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Abstract 

The Swedish metal company Boliden has since the early 20th century been mining deposits in the 

mining field commonly referred to as the Skelleftefield in northern Sweden. The youngest of the active 

mines is the Kankberg mine which is an underground mine whose reserve contains gold and tellurium. 

The reserve of the mine is split-up into multiple smaller orebodies that are all being mined continuously 

using a cut- and fill mining method in combination with pillars utilized to ensure stability in certain 

stopes. 

  

The Kankberg mine is unique in the sense that it is situated in very hard rock. That in combination with 

medium stresses as results of the mining depth results in favorable conditions in terms of needed rock 

support. Boliden therefore wants to reduce the amount of support material used, without compromising 

the stability of the support system and the security of the underground personnel. 

  

The goal of this thesis is to present a recommend steel fiber dosage to be used in the shotcrete. The 

recommendation is based upon: 

 

• Test results of round determinate panel (RPD) tests according to the ASTM C1550-12a 

(American Society for Testing) standard. 

• Reviews of earlier shotcrete tests conducted by Boliden. 

• A literature study focused on fiber dosages in other underground projects. 

• Stress analyses using numerical methods. 

• Rock inspections and rock classifications. 

• International guidelines regarding fiber dosages used in shotcrete. 

 

The results presented within this thesis suggest that the fiber dosage in the shotcrete recipe can be 

lowered, in favor of cost optimization. The optimal dosage, when factoring in the issues related to the 

continuous mining, the energy absorption capacity of the shotcrete and general recommendations from 

studied literature was determined being a dosage of 22.6 kg/m3. The thesis further suggests that large 

scale tests should be conducted on a full scale before the lowered dosage is adopted in practice. 
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Sammanfattning 

Det svenska metallföretaget Boliden har sedan början av nittonhundratalet anlagt ett stort antal gruvor i 

gruvområdet som vanligtvis kallas Skelleftefältet i norra Sverige. Den yngsta av de aktiva gruvorna är 

Kankbergsgruvan som är en underjordsgruva med en reserv som till största del innehåller guld och 

tellur. Gruvans reserv är uppdelad i flera mindre malmkroppar som alla utvinns kontinuerligt med 

igensättningsbrytning som brytningsmetod, samt att några pelare sparas för att säkerställa stabilitet. 

 

Kankbergsgruvan är belägen i mycket hårt berg. Detta i kombination med medelhöga spänningar som 

resultat av gruvans djup är gynnsamma förhållanden när det gäller kraven på bergförstärkningar. 

Boliden vill därmed minska mängden material som används vid förstärkning av berget, utan att äventyra 

stabiliteten i utbrutna områden och säkerheten för personalen som arbetar i gruvan. 

 

Målet med denna avhandling är att presentera en rekommenderad stålfiberdosering till sprutbetongen 

som används i gruvan. Rekommendationen är baserade på: 

 

• Testresultat från provtryckningar av cirkulära paneler enligt ASTM C1550-12a standarden. 

• Utvärderingar av tidigare sprutbetongtester utförda av Boliden.  

• En litteraturstudie om fiberdoser i andra gruvor. 

• Spänningsanalyser med numeriska metoder. 

• Bergbesiktningar och bergklassificeringar.  

• Internationella riktlinjer för fiberdoser i sprutbetong. 

 

Resultaten som presenteras i denna avhandling indikerar att doseringen av fibrer kan minskas, till fördel 

för en minskad kostnad för sprutbetongen. Den optimala doseringen, när man tar framtida konsekvenser 

av gruvbrytningen, sprutbetongens energiupptagningsförmåga och generella rekommendationer från 

litteraturen i beaktning blir doseringen 22.6 kg/m3. Avhandlingen föreslår avslutningsvis att tester bör 

genomföras före den lägre doseringen kan användas på full skala. 
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A m2 Area 
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𝐴𝑇 m2 Orebody area 

a  Equation specific constant 

B m Opening width 

b  Equation specific constant 

C m Chord length of a circular segment 

c  Equation specific constant 

D mm Depth 
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E GPa Young’s modulus 
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g m/s2 Standard acceleration due to gravity 
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i  Index used in iterative functions 

𝐽𝑎  Joint alteration number 
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𝐽𝑤  Joint water reduction 

K MPa Pillar material strength. 
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k40kg  Fiber dosage correction factor 
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Correlation factor for volumetric joint 

count 
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𝑙  mm Length 

lf mm Fiber length 

m Nm Moment capacity 

N  Number of pillars across a panel 

Na  2-D joint frequency 

Naj  
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nai  

The number of joints i with length Li 

shorter than the length of the observation 

area 

n  Upper bound of summation 

P kN Load carrying capacity 
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r2  Coefficient of determination 
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S1, S2, S3… Sn mm Joint spacing of the individual joint 

s m semiperimeter of a triangular 

sbolts m Rock bolt spacing 

sf mm Spacing between fibers 

t m Thickness 

t0 m Measured thickness 

V m3 Volume 

𝑉𝑏 m3 Block size 

W J Energy absorption 

W’ J Measured energy absorption 

𝑊𝜑 J Theoretically calculated energy absorption 

w m Lateral extent of mined area 

x  Function specific argument variable 

y  Function variable (𝑦 = 𝑓(𝑥)) 

z m Depth 
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1 Introduction 

In the Kankberg mine the general requirements of the shotcrete are lower compared to Boliden’s other 

underground mines. Rock mechanical problems caused by deformations are seemingly rare and when 

they occur the deformations can be categorized as small, which results in the shotcrete layer being 

mostly unaffected. In most of the access ramps there are no deformations and within the stopes that are 

currently being mined the deformations are often very small. When movements do occur, they almost 

exclusively follow along already present joint planes, therefore being structurally controlled failures. 

Movements that occur as a direct result of actual failure in the rock are rare. 

 

Even though these rock conditions are very favorable compared to Boliden’s other mines the same 

shotcrete recipe as in the Renström mine was being used in the Kankberg mine until 2015. That recipe 

included a relatively high fiber dosage of 40 kg/m3. In 2015 the fiber dosage was however lowered to 30 

kg/m3 which at the time was based on Boliden’s earlier experiences and literature. However, it is 

expected that the fiber dosage in the Kankberg mine can be lowered even further, in favor of cost 

optimization. 

1.1 Background 

This thesis aims to optimize the fiber dosage in the shotcretes to suit the rock mechanical challenges in 

the Kankberg mine. However, determining the required fiber dosage of the shotcrete is not an easy task. 

There currently does not exist a well-accepted model for optimizing the fiber content within the 

shotcrete. Past optimizations have entirely been based on past experiences and trial-and-error. This 

provides valuable information of how the rock structures are affected by movements and how the 

shotcrete is prone to fail. As the shotcrete within the mine has shown few signs of failure, the fiber 

dosage is expected to have room for optimization.   

1.2 Problem discussion and objectives 

Boliden currently uses the same fiber dosage and same type of fiber in its shotcrete for all sections of the 

Kankberg mine. Rock mechanical inspections of the mine have however, indicated that the fiber dosage 

could be lowered in favor of cost optimization. Therefore, the goal of this thesis is to present a 

recommendation regarding the optimal fiber dosage within the shotcrete. Where, the optimal fiber 

dosage is defined as the most cost-effective dosage that still satisfies the energy absorption 

requirements, thus not compromising the safety of the underground personnel. 

1.3 Delineations 

During this project, the only fiber type that was tested is the one that is currently being used, Bekaert's 

RC-65/35-BN steel fibers (for explanation of the naming scheme, see Table 4). No consideration was 

taken on whether a more cost-effective solution could be obtained by switching fiber type. In addition, 

no consideration was given to the possible synergies with other rock support elements such as rock bolts 

or the interaction between the shotcrete and the rock surface. The early age strength of the shotcrete was 

not considered during this project. All test specimens were produced using the mines already existing 

shotcrete recipe, only with varying fiber content. The numerical analyses were based upon planned 

layouts, meaning that real world geometries certainly will differ from the analyzed geometries, because 

of over- or under-breakage of rock during the excavation process. 
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1.4 Methodology 

During the initial phase of the project a literature study was conducted to better understand the support 

mechanism of shotcrete as well as standard design practices. This also included an evaluation and 

summary of Boliden’s previously conducted shotcrete tests. The experiences and results from these tests 

later laid the ground for the practical phase. The second phase consisted of the preparation of test 

specimens that were sprayed underground at the mining site. The test specimens were later tested 

according to ASTM C1550-12a. After testing, parts of each specimen were crushed to evaluate the 

actual fiber content of each tested panel. In the third phase several rock-mechanical mine inspections 

and rock mass classifications were conducted along with a study of the documentation from earlier mine 

inspections. In the fourth phase elastic stress analyses of currently active and future stopes was 

conducted using MAP-3D. The results from the stress analyses were used to predict where rock-

movement can be expected. Potentially detected risks result in tougher reinforcement requirements for 

these areas when characterizing the rock mass according to Morgan's toughness performance levels, see 

Table 39. The results from all phases were summarized and analyzed which resulted in the presented 

recommendation. 

1.4.1 Laboratory tests  

When assessing the pros and cons of each shotcrete testing method presented in section 2.4 RDPs were 

chosen to evaluate the energy absorption. Another benefit of choosing RDP tests is that there is 

documented data from earlier RDP tests conducted by Boliden, which provides valuable experiences, 

and comparable test results. 

1.4.1.1 Preparation of test specimens 

To obtain consistent results all the panels were sprayed by the same personnel using the same 

machinery. The shotcrete was sprayed in circular forms of sheet metal with a diameter of 800±5 mm and 

a thickness of 75±2 mm according to the drawing in Appendix C. 

 

Three series of shotcrete panels were sprayed each with a different fiber dosage, see Table 1. The 

consensus within the field of shotcrete testing is that sprayed shotcrete should be analyzed using sprayed 

specimens (Papworth 2002). To determine the average flexural performance for each fiber-dosage all the 

series consisted of three individual panels resulting in a total of nine panels. 

 

Table 1. Produced shotcrete panels in the Kankberg mine with expected fiber dosages. 

Series Number of panels Fiber dosage [kg/m3] 

1 3 15 

2 3 20 

3 3 25 

 

The spraying setup is presented in Figure 1 and Figure 2. All the panels were sprayed underground using 

actual production batches of shotcrete, delivered by Byggbetong John Dahlgren AB, according to the 

recipe in Table 3 with the different fiber dosages presented in Table 1. 
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Figure 1. Image showing the spraying equipment. 

 

 
Figure 2. Image of shotcrete forms before being sprayed

 

To ease the handling and screeding process of the specimens the dosage of accelerating chemicals was 

kept at a minimum. After spraying the specimens were quickly screeded and covered with plastic sheets, 

as specified in ASTM C1550-12a (ASTM 2012). The specimens were later stored underground for 21 

days for optimal mine in-situ conditions in terms of temperature and humidity. The specimens were then 

brought to the surface for removal of the forms using an angle grinder, see in Figure 3.  

 

 
Figure 3. Image showing the removal of the forms. 

 

The underground curing period in combination with the transportation resulted in the total curing time of 

the samples reaching 28 days which is the curing time specified in ASTM C1550-12a (ASTM 2012). 

1.4.1.2 Testing of the shotcrete panels 

After the forms had been removed the specimens were transported to LKAB - Berg & Betong in Kiruna 

for testing, using the equipment shown in Figure 4.  
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Figure 4. Images showing the testing equipment of the RDP test. 

 

All the test specimens were tested according to ASTM C1550-12a and the test procedure presented in 

section 2.4.1.3. Prior to testing the dimensions of all specimens were measured so that the load carrying 

capacity and energy absorption could be corrected with regards deviations from the geometry defined in 

the standard. The correction could then be performed using equations (2.11) and (2.13).  

1.4.1.3 Fiber dosage evaluation 

To legitimize the results from the RDP tests the actual fiber dosage of each panel must be determined. 

As the result of the cracking during the RDP testing each panel cracked into three roughly similar 120-

degree pieces (panel sections), see Figure 7. After the testing of the specimens, 1/3 of each panel were 

transported back to Boliden to determine the actual fiber content of each panel. This was done by 

crushing one of the three sections of each panel and then collecting the fibers with a magnet.  

 

Due to the cracking of the panels; two of the faces of each section are uneven and are therefore cut 

straight with an angular grinder to allow for accurate measurements. The panel section is first measured 

and weighted and later crushed. The weight of the collected fibers is then compared to the volume of the 

panel section and the fiber dosage can be evaluated. To obtain the volume of the panel section the 

calculated area is multiplied by the measured thickness of the section, see equation (1.1). 

 

 𝑉𝑝𝑎𝑛𝑒𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐴𝑝𝑎𝑛𝑒𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 ∙ 𝑡𝑝𝑎𝑛𝑒𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 (1.1) 

 

Given that the panel sections have the shape of pie slices with an approximate central angle of 120-

degrees, the area can be divided into a circular- and a triangular segment, see equation (1.2). 

 

 𝐴𝑝𝑎𝑛𝑒𝑙 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐴𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 + 𝐴𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 (1.2) 

 

The area for the circular segment can be calculated using equation (1.3). 
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 𝐴𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 =
𝑅2

2
(𝜃 − sin𝜃) (1.3) 

 

Where 𝜃 is the central angle in radians which is obtained from equation (1.4) and R is the radius of the 

entire original panel, see Figure 5. 

 

 𝜃 =
𝑆

𝑅
 (1.4) 

 

Where S is the arc length of the circular segment, see Figure 5. 

 

 
Figure 5. Image showing the denotations used for calculating the area of the circle segment (highlighted in blue). 

 

To determine the area of the triangular segment Heron’s formula is used, see equation (1.5), with the 

denotations shown in Figure 6. 

 

 𝐴𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = √𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐) (1.5) 

 

 
Figure 6. Image showing the denotations used for calculating the area (highlighted in blue) of the triangular segment. 

 

Where a and b are the length of the two measured sides of the panel segment and c is the chord length of 

the circular segment, see equation (1.6) and Figure 5 and s is the semi perimeter of the triangular 

segment, see equation (1.7). 

