.4 Point Load Strength Testing
Sampling of rock cores for intact rock strength was conducted at an interval of 5 m along 
the borehole. Samples were prepared for axial as well as diametral point load strength 
testing as described in [15]. Care was taken to apply the force at the rate of 10-60 seconds to 
the break of the sample in either direction. Laboratory direct uniaxial compressive strength 
test results from ten samples were used to calibrate the point load index as shown in Figure 
7, which was found to be 21 MPa. The resulting intact rock strengths derived directly from 
the point load testing were subsequently used in the determination of the RMR values for 
this area.  
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Figure 7: Point Load Index Calibration using Direct Uniaxial Compressive Strength (UCS) 
test results.

Intact rock strength results showed that most of the rock mass is highly competent and hard. 
Table 3 shows UCS strength results for the Malmberget area for each rock formation 
intercepted. The disparities in minimum and maximum values in these values were due to 
various weak zones.

Table 3: Uniaxial compressive strength values for the Printzsköld orebody, Malmberget.

Rock Formation UCS* [MPa]
Max Min Average

Red Leptite (RLE) 302 60 184
Grey Leptite (GLE) 242 90 149
Red-Grey Leptite (RGL) 256 120 176
Skarn (SKN) 170 74 127
Magnetite (MGN) 182 71 127
*values from point load tests

3.5 Rock Strength Isotropy
The rock units around the Printzsköld orebody showed considerable strength isotropy. The 
axial-to-diametral strength ratio is shown in Figure 8 (a and b).
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Figure 8: Intact rock strength isotropy ratio in the Printzsköld orebody.

With the exception of a few outliers, the majority of the test data indicated isotropy ratios of 
between 0.6 and 1.1 for the Printzsköld orebody, see also Figure 9. This suggests that this is 
a fairly isotropic rock with respect to strength. Anisotropy was found to be characteristic of 
biotite schist zones and areas generally categorized as weak zones as observed from core 
logging and tunnel mapping.
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Figure 9: Normal distribution of the intact rock strength isotropy in the Printzsköld 
orebody, as inferred from point load tests.

3.6 Rock Mass Rating (RMR) and Rock Quality Designation (RQD)
Tables 4 and 5 show value ranges for rock quality designation (RQD) [16]; and rock mass 
ratings (RMR) [13] for the Printzsköld orebody rock units. Rock mass rating showed that 
most of the rock mass was classified as good rock  

Table 4: RQD values for the Printzsköld orebody, Malmberget mine.

Rock Formation RQD%
Max Min Average

RLE 97 24 71
GLE 94 28 65
RGL 93 46 69
SKN 90 65 85
MGN 79 68 73
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Table 5: RMR for the Printzsköld orebody, Malmberget mine.

Rock Formation RMR Class (based on
Average)Max Min Average

RLE 78 54 66 II
GLE 69 53 63 II
RGL 70 60 67 II
SKN 67 65 66 II
MGN 67 62 65 II

The distribution of RQD and RMR has been graphically presented for boreholes PRS01 
and PRS02 in Figure 10. The RMR in the orebody hangingwall fluctuates between 65 and 
75, with many rock formations reaching a maximum of 80.

Figure 10: RMR and RQD distribution for the Printzsköld area. Both boreholes PRS01 (a) 
and PRS02 (b) showed similar value ranges.
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3.7 Joint Descriptions
Three main joint sets were found in the hangingwall of the Printzsköld orebody. The joint 
conditions are summarized as follows:  

Moderately weathered, predominantly rough planar joint, hard infilling, some soft infill 
found in some joints. 
Joint spacing of 10 to 50 cm. 
Predominantly hard kaolinitic in fills.
Joint orientations (dip/dip-direction) were: (i) 27°/346°, (ii) 13°/097°, and (iii) 72°/173°

3.8 Weak Zones
Weak zones were encountered in the Printzsköld hangingwall. These zones had properties 
different from the host rock and as such they needed to be systematically evaluated to 
determine their effect on overall stability of the rock mass. It was found that the weak zones 
had an impact on the rock strength isotropy in the Printzsköld orebody as seen from the 
distorted ratio plots for isotropy comparisons in Figure 6. Weak zones were divided into 
two categories: (i) highly fractured zones, and (ii) weathered/low strength zones.
The highly fractured zones comprised rocks characterized by many fractures and they 
showed disking in some places due to stress concentrations. These were commonly 
observed in rock formations such as red leptite (RLE) in the hangingwall.
The weathered low strength zones were made up of rocks that exhibited weaknesses due to 
material types, alteration and weathering. The material weaknesses were characteristic of 
all biotie zones found mostly in grey leptites as well as marking the contacts with the 
orebody magnetite (MGN). Figure 11 shows weak zones intercepted by each drill hole and 
their distributions.

Figure 11: Weak zone intervals presented for each borehole
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4  Numerical Modeling of the Printzsköld Orebody
4.1 Approach
The objective of the conceptual modeling of the Printzsköld orebody was to assess the 
sensitivity of strength parameters. The aim was also to provide insight into possible failure 
mechanism(s) of the hangingwall. 
Phase2, a Finite Element Modeling (FEM) program from Rocscience Inc. [17] was used to 
analyze the stress re-distribution of the Printzsköld orebody hangingwall. The Printzsköld 
orebody has a complex geometry which require some geometrical simplifications. In this 
initial work, only a two-dimensional analysis was conducted, in which a vertical 
cross-section of the orebody and hangingwall was modeled, see Figure 12. This rather 
severe simplification was judged acceptable to study, conceptually, stress distribution and 
possible failure mechanisms of the hangingwall. Three-dimensional modeling, enabling 
including the plunge of the orebody, is obviously required in future work. However, the 
vertical cross-section perpendicular to the orebody strike was believed to, at least in some 
aspects, be justified in a two-dimensional model, see Figure 12. 
Caving was not explicitly simulated. Rather, the caved rock was simulated as a void, 
starting from the current situation, in which caving has progressed to about 300 m below 
the ground surface. The conceptual model was aimed at investigating the stability of the 
existing cave and factors that may trigger additional cave growth. The hangingwall 
response in this case was analyzed using both elastic and plastic material models. 

4.2 Model Set-Up
Mining of the Printzsköld orebody started at the 780 m level. With continued mining 
toward depth, the cap rock caved and the cave advanced to the current depth of about 300 m 
below ground surface as of 2012, as shown in Figure 13. This mining and cave 
development has not been simulated in this model. Rather, simulation started with the 
extraction of 920 m level (mined in 2011). Sublevel heights in the mine are 25 m, but were 
slightly simplified in the model so that each mining level was set at 25 to 30 m from the 
sublevel below, and mining was simulated down to the 1052 m level (a total of six mining 
stages). 
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Figure 12: 3D model of the Printzsköld orebody. Section line A-A indicates where the 
cross-section of the numerical model has been taken from.

The model length was set to 3.2 km and the depth to 1.7 km, to accommodate the entire 
Printzsköld orebody, both the caved and previously mined parts as well as the un-mined 
delineated orebody. The model size was chosen to minimize possible boundary effects. A 
query line for interpretation was offset at about 10 – 15 m from the hangingwall boundary, 
see Figure 13.

4.3 Mechanical Properties
The elastic constants used in this model were derived from [20] and they were Young’s 

hangingwall). For the orebody the values were set at 65 GPa and 0.25 respectively. The 
density of the host rock was set at 2700 kg/m3 and that for the orebody was set to 4700 
kg/m3.
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Figure 13: Cross-section of the Printzsköld orebody in the Malmberget mine.

The rock strength parameters were also taken from [18]. Table 6 shows the strength 
parameter values in previous studies for the Malmberget area.

Table 6: Typical strength parameters for the Malmberget Mine. (from [18])
Unit c [MPa] [°] tm [MPa]
Global, mine-scale model
Hangingwall 5.18 50.7 0.71
Orebody 4.81 50.7 0.48
Footwall 6.67 52.9 1.30
Local, drift-scale model
Footwall — Low 4.55 50.3 0.37
Footwall — High 6.67 54.8 1.04

The joint strength parameters were obtained from [19] as follows:
Normal joint stiffness: 110 GPa/m.
Shear joint stiffness: 9 GPa/m.
Joint friction angle: 35°.
Joint cohesion: 0 MPa. 

The selected input parameters for the plastic models are shown in Table 7. This model was 
run using an elastic-perfectly plastic Mohr-Coulomb material model.
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Table 7: Strength parameters used for the plastic models
Area Strength parameter Peak value Residualvalue

Hangingwall
c [MPa] 5.15 5.18

[°] 50.7 50.7
tm [MPa] 0.71 0.71

Orebody c [MPa] 4.81 4.81
[°] 50.7 50.7

tm [MPa] 0.48 0.48
Footwall c [MPa] 6.67 6.67

[°] 52.9 52.9
tm [MPa] 1.3 1.3

tm = tensile strength

The sensitivity analysis performed using the elastic model was based on the estimated input 
strength values obtained above. Parameters were varied over the ranges according to Table 
8.

Table 8: Ranges of strength parameters used in the models
Strength Parameter Value
c [MPa] 4 6 8 10

[°] 30 40 60
tm MPa 0 0.5 1 1.5

4.4 In-Situ Stresses
The rock stresses used in this model were derived from those used in [18], which comprised 
a numerical stress calibration against conducted measurements. The vertical stresses were 
considered to equal the pressure of overburden material at a given depth. The principal 
horizontal stresses were given by the equations below [19]:

zH 0356.0 (1)
zh 0172.0 (2)

wherez is the vertical depth below ground surface in m, and H has an orientation of 130.6° 
clockwise from local north.

4.5 Model Results
Linear elastic continuum models were first analyzed and the resulting stress distribution 
studied. Subsequently, the strength factors (essentially factors of safety) for various 
combinations of strength parameters were calculated. Variations in cohesion, internal 
friction angle and tensile strength showed that the rock mass behavior was most sensitive to 
changes in the cohesion. 
The distribution of strength factors in the elastic models provided an indication for low or 
high values of tensile or compressive stresses. Strength factors that reached zero were 
tensile stressed regions. In the plastic analysis it was possible to show the yielding in these 
zones and identify possible failure mechanisms in the hangingwall.
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The elastic models showed that there were extensive areas of low stresses in the 
hangingwall as shown in Figures 14 and 15. A zone of relatively high compressive stresses 
was observed in the cap rock. However, low stresses were observed close to the ground 
surface as shown on point X.

Figure 14: Distribution of 1 after mining the 1052 level.

Figure 15: Distribution of stress 3 for mining level 1052 m.
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On the query line, the value of strength factor can be seen at point X for both cohesion and 
internal friction angle variations see Figures 16 and 17. The strength factors have high 
values because in these areas, the stresses are low, but because of low confinement, the 
strength is also low. In relative terms (strength factor defined as a ratio) the strength factor 
may be high, but even a slight increase in stress may cause the strength factor to drop 
significantly.  In essence this can give an implication of adequate factor of safety in as far 
as failure is concerned. As will be shown in the plastic model this whole region is 
susceptible to failure.

Figure 16: Strength factor associated with variations in cohesion on the 10-15 m offset 
query line
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Figure 17: Strength factor variations on 10-15 m offset query line due to variations in 
internal friction angle.

A ubiquitous joint post analysis investigation for joint orientations (anti-clockwise from the 
positive x-axis) of -72° and 27° (defined anti-clockwise from the positive x-axis) was 
performed. For the 72° joint set the zone of tensile strength in the hangingwall remained 
relatively smaller. For the 27° joint set the strength factors changed significantly and the 
indicated zone of tensile failure increased outwardly.   

4.6 Yielding and Failure Mechanisms
A plastic model was used to determine possible yielding and failure mechanisms for the 
hangingwall. Figure 18 shows yielded elements of the plastic model indicating areas of 
shear and tensile stresses. The zones of yielding correlate, qualitatively, with the regions 
observed earlier in the elastic models as having low strength factors. In this model the entire 
hangingwall showed tensile yielding while a mixture of shear and tensile yielding was 
observed in the back of the caved room. Shear failure regions were also observed towards 
the bottom of the caved area.
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Figure 18: Yielded elements of the hangingwall of the Printzsköld orebody at the mining 
level of 1052 m.

The results also showed that as the mining depth increased the boundary of the yielded zone 
in the hangingwall increased progressively. Figures 19 through 21 show progressive 
yielding with deepened mining from 920 to 1052 m.
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Figure 19: Yielding for mining of the 920 m level in the Printzsköld orebody.

Figure 20: Yielding for mining of the 996 m level in the Printzsköld orebody.
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Figure 21: Yielding for mining of the 1052 m level in the Printzsköld orebody.

5 Discussion
The Printzsköld orebody is hosted within a relatively strong and competent rock mass. 
Rock core logged from this orebody showed five main rock formations: Red Leptite, 
Grey-Red Leptite, Grey Leptite, Magnetite (orebody formation) and Skarn. The length of 
the drill holes did not enable granite rock formation present in this region to be core drilled 
for examination; however, its presence has been inferred from other studies such as [2]. 
There was also biotite schist zones observed in the contacts between Grey Leptite and 
Magnetite. These biotite zones were characterized as part of the weak zones of the 
Printzsköld orebody.   
The average RMR range for the competent rock masses was 63 to 67. Individual rock 
formations exhibited rock mass ratings as high as 80. Biotite schist zones present a 
geotechnical challenge in this orebody due to their weakness. Tunnel mapping showed that 
most of the areas containing biotiteschists had an effect of lowering the RMR to as low as 
30, while the GSI was found to be reduced to around 20. 
The rock mass also exhibited a relatively high strength isotropy in all rock masses. The loss 
of isotropy was observed in parts characterized as weak zones. It was not possible to fully 
describe the weak zones in the Printzsköld orebody as data obtained from the two diamond 
drill holes was too far apart to allow any correlation. 
The sensitivities of the hangingwall and cap rock to variations in rock mass strength 
parameters have been studied. The strength factor was most sensitive to variations in 
cohesion.
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The plastic model showed a yielding in the hangingwall and a major part of the hangingwall 
was exposed to tensile stresses, giving us a tensile failure mechanism of the rock mass into 
the mined out area. It also indicated that a likely progressive failure under the mechanisms 
given above could ensue as the depth of mining increases.  
While this model offers a starting point for the evaluation of stress redistribution in the 
hangingwall in the cross section of the Printzsköld orebody, it does not fully capture an 
accurate description of stresses and failure distribution since failure is taking place in a 
three dimensional system.
As a preliminary analysis of this orebody, fairly large simplifications have been employed 
to make the model as simple and understandable as possible. Some challenges were met 
pertaining to the numerical code (Phase2) output of strength factors in the post analysis 
interpretation. High values of strength factors were found in areas with very low confining 
stresses. These values do not necessarily reflect stability but rather that the strength was 
also low. The high values of strength factor could be misinterpreted as safe areas.

6 Conclusions and Recommendations
From this study the following conclusion can be drawn:

The results of the rock mass characterization showed that the rock mass strength in the 
Printzsköld area is generally high and competent. 
The averaged RMR across the rock formations ranged between 63 and 67, while the 
RQD had an average value in the interval of 71 to 85 %. The rock mass also had a GSI 
range of 60 to 75. GSI values were found to be very low in areas characterized by 
biotite schist.
Numerical elastic models of the hangingwall of the Printzsköld orebody showed that 
the sensitivity of the hangingwall behavior was strongest for variations in cohesion.  

The following recommendations are given:
It is recommended that more joint orientation mapping be carried out in the lower levels 
of the Printzsköld orebody. 
More geotechnical drilling is required to ascertain rock mass geotechnical parameters 
for the lower levels of the Printzsköld orebody area which can be compared to those of 
upper levels obtained in this study. 
Drilling will also provide more information in the analysis of weak zones, their spatial 
distributions and their categorizations.
A three dimensional model approach needs to be undertaken to account for the whole 
orebody geometry and stress interactions.
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The Malmberget mine is owned and operated
by the Luossavaara-Kiirunavaara AB (LKAB)
mining company. Iron ore is extracted by
large-scale sublevel caving. The mine
comprises a total of 20 orebodies, about 10 
of which are in production today (Figure 1).
The mine is located in the municipality of
Gällivare, about 100 km north of the Arctic
Circle (Figure 2).

