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ABSTRACT 
Sublevel caving (SLC) is a highly productive mining method with the major disadvantages of 
irrepressible ore loss and dilution. The confined blasting situation of SLC rings is commonly regarded 
to have a significant impact upon the material flow characteristics and hence on the overall 
performance. The initial conditions for the ore flow after blasting are unknown, as both the blasted 
geometry and the fragmentation itself are normally hidden. However, when opening a new drawpoint 
and in hang-up situations an inspection of the actual conditions is feasible. For this purpose, a 
remotely operated 3D photogrammetry system was custom built and used to reconstruct the ring front 
and/or cavity as a geo-referenced mesh model with colour information. Various blasting situations 
have been observed and this allowed a deeper study of the i) broken geometry and height, ii) over- and 
underbreak and their effects on subsequently blasted rings, iii) interaction effects between adjacent 
holes/rings, iv) drilling accuracy based on identified boreholes and v) mapping of geological structures 
and their influence on the blast result. The capabilities of the 3D image acquisition system to evaluate 
the blasting results are demonstrated with an example, in which a series of blasts were surveyed. 
Monitoring under hang-up situations, has then revealed the actual effects from confined blasting and 
gravity flow related issues. The 3D photogrammetry system is now increasingly being used to study 
hang-ups. By revealing and quantifying hitherto inaccessible information, the system has proven to be 
a valuable tool in increasing the understanding of both SLC breakage and flow. 
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1. INTRODUCTION 
Blasting in sublevel caving (SLC) has been identified throughout the literature to have a significant 
impact upon material flow characteristics and therefore on the overall performance of the SLC method 
(Brunton, 2009). Blasting in SLC takes place in a semi-confined situation. Blasted material swells 
while the caved material compacts, and also, to a lesser extent, fills the void volume of the production 
drift. Several analytical and empirical models have been developed in the past. However, 
understanding of the interaction of semi-confined blasting conditions, SLC blast design and rock mass 
characteristics on rock breaking performance is rudimentary. 
 
Nitrate leakage measurements and function control measurements in the LKAB Kiruna mine indicate 
that 10-15 % of the holes within a single blasted ring do not detonate as planned (Fjellborg, 2002; 
Hedström, 2000; Zhang, 2005). If individual holes then fail to break out, the breakage front becomes 
uneven. This provides an irregular burden for the subsequent ring blast. Uneven breakage probably 
then causes an uneven fragmentation, and in extreme cases maybe even fractured yet immobilized 
pillar remnants that obstruct a regular caving flow. Possible causes for poor breakage are uncharged 
holes that become clogged, charged holes that are sheared off because of excessive overbreak, dead 
pressing from charges in previously blasted rings, influence from side holes in the same ring, etc. 
 
However, to verify the reasons a reasonable understanding of the actual rock breakage in semi-
confined blasting situations, where both the blasted geometry and the breakage itself are hidden, is 
required. Visual observations are sparse and difficult to perform. A dedicated test area in the LKAB 
Malmberget mine with blasts into an open stope allowed taking photographs in steps from the bottom 
to the top of 3 ring faces (Rustan, 1993). The subsequent interpretation of 2D images stitched together 
led to revised design rules and to a recommendation for an increased minimum distance between 
charged boreholes to obtain undisturbed detonations. More recently, the idea to study SLC ring 
blasting effects in a more controllable environment has been tried in the abandoned open pit in 
Svappavaara where parts of a rotated standard ring have been drilled behind a bench face (Olsson, 
Nyberg & Fjellborg, 2009). Unfortunately the geological conditions made a meaningful interpretation 
of the blast results difficult. An alternative access to study rock breakage for SLC rings are 
sporadically occurring hang-up situations with a temporarily stable arching of the caving material. 
Observations are scarce though (Power, 2004; Selldén & Pierce, 2004). 
 
The actual fragmentation and compaction of the blasted ore as well as the geometry of the real 
breakage front will affect the material flow. With the objective to systematically map the blasting of 
SLC rings and hang-up situations a system was constructed, which allows the acquisition of geo-
referenced 3D images inside cavities and behind rings (Wimmer, Ouchterlony, Moser, Nordqvist & 
Lenz, 2009). In the present paper the focus is on the mapping of the actual breakage geometry of 
blasted SLC rings and flow disturbances in full scale. 
 