 

 𝑐 = 2𝑅 sin
𝜃

2
 (1.6) 

 

 𝑠 =
𝑎 + 𝑏 + 𝑐

2
 (1.7) 
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When the areas of the two segments are known they are added together and multiplied by the thickness 

of the panel section to obtain the volume of the specimen, see equations (1.1) and (1.2). 

 

After the volumes had been determined all panel sections were divided into smaller pieces using a rotary 

hammer. The initial crushing of the specimens was performed on top of plastic sheets, which allowed 

the small dust particles and fine-grained material to be collected, see Figure 7.  

 

 
Figure 7. Image showing the pre-crushing equipment. 

 

After the initial crushing everything was collected using the underlying sheet and fed into the funnel of 

the crusher, see Figure 8.  

 

 

 
Figure 8. Image showing the crusher used to determine the actual fiber dosage of the test specimens. 

 

The result was a fine-grained concrete powder and loose individual fibers. The powder mix was later 

filtered using a vibration device, see Figure 9. The concrete powder was filtered in small batches at a 

time. A batch was loaded on top of the filter and then the vibration engine was started. The vibrations 

caused the concrete dust to fall through the filter into the collector box. What was left in the filter is a 

mixture of steel fibers and the concrete grains that were too big to be filtered out. The steel fibers were 

collected from the filter using a magnetic rod. The collected fibers were weighted alongside the 

collected concrete powered, the fiber dosage in kg/m3 could then be evaluated.   

 

 

 

Funnel 

Collector box 

Lever for controlling 

the grain size of the 

crushed material 

Ventilation 
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Figure 9. Image showing the vibrating filter used to determine the actual fiber dosage of the test specimens. 

1.4.2 Numerical analyses 

As the amount of needed for rock support changes with the stress that the rock mass is subjected to, the 

current stress levels and how they change as mining continues must be determined. This can be done 

with stress analyses using computer aided numerical methods. The results from the stress analyses can 

be combined with the documented on-site experiences regarding signs of failure in the rock support. 

Which can be used to determine the current- and future requirements of the rock support with regards to 

rock stress.  

 

Boliden has conducted stress analyses and visual observations on the Kankberg mine’s stopes, shafts 

and ramp systems. The stress analyses and visual observations have shown the rock mass to be prone to 

failure when the differential stress (𝜎𝐷) reaches a critical stress level 𝜎𝑐𝑟 = 45-50 MPa (Marklund 2011 

& Perez 2016b). The failure criterion is defined by equation (1.8). 

 

 𝜎𝐷 = 𝜎1 − 𝜎3 > 𝜎𝑐𝑟 (1.8) 

 

Where, 𝜎𝐷 is the differential stress, 𝜎1 is the major principal stress, 𝜎3 is the minor principal stress and 

𝜎𝑐𝑟 if the critical stress level (45-50 MPa). 

 

To predict the need for rock support in future ramp development and stopes, stress analyses on various 

parts of the mine are conducted. No sign of failure has been reported from neither of the ramp systems. 

Therefore, if the stress analyses can prove that the stress levels for future excavations are similar to the 

current stress levels and the rock quality is assumed to be constant then the fiber dosage can likely be 

reduced in favor of cost optimization as the current dosage is enough for the current mining situation. 

 

These stress analyses are conducted using a three-dimensional analysis program called, Map3D. Map3D 

utilizes an indirect boundary element method (BEM), all the analyses are done elastically with the 

following virgin stress values originally presented by Marklund (2012): 

 

 

 

 

Collector box 

compartment 

Filter 

 

Vibration engine 

 

Ventilation 
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𝜎𝐻 = 10.4 + 0.0446𝑧 (1.9) 

𝜎ℎ = 2.2 + 0.024𝑧 (1.10) 

𝜎𝑣 = 𝜌𝑔𝑧 (1.11) 

 

Where 𝜌 is the density of the rock mass and g is the standard acceleration due to gravity (𝜌𝑔 =

 0.027 𝑀𝑁/𝑚3) and z is the mining depth in meters. The major horizontal stress runs parallel to the 

northern orebody according to Marklund (2012). 

1.4.3 Field inspections 

By evaluating the rock conditions in the Kankberg mine in combination with results obtained from the 

RDP tests and stress analyses, general recommendations regarding rock support can be derived. The 

rock mass in the Kankberg mine was classified using the Q-system during mine visits, see section 2.2.1. 

Mine visits were conducted on a weekly basis so that newly blasted areas within the mine could be 

classified. Tunnel faces were also classified, such as the faces of the ramp systems and compartments 

within stopes. The score from the classifications was used as an input parameter in a modified a Barton’s 

diagram as presented by Papworth (2002), see Figure 10. 

 

 
Figure 10. Permanent-support recommendations for FRS as a function of tunnel span and Q-value, with further guidelines on 

energy absorption (Source: Papworth 2002.) 

 

The modified Barton’s chart takes a span/ESR parameter (Table 6) along with the Q-value for the rock 

mass as input parameters. From the chart the required energy absorption of the shotcrete tested using 

RDP tests can then be derived. This ties together the results from the RDP panel tests, the rock 

classifications and the stress analyses as the stress situation is used as an input parameter when using the 

Q-system, as presented in section 2.2.1. 
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2 Literature study 

This section describes the Kankberg mine and the theoretical inner workings of rock support systems 

and shotcrete. A literature study was also conducted with the aim of researching commonly used 

methods for testing shotcrete and the use of different fiber dosages in other underground projects.  

2.1 The Kankberg mine 

The original Kankberg mine is an old open-pit mine located just outside Boliden, in northern Sweden. 

The mine has been mined in turns but was closed in the 1990s at the same time as a new gold and 

tellurium deposits in the area was discovered. After a lot of exploration and an investment of almost half 

a billion SEK, the Kankberg mine was reopened in 2012 (Boliden 2016b). This makes it the youngest 

operational mine in the Boliden area.  

 

When the new mine was being developed, an access ramp was excavated from the old mining site to the 

current 400-meter level of the new mine. From the 400-meter level the ramp splits up into two separate 

ramp systems, a northern- and a southern ramp system. Each of the ramp systems then splits up in an 

upwards and a downward spiral ramp, see Figure 11 (Boliden 2016b). 

 

 
Figure 11. Underground view of the Kankberg mine (Source: Boliden 2016b). 

 

As multiple ore-bodies in the Kankberg mine are rather thin and almost vertically tabular, Boliden uses a 

method called cut- and fill mining while saving some pillars for stability. The basic principles of this 

mining method are to divide the orebody into multiple horizontal slices. The bottom most slice is mined 

first before being filled to allow access to the overlaying ore slice. There are however a few stopes 

where the 2nd slice is being mined first instead of directly filling it and the first slice is bench mined 

according to Figure 12.  
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Figure 12. Illustration of underground bench mining (Source: Atlas Copco 2007). 

 

When using a cut- and fill mining method the fill material used in the stopes act as the floor as the next 

slice is being mined, see Figure 13. The Kankberg mine does however differ slightly from Figure 13 due 

to the fact Boliden uses waste rock as a fill material instead of hydraulic sandfill (Boliden 2016b). The 

fill material from ramp development therefore only consists of coarse material and no fine particles such 

as concentrator tailings and paste fills (Boliden 2016b). 

 

 

 
Figure 13. Cut-and-fill stope layout (Source: Atlas Copco 2007). 

 

The Kankberg mine does not have a mechanized haulage- or skip-system. Therefore, both the waste 

rock and ore must be loaded onto trucks for transportation to the surface. On the surface, the ore is then 

unloaded and stored before being reloaded and transported to the concentrator plant 10 km away in 

Boliden. 
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2.1.1 Rock mechanical properties in the Kankberg mine 

The rock conditions in the Kankberg mine can be described as good or very good according to the rock 

mass rating (RMR) system, see Table 2. The ore is situated within an alteration zone and previous 

investigations have shown the rock within this zone can be described as: 

 

• Hard with high compressive strength; 85% of logged cores during the rock mechanical 

feasibility study was classified as very or extremely hard rock as the average uniaxial 

compressive strength of these cores were 224 MPa which is very high. However, the highest 

measured value during the study was 529 MPa, which is exceptionally high (Boliden 2011). 

 

• Fairly jointed; 11% of the logged core length were classified as discontinuity zones whereas 

4.5% of the core length were classified as crushed zones (Boliden 2011). 

 

• Competent rock suitable for excavation; roughly 92% of the rock in the alteration zone is 

classified with a classification of “good” or “very good” according to the RMR (Rock Mass 

Rating) classification system, see Table 2 (Boliden 2011). 

 

Table 2. Distribution of RMR89 values for the Kankberg mine (Source: Boliden 2011). 

RMR-class [%] 

81-100 Class 1 - very good rock 53 

61-80 Class 2 - good rock 38.6 

41-60 Class 3 - fair rock 7.7 

21-40 Class 4 - poor rock 0.6 

0-20 Class 5 - very poor rock 0.1 

 

During the development of the drifts and the initial test mining area an assessment of the GSI 

(Geological Strength Index for jointed rock mass) values of the rock mass was conducted. The GSI 

values in the Kankberg mine were found being in range of 70-85 but some amount of deviations from 

the range was found. Whereas lower values typically only occurred locally near large scale structures 

within the rock mass. The results of the GSI assessment can be seen in Appendix A (Boliden 2011). 

2.1.2 Rock support system in the Kankberg mine 

The current support system in the Kankberg mine is largely based on previous experiences from earlier 

mining levels and other mines. The support system is usually adapted to fit the expected rock conditions 

within a stope slice. This is based upon a rock mechanical risk evaluation that is conducted prior to the 

start of the mining process for each individual ore-slice. 

 

The mine follows a typical blast cycle and the shotcrete is applied after the mucking and scaling of a 

newly blasted area is completed and then the rock bolts are installed through the shotcrete layer, see 

Figure 14. 
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Figure 14. Image showing a typical blast cycle step-by-step. 

 

The shotcrete is mixed off site by a contractor which then transports the shotcrete and loads it onto the 

mine’s own equipment for underground transportation and spraying. The shotcrete follows the recipe 

presented in Table 3 and has a minimal layer thickness of 30 mm. 

 

Table 3. The standard recipe for 1 [m3] of the shotcrete used in the Kankberg mine. 

Basic Kankberg recipe for 1 [m3] of shotcrete 

Water-cement ratio 0.43 - 

Fiber dosage 30 [kg] 

Cement 485 [kg] 

Aggregates 1700 [kg] 

 

The Kankberg mine currently uses steel fiber reinforced shotcrete without a steel mesh. The fiber that 

Boliden is currently using in their shotcrete mixes is the Bekaert Dramix RC-65/35-BN fiber which is a 

steel fiber that utilizes hooks, see Table 4. 

 

Table 4. Explanation for Bekaert’s naming scheme (Source: Vandewalle 2005) 

Explanation for Bekaert’s “R(C/L)-XX/YY-BN” naming format. 

R Hooked fiber ends. 

C/L (C) Glued clips / (L) Loose individual fibers. 

45/65/80 Performance rating (length/diameter ratio). 

30/35 Fiber length in millimeters. 

B Bright fiber coating. 

N Low carbon content for improved ductility. 

 

These fibers are used with different dosages depending on the individual mine’s local conditions. The 

fibers are delivered as adhered in clips, and the glue that holds the individual fiber together are dissolved 

during the mixing process of the shotcrete, see Figure 15. This allows the individual fibers to be evenly 

spread out and mixed for an optimal distribution within the shotcrete mix (Bekaert 2010). 

 

Drilling

Charging

Blasting

Ventilation
Mucking & 

Scaling

Shotcreting

Bolting
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Figure 15. Boliden’s current fiber, Bekaert Dramix RC-65/35-BN (Source: Bekaert 2010). 

 

The mechanical properties of the Bekaert RC-65/35-BN fiber are presented in Table 5. 

 

Table 5. Mechanical properties of fiber that Boliden is currently using - Bekaert Dramix RC-65/35-BN (Source: Bekaert 2010). 

Property Value 

Length [mm] 35 

Diameter [mm] 0.55 

Young's Modulus [GPa] ±210 

Tensile strength [MPa] 1345 

 

The mine uses rebar bolts that are 20 mm in diameter and 2.7 m long in combination with square 

faceplates that are 100 × 100 × 12 mm without domes, see Figure 16. The bolts are resin grouted upon 

installation and are usually installed in a 2 × 2 m pattern, with the exception being certain pillars and 

compartments that are expected to require a tighter bolt pattern (Boliden 2016a). 

 

 
Figure 16. Image showing the Kankberg rock bolts pre- and post-installation.  

2.2 Rock mass classification systems 

Rock mass classification systems can be used to classify the local rock mass. The score from the 

classification can be used to derive general support requirements for the rock mass. Two commonly used 

classification systems are the Q (Barton et al. 1974) and RMR (Bieniawski 1989) rock-classification 

systems. 
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2.2.1 The Q-system 

The Q-system was first introduced by Barton et al. (1974). The Q-system was originally developed to 

assist in empirical design of rock support and design of excavations. The Q-value is estimated using 

equation (2.1) (NGI 2015). 

 

 𝑄 =
𝑅𝑄𝐷

𝐽𝑛
×
𝐽𝑟
𝐽𝑎
×
𝐽𝑤
𝑆𝑅𝐹

 (2.1) 

 

Where, RQD is the Rock Quality Designation, Jn is the number of joint sets, Jr is a score for the 

roughness of the joints, Ja is an alteration number for the joints, Jw is a reduction factor for the water 

conditions and SRF is a stress reduction factor. Each individual parameter receives a separate score 

according to the scoring in Appendix D, which results in the Q-value for the local rock mass (NGI 

2015). 

 

The Q-value obtained from equation (2.1) can be used as an input parameter in a support chart, see 

Figure 17. To use the support chart the span/ESR parameter range according to equation (2.2) and Table 

6 must also be evaluated. 

 

 
𝑆𝑝𝑎𝑛 𝑜𝑟 𝐻𝑒𝑖𝑔ℎ𝑡 (𝑀𝑎𝑥),𝑚

𝐸𝑥𝑐𝑎𝑣𝑎𝑡𝑖𝑜𝑛 𝑆𝑎𝑓𝑒𝑡𝑦 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡, (𝐸𝑆𝑅)
 (2.2) 

 

Where the ratings of the excavation support ratio (ESR) is evaluated according to Table 6. 