Successful sublevel caving requires
progressive caving of the orebody after initial
blasting. This results in caving of the
hangingwall, sometimes all the way to surface,
resulting in surface deformation. As mining
progresses to deeper levels a larger area is
affected by deformation. Over the years,
extraction from the Malmberget orebodies has
led to deformation of the ground surface,
affecting residential areas and existing
infrastructure.  

Forecasting the caving process is not
straightforward as it can be rapid or slow,
depending on the rock mass conditions, stress
conditions, the failure mechanisms at work,
etc. Moreover, several of the orebodies in
Malmberget are non-daylighting, which makes
reliable caving analysis even more difficult,
primarily since there is less available
experience from such cases. The present study
was designed to improve the understanding of
the caving and deformation mechanisms at

Malmberget, and in particularly for the
Printzsköld orebody. 

Mining of the non-daylighting orebodies at
Malmberget, including Printzsköld, will leave a
cap rock, or crown pillar, between the
extracted areas and the ground surface. As
mining proceeds deeper in the Printzsköld
orebody, caving will gradually progress
upward in the crown pillar and hangingwall.
The caving propagation can lead to ground
surface deformation, depending on the extent
and rate of caving, and whether breakthrough
develops or not. It is therefore essential to
investigate, describe, and quantify this
phenomenon and its governing factors.

Umar, Sjöberg, and Nordlund (2013)
described the rock mass in the Printzsköld
orebody as highly jointed in many places. This
rock mass is characterized by fractures, faults,
and weak zones. The ore is quite competent
but it is affected by the weak schistosity of
biotite schists in some places on the boundary
between magnetite (ore) and the grey leptite
horizon.

The caving is believed to be controlled by,
among other factors, the stress conditions in
the rock mass. Umar, Sjöberg, and Nordlund
(2013) presented an investigation of the stress
redistribution in the hangingwall of the
Printzsköld orebody in which a two-
dimensional conceptual model was constructed
using the continuum code Phase2 (Rocscience
Inc., 2002). A sensitivity analysis of strength
parameters was performed in which cohesion
(c); tensile strength ( tm), and the angle of
internal friction ( ) of the rock mass were
varied. This study showed that the stability of
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the hangingwall rock mass was more sensitive to variations
in cohesion. However, the two-dimensional model was
judged to be rather simplistic, and a three-dimensional model
study is thus warranted. No three-dimensional stress
modelling has previously been conducted for the Printzsköld
orebody with the aim of studying failure mechanisms in order
to understand the caving process. 

The Printzsköld orebody was selected for this study because
of (i) its importance as one of the main areas for future
production at Malmberget, and (ii) the importance of better
understanding future caving behaviour and possible ground
deformation in the central area of Malmberget. The paper
presents a conceptual model for studying stress redistribution
and yielding in the hangingwall of this orebody as a function
of mining at depth and the caving activities. However, the
caving process itself was not explicitly simulated. Rather, the
study was focused on the specific objectives outlined below:

i. To provide an understanding of the rock mass

behaviour in the crown pillar of a non-daylighting
orebody as mining progresses deeper

ii. To assess the sensitivity of rock mass strength
parameters with respect to possible caving and
deformation mechanisms

iii. To identify the failure mechanism likely to affect the
hangingwall and the crown pillar of the Printzsköld
orebody as mining deepens.

Three-dimensional numerical modelling was employed using
the Three Dimensional Distinct Element Code (3DEC) (Itasca
Consulting Group Inc., 2013). The rock mass was assumed to
be an equivalent continuum (fractures and joints thus not
explicitly simulated) and both elastic and elasto-plastic
analyses were conducted. In the elastic analysis, stress
patterns were evaluated for effects of mining at certain
depths. It was necessary to determine where stress buildups
developed in relation to the crown pillar and the hangingwall.

�
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In the elasto-plastic analysis, the extent of yielding as a
function of mining was investigated. Moreover, a parametric
study was conducted in which strength parameter values
were changed and the effect on stress distribution, as well as
the extent and type of yielding, was studied. The simulations
with the plastic material model were all done using the Mohr-
Coulomb yield criterion and a non-associated flow rule.

The Printzsköld orebody has a complex geometry. Extraction
from this orebody requires a controlled approach in which
stresses are redistributed uniformly to avoid high stress
buildups in certain mining areas as well as in the
hangingwall. Mining of this orebody by sublevel caving
started at the 780 m level. As mining progressed deeper, an
upward cave developed, which as of 2012 had propagated
upward to approximately 300 m below the ground surface (at
about the 500 m level in the local mine coordinate system).
The orebody has a plunge hangingwall which is defined by
the flat-lying cave back (see Figure 3). Umar, Sjöberg, and
Nordlund (2013) only examined a vertical cross-section of
the Printzsköld orebody in a two-dimensional model, thus
leaving out much of the effects of the plunge hangingwall. A
two-dimensional model of a longitudinal section of the
orebody was also modelled, but not reported. This work was
included in the present study to compare with the three-
dimensional model.

Another simplification that has been made concerns the
mining sequence of the Printzsköld orebody in the current
model, as shown in Figure 3. The draw schedule within each
sublevel, or at different sublevels simultaneously, has not
been simulated; instead, each sublevel has been excavated in
full for each mining step in the model. 

Mining was simulated to progress downwards on levels
separated by 25–30 m (corresponding to actual sublevel
height). This mining simulation started from the current
active production level at 920 m and progressed to the future
1225 m level with a total extraction of approximately 70 Mt
planned by November 2030. It should be noted that the
possible continued caving as mining proceeds deeper was not
explicitly simulated in the model. Rather, the cave back that
had developed up until 2012 was kept at the same position
and the possible behaviour of the rock around the cave
analyzed as mining progressed downward.

The model size was set to 2800 m × 3629 m × 2050 m to
reduce possible model boundary interference (see Figure 4).
A graded discretization was used with fine meshing close to
the orebody and a gradually coarser mesh toward the model
boundaries. The boundary conditions were that the model
was fixed at the bottom, and with roller boundaries (zero
horizontal velocity) on all vertical boundaries. The top
surface was modelled as a free surface.

It was further assumed that neighbouring orebodies did
not affect the Printzsköld orebody, hence only the Printzsköld
orebody was included in the model. This assumption needs to
be verified in future mine-scale models, but initial stress
models by Perman, Sjöberg, and Dahnér (2011) indicated
that interaction effects may be limited.

Initial stresses were obtained from Sjöberg (2008), in which
the vertical stresses were set equal to the pressure from
overburden material and the horizontal stresses were found
to be (through stress calibration):

[1]

[2]

in which z is the vertical depth in metres. Here, H is the
maximum horizontal stress and h is the minimum horizontal
stress, with H having an orientation of 130.6° from the local
north of the mine. It should be noted that the model
boundaries were oriented parallel and perpendicular, respec-
tively, to the initial major horizontal stress, to avoid having
to apply shear stresses to the model boundaries. The strength
parameters used for elastic-perfectly plastic models are
shown in Table I. These values were taken from Umar,
Sjöberg, and Nordlund, (2013), and are based on a study by
Sjöberg and Jacobsson (2007). These values are considered
equivalent strengths for the rock mass, when modelled as a
continuum. 

For plastic analysis, three scenarios were analysed to
assess the effects of varying cohesion and tensile strength of
the hangingwall rock. The three scenarios were base case,
and low and high values for cohesion and tensile strength.
The friction angle was kept at a value of 50.7° for the
sensitivity analysis (see Table II). The cohesion value was
varied by ± 3 MPa for the low,and high,cohesion cases. For
the tensile strength, zero tensile strength was chosen for the
low-strength case, and an approximately twice as high a
tensile strength (1.5 vs. 0.7 MPa) for the high-strength case. 

Modelling of caving and deformation mechanisms of the hangingwall
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Comparisons with the 2D models were made for vertical and
longitudinal cross-sections of the orebody. The mining stages
corresponding to levels 970 and 1225 m were selected for
interpretation and evaluation. The 970 m level was selected
as this area will be mined in the near future. The 1225 m
level was selected as it represented a significant difference in
the amount of overall extraction compared to that of the
current mining state. 

Three query lines were set in the vertical cross-section
along the hangingwall to study parameter effects on the
model in comparison to the two-dimensional model analysis
presented in Umar, Sjöberg, and Nordlund (2013). These
lines represented three evaluation planes that were
established in the vertical cross-section view. Three
evaluation planes were also established in the longitudinal
cross-section of the Printzsköld orebody. These planes were
used to monitor and evaluate the stress redistribution as
mining progressed. Three cross-sectional view planes – C1,
C2, and C3 – were chosen to evaluate how far into the
hangingwall the stress redistribution reached. Plane C1,
placed about 100 m from the cave boundary, was set as a
starting point and established for comparison with the two-
dimensional Phase2 model stress evaluations reported in
Umar, Sjöberg, and Nordlund (2013) (Figures 5 and 6).
Evaluation plane C2 was 50 m away from plane C1 and C3
was placed 50 m away from C2.

The evaluation planes in Figure 5 were situated in the
true hangingwall while the longitudinal evaluation planes in
Figure 6 cut across the orebody. Planes L1 and L3 in Figure 6
were set up to evaluate the behaviour in the cap rock and
plunge hangingwall, respectively. On each plane, principal
stresses and yielding were evaluated. L2 was used to give
infill stress distribution information in the plunge
hangingwall to ascertain the trend of failure as stresses build
up in the cap rock.

The results are presented for both elastic and elasto-
plastic analyses. These results are compared with those
obtained in the two-dimensional analysis using Phase2
(Umar, Sjöberg, and Nordlund 2013). The 1109 m level was
used as a control, to observe the trends and tendencies of
rock mass behaviour. It was found that the rock mass
behaviour when mining level 1109 m did not depart much
from that when mining the 1225 m level.

The sign convention for stress results in 3DEC is negative
for compressive stresses and positive for tensile. However,
for the Phase2 results the convention is the opposite, i.e.,
positive for compressive stresses and negative for tensile
stress.

�
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Table I

Hangingwall c (MPa) 5.18
(°) 50.7

tm (MPa) 0.71
Orebody c (MPa) 4.81

(°) 50.7
tm (MPa) 0.48

Footwall c (MPa) 6.67
(°) 52.9

tm (MPa) 1.3

Table II

Cohesion 5.18 5.18 5.18 8.18 2.18
c (MPa)
Tensile 0.71 1.5 0 0.71 0.71
strength
t (MPa)

c = cohesion; = internal friction angle; tm = tensile strength 

C3 C2 C1

Cave

Footwall

970 m level

1225 m level

Hangingwall

L3               L2       L1



Results for the 970 m and 1225 m level are shown in the
vertical cross-section and the longitudinal section in Figures
7 through 9. In the longitudinal section, a buildup of the
major stresses in the cap rock and the plunge hangingwall
can be observed. In Figures 7 and 8, (a) represents results
evaluated on a plane that cuts through the orebody, while
(b), (c), and (d) represent the major principal stress in
various parts of the model on the evaluation planes (C1, C2,
C3) for the 970 m and 1225 m levels. A high concentration of
compressive stress was seen to develop in the cap rock when
mining reached the 1225 m level.

In the cross-sectional direction (shown in Figure 6) three
monitoring planes (L1, L2, and L3) were used, which enabled
assessment of the stress redistribution in the cap rock, true
hangingwall, and plunge hangingwall. The major principal
stresses on these evaluation planes are shown in Figures 9
through 11.

The evaluation plane L1 in Figure 9 cuts through the roof
of the cave and the Printzsköld true hangingwall. A
compressive stress regime is built up in the roof of the cave.
A destressed region can be observed on the boundary of the
cave going outwards into the hangingwall to about 100 m.
Evaluation plane L2 (Figure 10) also shows a high-stress
region in the upper part of the plunge hangingwall. 

Figure 11 shows the monitoring plane L3 which
addresses the plunge hangingwall on the fringes of the

orebody. The major principal stress was also analysed along
a line traced through evaluation plane L1 (from Figure 6) and
results monitored from evaluation planes C1, C2, and C3.
This was to determine how the major principal stress
changed for the various distances of the planes from the cave
boundary.

Figure 12 shows the major principal stresses plotted
against distance for the three evaluation planes. The bottom
of the cave is represented at the origin in the graph while the
surface is at 1100 m (upper part of the graph). Figure 12 also
shows zones of high stressing and destressing along each
evaluation plane. 

A stress variation evaluation was undertaken along a line
traced along the evaluation plane C1 in Figure 5. The results
were compared to the stress variations observed along the
corresponding evaluation (or query) line analysis from the
two-dimensional model analysed in Phase2 (Umar, Sjöberg,
and Nordlund, 2013), shown in Figure 13. 

Modelling of caving and deformation mechanisms of the hangingwall
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Figure 13 from Phase2 compares well with Figure 9b.
Both figures have been taken showing the stress after mining
the 1225 m level. However, larger stresses were found from
the Phase2 model compared to the 3DEC model. Stress
variation graphs from 3DEC and from Phase2 (Figure 14)
show a similar trend in the behaviour of the stresses along
plane C1 in the hangingwall for all mining levels. The
maximum stress value in the 3DEC model in the cap rock is
20 MPa while the Phase2 model shows a maximum stress
just above 100 MPa at the same location (both for the 1225
m mining step). One reason for this seemingly large
difference is that the two-dimensional model does not include
the abutment effect from the third dimension, which would
lead to stresses being overestimated compared to a three-
dimensional model  It should also be noted that zone sizes
are larger in the 3DEC model, which further reduces the
stress concentrations compared to those in the Phase2
models.

For both the 3DEC and the Phase2 models, the 970 m
level stress behaviour shows a high stress buildup at the 300
m distance mark because this is the toe of the cave adjacent
to the position of the line in the hangingwall. For the 1225 m
level this point has become destressed and so the high
stresses have been redistributed to lower levels. Destressed
regions were observed in the hangingwall on all the three
evaluation planes in the longintudinal and cross-sectional

directions. In the cap rock, as seen from Figures 9 and 14,
there does not seem to be much change in the major principal
stress when mining from the 970 to the 1225 m level. This
could be because the thickness of the crown pillar remains
the same when mining to the deeper levels. 

Further stress evaluation was conducted in the
hangingwall and the cap rock of the Printzsköld orebody.
Two evaluation lines were established, one starting from the
cave back going vertically upwards to the ground surface
with length of about 300 m (A) and the other from the cave
boundary generated after mining the 1225 m level to about
1000 m into the hangingwall oriented in the northeastern
direction and inclined at a dip of approximately 30° (B) (see
Figure 15). The graphs in Figure 15 also show the plots of
major and minor principal stresses against distance along the
evaluation plane into the hangingwall. These plots illustrate
the variations between the two principal stresses along the
lines A and B. 

�
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Major and minor principal stresses were also plotted
along the two lines, with the results shown in Figures 16 and
17. In the cave back along line A, both minor and major
principal stresses show a steady decrease when moving
upward from the boundary of the cave. The stress buildup in
the immediate cave back is accompanied by high
confinement. In the hangingwall (along line B), the minor
principal stress is about 5 MPa less than the major principal
stress. The graph for line B shows a lack of confinement at
the cave boundary in the hangingwall. 

Plots of the major and minor principal stresses were used
to check for confinement in the crown pillar and the
hangingwall. It was evident that there was a high stress
confinement at the cave back along line A after mining was
simulated for the 1225 m level; the hangingwall showed an
increase in confinment along line B from about 300 m to 800
m from the cave boundary. Thereafter there was a reduction
in confinment at about 1200 m into the hangingwall.