2. APPLICATION OF A 3D IMAGE ACQUISITION SYSTEM 
2.1. Basic considerations 
Both the actual blasted geometry and the breakage itself are hidden in the controlled SLC mining 
operation, which makes it very difficult to observe the actual blasting result. However, under certain 
conditions such as in the opening of a new drawpoint and in hang-ups, observations are possible. The 
opening case constitutes a controllable blind open stope situation before caving is initiated. The latter 
is an unpredictable occurrence during mucking with mostly unknown circumstances and thus requires 
increased safety precautions in case of a survey. In principle both situations allow unique access 
possibilities to the actual breakage geometry. This makes it possible to study, i) broken geometry and 
height, ii) over- and underbreak and their effects on subsequently blasted rings, iii) interaction effects 
between adjacent holes/rings, iv) drilling accuracy based on identified boreholes and v) mapping of 
geological structures and their influence on the blast result. ‘Frozen’ hang-up situations, in which a 
temporarily stable arch was built up during gravity flow, are of special interest for the following two 
reasons, a) the blasting was actually carried out in a semi-confined condition and b) they give direct 
access to study gravity flow mechanisms. Some issues of interest are, i) geometry of the hang-up 



(height, span width), ii) material type (ore, waste, caving masses), iii) fragmentation and void ratio, iv) 
verification of the existence of gaps and v) conditions of the compacted material. 
 
2.2. Measurement procedure on-site 
The task was to design a system that would allow a quantitative study of openings and hang-ups along 
the lines mentioned above considering the risks of sudden cavity or hang-up collapse. Eventually a 
photogrammetry system mounted on a rotating camera head with the option to geo-reference the 3D 
images was chosen. The system was mounted at the top of a 12 m long light-weight camera crane. For 
the survey of openings the mobile crane was mounted on a car trailer. For the survey of hang-up 
situations the camera crane was mounted with an adapter to the hammer of a scaling machine. To 
enhance safety against a debris surge an additional pile of material was loaded in-front. 

 
Figure 1: (Left) Survey at a drawpoint in SLC crosscut, hang-up situation. 
Figure 2: (Right) Measurement procedure on-site, opening situation (not to scale). 
 
An application of the equipment for the survey of a hang-up is shown in Figure 1 and the measurement 
procedure in Figure 2. A single image pair yields a partial 3D model of the breakage face. However, a 
complete 3D image of the entire breakage front requires merging of several overlapping models. 
Therefore image pairs are gathered in vertical columns starting from the bottom. A set of mini prisms 
arranged around the digital camera allow its positioning in the mine’s coordinate system from total 
station measurements made when acquiring the first images (bold in Figure 2). Parallel mounted point 
lasers provide light spots on the cavity surface giving the length scale in each image pair.  
 
2.3. Photogrammetry system 
The design and the construction of the measuring equipment were made together with the central 
workshop of Luleå University of Technology (LTU). 
A rotating camera head with additional equipment (see Figure 3) is mounted at the end of the light-
weight crane. A custom-calibrated digital camera with wide-angle conversion lens is moveable along a 
2.2 m long beam. It is used to take the stereographic image pair. A laser distance measurement device 
is used to measure the distance to the object, which allows the estimation of the required camera 
spacing for the two images. The positioning of the camera carriage is controlled by a surveillance 
camera and another camera with a fisheye lens gives a general overview on the cavity under 
investigation. Two halogen lamps provide sufficient illumination for taking the images. A combination 
of high precision and light weight was the goal when mounting the 4 laser modules and the 360° mini 
prisms on the crane head, which are both used for the photogrammetry system described below. The 
need to remotely control all components of the equipment from a safe distance (up to 100 m) required 
special solutions in terms of signal converting. 
 