 

Table 6. Ratings of the excavation support ratio (ESR) (Barton et. al. 1974) 

Excavation category ESR 

A Temporary mine openings 3-5 

B Permanent mine openings, water tunnels for hydro power (excluding high pressure 1.6 
 penstocks) pilot tunnels, drifts and headings for large excavation  

C Storage rooms, water treatment plants, mirror road and railway tunnels, surge, 1.3 
 chambers, access tunnels  

D Power stations, major road and railway tunnels, civil defense chambers, portals, 1.0 
 Intersections  

E Underground nuclear power stations, railway stations, sports and public facilities, 0.8 

  Factories   

 

When both the Q-value and span/ESR parameter are known, they can be plotted into a support chart, see 

Figure 17. Where, the Q-value is the horizontal axis and the span/ESR ratio is the vertical axis. Figure 

17 is divided into multiple zones which represent different rock conditions. Each zone has their own 

rock support requirements according to Table 7. The intersection of the Q-value and span/ESR within 

Figure 17 will end up in one of the nine zones, which results in support requirements for the local rock 

mass. The A-G range at the top of Figure 17 generally describes the rock mass quality and is derived 

from the Q-value according to Table 38. Each zone has their respective energy absorption requirement, 

which is displayed at the bottom of Figure 17 as “E = 500 J”, “E = 700 J” etc. The energy absorption 

requirements for this specific chart are evaluated using EFNARC (European Federation of National 

Associations Representing for Concrete) tests, see section 2.4.1.2 (NGI 2015). Furthermore, the 

suggested bolt spacing for each zone is displayed at the top-left and bottom-right of the rock mass zones, 

see Figure 17. 
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Figure 17. Standard Q-system rock support chart (Source: NGI 2015) 

 

The enclosed numbers in Figure 17 (①-⑨) corresponds to support categories which offer support 

suggestions, see Table 7. 

 

Table 7. Support categories for the Q-system rock support chart (Source: NGI 2015) 

Support categories 

①  Unsupported or spot bolting 

② Spot bolting 

③ Systematic bolting, fiber reinforced sprayed concrete 

④ Fiber reinforced sprayed concrete and bolting, 6-9 cm  

⑤ Fiber reinforced sprayed concrete and bolting, 9-12 cm 

⑥ Fiber reinforced sprayed concrete and bolting, 12-15 cm 

⑦ Fiber reinforced sprayed concrete >15 cm + reinforced ribs of sprayed concrete and bolting  

⑧ Cast concrete lining 

⑨ Special evaluation 

 

As mentioned by Palmström (2006) the Q-system has limitations. The system is expected to be mostly 

accurate in the 𝑄 = 0.1 − 40 range for excavation spans between 2.5-30 m (Palmström, 2006). Even 

though the SRF parameter does have an input value for overstressed rock, the Q-system should be used 

with caution in rock bursting, swelling- and especially squeezing ground conditions (Palmström, 2006). 
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2.2.2 The RMR-system 

Between 1973 and 1974 Bieniawski developed a classification system called Rock Mass Rating (RMR) 

and it has since been updated to comply with international standards and procedures (Bieniawski 1989). 

The rating process is based on the rating of parameters shown in equation (2.3). 

 

 𝑅𝑀𝑅 = 𝑃1 + 𝑃2 + 𝑃3 + 𝑃4 + 𝑃5 + 𝑃6 (2.3) 

 

Where P1 is the uniaxial compressive strength of the rock material, P2 is the RQD, P3 is the spacing of 

the discontinuities, P4 is the condition of the discontinuities, P5 is the groundwater conditions and P6 is 

the discontinuities orientation. 

  

Every parameter is evaluated and receives a separate score according to Appendix E. When the scores 

are added they result in a RMR value. A general classification for the rock mass in the Kankberg mine 

can be obtained using the RMR value and is presented in Table 2. RMR can also be used for roughly 

estimating the deformation modulus of the rock mass and required rock support using a table such as 

Table 8 (Palmström 2009). 

 

Table 8. Guidelines for excavation support of 10 m span rock tunnel (Source: Bieniawski 1989) 

Rock mass 

class 

Excavation 

(drill and blast) 

Rock support 

Rock bolts 

(d = 20mm) 
Shotcrete Steel sets 

RMR: 81-100  

Very good rock 

Full face: 

3m advance 
Generally no support required except for occasional spot bolting 

RMR: 61-80 

Good rock 

Full face: 

1.0 – 1.5 m advance; 

Complete support 20m from 

face 

Locally, bolts in crown 3 m 

long, spaced 2.5 m with 

occasional wire mesh 

50 mm in crown where 

required 
None 

RMR: 41-60 

Fair rock 

Bench 1.5-3 m advance. 

Commence support after 

each blast. 

Complete support 10m from 

face 

Systematic bolts 4 m long, 

spaced 1.5-2 m in crown 

and walls with wire mesh 

in crown 

50-100 mm in crown and 

30mm in sides 
None 

RMR: 21-40 

Poor rock 

Bench 1.0-1.5 m advance in 

top heading. 

Install support concurrently 

with excavation, 10 m from 

face 

Systematic bolts 4-5 m 

long, spaced 1-1.5 m in 

crown and walls with wire 

mesh in crown 

100-150 mm in crown 

and 100 mm in sides 

Light ribs space 1.5m 

where required 

RMR: < 20 

Very poor rock 

Multiple drifts 0.5-1.5 m 

advance in top heading. 

Install support concurrently 

with excavation. Shotcrete 

as soon as possible after 

blasting 

Systematic bolts 5-6 m 

long, spaced 1-1.5 m in 

crown and walls with wire 

mesh in crown. Bolt invert 

150-200 mm in crown, 

150 mm in sides and 50 

mm on face 

Medium to heavy ribs 

space 0.75m with steel 

lagging and forepoling if 

required.  

Close invert 

 

Bieniawski (1989) did however emphasize the need for great judgement when using RMR to design 

support systems. As pointed out by Palmström (2009) the RMR-system does not have an input 

parameter for rock stresses. This does pose a problem for mining applications where large mining 

induced stresses are present. The RMR system does not account for weakness zones or faults. However 

as pointed out by Palmström (2009) some parameters included in the system may represent conditions in 

faults, although the complicated structure and compositions in these features are often hard to 
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characterize. Therefore, the RMR-system, according to Palmström (2009) might not be well suited for 

rating of the rock mass in fault and weakness zones. 

2.3 Rock support 

When referring to a rock support system the elements within the system are often divided into two 

separate groups; supporting and reinforcing elements. In the case of supporting elements, the installation 

is conducted to support the rock mass surrounding an excavated area. Whereas for the reinforcing 

elements the role is to concentrate, mobilize and strengthen the rock masses own strength by transferring 

the load to the rock mass, see Figure 18 (Nordlund et al. 2012).  

 
Figure 18. Primary functions of support elements (Source: Kaiser et al 1992). 

 

2.3.1 Rock support system 

Rock support elements can also be described as holding and retaining support elements based on their 

functions as described by Kaiser et al. (1992). The role for the retaining elements is to contain and 

support loose pieces of rock from falling into the excavation, therefore reducing risks of damaging 

machinery and personnel. Some examples of retaining support elements are shotcrete linings and steel 

meshes. These support elements act by retaining loose rocks between the rock bolts, see Figure 18. The 

load applied on the retaining support elements is then transferred to the holding elements. The holding 

elements are often represented by bolts that are anchored in more competent rock, see Figure 18 

(Malmgren 2005). A support system often consists of multiple support elements. These support elements 

are often combined in such a way that they complement each other’s weaknesses and allow each other to 

transfer loads to one another (Darling 2011). 

2.3.2 Shotcrete as a support element 

Early use of shotcrete mainly focused on sealing the rock mass to prevent it from degrading (Barrett et 

al. 1995). As spraying and mixing techniques for shotcrete improved the compressive and tensile 

strength along with the adhesion also improved (Barrett et al. 1995). However, plain concrete is a brittle 

material that has a high compressive strength compared to its tensile strength (Darling 2011). To 

counteract this weakness, the concrete is often mixed with steel or synthetic fibers or combined with a 

steel mesh.  
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The mechanical properties of the steel reinforcement transform the brittle concrete into a ductile 

composite. This composite can prevent the shotcrete from extremely brittle failures and absorb energy 

imposed by ground movement and allow the concrete to crack without completely losing its load 

bearing capacity, therefore improving its post-failure behavior (Darling 2011). When used in 

underground mining applications the shotcrete is often subject to bending, tensile and flexural forces 

(Darling 2011). 

 

The benefits of using fibers compared to the use of mesh reinforcement include a more even distribution 

of the reinforcement within the shotcrete, an overall decrease in cost, reduction of rebound and 

improved compaction (Concrete institute of Australia, 2010). The fiber reinforcement also provides 

many practical benefits as a shotcrete layer can follow an uneven surface better than a steel mesh 

(Concrete institute of Australia, 2010). This results in an easier installation process and a more efficient 

support system (Concrete institute of Australia, 2010). The absence of a mesh also results in the risk of 

mesh vibrations leading to a loss of adhesion from the rock surface is avoided (Concrete institute of 

Australia, 2010). 

 

For the reinforcement to fulfill its role, the fibers must have enough tensile strength and a strong bond 

with the concrete. This bond can be achieved by using fibers that utilize hooks, dents and or cavities 

(Darling 2011). There are however two major factors that impact the bridging performance of the 

shotcrete mix. The first factor is the length/diameter aspect ratio of the fiber, where a high aspect ratio is 

preferred as it results in better bridging (Darling 2011). The second factor is the fiber dosage because 

more fibers allows for better bridging of the cracks (Darling 2011). 

 

Fiber reinforced shotcrete is widely-used for reinforcing underground structures (Nilsson 2003). 

However even though shotcrete has widespread use both in mining and tunneling in general, its load 

bearing capacity has not yet been documented and presented in a satisfactory way (Nilsson 2003). 

Therefore, it is considered fair to assume that many of these underground reinforcement solutions are 

heavily oversized (Nilsson 2003). 

2.3.2.1 Failure modes of shotcrete 

There are two basic types of failures; the first one is fallouts of only shotcrete, which indicates poor 

adhesion against the rock surface (Seymour 2009). The second mode is fallouts of shotcrete and rock, 

which indicates that there is a zone where the rock has failed (Seymour 2009). These two main types of 

failures can also be subdivided into six categories with more precise descriptions of the actual failure 

modes, see Figure 19.  
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Figure 19. Failure modes of shotcrete (Source: (Barrett et al. 1995)). 

 

• Adhesive failure: adhesive failures occur when the bond between the shotcrete and the substrate 

simply is not strong enough. Seymour (2009) explains that this causes an air bubble to form between 

the rock surface and the shotcrete, which might fail and result in falling shotcrete. This failure mode 

can however be partially prevented by carefully washing the rock surface prior to spraying (Darling 

2011). 

 

• Flexural failure: if the adhesion is lost due to peeling off the shotcrete from rock or slabbing within 

the substrate, then and only then does the flexural failure mechanism become possible (Barrett et al. 

1995). Flexural failures can be derived from beam theory, where the shotcrete layer is represented 

by a constrained beam that is being loaded with the weight of loose rock material. This causes the 

shotcrete to fail in tension in planes that are perpendicular to the shotcrete layer (Darling 2011). 

 

• Direct shear failure: if the adhesion is strong and loss of adhesion does not occur failure of the 

shotcrete layer might occur in direct shear, if the load exceeds the shear strength of the shotcrete 

(Barrett et al. 1995).  

 



20 

 

• Punching shear failure: once the adhesion is lost punching shear failure may occur close to the rock 

bolts that is spanning the shotcrete, where the shear forces have the largest magnitude (Darling 

2011). The failure occurs in an inclined plane of approximately 45o with respect to the horizontal 

plane, therefore being perpendicular to the tensile stresses that are imposed on the shotcrete layer 

(Darling 2011). 

 

• Compressive and tensile failure: these failures occurs if the induced compressive or tensile stress 

caused by stress changes in the rock results in fracturing or spalling of the shotcrete layer (Barrett et 

al. 1995). 

2.3.2.2 Applied shotcrete loads 

In rock masses where failures of the shotcrete are structurally controlled i.e. controlled by existing 

discontinuities, load is applied to the shotcrete layer as loose rocks try to fall into the mine opening 

(Barrette et al. 1995). This is the most common cause of shotcrete failure in the Kankberg mine as 

reported by Larsson (2016) and Marklund (2016). If the size of the loose rock block is known the 

magnitude and direction of the applied load from the block can be calculated. The maximum possible 

block size is restricted by the size of the excavation and the smallest block by the spacing of the joints 

sets within the rock mass (Barrett et al. 1995). If the largest blocks are assumed to be supported by rock 

bolts and the smaller blocks are supported by a combination of shotcrete and bolts. The weight that the 

shotcrete must support is limited to what fits in between the rock bolt pattern, see Figure 20. 

 

 
Figure 20 Applied load model for estimating the shotcrete support requirements in blocky ground conditions. 

 

If the loose rock material in Figure 20 is assumed to have a pyramidal shape with 60o angles and a basal 

area defined by the bolt pattern the maximum weight of the loose rock can be calculated using equation 

2.4 (Barrette et al. 1995). 

  

𝐹 =
𝑔𝜌√6𝑠𝑏𝑜𝑙𝑡𝑠

3

6
 (2.4) 
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Where 𝑔𝜌 is the unit weight of the rock mass and sbolts is the bolt spacing.  

 

With the unit weight of 0.027 𝑀𝑁/𝑚3 as reported by Marklund (2012) and the bolt spacing of 2 m as 

reported by (Boliden 2016a) the maximum possible load can be calculated using equation 2.4, see 

equation 2.5. 

 

𝐹 =
𝑔𝑝√6𝑠𝑏𝑜𝑙𝑡𝑠

3

6
=
0.027 ∙ √6 ∙ 23

6
≈ 88.2 𝑘𝑁 (2.5) 

 

The calculated maximum load of 88.2 kN is the worst-case scenario as it assumes that the rock is falling 

vertically and does not account for any form of frictional resistance. 