The results for the base case scenario are shown in Figure 18
for mining of levels 970 m and 1225 m. The different colours
in the legend indicate the current and past yield states for an
element, with shear-p and tension-p denoting shear and
tensile yielding in the past (previous time steps), respectively,
and shear-n and tension-n denoting shear and tensile
yielding ‘now’, i.e. at the particular time step being evaluated.
The blue ‘background’ colour indicates that the material is
still elastic, i.e. that no yielding has occurred. The results
indicate that tensile failure was dominant in the hangingwall,
whereas shear failure developed below the active mining
level. This simulation also shows that as mining progresses
deeper, the area of yielding increases. Also, mixed shear and
tensile yielding is observed to be developing in the lower part
of the hangingwall, and shear failure can also be noted in the
footwall. The area of hangingwall yielding in this cross-
section for mining the 970 m level is 35 600 m2, compared to
54 055 m2 for mining of the 1225 m level. 

Figure 19 shows a simulation of yielding patterns in the
true and plunge hangingwall sections after mining level 
1225 m. Both shear and tensile failure have developed, with
tensile yelding predominating on the C1 evaluation plane.
The plunge hangingwall at this level fails primarily in shear.
Similar tensile failure patterns were observed on the
evaluation planes C2 and C3. 

The sensitivity of the model to changing strength parameters
was studied. This rock mass contains several weak zones and

Modelling of caving and deformation mechanisms of the hangingwall
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biotite schist zones, which affect the rock mass strength. In
this initial study, the strength was changed for the entire
hangingwall rock mass, to increase the understanding of
what strength parameters are important to quantify in the
continued work. Figures 20 and 21 show the results from the
cases of high and low cohesion (cf. Table II), respectively,
which may be compared to the base case shown above. The
results show a marked difference in the volumes of yield in
the hangingwall, with a larger yielding obtained for the case
of the lower cohesion value.

Tensile strength was increased to twice that of the base case
values for the high-value case and reduced to zero for the
low-value case (cf. Table II). Figures 22 and 23 show the
results for the two cases. It can be seen that the overall area
of yielding in the hangingwall and cap rock does not signifi-
cantly change as the tensile strength is changed. However,
the failure mechanism changes from shear to tensile failure,
as could be expected. Moreover, for the low-strength case,
some yielding near the ground surface can also be observed. 

The changes observed for the variations of cohesion are
higher in terms of area of yielding compared to the cases with
varied tensile strength. However, changing the tensile

strength affected the yielding mechanism. It was clearly
inferred from model simulations that cohesion played an
important role in the amount of yielding of the hangingwall
rock mass. The type of yielding for low cohesion was more 
of shear, while that for high cohesion was predominantly
tensile. Evaluation plane L1 was used to estimate the areal
changes on this plane, which represented a volume variation
along the evaluation plane. The variations, shown in Figure
24, show the differences in the area of the hangingwall
affected by the cohesion changes (in terms of tensile or shear
yielding) on the L1 evaluation plane.

�
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Comparisons were made between the plastic analysis
results in 3DEC and the numerical modeling results presented
in Umar, Sjöberg, and Nordlund (2013) in which Phase2
code was used. It was found that the results from the Phase2
model showed more conservative values for the hangingwall
yielding than those shown in 3DEC, (compare Figure 25 and
Figure 18). A larger area of yielding was noted in the Phase2
model compared to that in 3DEC. As stated earlier, the plane-
strain assumption used in Phase2 will generally result in
exaggerated yielding compared to a 3D model.

The results from the three-dimensional modelling presented
in this paper have been compared with results from two-
dimensional modelling presented in Umar, Sjöberg, and
Nordlund (2013) using Phase2. Elastic modelling showed a
good match with the Phase2 results, especially regarding the
stress redistribution pattern. However, there is a difference in
the values of the stress buildup, especially in the cave back.
The two-dimensional Phase2 model gave higher stresses
compared to those found from the 3DEC model. The primary
reason for this is that the two-dimensional analysis assumes
infinite cross-sections and thus it eliminates the effect of
abutment from the walls perpendicular to the model plane.
Hence it can be reasonably assumed that the 3DEC model
yields more realistic stress values for a complicated orebody
geometry such as that for the Printzsköld orebody. 

Numerical simulations showed that tensile yielding in the
hangingwall was more predominant compared to shear
yielding, with the latter being observed primarily in the

crown pillar and at the toe of the cave. Varying strength
parameter values led to changes in the behaviour of the
model in the hangingwall. It was found that lowering
cohesion in the hangingwall caused an increase in the overall
volume of yielding in either tension or shear. Since there are
weak zones in this rock mass, this finding can be used to
estimate failure extents within the hangingwall rock mass
with low cohesion, such as the biotite schist zones found
near the Printzsköld orebody. 

The destressed zone in the true hangingwall can be
thought of as a beam ‘fixed’ to the cave back and the toe of
the hangingwall-cave boundary (see Figure 26). Bending of
this ‘beam’ will induce tensile failure in the hangingwall. The
cave back, on the other hand, is likely to fail in shear due to
high compressive stresses, and thus advance upwards. This
would lead to an extension of the exposed hangingwall
‘beam’, which in turn will promote additional tensile failure,
thus resulting in progressive cave growth. 

The hangingwall of the Printzsköld orebody was analysed
numerically using elastic and plastic material models. The
following conclusions can be drawn from this study. 

� As mining deepens there are high stress buildups in
the cave back. Lowering the cohesion has an overall
effect of increased yielding in the hangingwall.
Simulations with high cohesion values produces very
little yielding in the hangingwall, as expected

� The tensile strength variation had a limited effect on
yielding in the hangingwall compared to that from
variations in cohesion

Modelling of caving and deformation mechanisms of the hangingwall
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� The failure pattern observed in the hangingwall was a
mixture of tensile failure and shear failure. Shear
failure was observed mostly near the crown pillar and
also at the toe of the hangingwall. 

The following recommendations are made with respect to
continued studies. 

� This simulation has been undertaken without
considering the geological structures that may be
present in the rock mass. It is therefore envisaged that
further analysis of this orebody should incorporate
potential large-scale geological features to address their
possible effects on the stability of the hangingwall

� The potential for extension cracking, possibly resulting
from caving, should be investigated further. This may
be conducted using continuum modelling. However, it
is also recommended that for future work more efforts
should be made in explicitly simulating caving and
cave advance, and the resulting cave geometry in the
Printzsköld orebody. For this, a ’caving’ model is
required, and different approaches need to be
investigated

� For this study, historical observations of caving were
used qualitatively to understand the caving zone. For
future work, it is envisaged that e.g., seismic
monitoring data may be used as more quantitative
data-set, thus allowing an improved calibration of the
models.
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Influence of large-scale structures on the stability of 
the hangingwall in a caving mine: a modelling study 
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Abstract: The Printzsköld orebody in the Malmberget mine of Northern 
Sweden is currently under production and is centrally located in the mining 
area. The effects of the on-going sublevel cave-mining in this orebody are 
currently investigated with respect to cave development with an initial 
emphasis on the effects of stress redistribution and potential rock mass 
yielding. In this study, three-dimensional discontinuum modelling of the 
Printzsköld orebody is presented, in which the effect of three pre-existing  
large-scale geological structures have been studied. The results of the present 
study showed low stress build-ups in the crown pillar and cave bottom, due to 
shear slip developing along the structures. The presence of large-scale 
structures has no significant effects on the far-field stresses as shear slip along 
these structures is confined to cave boundaries. An analysis of the shear 
strength of the structures showed larger effects of slip on reducing friction 
angle than the reduction of cohesion. 

Keywords: large-scale structures; shear slip; hangingwall stability; Printzsköld 
orebody; failure mechanism; numerical analysis. 
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1 Introduction 

1.1 Caving due to mining 
Caving of the rock mass is a necessary component in cave mining. In sublevel caving, the 
mining method is based on the principle of gravity flow of the blasted ore rock (Brunton 
et al., 2010). To understand the processes that take place during caving, Duplancic and 
Brady (1999) suggested a conceptual model for the caving zone, in which various regions 
of the zone were categorised with respect to their seismic and discontinuity responses, see 
Figure 1. 

Figure 1 The conceptual model describing generally a mine induced caving zone as proposed  
by Sainsbury (2012), based on Duplancic and Brady (1999) (see online version  
for colours) 

 

The descriptions of the different zones in Figure 1 are (Duplancic and Brady, 1999; 
Sainsbury, 2012; Sainsbury et al., 2011a): 

• Elastic zone 

In this zone, the rock mass surrounds the caving zone and behaves mostly elastically, 
with properties consistent with an undisturbed rock mass. 

• Seismogenic zone 

In this region, there is a concentration of seismic activities. The active seismic front that 
occurs here results from slip on geologic structures and failure of intact rock. This is 
caused by the redistribution of stresses during mining and cave advance.  

• The yielded zone 

This is a zone in which rock has failed and cannot provide support to the overlying rock 
mass. Stresses in this region have exceeded peak strength and the rock mass is at or near 
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residual strength. It is characterised by large-scale displacements of rock masses, which is 
subjected to significant damage (Sainsbury, 2012).  

• The air gap 

This is space left between the mobilised zone and yielded zone. The air gap is controlled 
by rate of draw from below and the bulking porosity of the broken material. If the rate of 
draw is very low the material may fill the cave and further yielding and cave advance 
upwards may be stopped. Furthermore, at this point the material in the cave may provide 
support to the walls of the cave (Villegas et al., 2011). 

• The mobilised zone 

This zone is characterised by dislodged or fallen rock blocks from the cave back. The 
rock usually has displacements of more than 1–2 m (Sainsbury et al., 2011a). 

The ground surface above the caving zone often suffers large-scale deformations. 
These deformations can be evidenced by cracking, stepping, sinkhole formation, etc. 
Categorisation of these zones was done by, e.g., Herdocia (1991) and Lupo (1998).  
In sublevel caving, the deformation zones differ as suggested by Lupo (1997) in relation 
to the effects on the hangingwall. In this paper, the following descriptions of the 
deformation zones have been adopted (Lupo, 1998): 

• In the caved zone a downward movement of caved material is present.  
The caved material comes from collapse of material from the side walls and back of 
the cave. 

• The fractured zone is characterised by tension cracks, steps, fractures and sinkholes 
or pits distributed randomly in the caving zone. In this zone, it is expected to find 
unstable parts as failure through toppling and shear can occur. 

• The continuous deformation zone is characterised by the development  
of continuous distortions of the rock mass bounding the fractured zone. The variation 
in ground level and coordinates of positions can be detected through surveying 
activities. 

1.2 Influence of large-scale structures on caving 

Large-scale structures are believed to influence the cap rock stability as well as the 
direction of caving and the propagation and shape of the cave formed. Vyazmensky et al. 
(2010) found that the direction of the cave propagation is highly influenced by the 
orientation of large-scale structures, such as faults. Following from the conceptual model 
of caving by Duplancic and Brady (1999), Sainsbury et al. (2011b) used the computer 
code FLAC3D to determine the influence of large-scale structures and it was found that 
the crater formed during caving and its progression followed the orientation of faults, if 
present in the cave area. 

This result is important in relating cave advance with respect to the orientation of 
large-scale structures. The influence of geologic structures has also been discussed in 
Sainsbury et al. (2008, 2009), Sainsbury (2010) and Lupo (1997). It was evident from 
these studies that there exists a link between large-scale structure orientations and cave 
advance in a caving zone. 
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1.3 Influence of mining depth 

It is expected empirically that as mining proceeds to lower depths the effects associated 
with caving angles and extents of the caved zones on surface decreases. However,  
Woo et al. (2013), in their study of a comprehensive database of cave mining operations 
and caving-induced ground deformations, concluded that it is not enough to use empirical 
data to predict the characteristics and geometry of the caved zone. By using numerical 
analysis it was shown that in fact the caved zone extents increase with respect to small 
displacements and that subsidence angles increase with increasing mining depth. The 
caution has been not to rely on empirical design chart for estimating the extents of 
caving-induced subsidence. 

1.4 Problem statement 

The Printzsköld orebody is part of the LKAB Malmberget underground mine, and mined 
using sublevel caving. A particular aspect of this non-daylighting orebody is to assess the 
caving patterns in the cap rock overlying the orebody. Previous work has included 
continuum conceptual modelling in which two conceptual models have previously been 
analysed for this orebody to determine the stress patterns in the hangingwall as mining 
deepens. The first included a conceptual two-dimensional analysis in which strength 
parameter sensitivities were evaluated (Umar et al., 2013). The second model was a 
three-dimensional model, in which further studies of stress distribution and rock mass 
yielding was conducted. These two models were run using continuum approaches. 
However, the Printzsköld orebody host rock is a highly jointed rock mass and the 
potential effects of inferred large-scale structures in the rock mass around Printzsköld has 
not been quantified. In this paper, a discontinuum modelling approach, with large-scale 
structures explicitly included, was used to simulate the behaviour of the rock mass during 
loading and unloading as mining proceeds to lower levels in this orebody.  

1.5 Objectives and scope of this paper 

The objective of this paper is to conceptualise and analyse the effects of varying strength 
properties of the large-scale structures on the failure mechanism and the cap rock stability 
of the Printzsköld orebody. Hence, this study seeks to investigate the characteristics  
and type of yielding in the crown pillar and the hangingwall. The paper focusses on the 
large-scale structures that have been inferred for the Printzsköld orebody (Magnor and 
Mattsson, 2010). Small-scale structures have not been considered because of the model 
size and that those structures are not persistent enough in comparison to the model scale.  

2 The Printzsköld orebody 

The Printzsköld orebody is one of ~20 orebodies making up the Malmberget mine in 
Sweden, out of which about 10 are currently in production. The mining method in this 
orebody is sublevel caving with the current mining activities taking place at the 970 m 
level. The orebody is located almost in the middle of the mining area, does not daylight  
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and strikes at ~40° from the magnetic north with a dip of ~60° towards the south 
(Wettainen, 2010). The average thickness of the non-daylighting orebody is 50 m and its 
top is situated ~600 m below the ground surface (780 m level in the mine coordinate 
system). The average strike length for the upper part of the orebody is around 400 m 
while for the lower part the orebody is more than 900 m in length along strike.  

The deposit is a paleoproterozoic succession of greenstones, porphyries and clastic 
meta-sediments which are hosted by metavolcanics that have been intruded by pegmatites 
and granites. The volcanic rocks have been transformed to sillimanite gneisses with 
quartz, muscovite and local andalusite by the young granite intrusions. The iron ores are 
characterised by coarse magnetite and variable horizons of apatite with local sections rich 
in hematite. Generally, the border zones of the ore are characterised by skarn zones 
interpreted to be related to the formation of the ore (Romer, 1996). Similar to many areas 
in Northern Sweden, the Malmberget deposit is characterised by NW-SE trending shear 
zones (Romer, 1996). These zones are thought of as resulting from a complex 
geodynamic evolution which included repeated extensional and compressional tectonic 
regimes associated with magmatic and metamorphic events (Skiöld, 1988). The rock 
mass of the Printzsköld orebody has also been described in, e.g., Martinsson and Hansson 
(2004) and Banda (2013). 

Magnor and Mattsson (2010) identified a number of potential large-scale structures in 
the Malmberget area. Table 1 shows descriptions of the large-scale structures inferred to 
in the vicinity of the Printzsköld orebody, adapted from Magnor and Mattsson (2010), as 
reported in Wettainen (2010). 