3D images are generated by means of classical photogrammetry and extensions from computer vision 
(Gaich, Pötsch, Moser & Schubert, 2009). The creation process starts with taking a pair of images of 
the object of interest from slightly different positions. A dense set of corresponding image points is 
derived automatically from these images utilizing techniques from multidimensional statistics. From 
this set the relative orientation of the 2 camera positions is computed. Intersecting the rays of 
corresponding image points from these positions yields a 3D point cloud. Finally these points are 



triangulated to form a surface mesh, which is directly linked to the original image data. Prerequisites 
are the calibration data of the imaging system to take the distortion of the lenses and alignment of the 
optical axis into account. The resulting 3D image already represents the true shape of the surface but 
lacks the correct scale, position and orientation in 3D space.  

 
Figure 3: (Left) Measuring equipment mounted at a remote head. 
Figure 4: (Right) Geometric arrangement of the laser modules. 
 
However, the use of photogrammetry for the present task required the development of some 
customized software extensions to the existing ‘ShapeMetriX3D’ (SMX3D) software.  
To achieve proper scaling a projection unit made up of 4 laser pointers was mounted on the camera 
rig, see Figure 4. The laser modules are installed on a 50×50 cm frame and the unit emits parallel 
beams normal to the imaging plane of the camera positions. The scaling factor (s) for the 3D image 
can then be derived by the ratio of the known distance between the beams and the distance between 
the normal projection onto the y'z'-plane of 2 observed laser points, e.g. s = (P4-P5) / [nproject(P11-
P12)]. To support geo-referencing of the 3D image, reflecting prisms were arranged in an equilateral 
triangle of 700 mm side length around the imaging system. By surveying the locations P1 to P3 of these 
prisms in the object coordinate system (x,y,z) and their a priori known positions in the imaging 
coordinate system (x',y',z') a transformation matrix M can be derived. M contains the translation and 
rotation between these 2 systems, so all points from the correctly scaled 3D image can be transferred 
to the global object coordinate system. Both the scaling and geo-referencing are implemented in the 
software module ‘LKAB Referencer’. As the time spent surveying in a hang-up situation should be 
minimized for safety reasons, it was decided that geo-referencing of the 3D image was not necessary. 
With another custom-tailored extension of the SMX3D software, called the ‘Interactive Referencer’, a 
3D image can be roughly aligned to a given coordinate system by interactively rotating the 3D image. 
For instance, the 3D image is aligned based upon an identified half cast at the brow area and its 
planned coordinates. In this way, the 3D images could be brought into the mine coordinate system and 
the hang-up relative to adjacent SLC rings visualized. 
 
Due to the limited field of view of the imaging system and the arrangement of the cameras it is not 
possible to create a full spherical 3D image from only one pair of images and hence requires a merging 
technique. This procedure takes structural information as well as topographic information into account 
and does not need any reference points. Thereby corresponding points are determined either 
interactively or by an automatic search algorithm in the ‘Model Merger’ component of the SMX3D 
software. To facilitate this, in the actual application, its capability had to be extended to support a 
larger number of models, i.e. the merging of up to 15 instead of the default 6 individual 3D models. 
 
Several tests were made to quantify the geometric accuracy of the measurement system. It was found 
that the absolute error for geo-referencing and scaling with the described method was as small as 11 ± 
5 mm when compared with actual surveyed reference points. The relative error between a large 
merged 3D image (740 m2, 12 individual 3D models) and another geo-referenced 3D model was 
almost insignificant. At most it was in the range of 1-2 dm and can be related to the merging process. 



2.4. Evaluation process 
The 3D images provide an objective documentation of the local geology and allow structural mapping 
to be performed on rock faces, which are essentially inaccessible for conventional mapping. From the 
generated 3D images the visible rock mass structure was mapped using the component ‘JMXAnalyst’ 
within SMX3D, which enables to measure geometric data on the rock face. The mapped structures are 
presented in stereographic projection plots, summarized for a certain drift and interpreted in 
combination with the plotted orientation of the respective ring faces, see Figure 5. In addition, it was 
emphasized to map all identifiable borehole objects (e.g. sockets, half casts, explosive remnants etc.). 
 