2.4 Testing method for assessing shotcrete toughness 

The goal of this section was to research the different test methods that are commonly used for evaluating 

the energy absorption or the “toughness” of shotcrete. Three common testing methods were researched; 

beam bending, EFNARC and RDP tests. The study also researched the use of low fiber dosages (< 30 

kg/m3) in other underground projects. There are several testing methods to consider when assessing the 

toughness of a shotcrete mix (Papworth 2002). However, each one has their own unique pros and cons. 

The basics of the three commonly used testing methods are presented in this section with basic setup 

specifications and methodology. 

2.4.1.1 Beam bending tests 

Beam bending tests are generally conducted to determine the post-crack residual flexural strength at 

given deflections or equivalent flexural strength over given deflection ranges (Papworth 2002). The 

performance criteria for deflections in the range of 2-3 mm on 300-450 mm wide beams are common 

(Papworth 2002), which relates to crack widths of approximately 2 mm (Papworth 2002). The basic 

setup of such a test is presented in Figure 21 (Papworth 2002). 

 

According to Papworth (2002) all the current standards for beam bending test methods are suffering 

from poor repeatability and reproducibility. Given the large spread in terms of results, it is generally 

desirable to take the average result from at least five samples (Papworth 2002). The inconsistency is 

largely a result of the inconsistent localization of the initial cracks along the beam (Papworth 2002). 

According to Papworth (2002) the beam bending tests are also rather complex to set up and do not 

represent how shotcrete fails under actual on-site conditions. 

 

 
Figure 21. Image showing the basic setup of flexural beam tests (Source: Vandewalle 2005).  
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In a large test program conducted in 2002-2003, Vandewalle (2005) conducted a study with the purpose 

of investigating the variations in results obtained from beams compared to panel tests. In total, 90 RDP 

tests, 90 EFNARC panels and 108 beams were casted and tested with varying dosages of Bekaert fibers. 

The study showed that the results of the beam test varied from 0 to 35% with an average variation of 

22%. Due to the large variation of results; beam bending tests are determined as not being suitable for 

the shotcrete tests of the Kankberg shotcrete mixes. 

2.4.1.2 EFNARC Panel tests 

The EFNARC panel tests are performed on 600 × 600 mm square panels that are 100 mm thick. The 

panels are supported on all sides and loaded centrally, see Figure 22. To assess the flexural performance 

of the panels the central load is measured and compared against the central deflection. The load and the 

corresponding deflection are measured until the deflection reaches 25 mm, which corresponds to a crack 

width of approximately 5-10 mm (Papworth 2002). 

 

 
Figure 22. Set-up for EFNARC Panel Test (dimensions in [mm]) (Source: Cengiz & Turnali 2004). 

 

The EFNARC panel tests are considered being easier to perform compared to the beam bending tests, 

although the test specimens are larger and heavier compared to those used in beam tests (Papworth 

2002). The failure mechanism of the test specimens is representative of shotcrete lining behavior, which 

is an advantage compared to the beam bending tests (Papworth 2002). Results are also more consistent 

than results obtained from beam tests, as the variation on slab tests are roughly half of the variations 

measured on beam tests (Vandewalle 2005).  

 

The superiority of the EFNARC panel test when determining the performance level of shotcrete 

compared to beam tests can be summarized in three bullet points: 

 

1. An EFNARC panel corresponds much better than a beam test with the behavior of in-situ 

underground support, due to the four supported edges of the EFNARC panel the specimen can 

simulate the continuity of a shotcrete layer (Vandewalle 2005). 

2. The steel fibers work in multiple directions and not just in a single direction; which is the case in 

beam tests. The effect of fiber reinforcement in the EFNARC panels very much represents the 

real behavior of real shotcrete linings (Vandewalle 2005). 

3. Shotcrete reinforced with steel fibers can be compared very easily with mesh reinforced sprayed 

concrete to be tested in the same way (Vandewalle 2005). 
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When performing the EFNARC panel test the result is the load bearing capacity of the specimen as a 

function of the deflection, see Figure 23. The load-deflection curve shows that as cracks develop in the 

specimen they start acting like hinges that continue to carry load through the steel fibers that are 

bridging the cracks.  

 

 
Figure 23. Typical Load/Deflection curve for steel fiber reinforced sprayed concrete panel. (Source: Vandewalle 2005) 

 

Once the peak load has been reached, the maximum load redistribution capacity has been realized and 

the fibers are being pulled out (Vandewalle 2005). Fiber shape and the strength of the steel that the 

fibers are made from determines if the fibers will break or preferably be pulled out (Vandewalle 2005). 

 

If the result from the load/deflection function in Figure 23 is integrated, therefore being equal to the area 

under the function in the graph, the result shows the absorbed energy as a function of the deflection, see 

Figure 24.  

 

 
Figure 24. Typical Energy/Deflection curve for steel fiber reinforced sprayed concrete panels (Source: Vandewalle 2005) 

 

The energy absorption obtained from the energy/deflection function is regarded as the defining feature 

of steel reinforced shotcrete (Vandewalle 2005). Based on EFNARC panel tests there are three basic 

requirement classes where ground conditions are correlated with the required energy absorption of the 

shotcrete, see  

 

Table 9 (Vandewalle 2005). These requirement classes are used when dimensioning support systems 

using the Q-system, see Figure 17. 
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Table 9. Typical reinforcement classes based on EFNARC results (Source: Vandewalle 2005) 

Energy absorption capacity Suitable ground conditions 

500 [J] For sound ground/rock conditions. 

700 [J] For medium ground/rock conditions. 

1000 [J] For difficult ground/rock conditions. 

 

The testing of EFNARC panels is deemed by Vandewalle (2005) as being a very cost-effective way of 

comparing different fiber dosages and fiber types. The EFNARC testing method was becoming the 

standard for evaluating the toughness of shotcrete until the RDP test was introduced by Stephan Bernard 

in 1998 (Papworth 2002). 

2.4.1.3 Round Determinate Panel tests 

The RDP test is commonly used for evaluating the post-crack properties of fiber reinforced shotcrete 

(ASTM 2012). When performing the test, a circular panel that is 75 mm thick and 800 mm in diameter 

is symmetrically rested upon three pivoted support plates, this ensures that the load distribution is 

always determinate (Papworth 2002). The specimen is then loaded centrally with an increasing point 

load, see Figure 25. From the results of the loading test the energy absorption can then be evaluated by 

integrating the load-deflection curve (Vandewalle 2005). 

 

 
Figure 25. Image showing the setup of a C-1550 RDP test. (Source: Papworth 2002) 

 

Evaluating and preparing extensive testing on large number of RDPs can be both time consuming and 

expensive. Therefore, as a first step calculation models can be used to make predictions regarding the 

properties of shotcrete with different characteristics. One such model presented by Bernard (2004) uses 

yield line theory to describe the load carrying capacity P of RDPs tested according to ASTM C1550-12a 

(ASTM 2012), see equation (2.6). 

 

𝑃 = 3√3𝑚
𝑅0
𝑅

 
(2.6) 
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Where, R0 is the radius of the specimen and R is the radius of the supports, which equals 375 mm in a 

standard ASTM C1550-12a (2012) test, see Figure 25 and m is the moment capacity of a rectangular 

section of span b and depth D, see equation (2.7).  

 

𝑚 =
𝜎𝑏𝐷2

6
 (2.7) 

 

Where 𝜎 is the stress within the outer tensile fibers. However, if b is of unit width, then: 𝑚 = (𝜎𝐷2)/6 

(Bernard 2004). 

 

Like the EFNARC panel test the energy absorption of the specimen is obtained by integrating the load-

deflection curve. However, Bernard (2004) stated that the energy absorption 𝑊𝜑 can also be determined 

for a certain interval by multiplying the post-crack deflection 𝛾 with the average load carrying capacity 

of the interval, see equation (2.8) and Figure 26.  

 

𝑊𝜑 = 𝑃𝛾 (2.8) 

 

 
Figure 26.  Illustration of the energy absorption in a ASTM C1500-12a RDP test based on the average load carrying capacity 

P and post-crack central deflection, 𝛾. (Source: Bernard 2004) 

 

Equation (2.8) can also be described in terms of the post-crack angel 𝜑 instead of the post-crack 

deflection by introducing equation (2.9), see Figure 27.  

 

𝜑 = √3
𝛾

𝑅
 (2.9) 

 

 
Figure 27. Illustration of a RDP test subjected to a post-crack deflection 𝛾 and corresponding crack angle 𝜑. 

 

𝛾 

𝜑 
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Therefore, equation (2.8) can be expanded with substitution using equations (2.6), (2.7) and (2.9), which 

results in a function for expressing the energy absorption, see equation (2.10). 

 

𝑊𝜑 =
𝜎𝑑2

2
𝜑𝑅 (2.10) 

 

When testing RDPs, the dimensions of the test specimen can deviate slightly from the defined standard 

dimensions (Papworth 2002). This can be a result of specimens not hardening on a perfectly leveled 

plane or the mold not being exactly the correct dimensions or if the objective of the test is to test 

different dimensions. These deviations can be handled by correcting the energy absorption with respect 

to the differences with respect to ASTM C1550-12a (ASTM 2012). This can be done with the equations 

(2.11) and (2.12) (Bernard 1999/2000). 

 

 𝑊 =  𝑊′ (
𝑡0
𝑡
)
𝛼

(
𝑑0
𝑑
) (2.11) 

 

 𝛼 = 2.0 −
𝛿

80
 (2.12) 

 

Where W’ is the measured energy absorption, t is the standard thickness (75 mm), t0 is the measured 

thickness, d is the standard diameter (800 mm), d0 is the measured diameter and 𝛿 is the specified 

deflection. Additionally, the corrected load carrying capacity P of a ASTM C1550-12a (2012) panel is 

derived using equations (2.13) and (2.14).  

 

 𝑃 =  𝑃′ (
𝑡0
𝑡
)
𝛽

(
𝑑0
𝑑
) (2.13) 

 

 𝛽 = 2.0 −
𝛿

40
 (2.14) 

 

Where P’ is the measured load carrying capacity. 

 

Papworth (2002) stated that a great advantage with RDP tests compared to other tests such as EFNARC 

and beam-bending tests is that the spread of the results is considerably smaller compared to results from 

the other tests. This results in fewer panel tests having to be done to conclude possible differences in 

properties of the shotcrete and in this case the fiber dosages. 

 

Vandewalle (2005) further described RDPs as: 

 

- “An ideal substitute for the classical beam test to determine the steel fiber reinforced concrete 

material characteristics”. 

2.5 Usage of low fiber dosages 

This stage of the literature study aimed to research whether there currently exists national or 

international guidelines and requirements for optimizing the fiber dosage in shotcrete. According to 

Malmberg (1993) there does not exist any well adopted guidelines regarding shotcrete in Sweden. 
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However, many major clients have established their own internal guidelines and routines (Malmberg 

1993). 

 

An important factor to acknowledge when conducting traditional dimensioning of buildings, the 

procedure must follow detailed rules for determining load cases and the required load capacity of 

various parts in the structure (Nilsson 2003). However, the process of evaluating the need for 

reinforcement in rock constructions is generally not as regulated as traditional dimensioning of 

buildings, as it is often based upon trial and error and experience (Nilsson 2003). The expected load and 

general recommendations regarding the extent of the need for support can however often be estimated 

using rock mass classifications such as the Q-system (Nilsson 2003). 

 

The Swiss Society of Engineers and Architects (SIA) recommends a minimum fiber dosage of 20 kg/m3 

steel fibers for use in rock support applications (SIA 162-6). Bekaert also states that no dosage below 20 

kg/m3 should be used (Vandewalle 2005). 

 

Bekaert also states that there is a requirement regarding the minimum spacing of the fibers within the 

shotcrete (Vandewalle 2005). According to the European standard EN 14487-1, the average distance 

between steel fibers should be lower than 0.45 𝑙𝑓 where 𝑙𝑓 is the length of the fibers in millimeters. An 

equation for estimating the distance between fibers has been presented by McKee (1969), see equation 

(2.15).  

 

 𝑠𝑓 = √
𝜋 ∙ 𝑑𝑓

2 ∙ 𝑙𝑓

4 ∙ 𝑝𝑓

3

 (2.15) 

 

Where, 𝑝𝑓 is the volume percentage of fibers (where 0.01 = 78.5kg/m3 for steel fibers (Vandewalle 

2005)), 𝑑𝑓 is the fiber diameter in millimeters and 𝑠𝑓 is the spacing between fibers.  

 

Equation (2.15) can therefore be used to calculate the minimum required dosage for meeting the spacing 

requirement for different fibers, see Table 10. The values highlighted in red in Table 10 indicate that the 

calculated dosage is lower than the overall minimum dosage of 20 kg/m3. 

 

Table 10. Values indicating the minimum dosage for different steel fiber types required to meet the spacing requirement 

according to equation (2.15). 

𝑙𝑓 (mm) 25 mm 30 mm 35 mm 

𝑑𝑓 (mm) (𝑠𝑓 = 11.25) (𝑠𝑓 = 13.50) (𝑠𝑓 = 15.75) 

0.45 22 15 11 

0.50 27 19 14 

0.55 33 23 17 

0.60 39 27 20 

0.80 69 48 35 

 

The minimum dosage can also be expressed as a function of the aspect ratio (lf/df) of the fiber using 

substitution in equation (2.15), see Figure 28. 
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Figure 28. Minimum fiber dosage as a function of the fiber aspect ratio 

 

The function for the relationship between the required fiber dosage and the fiber aspect ratio is obtained 

using regression analysis, see equation (2.16).  

 

 𝑦 = 67658.44 ∙ 𝑥−2 (2.16) 

 

Where, x is the fiber aspect ratio and y is the minimum required fiber dosage. 

 

By using equation (2.16) and the aspect ratio of the Bekaert RC-65/35-BN fiber (35 / 0.55 = 0.63) as the 

input parameter a required dosage of 16.7 kg/m3 is obtained, see equation (2.17). 

 

 67658.44 ∙ (35 0.55⁄ )
−2
≈ 16.7 𝑘𝑔/𝑚3 (2.17) 

 

The calculated minimum dosage to satisfy the spacing requirement for Boliden’s fibers is 16.7 kg/m3. 