Table 1 Classification of the large-scale structures influencing rock mass stability in the 
Printzsköld orebody  

Structure 
ID Classification 

Dip/DD*
[°] Description 

DZ050 Brittle structure 70/315 Indicated by magnetic and gravimetric measurements and 
core drillholes. Length estimated to 400 m and width to 
5 m 

DZ031 Probably brittle 
structure 

80/003 Indicated by magnetic measurements, resistivity 
measurements and seismic reflection. Length estimated to 
900 m and width to 15 m 

DZ032 Brittle structure 
(high fracture 
frequency) 

68/167 Indicated by field observations above ground and by 
resistivity measurements. Length estimated to 500 m and 
width to 5 m 

*DD = dip direction. 
Source: Adapted from Wettainen (2010). 

An illustration of the large-scale structures in relation to the 920 m mining level in the 
Printzsköld orebody is shown in Figure 2. These large-scale structures are expected to 
affect the hangingwall and the cave that develops as mining progresses toward depth.  
It is assumed and inferred from literature that these large-scale structures are persistent 
throughout the mining levels and as such they are portrayed to transcend all level 
boundaries. 
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Figure 2 Illustration and setting of three large-scale structures in the Printzsköld orebody in 
relation to the 920 m mining level (Wettainen, 2010) shown in (a) a plan view and  
(b) a longitudinal cross-section (see online version for colours) 

 

3 Numerical modelling 

3.1 Modelling approach, set-up and input data 

In this study, the three-dimensional discrete element code (3DEC) (Itasca Consulting 
Group Inc., 2013) was used as the modelling software. The choice of this modelling tool 
was due the ability of 3DEC to model many discontinuities and the behaviour of these 
discontinuities; the rotation, separation and slip between blocks, as well as deformation 
and yielding within the rock blocks, which is useful for continued future studies. 
However, as a start, and for this study, only three discontinuities have been included for 
this conceptual investigation in this study.  

The model is shown in Figure 3, with the large-scale structures indicated. A Mohr-
Coulomb elastic-perfectly plastic material model was used which was constructed to 
mine-scale size, covering 3600 by 2800 by 2050 m. The elastic constants and the strength 
parameters for the block material (between the structures) were taken from Sjöberg and 
Jacobsson (2007) and are presented in Table 2. Umar et al. (2013) also presented 
additional rock mass properties such as the geological strength index (GSI), uniaxial 
compressive strength (UCS) and calculated cm (rock mass strength) which, together with 
the results from the rock mass properties study by Sjöberg and Jacobsson (2007), formed 
the basis of the model input parameters. As this was still at a conceptual level, the model 
was not validated against other field observation or monitoring data. 

Several assumptions were made with regard to the modelling of the Printzsköld 
orebody. Firstly, it was assumed that the mining taking place in the nearby orebodies did 
not have an effect on the stress redistribution in the Printzsköld orebody. The current 
cave was simulated as a void, which has progressed to ~300 m below the ground surface. 
This approach could be used since leaving a void in the model, when compared  
with filling it with caved rock, would not significantly affect the stress redistribution  
in the cap rock of the Printzsköld orebody. Lastly, cave mining was simulated by 
removing one sublevel at a time, and as mining progressed a void was left in the mined-
out areas. Caving of the overlying rock mass was not explicitly simulated in this 
conceptual model. 

In this study, the laboratory-scale properties of the structures have been used due to 
lack of representative large-scale structure strength properties. Due to scale dependency it 
is likely that the large-scale structures have lower strength properties compared with 
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laboratory-scale. A Coulomb slip model was assumed for the joints. Three simulations 
were conducted, the first of which was the base case. Cohesion and internal friction angle 
were varied as shown in Table 3 for the remaining two model simulations. This was used 
to determine their effect on the stability of the hangingwall and the crown pillar as 
mining proceeded to lower levels.  

Figure 3 Model set-up showing large scale structure positions in the Printzsköld orebody  
(see online version for colours) 

 

Table 2 Input parameters used for the elastic-perfectly plastic model  

Area Strength parameter Value 
Hangingwall cm [MPa] 5.18 

m [°] 50.7 

tm [MPa] 0.71 
Orebody cm [MPa] 4.81 

m [°] 50.7 

tm [MPa] 0.48 
Footwall cm [MPa] 6.67 

m [°] 52.9 

tm [MPa] 1.3 

cm = cohesion of rock mass; m = rock mass internal friction angle; tm = rock mass 
tensile strength. 

Source: Sjöberg and Jacobsson (2007) 
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Table 3 Strength parameters for the large scale structures in the Printzsköld orebody obtained 
(from laboratory shear tests of the Printzsköld orebody joints) 

Case cj (MPa) j (°) tj (MPa) ks (GPa) kn (GPa) 
Base case 0.64 37 0 10.3 28.1 
Low cohesion 0 37 0 10.3 28.1 
Low friction 
angle 

0.64 27 0 10.3 28.1 

cj = joint cohesion; j = friction angle of joint; tj = joint tensile strength; ks = shear 
stiffness; kn = normal stiffness. 

Initial stresses used were taken from a study by Sjöberg (2008) in which the vertical 
stresses were set equal to the pressure from overlying rock material and the horizontal 
stresses were found to be (through stress calibration against conducted stress 
measurements): 

0.0358H zσ = ⋅  (2.1) 

0.0172 .h zσ = ⋅  (2.2) 

Here, z is the vertical depth in metres and all stresses are in MPa with H being the 
maximum horizontal stress and h the minimum horizontal stress and with H having an 
orientation of 130.6° from the local north of the mine. The horizontal-to-vertical stress 
ratio(for the maximum horizontal stress) is thus K0 = 1.33. The boundary conditions used 
were zero-velocity (‘roller’) boundaries on the vertical boundaries of the model, as well 
as for the bottom boundary. The ground surface was modelled as a free surface. 

3.2 Evaluation approach 

Six evaluation planes (C1, C2, C3 and L1, L2, L3) were used in this study, see Figures 4 
and 5. The locations of the ‘C’ and ‘L’ evaluation planes were chosen based on the need 
for comparisons of stress redistributions in both the hangingwall and cap rock. Yielding 
was studied on two evaluation planes – C1 (situated about 50 m from the cave back) and 
L1 (cutting through the cave back). Both stress distribution and rock mass yielding was 
studied. Additionally, the developed slip along the large-scale structures was analysed 
and the potential effects on the stability of the hangingwall and crown pillar of the 
orebody assessed. The evaluation of the result in this study enabled a better comparison 
of results and to see the effects of changing the model from continuum to discontinuum 
and the inclusion of large-scale structures in the model. These comparisons were made on 
the orebody axis, and the C1 and L1 evaluation planes. This comparison served to find 
the different model responses with varying conceptualisations of the model in an effort to 
best represent the rock mass. 

4 Model results 

4.1 Stress analysis 
Three discontinuum cases were simulated and as an example the stress redistribution 
results for evaluation plane L1 after mining the 1225 m level are presented in Table 4. 
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Also presented in Table 4 are continuum modelling stress results from a previous study 
by Umar et al. (2015), undertaken for the same orebody. The evaluation plane L1 
represents the vertical cross-section along the Printzsköld orebody at which maximum 
stress redistribution in the cap rock and hangingwall would be more evident compared 
with the L2 and L3 planes. There were no significant differences observed among the 
three discontinuum cases. However, a difference was observed when the discontinuum 
cases were compared with the continuum model results. A lower stress build-up was 
observed in the discontinuum model compared with the continuum models.  

Figure 4 Evaluation planes C1, C2 and C3 in the vertical cross-sectional view of the Printzsköld 
orebody. Horizontal colour differences represent various mining levels in the orebody 
(see online version for colours) 

 

The maximum stresses in the crown pillar and cave bottom area were calculated  
in each of the models and compared. They were evaluated on the L1 evaluation  
plane. The two areas were selected for stress observation because they were the  
most sensitive sections to stress changes in the simplified geometry of the Printzsköld 
orebody. Stress comparisons for the two areas are presented in Table 5 for the  
continuum and discontinuum models. The continuum model resulted in higher stresses  
in the cap rock and the cave bottom compared with the discontinuum model.  
The difference in stress build-up is attributed to the inclusion of the structures in the 
discontinuum model. Comparisons of the distressed regions in the hangingwall did not 
show significant differences in terms of area of distressing for the continuum vs. the 
discontinuum models. 
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Table 4 Results for the continuum and discontinuum models in terms of maximum principal 
stress on the evaluation plane L1, for the Printzsköld orebody after mining the 1225 m 
level (see online version for colours) 

Case 
description 

Structure 
strength 
parameters used Model results  

Base case 
discontinuum 
model 

cj = 0.64 MPa 

 

j = 37° 

tj = 0 MPa 

Low cohesion 
discontinuum 
model 

cj = 0 MPa 

j = 37° 

tj = 0 MPa 

Low friction 
angle 
discontinuum 
model 

cj = 0.64 MPa 

j = 27° 

tj = 0 MPa 

Base case 
continuum 
model 

No structures 
included in the 
model 

cj = Joint cohesion [MPa]; j = Joint friction angle [°]; tj = Tensile strength of the  
joint [MPa]. 

Table 5 Major principal stresses calculated from the 3DEC model in the cap rock roof and 
cave bottom for the continuum and discontinuum models 

Orebody area under comparison Continuum model [MPa] Discontinuum model [MPa] 
Crown pillar 72 48 
Cave bottom 192 144 



 
  

 
   

  

 

   

  304 S.B. Umar and C. Edelbro    
 

   
 
 

   

  
 

   

     

An additional evaluation of stress redistribution was conducted on a plane passing 
through the orebody axis along the longitudinal section parallel to the orebody strike.  
A comparison of stress levels in the plunge hangingwall was also conducted. The results 
are presented in Figure 6 (a) and (b). There is a slightly reduced build-up of stresses in 
the plunge hangingwall in the discontinuum model (Figure 6(a)) when compared with 
that seen in the continuum model (Figure 6(b)). 

Figure 5 Evaluation planes L1, L2 and L3 in the longitudinal view of the Printzsköld orebody. 
Horizontal colour differences represent various mining levels in the orebody (see online 
version for colours) 

 

Figure 6 Maximum principal stress on the longitudinal section along the centre plane of the 
orebody for: (a) the discontinuum model and (b) the continuum model, after mining to 
the 1225 m level (see online version for colours) 
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4.2 Joint slip and rock mass yielding 

It was observed that there was slip on all the large-scale structures especially around the 
cave boundaries for all simulated mining stages. The calculated slip for the three different 
strength cases is presented in Table 6. It was found that decreasing the strength 
parameters for the large-scale structures had an effect of increased slip area along two of 
the structures, DZ031 and DZ050. This is believed to be linked to the setting of the 
structures. These two structures have in common the near parallel strike to that of the 
maximum horizontal stress direction compared with DZ032. Furthermore, DZ032 has a 
shallower dip compared with DZ031 and DZ050.  

Table 6 Numerical modelling results showing the calculated slip (in reddish-brown) on the 
three structures with the various strength parameters after mining the 1225 m level. 
Viewed from the south and parallel to the strike of the Printzsköld orebody (see online 
version for colours) 

Case Joint DZ031 Joint DZ032 Joint DZ050 
Base case 

 

Low 
cohesion 

 

Low friction 
angle 

 

Changing the large-scale structure friction angle was much more sensitive than changing 
the cohesion with respect to area of slip on the structures, as can be seen in Figure 7. 
Thus, it appears that the normal stress is a major contributing factor, along with the 
orientations of the large-scale structures. 

Except in the cases where the strength parameters were decreased, slip was  
observed to be confined mainly to the mine openings (cave). There was also  
tensile failure observed along all the structures in both the hangingwall and footwall,  
see Figure 8. 
 
 
 



 
  

 
   

  

 

   

  306 S.B. Umar and C. Edelbro    
 

   
 
 

   

  
 

   

     

Figure 7 Calculated slip areas on the modelled large-scale structures for the three different 
strength cases simulated in the model of the Printzsköld orebody and for mining to the 
1225 m level (see online version for colours) 

 

Figure 8 Calculated slip along the large-scale structures after mining down to 1225 m. Red spots 
indicate past slip along the structures (see online version for colours) 
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Figure 9 Calculated yielding in the Printzsköld orebody evaluated on the L1 evaluation plane 
using 3DEC from the continuum model in a previous study yet to be published in (a) 
and from the current discontinuum model in (b), after mining to the 1225 m level  
(see online version for colours) 

 

Yielding in the rock mass was evaluated using the C1 and L1 evaluation planes,  
see Figures 9 and 10. Comparisons of the yielding pattern in the rock mass were made 
between the continuum and the discontinuum models. This comparison showed that there 
were no significant differences between the continuum and discontinuum yielding results 
for both the vertical and the longitudinal evaluation sections. The legend shows yielding 
in shear and tension. ‘Shear-p’ indicates shear yielding in the past (i.e., in previous 
calculations time steps), ‘tension-p’ indicates tension in the past, ‘shear-p tension-p’ 
denotes a mixture of the two yielding mechanisms, and the blue colour shows material 
still in elastic state. 
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Figure 10 Calculated yielding in the Printzsköld orebody evaluated on the C1 evaluation plane 
using 3DEC from the continuum model in a previous study in (a) and from the current 
discontinuum model in (b), after mining to the 1225 m level (see online version  
for colours) 

 

5 Discussion 

Results from the discontinuum model showed that there was no effect from the large-
scale structures on the far-field stress redistribution in the Printzsköld orebody. Cohesion 
and friction angles were varied and their contribution to slip monitored. The large area of 
slip observed along structures DZ031 and DZ050 resulted from the near vertical dip and 
an orientation almost parallel to that of the maximum horizontal stresses. This setting 
gives a higher possibility for shear than when the structure is set at an oblique angle with  
respect to that of the maximum stress, similar to that for structure DZ032. A limitation 
with regard to the base case strength parameters was that they neglected the possible 
scale effects of the large-scale structures in a real sense. However, the laboratory-scale 
parameters were the best available parameters to use in the modelling. It is likely that the 
large-scale strength properties are lower than the ones measured in lab scale. Thus, the 
cases run with lower joint strength properties may be more realistic. Moreover, the results 
showed that if the large-scale parameters had a lower cohesion, this would not affect 
hangingwall or caprock stability as much as having a lower friction angle. It thus appears 
that the friction angle of large-scale structures has a more controlling effect on stability 
and cave initiation along the structures compared with the cohesion, at least for the 
strength variations simulated. Not all scenarios were tested, but suffice to say that 
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increased slip would be expected if the cohesion was much lower. However, the 
consequence of using laboratory-scale properties, as has been shown, is that the amount 
of slip observed along the structures may be conservative. 

As shown in Figure 10(b), all the three large-scale structures intersect the orebody at 
given points. As they slip, the slipping surfaces present points of failure genesis in the 
caving of the hangingwall. It can be considered that the structures have a potential to 
shape the cave geometry and affect cave propagation (in the event of caving through 
shear failure). This is likely to happen for the structures where slip is more pronounced 
such as DZ050 and DZ031. The presence of slip along the structures near the boundaries 
of the excavations at the intersections with the large-scale structures confirms a link 
found in studies by Vyazmensky et al. (2010) and Sainsbury et al. (2011b). In these 
studies, it was shown that geologic structures have an effect on the propagation and 
geometry of the cave formed as mining progresses. When the current cave boundary has 
failed, the process is likely to begin again as mining deepens and slip would be expected 
to be confined to the cave opening until it yields in shear. This process can continue as 
long as there is slip along the structures and as long as stress imbalances occur in the cap 
rock and hangingwall.  

The continuum and discontinuum models highlighted that different results with added 
details can be obtained with the discontinuum modelling, whereas faster solutions could 
be obtained using the continuum modelling methodology. Woo et al. (2014) showed a 
similar result in their study for the testing of various numerical approaches for the 
influence on undercut depth on caving. The result from the comparison between the 
continuum and discontinuum model can be interpreted in the following ways:  

• there is a loss of stress build-up in the evaluated areas (cap rock and cave bottom) 

• the stress build-up lost has been due to the observed slip along the large-scale 
structures.  

