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Abstract 

In 2011, a test was begun in a crosscut on the 1022 level of the Malmberget iron ore mine’s Norra Alliansen 
orebody. The goal of this test was to compare the performance of three rockbolt support regimes with the 
long-term performance of the crosscut. They were installed in the most problematic geology found in the 
mine, a weak biotite schist located primarily along the footwall contact. The three regimes included Kiruna 
bolts, D-bolts, and Swellex bolts, each instrumented with multi-point extensometers and strain-gaged bolts 
in an effort to capture the response of the bolts and the rock to both time and mine-induced stress changes. 
Differences were observed between the regimes in full deformation and strain profiles indicating variations 
in rockbolt response and performance as well as stress-induced patterns occurring in the walls, shoulders 
and back of each bolting profile. 

1 Introduction 

The monitoring associated with this report has been ongoing since mid-2011. It follows other work done in 
the Malmberget mine with the goals of better understanding the interaction between support and the rock 
mass, and identifying the need and timing for secondary support (Sundström, 2010; Nordlund, 2013). The 
current effort attempted to differentiate between the performances of various support types within the 
most challenging geology found in the mine, a weak biotite schist commonly found along the footwall 
contact zone. This schist has been known to cause difficulty for the mine, and can contribute substantially 
to the degradation of entries and crosscuts. 

To help ensure stability and safety in this weak zone, a comparative bolting study is underway in a crosscut 
installed with multiple bolt types in the biotite. This is a simple and common method of determining bolt 
performance in the laboratory or in situ (Signer and Lewis, 1998; Grasselli, Kharchafi and Egger, 1999; 
Thompson and Villaescusa, 2014). Entry deformation and entry convergence have been monitored through 
the use of extensometers over a period of approximately four years. This can help in understanding 
deformation events and can lead to improved safety and lower costs for the mine (Bawden, Dennison and 
Lausch, 2000). The bonding and separation between shotcrete and rock is also important in ensuring 
stability (Malmgren, 2005; Malmgren and Nordlund, 2008). These have been monitored as well. 

The following details the reaction of the rockmass and bolts to mine-induced stresses caused by production 
blasting around the study area. Only blasting occurring on the levels above the test has been considered as 
it has been shown that blasting on the same mine level as the instrumentation has little effect unless the 
blasting is relatively close (28 to 50 m) (Sundström, 2010; Jones, 2016). 

2 Methods 

Instruments were installed in a crosscut on Level 1022. A plan view of the area is shown in Figure 1, and the 
location within the level is shown in Figure 2. This geology is known to develop serious ground control 
problems characterized by large deformation and instability. The test area was divided into three adjacent 
test sections with Section 1 closest to the footwall. Each included five blast rings, labelled R1 through R5 in 
Figure 2. These rings will be blasted in the future when ore is removed from the crosscut itself, but are not 
otherwise used as part of this study. 
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Bolts installed in the test sections included NMX (Kiruna) bolts, D-bolts, and Swellex bolts. Sentinel 
integrity-monitoring rebar bolts with the same dimensions as the Kiruna bolts were also installed but were 
not used in this analysis. All were placed in a 1 x 1-m pattern and combined with 150-mm-thick shotcrete 
reinforced with Dramix 65/35 (40 kg/m3 of shotcrete), 35-mm long steel fibers with a length-to-diameter 
aspect ratio of 0.65. One fan of bolts in Section 1 and three fans in Section 3 were instrumented with strain 
gages, details of which can be found in Table 1 along with dimensional details of the bolts.

In each test section an extensometer 
and convergence profile was prepared 
by installing multipoint borehole 
extensometers (MPBXs) as shown in 
Figure 3. Anchors were installed at 1, 2, 
3, 4, 5 and 7 m depth in the walls, and 1, 
2, 3, 5, 7, and 10 m depth in the 
shoulders and roof. The distance 
between the face and the instruments 
was around 10 m at the time of 
installation. Convergence points were 
anchored from rock-to-rock and from 
shotcrete-to-shotcrete. 