Which is lower than the overall minimum dosage of 20 kg/m3 and therefore the minimum allowed 

dosage is determined being 20 kg/m3
. 

2.5.1.1 Case studies of fiber dosages in underground applications 

Numerous mining and civil-engineering support systems have been researched. However, no examples 

of large-scale use of lower fiber dosages than the one that the Kankberg mine is currently using has been 

found. Several mining and civil engineering projects were found where the dosage of 30 kg/m3 was used 

where good rock quality (according to the Q-system or RMR classifications) was expected. Some 

examples of researched projects are: 

 

• The TGV Tartaiguille tunnel, France 

• Mont-Terri safety tunnels, Switzerland 

• The Somport tunnel, Spain-France 

2.5.1.2 Analysis of the literature study and the case studies 

When evaluating whether the fiber dosage in shotcrete can be lowered in favor of cost savings, and 

especially when Kankberg currently uses a low dosage of 30 kg/m3, the question becomes if shotcrete 

support is needed. No real use cases for lower fiber dosages than 30 kg/m3 were found during the 

literature study. 
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However, some literature such as Darling (2011) suggests the use of plain shotcrete where no 

deformations are expected; that is shotcrete without fiber reinforcement. However, the use of plain 

shotcrete or even the adoption of unsupported excavations demands excellent rock quality (Darling 

2011). Without a covering layer shotcrete, loose rocks are free to fall into the excavation, therefore 

risking damaging personnel and machinery (Darling 2011). In the case of plain shotcrete, the layer runs 

at the risk of failing if the weight of the loose rock becomes too large and causes cracks in the shotcrete 

layer. This is because the lack of fiber reinforcement results in the post cracking strength of the shotcrete 

being negligible (Darling 2011). 

 

Given Boliden’s own safety requirements the idea of unsupported areas is out of the question. However, 

as the occurrence of movement of rock mass within the Kankberg mine is rare, small fiber dosages 

should be investigated. A thin fiber reinforced shotcrete layer would prevent loose rocks from falling out 

as well as the fibers providing the shotcrete with some enhanced post crack performance. 

 

The minimum allowed fiber dosage was found being 20 kg/m3. Therefore, if the energy absorption of a 

20 kg/m3 is enough to satisfy the energy absorption requirements in Kankberg the dosage can likely be 

lowered. 
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3 Results and analysis 

In this section the results from the RDP tests and fiber dosage evaluations are presented along with 

results from the numerical analyses and rock mass classifications of the Kankberg mine. Each of the 

three sub-sections; shotcrete tests, numerical analyses and rock mass classifications is followed by their 

own respective analysis section.  

3.1 Results of shotcrete tests conducted by Boliden and Bekaert 

Boliden has on multiple occasions conducted shotcrete tests while trying to optimize the shotcrete mixes 

for various mines (Askemur et al. 2007, Danielsson 2008 and Marklund 2016). These tests provide 

valuable information regarding the performance of a wide range of dosages as well as past experiences 

regarding shotcrete testing and specimen manufacturing. All the studied shotcrete tests performed by 

Boliden utilized RDP tests while Bekaert (Vandewalle 2005) evaluated their fibers using EFNARC 

panel tests.  

3.1.1 Kristineberg - 2007 

In 2007 Boliden in cooperation with LKAB and Zinkgruvan conducted shotcrete tests with the goal of 

determining whether it could be profitable to change fiber type in their respective shotcrete recipes 

(Askemur et al. 2007). The current fiber dosage in the Kristineberg mine is 40 kg/m3 which is greater 

than the current fiber-dosage in the Kankberg mine. However, the values for low deflection scenarios 

could prove applicable when evaluating the required fiber dosage in the Kankberg mine.  

 

Three different steel fibers and a batch of synthetic plastic fibers were selected to be tested and 

benchmarked against Bekaert’s RC-65/35-BN fiber that was currently being used in the Kristineberg 

mine at the time, see Table 11 (Askemur, et al. 2007). 

 

Table 11. Fibers tested in 2007 for the Kristineberg mine (Source: Askemur et al. 2007) 

Fiber name Supplier Manufacturer 

Dramix RC 65/35 BN Bekaert Bekaert (Czech Republic, Belgium) 

CHO65/35 NB Sika HICO (South Korea) 

Mixel T 35/0.55 Contab AB Boplan (Belgium) 

CHO65/35 NB Removex HICO (South Korea) 

Barchip Shogun (plastic fiber) EPC Group Hagihara Industries INC (Japan) 

 

An explanation for the Bekaert and the HICO fibers are presented in Table 4 and Table 12 respectively, 

whereas the Boplan naming scheme presents the fiber length and the diameter of the fiber (35 mm/0.55 

mm) instead of the length and length/diameter ratio like the others.  
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Table 12. Explanation for HICO’s naming scheme (Source: Sika 2018) 

Explanation for HICO’s naming format. 

C Glued clips 

H Hooked ends 

O Single end hook 

65 Performance rating (length/diameter ratio) 

35 Fiber length in millimeters 

N Low carbon content for improved ductility 

B Bright steel finish 

 

The plastic fibers were analyzed to determine if they could replace the steel fibers where large 

deformations are to be expected (Askemur et al. 2007). The goal of the study was to highlight the fibers 

effect on the load carrying capacity as well as their individual differences in practical handling while 

mixing and spraying (Askemur et al. 2007). The different shotcrete mixes were all mixed according to 

the Kristineberg mines original shotcrete recipe, only with the warrying fiber types, all else equal. 

(Askemur et al. 2007). 

 

For the steel fiber mixes the original fiber dosage of 40 kg/m3 was used. For the plastic fiber, a dosage of 

8 kg/m3 were used as the supplier deemed it equivalent to 40 kg/m3 of steel fibers (Askemur et al. 2007). 

The load carrying capacity of the different mixes was evaluated using RDP tests. The panels were 

manufactured at the Kristineberg mine and later transported and tested at Luleå University of 

Technology (Askemur et al. 2007). 

 

During the testing at Luleå University of Technology an equivalent value for the energy absorption 

capacity was calculated by dividing the measured energy absorption with the actual fiber content. This 

was done to allow for fair comparisons between the tests and fibers even though the actual fiber content 

of the specimens varied from each other (Askemur et al. 2007). 

 

This correction does not consider that the energy absorption per kilo changes with the varying fiber 

content. Due to the diminishing return effect of higher dosages; simply comparing the energy absorption 

capacity per kilo is not a fair comparison, see Figure 34. To correct the test results with respect to the 

diminishing return effect test values from EFNARC panel tests conducted by Bekaert on the RC-65/35-

BN fibers highlighted in Table 24 are used to calculate a correction factor. The correction factor (k40kg) 

for the expected fiber dosage is calculated by dividing the energy absorption per kg/m3 of fibers for the 

dosage of 40 kg/m3 with the energy absorption per kg/m3 for each tested fiber type. With regression 

analysis the correction factor can be determined using equation (3.1) and Figure 29. 

 

 𝑘40𝑘𝑔 = 0.3226 ln(𝑥) − 0.1844 (3.1) 

 

Where, x is the fiber dosage. 
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Figure 29. Calculation of the correction factor with respect to deviations from the expected fiber dosage (40 kg/m3) for different 

fiber dosages (Based on values from Table 24 (Vandewalle 2005)) (Source: Askemur et al. 2007) 

 

By using equation (3.1) a correction factor for each of the tested fiber type can be calculated by using 

the average fiber dosage as the input parameter, see Table 13 (Askemur et al. 2007). 

 

Table 13. Average fiber dosage in tested specimens for each fiber type with the calculated correction factor using equation 

(3.1) (Source: Askemur 2007) 

Fiber type Average fiber dosage [kg/m3] k40kg 

Bekaert 41.7 1.02 

SIKA 44.5 1.04 

Contab 36.6 0.98 

Removex 33.1 0.94 

 

When the correction factor for each fiber type is known the test results for each test can be multiplied 

with the corresponding correction factor. This correction results in values that would be equivalent to the 

tests if the dosage would have been 40 kg/m3 in each specimen and therefore the test results can be 

compared fairly, see Figure 30 (Askemur et al. 2007). 

y = 0.3226ln(x) - 0.1844
R² = 0.9968

0,7

0,75

0,8

0,85

0,9

0,95

1

1,05

1,1

20 25 30 35 40 45 50

C
o

rr
ec

ti
o

n
 f

ac
to

r 
k 4

0k
g

Fiber dosage [kg/m3]

Tested dosages Log. (Tested dosages)



 

 

33 

 

 
Figure 30. Corrected energy absorption of the tested fiber types using equation (3.1), (40 kg/m3 dosage for steel fibers and 8 

kg/m3 for plastic fibers) (Source: Askemur et al. 2007). 

 

In Figure 30 the resulting energy absorption for defined deflection intervals are shown. The tests show 

that the Bekaert fibers do have the greatest total energy absorption and especially at high deflections, see 

the 40-80 mm range in Figure 30. However, if the cost of the different fibers is considered, the Bekaert 

fibers are not the most cost-effective option for all ranges, see Table 14 and Table 15.  

 

When it comes to the load bearing capacity at certain deflections the Bekaert fiber proves to be the most 

cost-effective choice at deflections above 40 mm, see Table 14. Where, values highlighted in red within 

Table 14 and Table 15 corresponds to a cost increase. 

  

In the 0-40 mm deflection range a larger dose of Removex fiber compared to the 40 kg/m3 Bekaert 

dosage would be the optimal choice, as by adding 26% extra fibers it is able to absorb the same amount 

of energy as the Bekaert fiber while still resulting in a 3% cost saving. In terms of the energy absorption 

evaluated in Table 15, the Removex fiber proves to be the most cost-effective choice for the entire 

deflection range (0-80 mm). 

 

Table 14.  The amount of extra fibers in addition to the default dosage of 40 kg/m3 that are required to achieve the same load 

bearing capacity as the mixture with 40 kg/m3 Bekaert fibers, for certain deflections and the corresponding cost savings.  

(Source: Askemur et al. 2007). 

Fiber type 

10 [mm] 40 [mm] 80 [mm] 

Extra 

fibers 

Cost 

saving 

Extra 

fibers 

Cost 

saving 

Extra 

fibers 

Cost 

saving 

Bekaert 0% (0%) 0% (0%) 0% (0%) 

SIKA 37% -(9%) 112% -(69%) 189% -(130%) 

Contab 13% (4%) 85% -(57%) 319% -(255%) 

Removex 16% (11%) 26% (3%) 110% -(62%) 
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Table 15. The amount of extra fibers in addition to the default dosage of 40 kg/m3 that are required to achieve the same energy 

absorption capacity as the mixture with 40 kg/m3 Bekaert fibers, for certain deflections and the corresponding cost savings. 

(Source: Askemur, et al. 2007) 

Fiber type 

10 [mm] 40 [mm] 80 [mm] 

Extra 

fibers 

Cost 

saving 

Extra 

fibers 

Cost 

saving 

Extra 

fibers 

Cost 

saving 

Bekaert 0% (0%) 0% (0%) 0% (0%) 

SIKA -2% (22%) 31% -(4%) 50% -(19%) 

Contab -7% (21%) 16% (2%) 36% -(15%) 

Removex -5% (27%) 5% (19%) 16% (11%) 

 

The Removex fiber could be a more cost-effective fiber compared to the current use of Bekaert fibers, 

see Table 14 and Table 15. To achieve the same performance as Bekaert fibers for medium-large 

deflections such as the 40 mm and 80 mm deflection ranges the dosage must be increased by 5% and 

16% respectively. In such a case, the effect of a larger dosage with respect to practical factors such as, 

the accumulation of fiber clusters must be evaluated using large scale mixing and spraying tests.  

 

However, for 10 mm deflection the Removex fibers are more effective than the Bekaert fiber, see Table 

15. Therefore, 5% less fibers could be used, while still achieving the same energy absorption capacity as 

the Bekaert fiber, see Table 15. The smaller dosage of Removex fiber at a deflection of 10 mm 

corresponds to a cost saving 27%, see Table 15. Given that large deformations are rare in Kankberg 

(Marklund 2016), switching to a fiber type that is more cost effective for smaller deformations, such as 

the Removex fiber, could result in cost savings, see Table 14 and Table 15.  

 

However, further tests must be conducted before the Removex fibers can fully replace the Bekaert fiber. 

The tests need to determine whether the Removex fibers can show similar cost and performance 

advantages compared to the Bekaert fiber even at dosages more suitable for the Kankberg mine. 

3.1.2 Kankberg - 2015 

Prior to these tests Boliden used the same fiber dosage as in the Renström mine (Marklund 2016). These 

tests were conducted to evaluate if it was possible to lower the fiber dosage in the shotcrete in favor of 

cost optimization, without compromising the effectiveness of the shotcrete (Marklund 2016). The 

decision was made to test 3 different dosages, 15, 22.5 and 30 kg/m3 by casting 3 RDPs for each dose, 

see Table 16. 

 

Table 16. Produced shotcrete panels in Kankberg 2015 with nominal dosages (Source: Marklund 2016). 

Series Number of panels Fiber dosage [kg/m3] 

1 3 15 

2 3 22.5 

3 3 30 

 

The results from the tests indicate that there is only a 2% difference in average energy absorption 

between the 15 and 22.5 kg/m3 samples, see Table 17.  
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Table 17. Results from the 2015 Kankberg RDP tests (Source: Marklund 2016). 

Expected fiber dosage 
Absorbed energy  Average energy absorption 

at 40 mm deflection at 40 mm deflection  

[kg/m3] [J] [J] 

15 356 

356 15 305 

15 407 

22.5 349 

364 22.5 372 

22.5 370 

30 423 

484 30 573 

30 456 

 

The documentation from the shotcrete mixing insists that the batches did in fact have different fiber 

dosages (Marklund 2016). To determine whether the 15 and 22.5 kg/m3 samples in fact did contain the 

designed fiber dosages, the amount of fibers within a crack for one panel of each dosage was counted 

through ocular observation by the test supervisor (Marklund 2016). The counting of the fibers showed a 

difference between the 15 and 22.5 kg/m3 samples, but it is less than expected, see Table 18 (Marklund 

2016). 

 

Table 18. Resulting fiber counts from the panel cracks (Source: Marklund 2016). 