Moreover, the slip along the structures can provide an insight into the failure direction or 
caving advance especially since this slip is mostly confined to the cave boundaries.  

6 Conclusions and recommendations 

It has been found in this study that the large-scale structures simulated have no significant 
effect on the yielding of the hangingwall except for the slip which is confined to the cave 
boundary. Stress build-up was reduced in the discontinuum model, compared with the 
previous continuum models. This can be attributed to the shear slip that takes place along 
the structures. Moreover, plastic yielding of the rock mass has largely remained 
unaffected by the large-scale structures. 

Lowering the strength parameters of the large-scale structures resulted in an increased 
area of slip along all the three structures. However, structure DZ032 showed fairly little 
increase in slip area. DZ031 and DZ050 had larger slip areas, because their strikes were 
nearly parallel with the direction of the maximum horizontal stress, thus resulting in 
higher shear stress and lower normal stress acting on these two structures. Thus, it is very 
important to consider the maximum stress direction in relation to the large-scale 
structures and the friction angle. 
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This study has also shown that caving may be assisted by existing large-scale 
structures, attributed as slip developing near excavation boundaries. Consequently, the 
inferred large-scale structures in the Printzsköld orebody, and probably the entire mine, 
need further verification of their existence and locations. It is also recommended that 
future work should include studying the mining-induced seismicity in the cap rock and 
hangingwall. A mine-wide seismic network monitoring system has been in place at the 
Malmberget mine for several years and the collected data could be used to analyse 
patterns and identify linkages that may increase the understanding of both cave 
progression and how caving is affected by the structures. 

The results of this modelling can be used as reference points for future caving 
analysis. Knowing the stress redistribution and effects of large-scale structures could give 
an insight into what to look for when caving operations are undertaken. It has been 
established from previous studies that the orientation of the structures influence the 
propagation and geometry of the cave formed. This study has looked at how varying the 
strength parameters will affect the cave initiation through slip along the structures. For 
future analysis, it hoped that the influence of both orientations and strength properties of 
the large-scale structures can be quantified. 
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Abstract 

The caving mechanisms in the Printzsköld orebody of the Malmberget Mine 
are investigated in this study. A methodology for using seismic information to 
interpret the seismogenic zone boundary was developed for the Fabian orebody 
of this mine through comparisons with actual laser scanning of the cave 
boundaries. The established methodology was then applied to the Printzsköld 
orebody. Furthermore, a comparison of the interpreted boundary was made 
with results from numerical analysis, and the numerical model calibrated. For 
the calibration process, a procedure for locating of the boundary between the 
seismogenic zone and the yielded zone was developed. A combination of open 
joint and joint slip plots were used to determine the region where the 
seismogenic zone lies. Future mining simulated in the model could be used to 
indicate when caving to the ground surface above the Printzsköld orebody 
might arise. 

 

Keywords: seismic front, seismic data interpretation, seismogenic zone, caving, 
surface subsidence, numerical analysis. 
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1. Introduction  

1.1. Background 

Sublevel cave mining causes caving of the surrounding rock as well as mining-
induced ground deformations. In cases in which there is infrastructure 
underground or on the ground surface that may be affected by caving, it is 
important to be able to predict the extent and amount of caving and mining-
induced deformations. If the orebody out-crops to the ground surface, it is 
expected that cave mining will result in a cave crater on the ground surface. 
Non-daylighting orebodies however, present a special challenge as mining of 
such orebodies using caving methods may leave a cap rock (defined as the 
volume of rock from the top of the orebody to the ground surface). In many 
cases, there is limited knowledge of the position of the cave back and the rate 
of advance of this cave back through the cap rock and towards the ground 
surface. The development of a (potential) cave crater on the ground surface will 
likely depend on cap rock thickness, mining depths, and geological and rock 
mechanical conditions. 

Various research has been done on caving mechanisms and the factors that affect 
cave advance (see e.g., Sainsbury et al., 2011a, Sainsbury et al., 2011b, 
Vyazmensky et al., 2010, Sainsbury et al., 2008, Woo et al., 2013). Attempts to 
simulate caving in a jointed rock mass have been undertaken over the years. For 
instance, Vyazmensky et al. (2010) used a combination of finite element and 
discrete element approaches to simulate cave advance in a jointed rock mass. 
The results, later supported by Sainsbury et. al. (2011b), showed the influence 
of structures in a caving zone, as these could affect the geometry, advance and 
direction of the cave through the cap rock. 

Flores and Karzulovic (2003) determined rock mass cavability effects of the rock 
mass strength, depth, rock structures, ground water and stress regime. They 
conducted this study using a sensitivity analysis approach with the two-
dimensional FEM code Phase2 (Rocscience Inc., 2002a). Simulation of a jointed 
rock mass and rock fracturing was conducted in a study by Sainsbury et al. 



3 

 

(2008), in which a Ubiquitous Joint rock mass model approach was used. In this 
approach, the conceptual model of caving by Duplancic and Brady (1999) was 
adopted, and an attempt made to replicate the seismogenic, yielded and broken 
zones, as mining progressed in the model. The need for a detailed consideration 
of the jointed rock mass fabric to determine the rock mass response at large scale 
was addressed by the development of the Synthetic Rock Mass (SRM) modeling 
approach (Pierce et al., 2007, Mas Ivars et al., 2011). With this approach, it was 
possible to simulate the response of a rock mass to stress change or caving on a 
scale of 10 to 100 m, represented through a discrete fracture network (Sainsbury 
et al., 2011). 

Villegas and Nordlund (2013) used finite element and discrete element modeling 
separately to simulate two aspects of the rock mass in a sublevel caving 
environment. The FEM approach was used to estimate the break angle by 
identifying various zones found in the caving areas as outlined in the Duplancic 
and Brady (1999) conceptual model of caving. A discontinuum approach was 
used to determine how the mobilized zone in a caving area affects the stability 
of the hangingwall and footwall. 

However, numerical simulations by themselves are not sufficient to understand 
the caving behavior; monitoring data is also required. Recently, seismic 
monitoring has gained widespread use in monitoring caving mechanisms and 
validation of numerical models. Duplancic and Brady (2001) conducted a back 
analysis at the Northparkes Mine Lift 1, to assess the stress around the crown 
pillar. For this, they used numerical modeling and seismic monitoring data to 
ascertain the numerical modeling results and to get insight into the yielding 
patterns and deformation zones found in the caving area. They asserted that a 
stress driven process was responsible for rock fragmentation that was taking place 
within the seismogenic zone, as noted in Hudyma, et al. (2008). Glazer and 
Hepworth (2006) used seismic event space and time distributions to monitor the 
cave progress during underground mining. They found that seismic monitoring 
may also be used to assess and evaluate the transition phase from open pit to 
underground mining caving methods.  
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In the present study, a combination of seismic data, laser scanning and numerical 
analysis were used to determine the cave geometry and cave advance in a caving 
zone. The conceptual model of caving proposed by Duplancic and Brady (1999) 
provided a starting point for this work. This model divides a caving area into 
the elastic zone, the seismogenic zone, the yielded zone, and the mobilized zone. 
In the elastic zone, the rock mass behaves elastically and has the properties of an 
undisturbed rock mass. In the seismogenic zone, all or most of the seismic 
activity occurs, due to slip on existing geologic structure or failure of intact rock. 
In the yielded zone, the rock mass has failed and cannot provide support to the 
overlying rock mass. The rock in this zone has experienced significant damage 
and large displacements, and the stresses have reached the peak strength of the 
rock mass (Sainsbury, 2012). In the mobilized zone, the rock has been dislodged 
or has fallen from the roof of the cave. The air gap is the space that is found 
between the yielded zone and the mobilized zone. The rate of draw and bulking 
ratio of the caving rock control the size of the air gap. The mobilized zone 
(loose rock material) provides support the lower walls of the cave. This 
conceptual model was assumed to be applicable to observed caving from a non-
daylighting orebody described in this paper. Seismic monitoring data was used 
to estimate the location of the seismic front, and numerical modeling was applied 
to quantify caving behavior.  

1.2. Study area 

The Malmberget Mine is owned and operated by the Luossavaara-Kiirunavaara 
Aktiebolag (LKAB). It is located in the municipality of Gällivare about 100 km 
north of the Arctic Circle. The mining area comprises about 20 orebodies, 14 
of which are currently in production. Two of these orebodies are the Printzsköld 
and the Fabian orebodies. The geologic setting of the Malmberget deposit 
comprises paleproterozoic successions of greenstones, clastic meta-sediments and 
porphyries, which are hosted by pegmatite-granite intruded meta-volcanics. A 
transformation occurred in the volcanic intrusions to muscovite, quartzite 
silimanite gneisses and hematite-rich apatite sections.  
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The Printzsköld and Fabian orebodies share this general geology and have 
similar rock mass properties. The Printzsköld orebody is one of the larger 
orebodies found in the Malmberget Mine, see Figure 1. It is located near the 
centre of the mining area and it does not daylight to the ground surface. The 
orebody strikes about 40° from the mine north and has an approximate dip of 
60° southwards (Wettainen, 2010). The average thickness of the Printzsköld 
orebody is approximately 50 m and its cap rock is currently about 200 m thick. 
The mining method used is large-scale sublevel caving and mining started at 
level 780 m, with a cap rock thickness of 630 m (the ground surface is at 
elevation 150 m in the mine coordinate system). Currently, mining is on going 
at the 970 m level.  

In the Fabian orebody, the cave had previously progressed to the ground surface. 
This made it a good source of information for insight into the failure 
mechanisms in the cap rock prior to cave daylighting to the surface above the 
Printzsköld orebody, as well as for testing the methodology for seismic data 
interpretation described in section 2.1. The Fabian orebody is located southeast 
of the Printzsköld orebody and has a longer history of mining. Ore production 
started in 1976 on level 400 m, initially using slot caving and open stoping, thus 
creating a large open void (Sjöberg and Savilahti, 2014). Below level 600 m 
sublevel caving was used, which, over the years caused additional caving of the 
open void. This cave broke through to the ground surface on March 20, 2012. 
The cave development have been documented mostly through laser scanning 
measurements and seismic monitoring.  
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Figure 1 Plan view of the Malmberget mining area with orebodies indicated. The 
dark blue line is the fence restricting the mine area, the blue and magenta regions are 
the horizontal projections of the various orebodies at the mining levels indicated. Blue 
color denotes magnetite ore while magenta denotes hematite ore. The ground surface 
is between 150 and 220 m level in the mine coordinate system. (Figure courtesy of 
LKAB).  

1.3. Approach and scope of the study 

This paper aims to study the development of the cave in the cap rock of the 
Printzsköld orebody as well as to predict future caving behavior. Most of the 
literature referenced and used to describe methodologies were for block caving 
mining methods, while the mining method in this study is sublevel caving. The 
fundamental differences between these two methods are usually in the 
procedural and production areas. It is believed that surface and cap rock 
deformations as well as seismic behavior around the caving area are similar for 

Printzsköld 
orebody 

 

Fabian 
orebody 
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both methods. It is thus possible to draw upon experiences from both block 
caving and sublevel caving environments. 

Two methods were used to analyze the cave propagation in the Printzsköld 
orebody: (i) seismic data interpretation, and (ii) numerical analysis. Seismic 
monitoring data analyzed were from the Printzsköld orebody (Figure 1) but the 
methodology was developed by making inferences from the Fabian orebody, in 
which cave breakthrough had already taken place. The results and interpretation 
of cave boundaries from seismic data analysis in the Fabian orebody were 
compared to the cave boundaries which had been obtained from laser scanning 
data from boreholes drilled into the cavity, to develop an interpretation method 
for identifying the location of the seismogenic zone in the conceptual model by 
Duplancic and Brady (1999).  

This approach set a benchmark for the main data interpretation of the seismic 
data from the Printzsköld orebody. Compared to the Fabian orebody, there 
were fewer laser scanning campaigns for the Printzsköld orebody. The available 
laser scanning results were used to supplement the interpretation of the cave 
front from the seismic data. The seismic data interpretations comprised repetitive 
analysis of the events to check their scatters in three dimensions.  

A numerical model was constructed to predict caving in the Printzsköld 
orebody. A discontinuum approach with random jointing and block structure 
(a so-called Voronoi tessellation) was chosen to simulate the rock mass 
discontinuity fabric. The Voronoi tessellations were employed to be able to 
simulate failure during caving. The model was calibrated against the observed 
and interpreted seismic data.  

2. Seismic data analysis 

2.1. Seismic monitoring and interpretation approach 

In this study, the seismic events collected from the seismic monitoring system at 
the Malmberget mine have been analyzed to relate them to stressing/destressing 
of the rock mass as well as caving and its progression. A seismic system was first 



8 

 

implemented in May 2005, and in the period up until 2007, 24 triaxial 
geophones (14 Hz) were installed. This number was increased to a total of 137 
triaxial geophones in 2009. By end of 2013, the system had been expanded to 
about 180 geophones, 30% of which were 4 Hz geophones, while the rest were 
14 Hz geophones (Wettainen and Martinsson, 2014). Figure 2a and 2b shows 
the spatial distribution of the geophones in the Malmberget mine. For the 
purpose of this study, only seismic information from the Printzsköld and Fabian 
orebodies was used. 

Temporal and spatial patterns of the seismic events were used to determine the 
seismic fronts for both the Fabian and Printzsköld orebodies. In the Fabian 
orebody, periods were set to obtain results with respect to laser scanning times 
to allow relevant comparisons. In the Printzsköld orebody, periods were set to 
coincide with significant mining stages. During interpretations, considerations 
were made for the location errors of the seismic events for both the Printzsköld 
and Fabian orebodies, which was determined internally by the mine and found 
to be about 20 m on average (for each XYZ component) (Ersholm, 2016). A 
spatial difference between the interpreted cave boundaries and the scanned cave 
boundaries was therefore expected. Errors were also expected in the locations 
of the seismic events in relation to the ground surface, due to the (less optimal) 
coverage of the seismic array near the ground surface. For the purpose of getting 
meaningful event locations, all events in the selected regions were used; i.e., no 
filtering by magnitude or by Es:Ep-ratios was conducted. The interpreted shift 
of the event groups in any given time period was interpreted to be the 
advancement of the seismic front followed by the cave boundary. Laser scanning 
was used to validate all the interpretations of the seismic front and hence the 
cave boundaries for the Fabian orebody. This was done by overlaying the cave 
boundary plots onto the seismic event groups. 
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Figure 2 Distribution of the seismic system (both triaxial and uniaxial geophones) in 
the Malmberget Mine shown on (a) plan view and (b) longitudinal view looking 
towards north (diagram courtesy of LKAB). 

The Vantage software (Institute of Mine Seismology , 2014), was used to filter 
and organize the seismic events; and Leapfrog (Aranz Geo Ltd. , 2015), was used 
for visualization and seismic event analysis. For instance, to investigate the inner 
parts of the seismic event cloud and to characterize the three-dimensional 
characteristics of the seismic front, slicing was necessary. Through slicing, it was 
possible to ascertain the positions of all seismic events. Slicer sections were used 
to analyze the seismic events for each selected periods, with the slicer moved in 
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all directions across the entire spectrum of seismic events. An example of sliced 
section is shown in Figure 3. The sections were set to a defined depth of view 
for which the seismic events would form an observable seismic front. For this 
study, a depth of view of 20 meters was used except in places where few seismic 
events had occurred. In such cases, about 40 meters of depth of view was used 
to achieve observable event patterns, see Figure 3a. The seismic events were 
inspected by rotating the plane of from various  section was rotated as required 
to align it with the observed events, see Figure 3b.  

 
Figure 3 (a) Seismic event analysis of two dimensional sections with a depth of view 
of 40 meters thick and (b) how alignment of seismic events were used to define the 
position of the section plane. 