 

Figure 1 “Plan” view of instrumented 

area showing roof and walls 

 

Figure 2 Map of level 1022 with the instrumented area 

circled in red 

 

Figure 3 Elevation view of one extensometer profile, 

showing shotcrete liner, MPBX anchors, and 

convergence measurements. Opening 

dimensions are also present

Table 1 Bolt details and instruments installed in each test section 

Section Bolt-type Length (m) Diameter (mm) Strain gages (m from threads) 

1 Kiruna 3.05 20 0.200, 0.850, 1.525, 2.185, 2.850 

2 Swellex (Mn 24) 3.05 36 (initial)  

3 D-bolts 3.00 20 0.280, 0.910, 1.780, 2.460 
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The distance between each instrument and each production blast that occurred throughout the mine 
during the monitored time period was calculated from coordinates taken from 3D mine maps. Straight-line 
distances were calculated between the head-locations of each instrument and a point on the floor in the 
center of the crosscut, directly beneath each blast ring. Blasts occurred throughout the orebody on multiple 
levels. Greater detail about the method can be found in literature (Jones, 2016). 

The dates of data collection did not correspond with the dates of blasting, and multiple blasts from 
different distances occurred on the same day. To allow direct comparison, derived units were used to 
determine the relationships between blast distance and instrument readings. Readings from the SMART 
bolts (Stretch Measurement to Assess Reinforcement Tension) were collected approximately once every 
24.7 days over the course of the study period. Production blasts averaged once every 2.3 days over the 
same study period. Since there are also times when either the gap between blasts or instrument readings 
was significantly greater than these averages, average-weekly blast distance values were compared with 
calculated average-weekly deformation or deformation rate. 

3 Results 

Entry deformation 

MPBX data was analysed with respect to production blast distance. Results were compared both from 
instrument position to instrument position (right or left, wall, shoulder or roof), and from test section to 
test section. The MPBX behavior in the different installation positions tends to have similar patterns and 
magnitudes regardless of the test section. Clear differences can also be seen between sections. 

Deformation rate is largely a function of the distance between instruments and production blasting 
activities, as these are the primary drivers of mining-induced stress change. Time-dependent deformation is 
also an influence, though the deformation rate is generally lower. This deformation can be seen during 
periods where blasting is occurring at a great distance, or during long breaks in blasting. The time-
dependent deformation is driven by in-situ stresses and previously-developed mining-induced stresses and 
has a relatively stable deformation rate across the entire monitoring period. 

Deformation magnitude is a function of time and rock quality. Rock quality was similar over the small 
testing area. The deformation records include a number of intervals where blasting did not take place on 
the level above. In these spans the only influencing factor was time. Over these spans deformation 
occurred relatively similarly, with the rock surface moving around 13 μm per day in all test sections on 
average. 

Left wall 

Deformation magnitude was largest on the left wall of each instrument profile (Figure 4Error! Reference 
source not found.). Left wall deformation tends to have a smooth trend exhibiting a steady deformation 
rate for each anchor. Deformation decreases as the anchors progress deeper into the rock in each section. 
Differences in deformation rate are also consistent between anchors in each section: the 0-m anchor 
deforms the most, 14 to 22 mm, while the 1-m anchor converges slightly less. The 3, 4, 5 and 7-m anchors 
converge decreasingly less going deeper, with the 3-m anchor magnitude approximately one-fifth of the 0-
m anchor amount. The 2-m anchor response varies between sections. 

These trends indicate that the wall on the left side of the crosscut (looking towards the face) is deforming 
together as a unit. The confinement of the rock itself controls a great deal of the movement along the 
imbedded length of the instrument, and the bolts are holding the rock together. Compared to other 
instrumented positions in the drift profile, the magnitude is influenced less by blasting-induced stresses. In 
other positions there is a tendency is for blasting to create sharply increased deformation rates, depending 
on the proximity of the deformation. 
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Figure 4 Typical left wall deformation pattern. Breaks in the average-weekly distance line represent 

occasions when blasting did not occur during that week 

Left shoulder 

Deformation magnitude in the left shoulder locations was 5-10 times less than that in the left wall, and the 
pattern of deformation over time is less smooth (Figure 5.) Deformation rates tend to gradually increase 
over time along the entire length of the instrument, though blasting still creates sharp rate increases. 

Inspection reveals that the location is highly-influenced by blasting. Production blasting occurring on the 
level above produced noticeable increases in deformation rate, especially after it had halted and then 
resumed. Every time the average-weekly blasting distance was less than 75 - 85 m there was a much more 
significant increase in deformation rate than with further blasting. 

 

Figure 5 Typical left shoulder deformation pattern 
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Roof 

The roof deforms little compared to the left locations (Figure 6.) During the first 475 days it tends towards a 
slight extension, changing to gradually increasing convergence until the end of monitoring. This indicates 
that the stresses passing the roof are likely acting more horizontally, rather than pushing directly 
downward. Only the closest of the average-weekly blasting distances caused significant increases in 
deformation rate, generally at around 50 m. 