Expected fiber dosage 

[kg/m3] 
Panel number Fiber counted within a crack 

15 3 498 

22.5 3 553 

30 3 780 

 

A comparison of the energy absorption capacity per kg/m3 of fiber is presented in Figure 31. The results 

indicate that the specimens with an expected fiber dosage of 15 kg/m3 likely contain approximately 22.5 

kg/m3 fibers (Marklund 2016). 

 

 
Figure 31. Comparison between the energy absorption per kilo of fiber. (The corrected series of 15 kg/m3 marked in red 

squares is calculated with the assumption that it contains 22.5 kg/m3 fibers). 
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When testing the specimens, it was discovered that several panels showed extensive clustering of fibers, 

see Figure 32. To prevent the accumulation of fiber clusters in future tests; Larsson (2016) conducted a 

series of interviews with the personnel who manufactured the test specimens. It was discovered that the 

panels were casted instead of sprayed, even thought that the documentation insisted that the specimens 

were sprayed. Larsson (2016) found that it is likely that the clustering of fibers is a consequence of the 

casting instead of spraying as according to the interviewed personnel fiber clusters are common within 

the first batch of shotcrete that comes out of the truck, which was used during the casting.  

 

 
Figure 32. Image showing a cluster of fibers because of poor fiber distribution in the shotcrete (Source: Marklund 2016). 

 

The energy absorption and load bearing capacity of the 22.5 kg/m3 dosage were determined by 

Marklund (2016) as enough to operate in areas where the rock is assumed to crack under the shotcrete 

layer due to large time dependent deformations. Examples of such areas could be pillars in areas with a 

lot of structures or joints, or close to sill pillars in future exploitation (Marklund 2016).  

 

From the results of these tests the fiber dosage was lowered in the shotcrete recipe to 30 kg/m3 and a 

recommendation of new samples of the 22.5 kg/m3 dosage and lower was suggested before the fiber 

dosage could be lowered further (Marklund 2016). 

3.1.3 Renström & Kristineberg & Garpenberg - 2008 

In 2008, Danielsson (2008) conducted RDP tests and fiber dosage evaluations on shotcrete samples from 

three different Boliden mines each with their own fiber dosage, see Table 19. Where the expected fiber 

dosage is the fiber dosage specified by the concrete contractor. 

 

Table 19. Number of panels and dosages tested by Danielsson (2008) 

Mine Number of panels 
Expected fiber dosage 

[kg/m3] 

Kristineberg 6 36 

Garpenberg 3 30 

Renström 3 35 

 

Each panel was tested according to the procedure described in section 2.4.1.3 and ASTM-1550 at Luleå 

University of Technology. The results from the first and fourth panel from the Kristineberg mine along 

with the second panel from the Renström mine were discarded due to unsatisfactory panels and failures. 

These results have therefore been crossed-out, see Table 20.  
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Table 20. Results from RDP tests conducted by Danielsson (2008) 

Mine Panel 
Energy absorption  

[J] 

Kristineberg 1 - 

Kristineberg 2 495 

Kristineberg 3 477 

Kristineberg 4 336 

Kristineberg 5 472 

Kristineberg 6 486 

Garpenberg 1 535 

Garpenberg 2 589 

Garpenberg 3 554 

Renström 1 623 

Renström 2 543 

Renström 3 676 

 

After the testing 1/3 of a panel from each mine was sent back to Boliden for a fiber dosage evaluation, 

except for the Kristineberg panels where two panel sections were sent back for evaluations. First each 

panel section was weighted and later crushed. The resulting dust was filtrated, and the fibers were 

collected using a magnetic rod. The collected fibers and the concrete dust were later weighted, see Table 

21. Where, the “Screening loss” is the loss in weight due to dusting while crushing and filtering. The 

loss is calculated by comparing the weight of the collected fibers and concrete to the original weight of 

the panel section. The “Reinforcement” label is the percentage of steel fibers in the panel section, which 

is calculated by dividing the weight of the steel fibers with the weight of the original panel section. 

 

Table 21. Fiber dosage calculation conducted by Danielsson (2008) 

Panel 

Section Fiber Concrete Concrete + Screening Screening 
Reinforcement 

weight weight weight fiber weight loss loss 

[g] [g] [g] [g] [g] [%] [%] 

Garpenberg 29700 502.78 28935 29438 262 0.88 1.69 

Renström 32600 607.40 31800 32407 193 0.59 1.86 

Kristineberg 29100 564.52 28400 28965 135 0.47 1.94 

 

The density of the shotcrete mix was determined at Luleå University of Technology by drilling cores 

from tested panels. The cores were originally intended to be used for compressive strength evaluations, 

but prior to the compressive tests the cores were measured and weighted and therefore the density could 

be calculated. The original volume of the crushed panel sections could then be determined by dividing 

the weight of the panel section with the density of the shotcrete. The fiber dosage could then be 

determined by dividing the weight of the collected steel fibers with the corresponding panels calculated 

volume, see Table 22. 
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Table 22. Results from the fiber dosage evaluation conducted by (Danielsson 2008) 

Mine Panel number 
Density Specimen volume Fiber dosage 

[kg/m3] [m3] [kg/m3] 

Garpenberg Unknown 2315 0.012829374 39.190 

Renström Unknown 2282 0.014285714 42.518 

Kristineberg 5 2296 0.012674216 44.541 

Kristineberg 1 2290 0.012707424 44.424 

 

The panel numbers of the evaluated Garpenberg and Renström panels were not defined and are therefore 

marked as “unknown”, whereas the first and fifth panels were used for determining the fiber dosage for 

the Kristineberg mine. When the fiber dosages are known the average energy absorption per fiber 

dosage can be calculated, see Table 23. 

 

Table 23. Average energy absorption/fiber dosage 

Mine 
Fiber dosage Average energy absorption/fiber dosage 

[kg/m3] [J/(kg/m3)] 

Kristineberg 44.5 10.8 

Garpenberg 39.2 14.3 

Renström 42.5 15.3 

 

The calculated average energy absorptions in Table 23 assumes that all panels from a specific mine had 

the same fiber dosage as the crushed panel section from the same mine. The discarded test results were 

also ignored when calculating the average energy absorption. 

3.1.4 Bekaert - 2005 

In 2005 Bekaert (Vandewalle 2005) released a book where they presented benchmarking results of their 

different fiber types with varying dosages along with several case studies and general recommendations 

regarding fiber reinforced shotcrete (Vandewalle 2005). 

 

The test results presented by Vandewalle (2005) were obtained by evaluating EFNARC panel tests. A 

detailed description of the EFNARC panel tests is presented in sections 2.4.1.2. 

 

The tests were conducted on 4 different Bekaert fibers with dosages varying from 20 to 40 kg/m3, see 

Table 24. In Table 24, the ZP 305 fiber is a 30 mm long hooked fiber with a diameter of 0.55 mm which 

lacks coating, an explanation for the rest of the fibers is presented in Table 4. 

 

Table 24. Results from Bekaert's EFNARC25mm panel tests (Vandewalle 2005). (Boliden’s current fiber is highlighted in bold). 

Fiber dosage [kg/m3] 

RC-65/30-BN RL-45/30-BN RC-65/35-BN ZP 305 

Energy 

absorption 

[J] 

Energy 

absorption 

[J] 

Energy 

absorption 

[J] 

Energy 

absorption 

[J] 

20 650 475 800 605 

25 765 540 910 715 

30 880 605 1015 830 

35 965 690 1130 915 

40 1050 775 1245 1005 
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The developer of the RDP test (Bernard 2000) related the EFNARC panel test results to RDP results, 

and presented a coefficient of determination r2 of 88% for the correlation presented in equation (3.2). 

Where r2
 is a statistical term that describes how well data points fit a line or curve. r2 is measured in 

percentages and therefore ranges from 0-100%. 

 

 𝐸𝐹𝑁𝐴𝑅𝐶25𝑚𝑚(𝐽𝑜𝑢𝑙𝑒𝑠) = 2.5 ∙ 𝑅𝐷𝑃40𝑚𝑚(𝐽𝑜𝑢𝑙𝑒𝑠) (3.2) 

 

The r2 correlation of 88% is high, which is not unexpected as both RDP and EFNARC panel tests 

measure the integrated energy at high deflections. By dividing the EFNARC panel test results presented 

in Table 24 by 2.5 estimates of the corresponding RDP test results are obtained, see Table 25 and Figure 

33. 

 

Table 25. Corresponding RDP40mm results to Bekaert's EFNARC25mm panel tests. (Boliden’s current fibers in bold). 

Fiber dosage [kg/m3] 

RC-65/30-BN RL-45/30-BN RC-65/35-BN ZP 305 

Energy 

absorption 

[J] 

Energy 

absorption 

[J] 

Energy 

absorption 

[J] 

Energy absorption 

[J] 

20 260 190 320 242 

25 306 216 364 286 

30 352 242 406 332 

35 386 276 452 366 

40 420 310 498 402 

 

 
Figure 33. Plot showing the corresponding RDP results calculated in Table 25 

 

The results from the calculated energy absorptions for the Bekaert tests seem to be conservative, at least 

when compared to earlier tests conducted by Boliden (Danielsson 2008 and Marklund 2016) and others 

(Askemur et al. 2007). However, some of the difference might be a result of the concretes strength, but 

as Bekaert did not present their full shotcrete recipe no conclusion can be made. 
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Figure 34 shows that the curve approaches a steady value in energy absorption per kilos of fibers with an 

increase of the fiber dosage. Therefore, the fiber dosage becomes less effective as it increases in size in 

terms of absorbed energy per kilogram of fibers. 

 

 
Figure 34. Plot showing the absorbed energy per kilo fiber for each fiber dosage of the RC-65/35-BN fiber (Energy absorption 

obtained from Table 25). 

3.2 Results from shotcrete panel tests conducted by Larsson (2016) 

Larsson (2016) conducted all tests on the shotcrete from the Kankberg mine according to the described 

methodology in section 1.4.1. To achieve comparable data for the energy absorptions and load carrying 

capacities the deviations regarding specimen dimensions were corrected for using equation (2.11) and 

(2.13). The results from all individual RDP tests after the correction are shown in Figure 35 and Figure 

36.  

 
Figure 35. Loading curves for the individual tests. 

 

The average peak load increases with an increased fiber dosage, see Table 26. 
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Table 26. Peak loads for each series. 

Fiber dosage  

[kg/m3] 

Panel 1 

[kN] 

Panel 2 

[kN] 

Panel 3 

[kN] 

Average 

[kN] 

15 28.8 28.6 27.2 28.2 

20 29.6 31.4 30.6 30.5 

25 33 32.9 34.6 33.0 

 

If the load-deflection curves in Figure 35 are integrated, the energy absorption-deflection functions are 

obtained, see Figure 36. 

 

 
Figure 36. Energy absorption corrected for specimen size deviations using equation (2.11) and (2.12) for the individual tests. 

 

In terms of energy absorption, the results show a 16.6 J difference in average energy absorption between 

the 20 and 25 kg/m3 series, whereas the 15 kg/m3 series deviates by 166.4 J from the 20 kg/m3, see 

Figure 39 and Table 27.  

 

Table 27. Corrected energy absorption at 40 mm deflection 

Fiber dosage 

[kg/m3] 

Panel 1 

[J] 

Panel 2 

[J] 

Panel 3 

[J] 

Average 

[J] 

15 268 231 246 248.3 

20 408 382 454 414.7 

25 479 387 428 433 

 

A complication occurred during the testing. The third panel of the 25 kg/m3 series failed in an 

unsatisfactory way according to ASTM-C1550. The panel snapped in half and not in three similar pieces 

as required by ASTM-C1550, see Figure 37. All the other specimens failed in a satisfactory way 

according to ASTM-C1550. The result from the failed panel is ignored and therefore crossed-out in the 

summary. 
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Figure 37. Image showing the unsatisfactory failure of the 25:3 panel. 

 

The average load- and energy absorption is presented in Figure 38 and Figure 39  for each series 

respectively. These graphs help to highlight the small difference in results of the 20- and 25 kg/m3 series 

compared to the 15 kg/m3 series. 

 

 
Figure 38. Average loading curves for each series. 

As the peak load of all the samples occurred at approximately 1-2 mm deflection, the actual values are 

presented in Table 26 for better visibility. 

 

 
Figure 39. Average corrected energy absorption for each series. 
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3.3 Results from fiber dosage evaluations conducted by Larsson 

(2016) 

To be able to draw conclusions from the RDP results the actual fiber dosage of each specimen must be 

determined. This was done according to the methodology presented in section 1.4.1.3. In Table 28 the 

weight and volume correspond to a single panel section. The concrete and fiber columns are the 

remaining products after crushing and filtration. The screening loss shows the difference between the 

weight before crushing and the total weight of the retrieved concrete and fibers post-crushing. The 

screening loss therefore represent the losses in terms of mass that can be attributed to dusting during 

crushing and filtering. The reinforcement shows the percentage of fibers within a panel section. 

 

Table 28. Summary of the results from the fiber dosage evaluation. 

Panel 
  Weight Volume Concrete Fiber Screening loss Reinforcement  

Fiber 

dosage 
 [kg] [m3] [kg] [g] [kg] [%] [kg/m3] 

15: 1 25.08 0.011 24.73 158.08 0.19 0.63% 14.02 
 2 25.54 0.011 25.15 148.00 0.24 0.58% 12.89 
 3 28.24 0.013 27.87 161.70 0.21 0.57% 12.74 

20: 1 30.36 0.014 29.90 298.30 0.16 0.98% 21.86 
 2 29.92 0.013 29.44 291.90 0.19 0.98% 21.71 
 3 31.76 0.014 31.23 346.40 0.18 1.09% 24.27 

25: 1 26.10 0.012 25.57 306.60 0.22 1.17% 26.14 
 2 25.88 0.012 25.43 263.01 0.19 1.02% 22.61 

  3 31.86 0.014 31.33 356.70 0.17 1.12% 24.91 

 

The resulting fiber dosages show some deviations from the expected dosages, see Table 29. The average 

actual fiber dosages of the 20 kg/m3 was 22.61 kg/m3 which is closer to 25 kg/m3 than 20 kg/m3. The 

average dosage of the 20 kg/m3 and the 25 kg/m3 series only differ by 1.94 kg/m3 which are also 

reflected in the RDP results as they were similar for both series, see Table 29 and Figure 39. The 

specimens from the 15 kg/m3 series were all lower than the expected dosage of 15 kg/m3, which explains 

the 150 J difference between the RDP results of the 15 kg/m3 series compared to the others, see Figure 

39. This is because the steel-fibers are the main contributors to the shotcrete’s energy absorption 

capacity (Papworth 2002). 