2.2. Seismicity and caving interpretation for the Fabian orebody 

An event history for Fabian from the inception of mining to the year 2015 is 
shown in Table 1. As outlined in the conceptual model of caving by Duplancic 
and Brady (1999), the seismic events are assumed to be located outside the 
caving zone. The extent of the seismogenic front was estimated by iteratively 
drawing lines under the perceived densely populated parts of the seismic events 
to estimate the seismogenic zone advance in relation to the positions of the 
events. 

Ground surface 
slice 

depth of 
view 

(a) 
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Table 1 Chronological events in the Fabian orebody since the inception of mining 
(with mining levels in meter). 

Year Order of activities taking place in the Fabian orebody 
1971 Beginning of mining in the orebody with the slot caving approach  
1978 Sublevel stoping mining method used in this orebody 
1994 Change to sublevel caving starting at the 600 m mining level and eventually 

in the same year the 630 m level was commenced  
1995 Continued mining of the 600 and 630 m levels 
1995 Completion of mining of the 600 m level 
1996 Mining of level 660 m started and completion of mining of the 630 m level 
1997 Mining of level 690 m started 
1998 Completion of mining of the 660 m level 
1999 Mining of level 720 started and completion of mining of the 690 m level 
2000 Mining of level 750 started 
2001 Completion of mining of the 720 m level 
2002 Mining of level 780 started 
2003 Mining of level 805 started and completion of mining of the 750 m level 
2004 Continuation of mining levels 780 and 805 m. 
2005 Installation of geophones for seismic data capture in the entire mine begins 

and completion of mining of the 780 m level 
2006 Mining of level 805 continues 
2007 Mining of level 830 m started and completion of mining of the 805 m level 
2008 Mining of level 830 continued and upgrade of the seismic sensors (more 

sensors installed) 
2009 Mining of level 855 m started 
2010 Mining of levels  830 and 855 m continued and laser scanning to monitor 

cave development in September 
2011 Mining of levels  830 and 855 m continued 
2012 Mining of level 880 m started and completion of mining of the 830 m level. 

Caving to the ground visible in 20th of March  
2013 Continuation of mining levels 855 and 880 m and Final upgrade to the 

installation of seismic sensors completed 
2014 Mining of level 905 m started and continuation of mining levels 855 and 880 

m 
2015 Mining continues on levels 880 and 905 m 
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For each period, the seismogenic zone extent was estimated based on that 
period’s spatial distribution of the seismic events. As this interpretation was done 
in consecutive periods, when no events could be identified in the evaluation 
slice, the previous period’s events were included to help define the current 
period’s seismogenic zone extent as shown in Figure 4 (a and b). The success of 
using seismic data as a way of estimating the seismogenic zone boundary depends 
on the availability of seismic events that are located near each other in close 
proximity to form a group, which may be interpreted as a seismogenic zone. If 
there were no events that were forming a pattern then the line was drawn 
straight to link another group of seismic events that formed a pattern as a seismic 
front. 

 

Figure 4 Procedure for outlining the seismic front or seismogenic zone boundaries 
over a period. In (a) some parts of the boundary are identified while the other parts 
are determined for the consecutive period as in (b), and (c) a completed outline. 

Laser scanning of the Fabian void had been conducted during the history of 
mining (see e.g., Sjöberg and Savilahti, 2014). The procedure involved the 

No seismi
events   pres

(b) 

No seismic events in 
the cave back in this 

period 
First period seismic 

boundary interpretation 

(a) 

Seismic events 
indicating presence 

of cave back 

(a) 

Boundary interpretation 
drawn from previous 

estimation 

Boundary interpretation
drawn from current 

period showing seismic 
events in the cave back 
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lowering of a laser scanner into a borehole into the void. The generated image 
included void dimensions and orientation, as well as depth to the muck pile. 
Laser scanning results from 2010 and 2011 were used to validate the 
interpretations of seismic data to cave boundaries. A laser scanning that was 
conducted in August of a given year was compared to seismic data for the same 
year ending in August. A period of at least six months prior to the laser scanning 
date was included in the estimation of the yielded and seismogenic zone 
boundary. The period was chosen to include a significant number of events to 
be able to determine a seismic front. It was also noted that the laser scan results 
presented cumulative cavity dimensions, i.e., current cave dimensions were 
additive to previously measured cave, while this was not the case for the seismic 
data (including events from earlier periods would give erroneous seismic front 
boundary estimations, except in the case where no events in the current period 
are present, as stated above).  

In Figure 5a, the cave interpretation from seismicity up to the end of February 
2011 and the laser scan result from the same month is shown. Figure 5b shows 
laser scan results for April 2011 superimposed on the seismic data interpretation. 
The May 2011 laser scanning results superimposed onto the seismic 
interpretation of the seismogenic zone boundary is shown in Figure 5c. 

 

Figure 5 Cave advance determined for (a) February 2011, (b) April 2011 and (c) May 
2011 and compared with laser scanning for the same times. 

 (a) (b) (c) 

February 2011 April 2011 May 2011 
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The Fabian cave breached the ground surface on March 20th 2012. The latest 
laser scan prior to the cave-breakthrough was done on January 18. The seismic 
data compared to this date was filtered from June 2011 to January 18 2012, see 
(Figure 6). For the period after March 20th 2012, the seismic event arrangement 
showed that there was no cave roof or cave back left for the Fabian orebody, 
(Figure 7), which agrees with observations. 

 
 
Figure 6 Laser scanning results superimposed onto the seismic data interpretation for 
the period June 2011 to January 2012. 

 

  

Mining levels 
2011/2012 

Jan 2012 laser 
scan results Seismogenic 

zone boundary 

Ground Surface 

Fabian orebody 

 (b) 
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Figure 7 Seismic events measured: (a) before March 20th (cave break through) and 
(b) after the cave broke to the surface on March 20. 

2.3. Seismicity and caving interpretations for the Printzsköld 
orebody  

The seismogenic zone boundary estimation methodology developed for the 
Fabian orebody was applied to the Printzsköld orebody cap rock. For this case, 
the processing of seismic events was done on a yearly basis to determine the 
annual progression of the seismogenic zone. This was followed by comparisons 
with laser scanning, which provided a correction mechanism for the specific 
periods. With regard to seismic data interpretations, two types of sections were 
used: a transverse vertical cross-section and a longitudinal projection.  

Future mining plans were categorized as planned and forecasted. The planned 
category, with high probability to occur in the nearest future, involved detailed 
plans of mine production while the forecasted category involved plans further 
into the future with less detail. These plans indicated the planned and forecasted 
yearly completion times of mine production in various mine levels in the 
Printzsköld orebody, as shown in Table 2. 

 

 

 

 

Seismic events 
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of cave back 

No seismic 
events   present 

(a) 
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Table 2 Planned and forecasted completion times for various selected mining levels in 
the Printzsköld orebody. 

Mining 
level 

 

Planned year of 
completion 

Forecasted year of 
completion 

Month Year Month Year 
945  2017   
970 Jan 2020   
996 Dec 2020   
1023 Nov 2022   
1051 Dec 2024   
1080   Dec 2026 
1109   Dec 2028 
1138   Dec 2030 
1167   Dec 2032 
1196   Dec 2034 

Table 3 shows a graphical representation of the production levels and their 
respective production years. It also shows the years selected for interpreting 
seismic events, namely 2008, 2011 and 2015. These years were selected to 
enable numerical model calibration, since mining of entire levels were 
completed at these specific times. The estimated seismogenic zone boundaries, 
based on seismic events, for the respective years, are presented in Figures 8, 9 
and 10. 

The 2015 laser scanning was done in August of that year. The seismic events 
used for the interpreted seismogenic zone boundary were filtered from January 
to August. Since the production was stopped (from April onwards) in the parts 
of the orebody that mostly affected the cave advance in the section of interest 
for this study, the filter was changed to consider seismic events until December 
2015. There were no significant differences between the interpreted seismic 
front positions for the two datasets. The August 2015 seismic data interpretation 
was therefore used to define the seismogenic zone position for 2015.  
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Figure 8 The seismogenic zone boundary above the Printzsköld orebody (in blue) as 
mining on level 870 is completed in 2008, shown on (a) a long section and (b) a cross 
section. 

 

Figure 9 The seismogenic zone boundary above the Printzsköld orebody (in blue) as 
mining on level 895 is completed in 2011, shown on (a) a long section and (b) a cross 
section. 

 

517 m 
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870 m 

895 m 

 

(a) (b) 
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Figure 10 The seismogenic zone boundary above the Printzsköld orebody (in blue) when 
mining on level 945 is stopped in 2015, shown on (a) a long section and (b) a cross section. 

Figure 11 is a summary of the upward seismic front advance. Similar to the procedure 
used for the Fabian orebody, the seismic data was interpreted with respect to the 
dates of laser scanning, except for the dates when no laser scanning results were 
available. In those cases, the seismic data for the entire year was interrogated. The 
seismic front advance interpretations were arrived at by using engineering judgment 
in terms of selecting the path through which the boundary was to be drawn. This 
was also done by rotating the view of the events to determine position that best 
defined the seismogenic zone lower boundary. Figures 8, 9 and 10 also show the 
depths, from the ground surface to the lower seismogenic zone boundary for the 
chosen mining steps. These depths were 517, 315 and 194 m, respectively. The 
location errors, in addition to the three-dimensional nature of the seismicity data, 
affected the positioning of the seismogenic-yielded zone boundary. This resulted in 
some seismic events to be found below the seismogenic-yielded zone boundary.  

194 m 
Laser scan image 

August 2015 

2015 

945 m 

970 m 

(a) (b) 945 m 

945 m 
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Figure 11 Seismic front upward advance in the Printzsköld orebody cap rock from 2007 
to 2015. 
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3. Numerical modeling 

3.1. Modeling approach 

A two-dimensional numerical model was constructed to simulate mining and caving 
in the Printzsköld orebody using UDEC Version 6 (Itasca Consulting Group Inc., 
2014). Voronoi tessellations were used to simulate a jointed rock mass. This 
technique allows consideration of all blocks as discrete entities separated by 
discontinuities, with strength properties that govern their behavior during mining. 
The true fracture geometry is not known throughout the studied rock volume, due 
to relatively sparse mapping data. It is thus not possible to construct e.g., a DFN-
model to represent the rock fabric. Importing the mapped joint orientations as 
persistent joints is an over-simplification that would likely lead to conservative 
results. Based on this, an approach in which the rock mass is modeled as an 
equivalent continuum was chosen, but with discrete discontinuities embedded as the 
Voronoi tessellation. These allowed fracturing to take place and caving to be 
simulated in a semi-explicit manner.  

A two-dimensional model was used as this study mainly focused on parameter 
calibration and conceptual representation of caving behavior. This enabled faster 
calculation times and thus a more comprehensive calibration procedure compared 
to, e.g., a similar three-dimensional model. The mining sequence in the model was 
set to one whole level per mining step. The material model used in the modeling 
was a Mohr-Coulomb elastic-perfectly plastic model for both the block material and 
the discontinuities separating the blocks. 

3.2. Model set-up 

The model size was set to 2800 m by 2050 m and Voronoi tessellations (Figure 12) 
were constructed to have a maximum edge length of 15 m. The section chosen for 
analysis passes through the highest point of the cave as shown in Figure 13. For each 
mining step, the models were run in two stages – first with properties corresponding 
to an elastic equivalent material to prevent transient effects and exaggerated yielding, 
followed by a new run to equilibrium state using the actual plastic rock mass strength 
parameters. 
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3.3. Input parameters 

The input parameters for the model included elastic constants and strength 
parameters for the rock mass. Rock mass and intact rock strength properties as well 
as elastic constants were obtained from Wettainen (2015), see Table 4. These 
parameters formed the basis for the base case values of the numerical models before 
calibration against the seismic data interpretation was conducted (Table 5). 

 

Figure 12 Model set-up of the Printzsköld orebody showing the Voronoi tessellations 
surrounding the orebody block 

Printzsköld orebody 

Voronoi 
Tessellations Mined part of the 

orebody 
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Figure 13 Location of the vertical cross-section of 2D model 

 

Table 4 Intact and rock mass properties for the Malmberget Mine area (Wettainen, 2015) 

Parameter Base case values 

Elastic modulus E [GPa] 70 
Poisson’s ratio v 0.33 
Geological Strength Index 
(GSI)  

79 

σ3max  [MPa] 15 
σci  [MPa] 197 
Density [kg/m3] 2700 
Disturbance Factor (D) 0 
mi values 25 

 

Vertical cross-section 
plane 

Printzsköld orebody 

N 

Printzsköld orebody 

Direction of view 

Vertical cross-section 



24 

 

Input values for the joint normal and shear stiffness in to the numerical model were 
derived from the intact rock mass parameters using guidelines from the UDEC 6.0 
Manual (Itasca Consulting Group Inc., 2014). The joint normal and shear stiffnesses 
shown in Table 5 were calculated as follows: 

        (3.1) 

where K and G are the bulk and shear moduli, respectively of the rock mass, and 
∆zmin is the smallest width of the zone adjoining the joint in the normal direction. 
The stiffness values in Table 5 were used for the Voronoi-jointed regions. The 
construction joints (i.e., joints in the model used to separate regions when building 
the model) were joined to prevent sliding along them.  

Table 5 Base case values as calculated from intact rock mass using RocLab (Rocscience 
Inc. 2002b). 

Parameter  Rock block 
properties 

Orebody properties 

Cohesion c [MPa] 10.4 5.7 
Friction angle ϕ [°] 55.7 46.7 
Tensile strength σt [MPa] 1.6 0.3 
Rock mass modulus Erm [GPa] 60.8 39.2 
Bulk modulus K [GPa] 59.6 72.6 
Shear modulus G [GPa] 22.9 13.9 
   
 Joint properties 
Normal stiffness Jkn [GPa] 60.1 60.1 
Shear stiffness Jks [GPa] 60.1 60.1 
Joint cohesion cj [MPa] 10.4 5.7 
Joint friction angle φj [°] 37 46.7 
Tensile strength σt [MPa] 1.6 0.3 
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An elasto-plastic (perfectly plastic) Mohr-Coulomb slip model was used for the rock 
blocks, as well as for the discontinuities (Voronoi tessellation). To accurately predict 
caving a thorough model, calibration was undertaken by varying the rock mass and 
joint strength parameters. The ranges of parameter values tested in the models are 
shown in Table 6. As one can see, a significant reduction from the values in Table 
5 was required, as further described below.  

Table 6 Rock mass and joint strength parameter ranges used for the model calibrations. 

Parameters Joint strength 
properties range 

Rock mass strength 
properties range 

Cohesion (MPa) 0 – 5.2 0.5 – 10.4 

Friction angle (°) 30 – 37 45 – 55.7 

Tensile strength (MPa) 0 – 1.6 0.5 – 1.6 

Initial stresses used were obtained from Sjöberg (2008) in which the vertical stress 
was set equal to the pressure from overlying rock material and the horizontal stresses 
were found to be (through stress calibration against conducted stress measurements): 

zH �� 0358.0�           (3.2) 

zh �� 0172.0�           (3.3) 

where z is the vertical depth in meters below the ground surface, σH being the 
maximum horizontal stress and σh the minimum horizontal stress. All stresses are in 
MPa, and with σH having an orientation of about 111° from geographic North (131° 
from the local mine north). The model cross-section was thus taken to be parallel to 
the maximum horizontal stress. The boundary conditions used were zero-velocity 
("roller") boundaries on the vertical boundaries of the model, as well as for the 
bottom boundary. The ground surface was modeled as a free surface.  

Model calibration was done for the selected mining periods described in Section 2.3. 
These were found to be suitable calibration times as they indicated completion of a 
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mining level with prior production tonnages from that level and a combination of 
other mining levels. This was important because in the numerical model the 
simplified sequence chosen was that of mining the entire level at once.  