 

Figure 6 Typical roof deformation pattern 

Right shoulder 

The right shoulder experienced the lowest overall magnitude of deformation of any of the five positions 
(Figure 7.) During the first 150-300 days there was a small extension (less than -2.0 mm), and in Section 1 
this didn’t stabilize until around day 600. The extension tended to occur while the blasting was 
approaching, yet was still quite far away (greater than 200 m.) Following this period the deformation 
changed to convergence, though it did not always converge enough to overcome the negative deformation 
of the contraction. At the end of the monitored period, the overall deformation ranged from -1.49 mm in 
section 1 (increased from a minimum of -1.51 mm), to 0.57 mm (increased from a minimum of -0.63 mm). 

 

Figure 7 Typical right shoulder deformation pattern 
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The shift in deformation tendency from extension to convergence occurred roughly when the blasting on 
the instrumentation level shifted to include blasting in the smaller, western section where the instruments 
were located. 

Right Wall 

Right wall and left wall instruments deformed very similarly with respect to deformation rate, but the right 
wall exhibited magnitudes around half of that found in the left wall. Nearby blasting caused convergence 
when the average-weekly distance was less than 75 to 85 m (Figure 8.) 

 

Figure 8 Typical right wall deformation pattern 

There is clearly a relationship between deformation rate and average-weekly blasting distance. The “impact 
distance” varies from instrument location to instrument location within each profile (Table 2). This impact 
distance is the greatest distance at which production blasts created jumps in the deformation rate of the 
data. As such, it can be considered a measure of sensitivity to blast-induced deformation where a greater 
impact distance relates to greater blast-sensitivity. Regardless of the instrument location, this dataset 
showed that when the average-weekly blast distance was greater than 200 m, mining-induced stress 
changes were indistinguishable from the virgin stresses. In these cases, time-dependent deformation is the 
driving force, giving the instruments steady deformation rates. 

Table 2 MPBX-monitored deformation by instrument location 

Position Movement range (mm) 
Approximate impact 

distance 

Left wall 17.0-21.0 75-85 m 

Left shoulder 2.2-5.5 75-85 m 

Roof 1.98-3.4 50 m 

Right shoulder -0.63-0.57 175 m 

Right wall 5.2-10.5 75-85 m 

Bolt strain 

Close attention must be paid to quality control while installing strain gages on rock bolts. In most cases 
matching slots must be cut along both sides of the length of the bolt. Having accurate and consistent 
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depths in these slots is important for ensuring high-quality strain data. Slight changes in the slot-depth 
change the moment of inertia of the bolt, which can give significant error at the microstrain level. This 
factor could have played a role in the quality of the data from the two bolts. The uneven surface associated 
with the rebar Kiruna bolts makes it more difficult to precisely cut the necessary slots, resulting in less-
accurate results. The D-bar has a smooth-bar construction, and in this case the gages were glued directly to 
the surface rather than in a cut groove, likely improving gage installation. 

The same rebar surface texture alters the way strain is distributed along the bolts. The D-bolt is specifically 
designed with the goal of allowing the sections between anchors to slide freely within the cement 
anchoring it in place. The Kiruna bolt is point anchored at its terminus, but is also fully-encapsulated. Unlike 
the D-bolt, the texture acts as its own anchor along the bolt, delaying the distribution of stresses along its 
length. This makes the Kiruna bolt more prone to point loading at a specific location if a joint or fracture 
develops in the rock. The stresses must overcome the anchoring strength of the steel rebar ridges within 
the cement. The resulting strain-gage measurements exhibit a jagged tendency, reflecting these 
construction-related factors. 

Kiruna bolts 

Axial bolt loads for both bolt types were calculated by averaging the results of the opposing gages in a given 
location (McHugh and Signer, 1999). All gages were configured in pairs and if one of them failed or 
returned faulty data, the result of a single gage was used given that the result was logical, otherwise, it was 
omitted. 

 

Figure 9 Kiruna bolt strain performance, left wall, section 1 

The bolt installed in the left shoulder of Section 1, ring 3, reached its maximum recorded value only 100 
days after installation (Figure 9.) This is erroneous, as verified by the nearby extensometer. Additionally, 
the 0.86 m gage-pair had one malfunctioning gage that caused a negative offset error in the data. 
Otherwise, the gages appear to behave similarly, as would be expected given the extensometer results. 