 

Table 29. Table showing the fiber dosage deviation for each panel. 

Panel   

Expected 

dosage 

Determined 

Dosage 

Average determined 

dosage 
Deviation 

Average 

Deviation 

  [kg/m3] [kg/m3] [kg/m3] [%] [%] 

15: 1 15 14.02 

13.23 

-6% 

12%  2 15 12.89 -14% 

 3 15 12.74 -15% 

20: 1 20 21.86 

22.61 

9% 

13%  2 20 21.71 9% 

 3 20 24.27 21% 

25: 1 25 26.14 

24.55 

5% 

5%  2 25 22.61 -10% 

  3 25 24.91 0% 
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It was determined that all test specimens had a satisfactory fiber distribution. Therefore, no fiber clusters 

like the ones in Figure 32 were observed. A factor that might cause the fiber dosage in the applied 

shotcrete to deviate from the fiber dosage in the shotcrete recipe is the spray rebound. Nguyen (2011) 

states the following: 

  

- “Since fiber rebound is generally greater than aggregate rebound, there is usually a smaller 

percentage of fibers in the shotcrete in place”. 

 

No values comparing the rebound rates of fiber and aggregates could be found, although Vandewalle 

(2005) described that the differences in rebound between aggregates and fibers as negligible. 

3.4 Analysis of shotcrete test results 

By using the measured peak loads from Table 26 in combination with equation (2.6) and equation (2.7) 

the tensile stress in the outer fiber, σ can be obtained for the corresponding peak load, see equation (3.3) 

and Table 30. 

 

 
6𝑅𝑃

3√3𝑅0𝑑
2
= 𝜎 (3.3) 

 

Table 30. Calculated tensile stress σ for all tested panels using equation (3.3). 

Series Calculated tensile stress σ 

Expected fiber dosage 

[kg/m3] 

Panel 1 

[MPa] 

Panel 2 

[MPa] 

Panel 3 

[MPa] 

Average 

[MPa] 

15 5.5 5.5 5.2 5.4 

20 5.7 6.0 5.9 5.9 

25 6.4 6.3 6.7 6.4 

 

By plotting the measured peak forces against the measured fiber dosages an expression for the changes 

in peak force as a result of a change in fiber dosage is obtained, see Figure 40 and equation (3.4).  

 

 
Figure 40. Plot showing the peak load as a function of the actual fiber dosage obtain from the tested panels. (Excluding the 

failed 25:3 panel test) 
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 𝑃𝑒𝑎𝑘 𝑙𝑜𝑎𝑑 [𝑘𝑁] =  6.002 ∙ ln(𝐹𝑖𝑏𝑒𝑟 𝑑𝑜𝑠𝑎𝑔𝑒 [𝑘𝑔 𝑚3⁄ ]) + 12.65 (3.4) 

 

Using the measured peak loads in Table 26 in combination with the measured loads at 10, 20, 30 and 40 

mm deflection the average post-crack load can be calculated using equation (3.5). 

 

 𝑓𝑎𝑣𝑔 =
1

40 − 𝛾
∑∫ 𝑓(𝑥)

𝑏𝑖

𝑎𝑖

𝑑𝑥

𝑛

𝑖=1

 (3.5) 

 

Where 𝛾 is the deflection at peak load expressed in millimeters, n is the number of intervals between 

measuring points, in this case 4; in-between the deflection at the peak load 10, 20, 30 and 40 mm 

deflection. [ai, bi] is the upper and lower limits of a deflection range in an interval. The function f(x) 

describes the change in load between two measuring points, in this case the change in load between the 

two points is assumed to be linear. When the average post-crack load is known the theoretical post-crack 

energy absorption can be calculated using equation (2.8), see Table 31. The last row in Table 31 has 

been crossed out due to the unsatisfactory failure of the 25:3 panel during testing and should therefore 

not be considered. 

  

Table 31. Measured peak loads and load at 10, 20, 30 and 40 [mm] deflection and the resulting calculated average post-crack 

load and energy absorption for every specimen. 

Panel 
Peak Load 

[kN] 

Load at Load at Load at Load at 
Average load 

[kN] 

Calculated 

10 mm 20 mm 30 mm 40 mm Energy absorption 

[kN] [kN] [kN] [kN] [J] 

15:1 28.8 9.0 5.6 4.9 2.4 8.5 328.3 

15:2 28.6 7.6 4.8 2.9 1.9 7.3 285.6 

15:3 27.2 8.0 5.1 3.5 2.5 7.6 295.1 

20:1 29.6 15.1 9.9 6.2 4.1 11.7 455.9 

20:2 31.4 14.6 8.9 5.9 4.4 11.4 443.1 

20:3 30.6 15.3 9.6 6.1 4.0 11.7 450.9 

25:1 33.0 16.2 10.1 6.9 4.9 12.6 484.6 

25:2 32.9 12.9 7.4 4.9 3.5 10.4 399.7 

25:3 34.6 15.9 8.3 5.2 2.0 11.5 446.7 

 

The calculated theoretical post-crack energy absorption can then be plotted against the measured fiber 

dosage of each sample to get an expression for the theoretical energy absorption for every sample, see 

Figure 41 and equation (3.6). 
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Figure 41. Plot showing the calculated theoretical absorbed energy as a function of the actual fiber dosage obtain from the 

tested panels. (Excluding the failed 25:3 panel test) 

 

 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 [𝑀𝑃𝑎] =  254.56 ∙ ln(𝐹𝑖𝑏𝑒𝑟 𝑑𝑜𝑠𝑎𝑔𝑒 [𝑘𝑔 𝑚3⁄ ]) − 354.16 (3.6) 

 

All the measured peak loads are less than the maximum block load of 88.2 kN calculated in section 

2.3.2.2. However, Barrett (1995) states that the calculated block load is highly conservative as the 

calculation does not account for any type of frictional resistance. 

 

Without considering the actual fiber dosage of the panels, the RDP test results shown in Figure 39 

showed that the energy absorption capacity of the 20 and 25 kg/m3 dosages were very close. When the 

determined fiber dosages were considered, a correlation between determined fiber dosages and 

corresponding actual energy absorptions could be evaluated, see Figure 42 and equation (3.7). 

  

 
Figure 42. Plot showing the actual absorbed energy as a function of the actual fiber dosage obtain from the tested panels. 

(Excluding the failed 25:3 panel test) 
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 𝐸𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 [𝐽] =  312.35 ∙ ln(𝐹𝑖𝑏𝑒𝑟 𝑑𝑜𝑠𝑎𝑔𝑒 [𝑘𝑔 𝑚3⁄ ]) − 559.20 (3.7) 

 

Equation (3.7) has a coefficient of determination (r2) percentage of 97% which is exceptionally high. 

 

By dividing Equation (3.7) with the fiber dosage x an expression for the energy absorption per kg/m3 of 

fiber is obtained: 

 

 𝑓(𝑥) =  
312.35 ∙ ln(𝑥) − 559.20

𝑥
 (3.8) 

 

Equation (3.7) can then be differentiated to get an expression for the rate of change of the energy 

absorption per kg/m3 of fiber with respect to a changing fiber dosage, see equation (3.9) 

 

 𝑓′(𝑥) =  
871.55 − 312.35 ∙ ln (𝑥)

𝑥2
 (3.9) 

 

By using equation (3.9) and assigning the rate of change to f’(x) = 0 and solving it for x, the most 

efficient dosage in terms of energy absorption per kilo of fiber is 16.3 kg/m3, see equation (3.10). 

 

 𝑓′(𝑥) = 0 → 𝑥 = 𝑒17431/6247 ≈ 16.3 [𝑘𝑔/𝑚3] (3.10) 

 

The dosage of 16.3 kg/m3 is lower than the minimum dosage of 20 kg/m3 described in section 2.5. 

 

Equation (3.7) can be used to calculate a set of dosages and compare them to RDP results from Boliden 

(Askemur et al. 2007, Marklund 2016 and Danielsson 2008) and Bekaert (Vandewalle 2005), see Table 

32 and Figure 43. 

 

Table 32. Table showing energy absorption at 40 mm deflection for calculated values using the correlation equation and 

earlier tests conducted by Boliden and Bekaert. 

Dosage Equation (3.7) Bekaert 2005 Kankberg 2015*) Renström 2008 Garpenberg 2008 

[kg/m3] [J] [J] [J] [J] [J] 

15 286.7 - 356 - - 

20 376.5 320 - - - 

22.5 413.3 - 363.7 - - 

25 446.2 364 - - - 

30 503.2 406 484 - - 

35 551.3 452 - - - 

39.2 586.6 - - - 559.3 

40 593.0 498 - - - 

42.5 612.1 - - 649.5 - 
*) Expected fiber dosages 
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Figure 43. Plot showing the different test results and trendlines for the Bekaert and Kankberg 2016 tests. 

In Table 32 the calculated values using equation (3.7) only differs 5-6% with average energy absorption 

from tests at Renström and Garpenberg. The values obtained from the earlier Kankberg tests showed a 

deviation of 4-24 % from the calculated values using equation (3.7), see Table 32. This can be explained 

by the clusters observed in Figure 32 which is expected to negatively affect the panels energy absorption 

capacity. Equation (3.7) gives larger energy absorption for the same dosage compared to the energy 

absorption converted from Bekaert’s EFNARC panel results by using equation (3.2). However, Bekaert 

did not state their complete shotcrete recipe and it is expected that some of the deviation could be 

explained by the strength of the concrete mix. 

 

For small deflections (<10 mm) the larger fiber dosages can absorb more energy compared to smaller 

dosages. The difference in energy absorption between dosages increases as the deflection increases, see 

Figure 44. At 5 mm deflection the energy absorption of the 26.14 kg/m3 dosage is 70% larger than the 

12.74 kg/m3 dosage. At 10 mm deflection the same difference increases to 85% and continues to 

increase further as the deflection increases. Therefore, the relative effect of a greater fiber dosage 

increases with the deflection. 
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Figure 44 Energy absorption for small deflection (<10 mm). 

 

In terms of load carrying capacity for small deflections (<10 mm) the difference between fiber dosages 

is at its largest point directly after the cracking at the peak load, see Figure 45. The larger fiber dosages 

have a larger residual strength as more fibers are bridging the cracks and can carry load. The difference 

in residual strength between the fiber dosages decreases as the deflection increases, due to fibers being 

pulled out or breaking as the load carrying capacity approaches 0, see Figure 45. 

 

 
Figure 45 Load carrying capacity for small deflections (<10 mm). 

 

To compare the differences in residual strength between different dosages the load carrying capacity at 5 

mm deflection for the tested dosages is presented in Figure 46. 
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Figure 46 Plot showing the residual strength at 5 mm deflection as a function of the actual fiber dosage obtain from the tested 

panels. (Excluding the failed 25:3 panel test) 

 

 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑎𝑡 5 𝑚𝑚 =  14.831 ∙ ln(𝐹𝑖𝑏𝑒𝑟 𝑑𝑜𝑠𝑎𝑔𝑒 [𝑘𝑔 𝑚3⁄ ]) − 27.646 (3.11) 

 

Using equation (3.11) the residual strength at 5 mm deflection can be determined for other dosages. For 

the 30 kg/m3 dosage that the Kankberg mine is currently using the energy absorption, peak load and 

residual strength is presented in Table 33. 

 

Table 33 Back-calculated energy absorption, peak load and residual strength for the 30 kg/m3 dosage. 

Fiber dosage 

Energy absorption  

(at 40 mm deflection) 

Equation (3.7) 

[MPa] 

Peak Load 

Equation (3.4) 

[kN] 

Residual strength 

(at 5 mm deflection) 

Equation (3.11) 

[kN] 

30 kg/m3 503.2 33.1 22.8 

 

The calculated values in Table 33 can be compared with Table 26, Table 27, Table 28 and the residual 

strengths in Figure 46. Lowering the dosage to 25 kg/m3 would results in a 13% decrease in energy 

absorption, a 3% decrease in peak load and a 12% decrease in residual strength at 5 mm deflection. 

3.5 Results from the numerical analysis of the Kankberg mine 

The numerical analyses are conducted on various parts of the Kankberg mine using the software 

described in section 1.4.2. First the validity of the provided failure criterion is evaluated. Then stress 

analyses are conducted on mainly stopes and isolated pillars within them as that is where most detected 

cracks within the shotcrete have occurred. This is done to detect future problem areas where tougher 

support requirements might be needed. All stopes within the Kankberg mine are described with a 

shortening system e.g. “S418 S8”. Where, the initial “S” is a prefix for the ramp that is used to access 

the stope (S=southern, N= northern), 418 represents the depth of the stope. The second “S” is the 

shortening for “ore slice” and the final number is the ore slice number.  

y = 14.831ln(x) - 27.646
R² = 0.9618
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3.5.1 Results from the evaluation of the failure criterion 

To investigate if the failure criterion presented in Section 1.4.2 (𝜎𝑐𝑟 = 𝜎𝑑 = 45-50 MPa) is valid, stress 

analyses are conducted at the stopes where real failure of the shotcrete layer or the rock surface itself has 

been observed.  

 

Previous cracks and convergence had been observed in the S418 and N542 stopes, see Figure 47. The 

cracks in the S418 stope have been observed at the stopes 8th slice, whereas the stope is planned for 

having a final ninth 9th slice. However, the 9th slice and a sill pillar are being saved for later while the 

overlaying stope is being continuously mined upwards, see Figure 52. A convergence measurement 

program has been installed by Perez (2016e) inside the S418 stope and the stope is regularly inspected 

for new damages as well as the development of known cracks which are monitored and documented. To 

achieve good benchmarking values for future stopes and ramp development, stress analyses must be 

conducted on the S418 and N542 stopes to verify whether the critical stress levels of 45-50 MPa as 

presented by Marklund (2011) and Perez (2016b) is an accurate indicator of when cracks and movement 

can be expected to occur. 