This study did specifically address identification of the cave boundary. The cave 
boundary was expected to be located below the yielded zone going outward from 
the open cave. In effect, actual explicit caving was not simulated. Rather it was 
assumed to be indicated by the yielding in the cap rock (in the rock blocks and along 
the joints), with the model providing an indication of the location of the seismic 
front. 

3.4. Establishing the seismogenic-yielded zone boundary from 
numerical modeling results. 

In order to get a reasonably accurate representation of the result from numerical 
modelling in comparison to observed and measured field data a large number of 
simulations were run. The procedure for comparison was based on that joint shear 
failure was abundant in the seismogenic zone and that joint tensile failure was 
abundant in the yielded zone. Joint shear failure is represented by joint slip in the 
numerical model and joint tensile failure is represented by open joints. The zone of 
intersection between the joint slip and the open joint plots in the numerical model 
can be compared to the boundary between the seismogenic zone and the yielded 
zone in the Duplancic and Brady conceptual model of caving. To set this boundary 
it is necessary to employ engineering judgment as this boundary may be intepreted 
as a range or a line in the models. The procedure used includes the following steps: 

� Determine and plot joint slip and open joints in the numerical model. 

� Locate the zone or area which includes a mixture of joint slip and open joints. 
This area defines the seismogenic-yielded zone boundary range.  

� Place a line that separates the joint slip and open joint plots. The line defines 
the boundary which separates the seismogenic and yielded zones. The average 
line separating these two plots also defines the depth of the seismogenic-
yielded zone boundary from the ground surface. 
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� Repeat the procedure for the next mining step. Considering that the area 
defined by the previous steps cannot decrease, the zone boundary will remain 
at the same position, or increase (upward-sideways) for the next mining step.  

The interpreted seismic front from seismic data and laser scanning were used as the 
benchmark for the selection of calibrated parameter values. Two factors were 
primarily considered in the numerical model calibration: (i) the depth of the 
seismogenic zone boundary from the ground surface and (ii) the nature of joint 
behavior in the cap rock. Out of the cases that were run, the best agreement with 
seismic data interpretation was found for the case with parameters as shown in Table 
7. 

Table 7 Rock mass and joint strength parameters for the selected calibrated numerical 
model. 

Parameters Joint strength properties Rock mass strength 
properties 

Cohesion (MPa) 0.5 0.5 

Friction angle (°) 37 55.7 

Tensile strength (MPa) 0.5 1.0 

Figures 14 through 16 show calculated yielding above the cap rock superimposed 
with seismic analysis-interpreted seismic front boundary for the three selected 
mining years (as given in Table 3) and for the above selected case. The Figures show 
in (a) the yielding in the rock mass and (b) the plots of a combination of slip and 
open joints. Table 8 shows a comparison with respect to the distance from the 
ground surface to the seismogenic zone as interpreted from numerical modeling and 
the seismogenic zone boundary interpreted from seismic data. The measurement of 
the depth from the ground surface for the numerical modeling results is as shown in 
Figure 16 (b). The determined rock mass yielding provides a reference for the 
interpretation of the seismogenic-yielded zone boundaries. This is achieved through 
the understanding of shear yielding in the rock mass as the genesis of fracture within 
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the rock mass which when superimposed with joint tensile failure, thus giving the 
yielded zone upper boundary.  

 

Figure 14 (a) Yielding in the cap rock and (b) seismic front advance from seismic data 
interpretation compared to that from numerical modeling, for the mining year 2008. 

 

Figure 15 (a) Yielding in the cap rock and (b) seismic front advance from seismic data 
interpretation compared to results from numerical modeling, for the mining year 2011. 
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Figure 16 (a) Yielding in the cap rock and (b) seismic front advance from seismic data 
interpretation compared to results from numerical modeling, for the mining year 2015. 

Table 8 Seismogenic zone location from the ground surface from numerical modeling and 
seismic data interpretations. 

Comparison 
year 

Mined level 
(m) 

Location of seismic front 
from ground surface 

obtained from numerical 
modeling results (m) 

Location of seismic front 
from ground surface 

obtained from seismic 
analysis interpretations (m) 

2008 870 458 517 

2011 895 372 315 

2015 945 204 194 

When comparing the modeling results with the seismic data, both agreements and 
discrepancies were found. The determined seismogenic-yielded zone boundary 
obtained from numerical model results is presented as a range and is wider compared 
to the boundary obtained from seismic analysis interpretations and laser scanning. 
The seismic front from the numerical model is also larger on the hangingwall side 
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compared to front estimated from seismic data and observed from laser scanning. For 
the 2008-mining year, the seismogenic zone location from the surface interpreted 
from numerical analysis was shallower than the one interpreted from seismic data. 
For the 2011 comparison year, it is about similar with more portion of the boundary 
traced in the hangingwall from the numerical modeling interpretations. However, 
the 2015 period showed similar interpretation results from both seismic data and 
numerical simulations.  

The above interpretation of the numerical analysis was used to predict caving for 
future mining in the cap rock of the Printzsköld orebody as mining deepens. Figures 
17 a, b and c show the seismogenic-yielded zone boundary upward advance towards 
the ground surface, taking place in the cap rock for the mining levels 970, 996 and 
1023 m respectively. In Figure 17c, it can be seen that by the time the mining of 
1023 finishes, the boundary reaches the ground surface. By this time, there would 
likely be effects of caving in the ground surface such as cracking and steps forming. 
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Figure 17 The seismogenic-yielded zone boundary advance towards the surface in future 
mining for the (a) 970 m, (b) 996 m and (c) 1023 m mining level. 

(a) 

(b) 

(c) 

970 m level: 
seismogenic-yielded 
zone boundary 
interpretation from 
numerical modeling 

996 m level: 
seismogenic-yielded 
zone boundary 
interpretation from 
numerical modeling 

1023 m level: 
seismogenic-yielded 
zone boundary 
interpretation from 
numerical modeling 

0 300 

0 300 

0 300 m 

m 

m 



32 

 

4. Discussion 

The interpretation of seismic data to assess the boundary of the seismogenic zone 
was based on the conceptual model of caving proposed by Duplancic and Brady 
(1999). The boundaries defined through seismic interpretation were also found to 
be close to those determined by laser scanning, which lends credibility to this 
approach. The few differences found can probably be attributed to the location 
errors existing for the seismic events. It is therefore important to use other sources 
of information (e.g., laser scans) to verify the cave boundary for each particular case.  

The results showed fair agreement in the boundary location interpretation between 
the numerical model and seismic data analysis. The numerical model showed a large 
amount of yielding as well as open joints and joint slip in the hangingwall compared 
to the boundary interpreted from seismic data.  

For the Fabian orebody, a large-scale structure bounded the caving on the eastern 
side of the orebody. The interpretation of the seismic data was focused on the 
plunging hangingwall (north-west oriented section) where no obvious structural 
control was seen. The same assumption has been made when interpreting the seismic 
data for the Printzsköld orebody, as previous studies have not confirmed the 
existence of structures and/or structures actually influence the caving process (see 
e.g., Umar & Edelbro, 2016).  

However, the discrepancies found between the seismic data interpretation and the 
numerical model results may indicate that there are factors not included in the 
numerical model, which influence the caving process to some extent. Structures of 
large, or medium, scale would be one such potential factor. Although not explicitly 
identified, they may still exist and influence the seismicity recorded. Another 
potentially influencing factor would be the presence of rock units with other 
properties, making them less or more susceptible to seismicity. In the numerical 
model, no strength of stiffness variations are included, based on currently available 
data, which may explain some of the discrepancies found between modeling and 
seismic data observations.  



33 

 

Another source of discrepancies could be in the interpretation of the model itself. 
The procedure developed for the interpretation of the numerical model into the 
boundary between the seismogenic zone and the yielded zone is subjective. It 
requires a proper understanding of the rock mass behavior in the model as well as 
prior knowledge of the rock mass under simulation. Some of the discrepancies were 
also thought to emanate from location errors in the seismic data.  

5. Conclusions 

Seismic data analysis and numerical modeling methods were used to determine the 
seismic front advance in the cap rock of the Printzsköld orebody as well as the 
seismogenic zone, with the following conclusions drawn:  

(i) There was good agreement between the estimations from seismic data for the 
seismic front boundary and the boundaries determined from laser scanning, 
making the seismic data interpretations reliable and thus validating the 
proposed methodology.  

(ii) Within the margin of error, it was found that there was fair agreement in the 
boundary interpretation for the seismogenic and yielded zones between the 
numerical model results and seismic data interpretations. The differences can 
likely be attributed to event location errors from seismic data, as well as the 
possible presence of large-scale structures that may affect cave growth.  

(iii) It has been predicted that in the future, mining of the 1023 m level will cause 
the boundary between the seismogenic zone and the yielded zone to reach the 
ground surface. Further mining beyond this level would likely cause lowering 
of ground or even cave breakthrough. 

The interpretation of the seismic data into the boundary between the seismogenic 
zone and the yielded zone has provided a way to determine the cave progression 
towards the ground surface. However, more work is required to improve the 
procedure for the determination of the seismogenic–yielded zone boundary location 
from numerical modeling in a more quantitative and objective manner. A natural 
extension would also be to do three-dimensional modeling in a similar way.  
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Abstract 

Cave mining effects in the cap rock were investigated using three-dimensional 
numerical simulations of the non-daylighting Printzsköld orebody. A three-
dimensional approach using the bonded block model (BBM) was employed, 
which enabled a semi-explicit simulation of rock mass failure due to mining. 
The results from the numerical analysis were compared with seismic 
interpretation results for seismogenic zone positions within the cap rock of the 
orebody, to verify model parameter selection. Moreover, the calibrated model 
enabled prediction of future behavior, including when cave breakthrough to the 
surface can be expected. Prediction results showed that the seismogenic zone, 
hence the cave, is estimated to reach the ground surface after mining the 1023 
m level of the Printzsköld orebody, corresponding to year 2022 per the current 
mining plans. 

Keywords: seismogenic zone, yielding, cap rock, seismic front progression, 
numerical model simulation, Printzsköld orebody, cave advance. Bonded block 
model. 

1. Introduction 

1.1. Problem statement 

Mining with sublevel caving presents challenges with respect to rock mass 
deformations in the surrounding rock and on the ground surface. For non-
daylighting orebodies, caving develops in the cap rock (between the upper 
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boundary of the orebody and the ground surface), which eventually also may 
reach the ground surface. For the purposes of planning and safety, it is necessary 
to understand the processes of caving that ensues as mining deepens.  

During cave mining, fracturing of the rock mass depends on the tensile and shear 
strength of that rock mass in comparison to the forces at play as mining 
progresses (Brady and Brown, 2004). However, the failure path taken by any 
given rock unit in this caving area will differ from place to place depending on 
factors such as presence of geologic structures, pre-existing joints or intact rock 
bridges, rock mass strength, stress conditions around the cave, etc. When failure 
occurs as a result of caving it is expected that the material has moved and/or 
dislocations have been experienced in the joints (Potyondy and Cundall, 2004). 
Due to the nature and number of the unknown factors that affect caving and 
cave propagation, it is difficult to quantify or predict caving and cave advance.  

Duplancic and Brady (1999) developed a conceptual model of caving, which 
highlights the various zones to be expected in a caving area: (i) mobilized zone, 
(ii) air gap, (iii) yielded zone, (iv) seismogenic zone, and (v) elastic zone. This 
conceptual model formed the basis for the work presented in this paper, in 
which some of the controlling parameters were studied by means of numerical 
analysis. Using numerical modeling, it is possible to simulate a rock mass in 
physically realistic manner through e.g., synthetic rock mass models (Pierce et 
al., 2007). Furthermore, the development of the smooth-joint contact model 
(Mas Ivars et al., 2008), and later the bonded particle model (Mas Ivars, 2010), 
made it possible to simulate explicit rock mass failure in such models. However, 
these approaches are computationally heavy, and are not readily possible to use 
for mine-scale problems.  

More recently, Ghazvinian et al. (2017) employed a numerical modeling 
approach that used 3D Voronoi tessellations to simulate damage of the rock mass 
near underground excavations. A similar approach was used by Gao and Stead 
(2014), who developed the so-called trigon method of using Voronoi 
Tessellations to capture brittle rock fracturing. In this study, they used triangular 
blocks as opposed to the conventional Voronoi polygonal blocks and used a 
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force-displacement law that acted on the element contacts. Both these cases 
relied on simulating the rock blocks (within the Voronoi or tetrahedral blocks) 
as elastic material, while setting the contacts to the Mohr-Coulomb slip model. 
However, none of these approaches were directly applied to cave mining.  

In this paper, a three-dimensional approach using "bonded block modeling" and 
3DEC (Itasca, 2016a) for explicit cave modeling is pursued. This approach was 
applied to a particular orebody in the Malmberget Mine. The mine is located in 
the Gällivare municipality, about 70 km north of the Arctic Circle. The mine is 
owned and operated by Luossavaara-Kiirunavaara Aktiebolag (LKAB) and the 
mineral deposit consists of around 20 orebodies of which 14 production areas 
are currently mined using sublevel caving as the mining method. The 
Printzsköld orebody is one of the mined orebodies and was the focus of this 
study.  

1.2. Approach, scope and aim of the study 

As far back as 2005, a seismic monitoring system had been installed in the 
Malmberget area, and was expanded over the years. By 2013, around 180 sensors 
had been installed (Wettainen and Martinsson 2014). With this system in place, 
it was possible to gather seismic data throughout the mine. For the Printzsköld 
orebody, as a non-daylighting orebody, this provided a unique chance to better 
understand the mechanisms and processes controlling the failure mechanisms in 
the cap rock.  

To understand the processes taking place in the Printzsköld orebody, a study of 
the cave breakthrough that occurred in the neighboring Fabian orebody was 
first conducted. In this orebody, the cave had been monitored using laser 
scanning and seismic reflectometry procedures during many years. Additionally, 
seismic monitoring during recent years was conducted. The Fabian orebody 
thus provided a source of information to better understand cave development 
in general, which then could be applied to the study of caving in the cap rock 
of the Printzsköld orebody. Umar et al. (2017) conducted a study in which a 
methodology for identifying the caving front using seismic monitoring data was 
developed for the Fabian orebody and then applied to the Printzsköld orebody. 
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This was followed by two-dimensional numerical modeling to assess the 
progression of the seismogenic zone boundary in the Printzsköld orebody. 
Through the numerical simulations, Umar et al. (2017) also developed a 
procedure for determining the location of the seismogenic-yielded zone 
boundary in these models.  

In the current paper, this approach has been extended to include three-
dimensional numerical modeling, as outlined above. The aim of the present 
study is to improve the understanding of the caving mechanisms in the cap rock 
of non-daylighting orebodies, with particular application to the Printzsköld 
orebody in the LKAB Malmberget Mine. The results obtained in the three-
dimensional model were compared with the seismic data interpretations to 
enable validation of the models, particularly parameter values obtained from 
previous 2D model calibration. Moreover, the differences and (possible) 
similarities between 2D and 3D analysis of caving was discussed. Finally, a 
prediction of future caving behavior was attempted.  

2. Numerical modeling of the Printzsköld orebody 

2.1. Model set-up 

Only the Printzsköld orebody was included in the numerical model assessing 
the rock mass behavior in the cap rock during mining. In a study by Perman et 
al. (2016), all orebodies in the Malmberget mine were included and this model 
was also interrogated to show that mining activities in the nearby orebodies did 
not affect yielding experienced in the cap rock of the Printzsköld orebody; this 
included the orebody attached to the Printzsköld called Alliansen (Perman, 
2017). 