The highest load experienced was 106 kN located 0.200 m from the bolt threads. At the same time the 
nearby extensometer indicates that the bolt experienced 2.01 mm of extension beween the 0.00 and 1.00-
m anchors, resulting in a strain of 0.2%. This equates to a derived load of approximately 60 kN, a difference 
of 46 kN. This illustrates the impact of point loading due to the design of the Kiruna bolts, and makes 
interpretation of their actual strain readings difficult. Since the Kiruna bolt has a typical yield strength of 
165 kN, and can withstand up to 55 mm of strain given a static load, it is likely that the bolt is still well 
within its elastic support capacity. 
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Though of poor quality, the results do indicate that the Kiruna bolt experiences increases in loading due to 
blasting. The distance data displayed on the extensometer graphs show that the blast distance was 100 m 
or less on certain days. Many of these events can be correlated with increases in the bolt loading indicated 
in Figure 9. For clarity they are outlined in Table 3. While not all gages increased in load every time the 
average blasting distance was less than 100 m, the bolt load as a whole did increase. The bolts are 
experiencing load increases from nearby blasting, and 100 m appears to be a good threshold limit or impact 
distance for load increase. 

Table 3 Correlation between average-weekly blast distances less than 100 m (Figure 4-Figure 8) and 

bolt load behavior (Figure 9) 

Spike occurance 
(day range) 

Avg. Weekly 
Distance (m) 

Load behavior 

494-500 77.6 
0.86-m gage increases 19 kN; 1.53-m gage increases 5 kN; 

Other gages decrease 2-3 kN 

641-647 73.9 No bolt reading 

662-668 89.7 All gages increase from 10 to 60 kN 

683-710 61.6 3 gages increase 3 to 27 kN, 0.86-m gage decreases 16 kN 

902-906 43.4 
0.2-m gage, no change; 0.86-m and 1.53-m gages increase 21 and 43 

kN; 2.19-m gage decreses 23 kN 

The other two Kiruna bolts had worse quality data than that seen in the left wall. The roof data had the 
same pattern of bolt compression and extension seen in the extensometer results, but was poor quality. 
The right-wall results indicated bolt compression, while the extensometer only lengthened. 

D-bolts 

The data recorded by the D-bolts was much higher-quality than that provided by the Kiruna bolts, due to 
the smooth-shaft bolt construction. An example from the left wall of section 3 is in Figure 10. 

 

Figure 10 D-bolt strain performance, left wall, section 3 

The D-bolt strain results matched the deformation results recorded by the extensometers very well with 
regard to both magnitude and location of strain readings along the bolt. In most cases, an impact distance 
could be determined for the bolts, as with the MPBXs. Below these distances, the instrumented bolts were 
more likely to show signs of strain-rate change due to blast proximity. The roof had an impact distance of 
50-m with both extensometer and strain gage. Impact distance for the D-bolt strain gage installations can 
be found in Table 4. 
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Table 4 Maximum load results from instrumented D-bolts 

Position Maximum load (kN) Impact Distance (m) Comments 

Left wall 120 100 Good match with MPBX data 

Left shoulder N/A N/A Data error: no zero point determined 

Roof 12 50 Good match with MPBX data  

Right shoulder 15 100 Good match with MPBX data 

Right wall 82  None Good match with MPBX data 

Tape extensometer convergence 

The results from the tape extensometer are displayed in Error! Reference source not found.. The individual 
data points are shown on each of the lines. Due to the low temporal resolution during the middle part of 
the measurement record, it is impossible to see the effect each time the average blast distance fell below 
100 m. 

The convergence measurements help to identify the performance of the rock bolts and shotcrete with 
respect to deformation. The two convergence lines from Section 1 are nearly identical throughout the 
entire measurement range. At the end of the monitoring period, 1150 days after installation, the shotcrete 
has only experienced 0.75 mm more convergence than the rock in Section 1. This is small compared with 
the 5.62 mm in Section 2 and 3.3 mm experienced in Section 3. Given these results, it appears that the 
Kiruna bolts performed the best at preventing separation between the rock and shotcrete. The D-bolts had 
a middle performance, while the Swellex bolts allowed the greatest shotcrete separation. 