The blasting results of the surveyed SLC rings were visualized and evaluated within the specifically 
developed software ‘RingCave’ (version 2012-03-21), see Figure 6. Programming was done by using 
‘Delphi’ programming environment, which supports structured and object-orientated design. Data is 
stored in a database management system (‘MS Access’). 

 
Figure 5: (Left) 3D image mapping at the roof inside an opening, KI-16-964-150-10. 
Figure 6: (Right) Overview, RingCave software. 
 
Starting point is the 3D image generated within the SMX3D software and imported as a CAD file into 
RingCave. In addition, the following objects may be specifically identified within the mapping of the 
3D image, separately imported into RingCave and linked to the respective model: 

• Point and line objects, ‘model objects’, i.e. borehole sockets, half casts etc. or 
• Polylines, ‘3D polygons’, i.e. waste lenses, geological discontinuities, etc. 

In a further step, the available drill, charge and blast data (‘rings’) are imported from LKAB`s 
database ‘Giron’ for the actual surveyed SLC ring and its adjacent rings. Optionally, solely the ring 
outlines from adjacent drifts could be imported (‘ring polygons’). 
In particular, RingCave assists with the calculation of various sections at a 3D model relative to a 
defined plane or borehole which enables a detailed analysis of the blasting result. Information derived 
from 3D mapping, i.e. ‘model objects’, is used in a versatile way to further compute: 

• Distances to a plane (over- and underbreak) relative to a best-fit plane 
• Static / dynamic explosive distribution (Kleine, Townson & Riihioja, 1993) 
• Breakage depths and spacing to adjacent holes 
• Minimum distances (effective burden) to the 3D model 
• Drilling deviations 

 
Furthermore, quality measures, like the ratio area/minimum angle (m2/°), can be calculated for all 
triangles and hence areas of less accuracy within a 3D image might be located. 
All computation results including relevant attributes can be visualized both in 2D and 3D. 



3. SURVEY INSIDE OPENINGS 
In the following, the capabilities of the 3D image acquisition system to evaluate the blasting results are 
demonstrated with an example, in which a series of blasts were surveyed. A survey of SLC ring blasts 
inside openings is possible as long as the blind open stope is not in contact with the caving masses 
above and a maximum span width is not exceeded. In particular, the drifts with 2 openings along one 
crosscut near the hanging wall are suitable for following up the blasting results of SLC rings in-
between. An overview of the selected test site (block 16, level 964, drift 150) is given by Figure 7. The 
openings are marked in light green, the surveyed rings in dark green color and numbered. The 3D 
view with bordered contour lines shows the stepwise increase in height and adaption of the stope 
geometry to the local geometry of the orebody. The flattening of the ring inclination from 80° to 70° 
between ring nos. 8-13 reduces the high toe confinement to some extent. A completed breakage 
though is unexpected for these boreholes and rather a loosening might be the actual effect. Even if ore 
losses might sometimes be large for the opening, critical for the actual success of the SLC mine is the 
second opening. Figure 8 shows the geometry and initiation timing for the smaller opening blast and 
its subsequent individual rings. For the blasting of the opening LP (long period) and henceforward SP 
(short period) detonators are used. 

 
Figure 7: (Left) Isometric view of ring outlines, ring nos. 1-23 (right to left), KI-16-964-150. 
Figure 8: (Right) Section at level 952.0 m, ring nos. 1-9, KI-16-964-150. 
 
Evaluation of the blasting results 
The structure mapping of the individual ring faces showed that there exist two main structure sets, see 
Figure 5. Structure set 1 intersects the faces at an angle of 70° and dip angle 50° towards SSW and set 
2 is roughly parallel with the face but dips in the opposite direction towards E with an angle of 70°. 
The surveyed faces consisted of massive, homogeneous and low/high phosphorous magnetite ore. 
Absolute drilling deviations showed a systematic deviation towards positive ∆x (in drift direction) and 
a tendency for negative ∆y. This problem became even clearer in ring no. 8 and further on when 
another drill rig was used. Conceivable are a wrong set-up of the rig or ring planes and also alignment 
errors in the front angle. In particular, this affected ring no. 8, as the planned minimum burden 
distance of 1 m was not met anymore. The separate blasting of the ring no. 7 verifiably damaged 
charges (hole nos. 3 and 4). 
 