The model was constructed to have wide extents to reduce boundary effects. 
The model extents were 3600 x 4429 x 2050 meters, see Figure 1. The outer 
domain was modelled as an elastic material. The rock mass in and around the 
orebody was simulated as an elasto-plastic Mohr-Coulomb (perfectly plastic) 
material set up through the bonded block model (BBM) methodology as 
implemented in the three–dimensional discrete element code 3DEC (Itasca, 
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2016b). The aim here was to explicitly simulate failure around the cave 
boundaries. This was accomplished by defining a discretized domain composed 
of tetrahedral blocks separated by joints to simulate a jointed rock mass closer to 
the orebody using the bonded block model. This approach allowed the rock 
mass to fail along the joints to simulate the failure during caving. The size of the 
region with the bonded block model was 1940 x 2038 x 1090 meters (in the x-
y-z directions) and the tetrahedra were 50 m in size. The size of the tetrahedral 
blocks was governed by calculation time; a small block size (although desirable) 
would dramatically increase computational time.  

 
Figure 1. Model dimensions (a) and model set up details of the orebody and 
tetrahedral zones (b) for the simulation of caving in the Printzsköld orebody. 

The mining sequence was simulated by excavating the entire level at once. In 
the Printzsköld orebody, the onset of mining from the 780 m level also triggered 
the formation of a cave, which started advancing upwards into the cap rock. In 
the numerical model, this phenomenon was left to develop through failure in 
the bonded block model along joints as well as in the rock blocks. As mining 
was simulated to proceed to lower levels, this cave also advanced upwards. It 
was thus necessary to simulate the effects of this mining well into the future to 
understand the implications and overall governing factors influencing this 
caving. 
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Model evaluations were conducted by using evaluation planes both in the cross 
and longitudinal section. Three planes were used for result presentation, but the 
model was also interrogated in full to understand general patterns and behavior. 
The three planes comprised one major plane along the strike of the orebody, 
and two planes in the direction perpendicular to the strike of the orebody. The 
two cross-section planes were termed C1 and C2. C1 cut through the cap rock 
of the Printzsköld orebody while C2 was located at the fringes of the orebody 
in the plunge hangingwall. The plunge hangingwall was caused by the slanting 
geometry on the top part of the orebody on the fringes. As mining proceeded 
to lower level, this plunge hangingwall lengthened, leaving much of the cap 
rock on the plunging fringes acting like a hangingwall. In the longitudinal 
section, a plane parallel to the orebody strike was used to evaluate yielding along 
the orebody length. Figures 2 and 3 show the planes used for both longitudinal 
and cross-sectional result interpretation.  

Figure 2 Cross-sectional evaluation planes (a) plane C1 in the middle of the cave back 
and (b) plane C2 in the plunge hangingwall. 
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Figure 3 Evaluation plane in the long section to determine the rock mass behavior 
in the cap rock. 

2.2. Input parameters 

Rock mass and joint strength parameters were developed from Wettainen 
(2015) and the resulting two-dimensional model calibrations conducted earlier 
by Umar et al. (2017). The joint strengths were specifically adapted from the 
calibrated 2D model. Through this earlier study, three calibration results were 
chosen based on the variations in the rock mass and joint strength parameters as 
shown in Table 1.  

Table 1. Rock mass and joint strength input parameters. 

Case 
Joint strength parameters 

Rock mass (block) strength 
parameters 

 

Cohesio
n 
(cj) 

MPa 

Friction 
angle 
(ϕj) 
deg 

Tensile 
strength 

(σtj ) 
MPa 

Cohesion 
(crm) MPa 

Friction 
angle (ϕrm) 

deg 

Tensile 
strength 
(σtrm ) 
MPa 

(Case I) 0.5 37 0.5 0.5 55.7 1.0 
(Case II) 0.64 37 0.5 0.7 55.7 1.0 
(Case III) 0.64 37 0.5 0.64 55.7 0.64 
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Additionally, rock mass elastic moduli were adapted from an internal report by 
Wettainen (2015), from which joint stiffnesses were also calculated, as presented 
in Table 2. 

Table 2. Rock mass moduli and joint stiffness used for the numerical modeling of 
the Printzsköld orebody 

Parameter  Rock block 
properties 

Orebody 
properties 

Rock mass modulus Erm [GPa] 60.8 39.2 
Bulk modulus K [GPa] 59.6 72.6 
Shear modulus G [GPa] 22.9 13.9 
   
 Joint properties 
Normal stiffness Jkn [GPa] 60.1 60.1 
Shear stiffness Jks [GPa] 60.1 60.1 

 

2.3. Initial stresses 

Initial stresses were obtained from a study by Sjöberg (2008), from which the 
horizontal stresses were given as:  

zH �� 035.0�           (1) 

zh �� 0172.0�          (2) 

where z, is the depth (in meters), σH is the maximum horizontal stress, and σh is 
the minimum horizontal stress. The vertical stresses were set equal to the vertical 
pressure of the overlying rock mass. All stresses are in MPa, and with σH having 
an orientation of 111° from the geographic North (131° from the local mine 
north). The numerical model was oriented to that angle for the horizontal 
stresses to be perpendicular to the model boundaries (thus avoiding applying 
shear stress boundaries). Horizontal movement was restricted on all vertical 
boundaries, and the bottom model boundary was fixed. The ground surface on 
the top of the model was set as a free surface. 
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3. Model results 

3.1.  Model calibration 

The model results obtained on the C2 plane were not critical to this study and 
as such, they are not shown in this paper. Only results from the remaining two 
planes, the C1 and the longitudinal plane have been considered.  

Calculated yielding in the model showed that shear failure was dominant in the 
rock mass of the cap rock of the Printzsköld orebody. Tensile failure is found 
mostly close to the cave boundaries, see Figure 4. The same scenario was 
observed for the longitudinal section of the orebody, see Figure 5. 

For all the cases run, plots of shear slip and tensile failure along joints were 
superimposed on the rock mass yielding. The aim of this was to arrive at the 
boundaries between the seismogenic zone and the yielded zone, which in turn 
would assist in locating the relative position of the cave. A procedure for 
interpreting joint shear and joint tensile failure to locate the boundary between 
the seismogenic and the yielded zones was proposed by Umar et al. (2017), and 
applied to this case.  

The modeling interpretation in this work was based on the Duplancic and Brady 
conceptual model of caving. In this model, seismic events are believed to occur 
when tensile failure takes place in the rock mass and when both tensile and shear 
failure occur along discontinuities. In the numerical model, the zone defining 
the boundary between the yielded and seismogenic zones was arrived at by 
considering when both shear and tensile failure occurs at a given location within 
the rock mass and across the joints in the numerical model.  
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Figure 4 Rock mass yielding in the cap rock of the Printzsköld orebody evaluated 
on plane C1 for mining of levels (a) 870, (b) 895 and (c) 945 m. 
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Figure 5 Rock mass yielding in the cap rock of the Printzsköld orebody evaluated on 
the longitudinal plane for mining of levels (a) 870, (b) 895 and (c) 945 m. 
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The yielded zone is aseismic, due to the parting that has already taken place 
across the joints, leaving the joints open. In the seismogenic zone there is usually 
shear yielding, with shear failure along the joints without the joints parting 
resulting in seismic events. The boundary between these two zones is defined 
by locating where these two failure mechanisms interact as the shear transitions 
to tensile failure across the joint. The 3D results also showed yielding in the rock 
mass of the cap rock. Yielding was mainly plastic shear failure although a mix of 
shear and tensile failure is found in places  close to the cave boundary.  

For the cases run, comparisons were made between the boundaries interpreted 
from field observation of seismic data and that obtained from numerical analysis. 
These comparisons were made for the three mining levels 870 m, 895 m and 
945 m. The boundary interpretation in the simulations for Case II, with the 
strength parameters shown in Table 1, showed the best agreement with the 
boundaries from seismic data interpretations. Moreover, Case II also showed, 
what is to be believed, a more realistic rock mass yielding pattern compared to 
Case I and Case III, with the latter two showing widespread yielding in the cap 
rock. Results were presented for the two evaluation planes in the long and cross-
sections as shown in Figures 6 through 8 for the selected mining stages. 

3.2. Comparison with 2D models 

In Umar et al. (2017), the Printzsköld orebody cap rock was simulated using a 
2D approach with the UDEC code. The results obtained from that study were 
compared with the results obtained from this current study to determine the 
differences in yielding. Firstly, the 2D study set out to calibrate the model using 
an array of rock mass properties from which one case was selected that provided 
the best agreement with observed data. In this study, further calibration was 
conducted and a case with slightly different properties was found to best match 
observations. Figures 9 and 10 show the comparisons of results from the 
corresponding 3D and 2D models.  
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Figure 9 Comparison of yielding in the (a) two-dimensional model (Umar et al. 
2017) and (b) three-dimensional model, for mining of the 870 m level in the 
Printzsköld orebody. 

(a) 

(b) 
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Figure 10 Comparison of yielding in the (a) two-dimensional model (Umar et al. 
2017) and (b) three-dimensional model, for mining of the 945 m level in the 
Printzsköld orebody. 
 

The results from three-dimensional modeling were shown to exhibit more 
yielding compared to the two-dimensional model. This is particularly so near 
the ground surface (vertical extent of yielding), whereas the extent of yielding 
in the hangingwall is fairly similar. In the cap rock, on the footwall side, the 
amount of yielding is slightly less, in the two-dimensional model.   

(a) 

(b) 
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3.3. Future mining cave prediction 

A mine production plan obtained from the Malmberget Mine was used to 
determine when mining levels were to come to completion. Table 3 shows the 
detailed and intended production plans for the Printzsköld orebody from the 
year 2017 to 2034. Using the selected Case II per the above, future mining was 
simulated to predict the cave advance through the cap rock.  

Table 3 Detailed planned and forecasted plans for future mining for the Printzsköld 
orebody, courtesy of LKAB, Malmberget Mine. 

Mining 
level 

 

Detailed Plan for 
year of completion 

Intended and 
forecasted plan for 
year of completion 

Month Year Month Year 
945  2017   
970 Jan 2020   
996 Dec 2020   
1023 Nov 2022   
1051 Dec 2024   
1080   Dec 2026 
1109   Dec 2028 
1138   Dec 2030 
1167   Dec 2032 
1196   Dec 2034 

According to Figure 11 (a, b and c), the boundary between the seismogenic 
zone and the yielded zone reaches the ground surface during mining of the 1023 
m level in the model, corresponding to the end of the year 2022. The appearance 
of the seismogenic-yielded zone boundary on the ground surface does not 
necessarily mean that a cave will breakthrough. This may depend on other 
factors such as interlocking of the rock blocks, local rock mass conditions, and 
other mining and blasting activities. However, beyond the 1023 m mining level, 
a cave breakthrough would be more likely to occur. 
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Figure 11 Seismogenic and yielded zone boundary upward advance towards the 
ground surface predicted for future mining in the Printzsköld orebody for mining of 
the (a) 970, (b) 996 and (c) 1023 m levels. 
  

 

 

 

 

970 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

 

 

996 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

 

 

1023 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary. The cave just 
reaching at the ground surface 

(a) 

(b) 

(c) 

970 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

996 m level Numerical analysis 
interpreted lower seismogenic 
zone boundary 

1023 m level Numerical analysis 
interpreted lower seismogenic zone 
boundary. The yielded zone just 
reaching at the ground surface 
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4. Discussion 

For the selected case of the simulation (based on previous 2D model 
calibrations), there was close agreement with observed field seismic data 
interpretations of the lower seismogenic boundary. The observed disparities 
could be attributed to the location errors found in the seismicity data on one 
hand, and due to the fact that the interpretation of the lower seismogenic 
boundary in the numerical model is quite unavoidably subjective. The 
subjectivity arose from the selection of the path through which the boundary 
was drawn. This is because in some cases, there is a mixture of shear and tensile 
failure for the discontinuities in the same location. It is also required to 
understand that some of the plots of shear found inside the yielded zone were 
recorded relative to the detached blocks that were still under the influence of 
gravity in the model. This is because these blocks had not been set to be deleted 
as they detached (it was judged that this would induce additional subjectivity in 
the models).  

In addition, it is not clear if we can perfectly interpret the numerical model 
results in this study in terms of the Duplancic model of caving. The Duplancic 
model is a conceptualization, and the actual behavior may differ from site to site. 
The extent of the yielding and seismogenic zones may thus be different, 
depending on the rock mass characteristics. In this study, the results seemed to 
match the Duplancic model in some respects, although the yielding in the 
numerical model is significantly more extensive than suggested by the Duplancic 
model. On the other hand, the actual "caving" and the possible effects on the 
ground surface seem to be realistic in the model, when interrogating joint slip 
and joint opening behavior. More work is, nevertheless, needed to further the 
understanding and improve and fine-tune the conceptual caving model 
description, including its representation in a numerical model. 

Comparisons were made between the Umar et al. (2017) study results obtained 
through 2D numerical simulations and the current 3D simulations. The results 
were showing similar failure patterns. However, the extent of yielding was 
different, with the 3D model generally exhibiting larger areas of yielding, in 
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particular toward the ground surface. This is opposite of what could be expected; 
with more confinement in 3D, the amount of yielding would actually be less. A 
possible reason to this somewhat unexpected behavior is the difference in the 
zone element sizes for the two simulations. In the 2D model, the maximum 
element size was set to 15 m while in the 3D model it was set to 50 m, to achieve 
a reasonable computational time. A larger zone size would behave "stiffer" in 
the model and thus attract higher stress, which – in turn – would result in more 
widespread yielding.  

Additionally, at a smaller scale, the differences could be attributed to the 
differences in the rock mass and joint strength parameters between the selected 
case in the 2D model and the one selected in the 3D approach. This implies that 
there was high sensitivity in the model as the change in the parameters between 
the cases was slight. 

The mining approach used in the simulations was simplified by mining the entire 
level at once. In practice, extraction was done at different chosen places with 
the level and on lower or upper levels. In some cases, extraction at some levels 
was delayed for the sake of maintaining stability and to avoid under-mining 
structures above. This was done also to reduce overstressing in some areas as a 
result of mining. The simulation results in this study therefore presents scenarios 
for completed mining, which would eventually be reached even in practice, 
although at slightly different times.  

Before the predicted cave advance in the future mining takes place, it is expected 
that signaling phenomena such as cracking and stepping on the ground surface 
directly above the on-coming cave would take place, although this has not 
specifically been modeled. It is not possible to pin-point the time of surface 
breakthrough more precisely from the current models, other than that it will 
likely develop in connection with mining of the 1023 m level. Surface 
monitoring of deformations, as well as continued seismic monitoring and 
evaluation of the cave front, should be used to identify pre-cursors to the cave 
breakthrough.  
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5. Concluding remarks and recommendations 

While it is time consuming to get the results in the 3D approach, it is judged to 
be favorable (and perhaps even necessary) for the simulation and interpretation 
of caving and cave zone boundaries for geometrically complex orebodies. A 3D-
model is, theoretically, more accurate as the representation of the third 
dimension in the three-dimensional model provides a more realistic stress state 
in the model. The differences between the 2D and 3D approaches in this 
particular could be partly attributed to the difference in the rock mass and joint 
properties used in each selected case, and partly to differences in element (zone) 
size in the models.  

The BBM approach, despite having the disadvantage of being computationally 
heavy, stands to be a good approach for simulating jointed rock masses in hard 
rock. This is because the included joints provide the ability to explicitly simulate 
failure during the caving process. The approach is particularly appealing in cases 
where structural control is not evident or dominated by a few joint orientations, 
or in cases where joint orientations are not well defined as well as for conceptual 
analysis in early stages.  

More studies are required to increase the understanding of cave initiation in the 
Printzsköld orebody for future mining. In this study, only the spatial properties 
of the seismic events were used to evaluate the seismogenic-yielded zone 
boundary. More seismic parameters may be studied to further describe and 
understand the caving process. These parameters may also help with further 
calibrations for the numerical models. The models also need to be further 
refined, in particular concerning block and zone sizes, while adhering to using 
the bonded block modeling methodology. This can then be extended to 
neighboring orebodies to get an insight into effects of varying orebody dips and 
geometries.  
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