 

Figure 11 Rock-to-rock and shotcrete-to-shotcrete convergence. Vertical lines mark each instance when 

the average-weekly blasting distance fell below 100 m 

4 Discussion 

The instruments in this study have been installed in a manner that should allow for some determination to 
be made about their suitability for use in the difficult conditions found underground in Malmberget. Of 
particular interest is their functionality when installed in the weak biotite schist found along the footwall of 
the Norra Alliansen ore body. By looking at their performance it was also hoped that a difference could be 
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determined between Swellex bolts, D-bolts, and Kiruna bolts, and that a better understanding could be 
developed regarding the deformation of the entry and how the bolts interacted with it. 

A great deal of correlation can be found between the different data sources used in this project. Of most 
importance, the results from the extensometers are verified by those returned by the strain-gage 
instrumented rock bolts. The different installations of extensometers provided similar responses regardless 
of which row they were installed in, meaning that the test site served well as a location for comparing bolt 
performance. 

Of the instruments installed, the extensometers were the most useful. The biggest reasons that these 
instruments worked so well are because they are robust and very simple in their operating principle. This is 
in contrast to instrumented rock bolts which can be very sensitive to construction technique, the materials 
used, the quality of their construction, the quality of their anchorage with the rock, and the quality of their 
installation in general. 

The Kiruna bolts worked poorly as instrumented bolts in this installation. They were apparently susceptible 
to point loading as was seen by the mismatch between the extensometer deformation and the strain 
recordings. The D-bolts were not immune to error, either. Data interpretation was complicated by the fact 
that the locations of the D-bolt anchors and the extensometer anchors were not the same; the D-bolts 
were anchored at approximately 0, 0.59, 1.34, 2.12 and 3.00 m, while the extensometers were anchored at 
0, 1.00, 2.00, and 3.00 m. Thus, the bolts and the MPBX cannot be directly compared, though they can be 
used to identify trends in movement and loading. 

The Kiruna bolt’s rebar texture and full-length cement anchoring made strain readings difficult, but may 
also have been responsible for improving its rock support performance. Error! Reference source not found. 
shows that the Kiruna bolts allowed the least separation between the shotcrete and the rock and Table 5 
illustrates that less deformation was allowed compared to the same instrumented positions with the other 
two bolts. The Kiruna bolt allowed less deformation in each location except for the right shoulder, where 
there was only 0.08 mm difference between the three deformation values. 

Table 5 Overview of extensometer deformation by bolt type and instrument location. The lowest and 

highest absolute deformations allowed in each instrument location are identified in green and 

red. 

All values in millimetres Kiruna Swellex D-bolt Average deformation 

Left wall 14 21 17 17 

Left shoulder 2.5 4 5 3.8 

Roof -1.2 3.5 2 1.4 

Right shoulder -2 1.5 -1.2 -0.57 

Right wall -1 10 5 4.7 

Average deformation 2.5 8 5.6  

5 Conclusions 

Monitoring results in the tested crosscut indicate that the opening is experiencing a stress-driven squeezing 
with stresses running diagonally between the top left and the lower right corners of the entry. Clear 
convergence is found in the walls, while extension is found in the right shoulder (Figure 7). This 
instrumentation could not indicate if tensional failures were occurring in the left floor. 

Blasting-induced stresses impacted both the extensometers and instrumented bolts. The concept of impact 
distance can be used to make a comparison regarding the relative stability of different parts of the entry 
and can be used with any type of instrument. In this case, the right shoulder had the greatest impact 
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distance, indicating that it was most sensitive to stress changes. The left and right walls, as well as the left 
shoulder, had middling impact distances. The roof had the shortest impact distance, indicating it was least 
affected by stress changes. 

While impact distance indicates sensitivity to stress, it does not account for deformation magnitude. The 
right shoulder was most sensitive to stress change, but it also had the lowest absolute deformation. Just 
because a location is sensitive does not mean it is prone to failure. Future research may one day identify a 
pattern between impact distance and deformation magnitude, though that has not been a goal of this 
research. 

Bolt data indicates that of the three bolt types, the Kiruna bolts performed best in this trial. They offered 
the least deformation and the least separation between the shotcrete and the rock. Both factors can 
contribute to the formation of a safe and stable work-place. That being said, this analysis is a snapshot of 
the conditions prior to the completion of mining on the level above – mining has not yet been completed 
on the right side of the instruments. The total deformation magnitude experienced in the monitored area 
has been small compared to other areas in the mine with the biotite schist. The overall conclusion may be a 
function of the incomplete mining and may change in time. 
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