The blasting of the actual opening close to the hanging wall contact constitutes a highly confined 
situation, while the blasting of the subsequent rings is more unconfined until contact with the caving 
masses was created. Despite the consistent increase in area of 20 – 30 % for the subsequent ring blasts, 
a reasonable breakage height was achieved, see Figure 9. In the opening, the boxhole and its adjacent 
cut holes broke to its full lengths, see Figure 10. There were problems though with the actual widening 
within the opening blast. As an after effect of the opening blast, the broken depths for the boreholes 
within the subsequent rings are reduced towards the sides as well. In addition, extremely difficult 
conditions exist for side holes within asymmetrically planned rings. An entirely unbroken side hole 
could be found as well (ring 12, no 1) but the actual reason is difficult to identify. Borehole deviations 
were not measured, nor could it be verified if the charge detonated. The extraordinarily long sleep time 



for the charges (282 days) might be related to the breakage failure. Both the actual breakage depth and 
broken area were nearly the same for all rings with 71 ± 5 % and respectively 63 ± 7 % relative to 
their nominal values. This agrees also well with the experience on-site that any problems occurring in 
an opening of a new drift are difficult to correct in the following blasts. 

 
Figure 9: (Left) Isometric view of ring layouts with breakage heights, ring nos. 1-23, KI-16-964-150. 
Figure 10: (Right) Geo-referenced and merged 3D model for ring no. 10, KI-16-964-150-10. 
 
Although the actual hanging wall was not exposed in any of the 3D images, the parallel orientated 
structure set 2 seemed to contribute to the rising in height. At the same time overbreak is caused by 
this structure relative to subsequent rings, see Figure 11. In general the overbreak was limited to small 
areas (< 10 m2) and less than 1 m, but could in exceptional cases (e.g. ring no 13) amount up to 2/3 of 
the burden to the next ring. Though a considerably higher specific energy amount was present for the 
blasting of the double ring (ring nos. 14 and 15), an increased brow damage or overbreak was not 
verified. Severe overbreak could sometimes be observed to occur especially at the brow area despite 
the uncharged collar lengths. This might be explained by the reflected tensile stress from the upper 
surface of the drift but also be in connection with a unfavorable orientation of strata (set 1). 

 
Figure 11: (Left) Over- and underbreak (m) for ring no. 12, distance to plane plot, KI-16-964-150-12. 
Figure 12: (Right) Effective burden for ring no. 13, hole no. 5, KI-16-964-150-12. 
 
Following several blasts in a row, an evaluation of the effective burden is possible. Assuming a burden 
of 3 m realistic to break, ring no. 13 would break only about 40 % of its planned ring area (145 m2). 
The blasting revealed that a much larger area (227 m2, based upon area with over- and underbreak ± 
0.5 m) was broken as it could be expected. The effective burden and respective direction vector 
towards the 3D model is exemplified for borehole no. 5 in Figure 12. With the post-blast information 
of the actual breakage limit for this specific borehole the variations in effective burden and maximum 
broken burden can be calculated. For this specific ring the actual broken burden varied between 2.2 – 
2.6 m for the mid holes and was around 2.7 m for the side holes nos. 8 and 9. For the opposite side 
hole no. 1 it was on average 3.9 m. Similarly, the maximum burden varied largely between 2.4 and 4.5 
m and reflects the varying site geometry and feasible breakage angles. Again, the unconfined blast 
situation and the structurally caused overbreak could have contributed to the result. 



4. SURVEYS INSIDE HANG-UPS 
Due to inadequate space for swelling of blasted ore, only the material closest to the blast plane is 
sufficiently broken to be mobilized, and the material further away is heavily confined and temporarily 
builds up an arch. A representative image and corresponding section of a so-called ‘frozen’ hang-up 
situation is plotted in Figure 13 and respectively Figure 14. A gap between the ring plane and the 
blasted material was observed. The gap narrowed with height and its closing up was caused either by a 
clogging of individual rock pieces or rather by insufficient breakage. Thereby, the burden was 
separated and the material itself showed hardly any disaggregation at all and if there was mobilization 
it occurred along holes with bridges in between. Problems while charging resulting in a reduced 
amount of charged explosives (30 - 40 %) might have been the initializing factor for some of the 
observed hang-ups. There could be several causes for the flow disturbance. However, the situation 
itself might be viewed as a snap-shot to investigate gravity flow related to the previous rings for which 
production figures (extraction, ore recovery) showed a disturbance-free extraction. 

 
Figure 13: (Left) Hang-up observation with waste lenses, KI-12-792-135-8. 
Figure 14: (Right) Section at 776.8 m and projection of waste lens 2, ring nos. 5-8, KI-12-792-135-8. 
 
Among the 6 investigated hang-up situations several similarities were observed.  

1. Dependent upon the size of the hang-up either one or two lenses with caving masses could be 
assigned to the flow zones in the preceding rings. 

2. A sharp contact existed between the blasted ore and the altered, fine-fragmented caving 
masses (ochre coloured). Several mechanisms, such as self-breakage, abrasion and crushing 
through the blast loads might be relevant for the fine fragmentation. 

3. The type of material seemed to be purely waste rock and would reflect that mucking was 
ceased as waste rock inflow became too large for the previous rings. 

4. The identified flow zones were curved and ended before reaching the side holes. Relative to 
the ring width at the specific height of observation their extension was 63 ± 11 %. The 
thickness was on average 1.4 ± 0.3 m and hence about ½ of the burden. 

5. The actual height for the hang-up occurrence varied largely between 8 to 31 m. The ore in 
between the waste lenses appeared to be fractured but entirely immobilized at the height of the 
existent hang-up. A waste rock inflow in between rings penetrating these compact zones 
seems to be nearly impossible during regular flow. 

6. Swell was largest for the mid-part of the ring and decreased towards the sides. Referred to the 
planned burden the maximum swell varied between 8 – 30 % but was on average 15 ± 6 %. 
Swell at the sides was insignificant. 

 
Gravity flow for the SLC rings previous to the hang-up is assumed to have preferentially occurred 
along the ring plane within the identified flow zones (‘shallow draw phenomenon’; Power, 2004). No 
major flow disturbances were recorded. Extraction rates varied as usual, 127 ± 54 %, but lay on 
average higher than normal with a corresponding ore recovery of 104 ± 55 %. For a long period of 
extraction also a very limited waste rock inflow was observed. 
The extraction rates in connection with the occurrence of the hang-ups could vary a lot dependent on 
the mobility of the material, the loading procedure and if material was discharged through the gap. In 
particular a cyclic inflow of waste rock was observed and this is most likely connected with the 



formation of the hang-up. Gravity flow progresses upwards, the cavity gets unstable, collapses and 
both, temporarily ‘frozen ore’ and waste rock from the flow lenses of previous rings enter the 
drawpoint periodically. 
 
Blasting, before it came to a hang-ups situation could be assumed to have taken place in a confined 
situation. However, compared with the SLC rings studied inside openings no remarkable differences 
for the blasting results in terms of over- and underbreak were found. 
 

5. CONCLUDING REMARKS 
The 3D image acquisition system has proven to be a valuable tool in increasing the understanding of 
both SLC breakage and flow by revealing and quantifying hitherto inaccessible information. With 
totally 30 surveyed SLC ring blasts inside openings a reasonable large data set is exists for a 
comprehensive analysis of different influencing factors (Wimmer, Nordqvist, Ouchterlony, Selldén, 
2012). Measurements are continued with the focus on standard production control and on testing new 
layouts. Experiments with hole-by-hole initiation might be conducted inside openings to further study 
interaction effects between holes. The potential of this new tool is large and new applications will 
surely surface as people become aware of its existence. 
 
With respect to the hang-up observations a pivotal question remained: Are the recent observations of 
flow disruptions an inherent part of blasting SLC rings? An answer seems to be obtainable in the near 
future with continued investigations and especially if the results are put in a broader context with other 
potential new techniques, e.g. smart marker trials (Brunton, 2009), instrumented confined blasting 
tests (Wimmer & Ouchterlony, 2011) etc. 
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