 

 
Figure 47. Picture showing the vertical cracks (highlighted in red) in the sole isolated pillar in the N542 stope (Source: 

Tornberg 2016b). 

3.5.1.1 Stress analysis of the N542 stope 

The N542 stope is currently the deepest situated stope in the northern ramp system. The stope itself was 

one of the few selected to be bench mined for their first two slices. The second slice was mined first, and 

the first level was later bench mined, see Figure 12. The single isolated pillar in the stope had tendency 

for cracking (Tornberg 2016b), see Figure 47 and Figure 48. In Figure 48 the striped brown square 

within the red circle represents the planned pillar cross-cut, whereas the black line within the same circle 

represents the actual pillar cross-cut. 
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Figure 48. Partial layout of the N542 stope (The damaged isolated pillar is situated between N542_v2 and N542_v3, marked in 

red) (Source: Boliden 2016a). 

 

In Figure 49 and Figure 50 the results from the stress analysis of the pillar are shown. The black 

rectangles within Figure 49 and the black areas shown in Figure 50 represent the excavated void. The 

other colors show the magnitude of differential stress within the rock mass according to the scale on the 

right-hand side of both images. Figure 50 shows that the stresses within the pillars are larger than the 

stress within the rest of the surrounding rock mass and Figure 49 shows a crosscut of these pillars. Both 

Figure 49 and Figure 50 show that the stress within the pillar does reach the critical stress level of 45-50 

MPa. 

 

 
Figure 49. Vertical cross-cut of the N542 stope stress analysis. 
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Figure 50. Horizontal cross-cut of the N542 stope stress analysis. 

 

In Figure 51 the differential stress in the middle of the vertical cross-cut of the pillar is plotted. 

 

 
Figure 51. Plot showing the differential stress in a vertical cross-cut of the cracked isolated pillar in the N542 stope. 

 

The numerical analyses show that the differential stress does in fact reach 45-50 MPa which can then be 

attributed to the cracking of the shotcrete layer. The reasons for the relatively high differential stress can 

be traced back to the slice being the initial slice of the entire stope. This has also been the case for other 

“virgin” stope slices (Tornberg 2016a). In a “virgin” stope slice the pillar is currently at its shortest point 

in its life span as only one slice of the stope has been mined out. As the pillar height is at its minimum 

the stress can be expected to be at its highest point. This can be proved by the pillar stress equation 

presented by Coates (1981), see equation (3.12) and section 3.6. Another important factor that increases 

the stress levels within the pillar is the deviation from the planned pillar foot-print, because of structures 

within the pillar, see Figure 48.  
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3.5.1.2 Stress analysis of the S418 stope 

The S418 stope is unique in the Kankberg mine in the sense that there is a sill pillar that is to be kept in 

between the S418 and the S382 stope, see Figure 52. As the first slices of the overlying S382 stope has 

already been mined out and the S418 stope is being mined upwards an increase in stress in the sill pillar 

is expected as the S418 stope approaches the overlaying sill pillar. The 8th slice of the S418 stope is the 

second last slice of the stope. Cracks in the center pillar of the stope and cracks in the rock face during 

the mining process has been observed. The stress analysis of the S418 is entirely based on a model 

provided by Perez (2016a). 

 

 
Figure 52. Image showing the location of the S418 and 8th slice of the stope (marked in green). Red represents mined out slices, 

blue represent slices that are to be mined and black representing the surrounding rock mass including the sill pillar 

 (Source: Perez, 2016c). 

 

The stress analysis model of the S418 stopes 8th slice is divided in mining steps on a slice level, meaning 

that each individual stage represents a blast cycle, see Figure 53. The grids used for the stress analysis 

are placed as close as possible to each mining steps rock face, see Figure 53. Therefore, the stresses of 

the face can be evaluated for each blast cycle. The stress induced cracks became less apparent with each 

additional blast cycle. This is also proved by the stress analysis shown in Figure 54. 

 

 
Figure 53. Image showing the grid placements for the stress analysis of the S418 stope. Yellow lines representing grids and the 

green representing mining steps (Source: Perez 2016d, Modified by (Larsson 2016)). 
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The stress analysis is performed using the 4 grids shown in Figure 53. Each stage is being analyzed as 

the mining cycle has reached the corresponding grid, see Figure 53. The results from the stress analysis 

in combination with the observations that has been made on the rock face of each step provides an 

additional case whether the defined critical differential stress, 𝜎𝑐𝑟 can be used as a good failure criterion. 

The results of the stress analysis is shown in Figure 54, where black represents a mined-out void in the 

rock mass and the other colors represents the differential stress in the rock mass according to the scale 

on the left-hand side of each figure. Each of the four colored planes for each stage in Figure 54 

corresponds to a grid plane in Figure 53. As each stage is mined within the analysis the excavation 

pierces through an additional grid plane and ends up close to the next grid plane. Therefore, the focus 

should be on the first grid in stage 1, on the second grid in stage 2 etc. As they show the stress within the 

current face of the excavation. 

 

 
Figure 54. Stress analysis of the mining stages of the S418 stopes 8th level using the grids shown in Figure 53. 

 

The differential stress within the rock face of the first three stages are larger than the critical stress level, 

𝜎𝑐𝑟 of 45-50 MPa, see Figure 54. The stress within the faces decreases with each blast cycle. The rock 
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mechanical documentation states that the cracking of the face decreased and eventually almost entirely 

vanished at the 4th stage in Figure 54. This is also supported by the fact that the 4th stage of the analysis 

in Figure 54 shows that the differential stress in the rock face has decreased to 50-40 MPa as compared 

to 100 MPa in the earlier stages. The 4th stage still showed signs of cracking in the rock face, but showed 

clear improvements compared to the earlier stages. 

 

Therefore, it is reasonable to assume that the critical stress level of 45-50 MPa can be trusted as a fair 

indicator of when movement in the rock mass might occur because of failure. 

3.5.2 Stress analyses of future mining areas 

To determine the stress changes resulting from the continuous mining, the existing Map3D model of the 

Kankberg mine had to be modified. The modifications included the following improvements: 

 

• Implementations of additional planned layouts for future stope slices. 

• An expansion of the models mining step sequence to account for future stopes and slices.  

• Slight modifications to the existing model’s geometry to improve the model’s accuracy, due to 

geometrical errors being corrected.  

 

The updated Map3D model can be seen in Figure 55, where red represents mined out slices, yellow 

represents slices that are in the process of being mined, blue representing planned stope slice layouts and 

purple representing isolated pillars which have also been highlighted with yellow circles.  

 

 
Figure 55. Updated Map3D model of the Kankberg mine.  
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3.5.2.1 Stress analysis on future stope levels. 

When analyzing the stresses in a stope the slices within the stope are intersected with grid planes as can 

be seen in Figure 56. A special focus has been put on analyzing pillars as they have proven to be more 

prone to failure compared to the rock mass surrounding the excavations, therefore the grids within 

Figure 56 intersects the stope pillars. 

 

 
Figure 56. Image showing a typical grid setup for an analyzed stope. 

 

When analyzing the future stope slices there are only small changes in stress as the mining continues. 

This can be observed in Figure 57, where stage #1 represents the slice that is currently being mined and 

the other stages show the future stress situation when some additional slices of the stope have been 

mined out. Figure 58 does not show the 3rd, 4th and 5th stages as none of them shows noteworthy 

differences from the 2nd and 6th stage and therefore the 6th stage is only included to show that the 

differential stress within the pillar is decreased as the pillar grows significantly taller.   

 

 
Figure 57. Image showing the stress analysis of an average Kankberg stope. Where stage 1 represents the current slice. 

 

In the Kankberg mine the bottommost slices of each planned stope has already been mined out. 

However, in certain slices where the orebody is determined being larger than the previous slice, more 
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pillars are required to support a larger excavated volume. This results in new “virgin” pillars forming 

which must carry larger stresses compared to their taller counterparts. One such example can be seen in 

Figure 58, where the first stage shows two new “virgin” pillars being formed as the 6th slice is wider 

than the underlying 5th slice, therefore requiring more pillars. The leftmost of the new pillars shown in 

Figure 58 shows signs of failure as the red color indicates that the differential stress within the pillar is 

larger than the critical stress 𝜎𝑐𝑟. Furthermore, Figure 58 does not show the 3rd and 4th as none of them 

shows noteworthy differences from the 2nd and 5th stage and therefore the 5th stage is only included to 

show that the differential stress within the pillar is decreased as the pillar grows significantly taller. 

 

 
Figure 58. Image showing the changing pillar stress following the mining sequence. 

 

There are some cases where a sill pillar has been saved for later. Where the analysis indicates failure in 

the roof, see Figure 59. The analyzed stope has already been sprayed with shotcrete containing 30 kg/m3 

dosage of fiber and would not be affected from a potentially lowered fiber-dosage recommendation. The 

failures indicated in Figure 59 can also be witnessed visually from within the stope as the shotcrete layer 

has begun to show signs of cracking as shown in Figure 60. 

 

 

 
Figure 59. Image showing an extreme case of the S418 stope. Where, stage #7 shows the stresses when all the above slices have 

been mined out and stage #8 showing the stresses after the sill pillar has been partially mined. 
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Figure 60. Image showing signs of cracking in the center pillar of the S418 stope, cracks are highlighted with white paint. 

(Source: Tornberg 2016a) 

3.5.2.2  Conceptual analyses of future ramps. 

When it comes to future ramp development, the Kankberg mine have already developed the ramps 

needed for the upcoming years. The ramp that has been analyzed is based on preliminary plans for a 

future exploration drift. 

 

These analyses were performed using a two-dimensional finite element method (FEM) program called 

Phase2 (Rocscience 2016b). Given that the analyses are 2-dimensional the analyzed cross-sections are 

assumed being the same along an infinitely long distance. This is not often the case in a mining 

environment where small compartments and storage areas are common along the ramps. 

 

 
Figure 61. Simplistic illustration of a ramp. The top-down illustration showing that the ramp consists of a longer, almost 

straight sections and shorter and more curved sections. 

 

The planned exploration drift is situated just below 600 m depth whereas the current ramp ends at 545 

m. As the ramp progresses in a downwards elliptic-spiral, elongated section of the ramp will be parallel 

Profile Top-down 

σ1 

Figure 62 

Figure 63 
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with the major horizontal stress while the crosscut within the curved sections will be perpendicular to 

the major horizontal stress, see Figure 61.  

 

 

Figure 62. Results of the stress analysis of the N545 ramp. White indicates an excavated arena and the other colors represent 

the differential stress within the rock mass according to the included stress ranges. Left image shows the current stress situation 

and the right shows stress situation after continued ramp development (The primary horizontal stress is parallel to the ramp). 

 

The crosscuts in Figure 62 are the only cross-section that occasionally satisfies the assumption of an 

elongated excavation. The analysis shows signs of potential failure in the walls of the excavation as the 

stress within the wall exceeds the critical differential stress, 𝜎𝑐𝑟. As the ramp is supported with a 

shotcrete layer and rock bolts some failure is accepted, as the support system is expected to retain some 

failure. The analysis further shows no difference regarding stress levels when comparing the current 

level at 545 m depth with the speculated final depth of roughly 600 m, as can be observed when 

comparing the left and the right images shown in Figure 62. Furthermore, no failure close to the current 

ramp face has been observed or documented, and it is therefore expected that the use of support 

elements can be downscaled. 
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Figure 63. Results of the stress analysis of the N545 ramp. White indicates an excavated arena and the other colors represent 

the differential stress within the rock mass according to the included stress ranges. Left image shows the current stress situation 

and the right shows stress situation after continued ramp development.  (Primary horizontal stress is perpendicular to the 

ramp). 

 

In the analysis shown in Figure 63 the major horizontal stress is perpendicular to the tunnel crosscut, see 

Figure 61. This is expected to occur within the tightest curvature of the elliptic ramp-spiral. Therefore, 

this section is not elongated and therefore the assumption of the cross-sections being the same along an 

infinitely long distance is poor. Therefore, the results can be used as reference instead of for design 

purpose. The analysis shows a potential for failure in the top-most point of the arced-roof as the 

differential stress exceeds the critical differential stress 𝜎𝑐𝑟. As the roof is entirely covered with 

shotcrete and supported with rock bolts and no failure has been observed at earlier levels the support 

system appears to be able to retain the possibly cracked rock supported by the shotcrete cover. The 

analysis shows no difference when comparing the stress levels of the current- and future ramp levels 

when comparing the left with the right image in Figure 63 as the stress levels of the different levels are 

the same. 

3.6 Analysis of the numerical analyses 

When summarizing the analyses, it is important to point out that all the analyzed stope slices are based 

on planned layouts. Therefore, analyzed pillars are assumed being completely square, which will not be 

the case as the stope slices gets mined. The deviation in geometry can be described as over-break or 

underbreak of rock, which in return can be a consequence of rock mass structures, drilling or charging. 

These deviations from the planned geometries will impact the magnitude and distribution of stresses 

within the rock mass. Therefore, if the excavation deviates from the planned layout, results from these 

stress analyses might not be an accurate description of the in-situ conditions. An example of such a 

deviation can be seen in Figure 64, where the black line represents the actual geometry and the striped 

square within the red circle represents the planned pillar footprint. 
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Figure 64. Image of a pillar that has suffered from damages from intersecting rock mass structures. (Source: Tornberg, 2015). 

 

The roofs of the excavations are also analyzed as being completely flat. This is also not true as all areas 

within the mine have a slightly arced roof. Because of this the stress within the corners of the roof will 

likely be overestimated within Map3D. This is because of the distribution of stress in a rectangular 

cross-cut is concentrated at the corners of the rectangle (Nordlund et al. 1998). Furthermore, the 

analyses conducted on future stope levels do not simulate the stress field imposed by the stopes within 

the northern orebody. These are expected to affect the stress levels within the ramp system and therefore 

these results should only be used as hints as to how the ramp at the deeper levels are expected to behave 

compared to the current level. 

 

To summaries the analyses, there are risks of pillar failure especially during the excavation of the first 

slice of each orebody. This is because pillar stresses decrease with an increased pillar height, which can 

be shown with the Coates pillar method as presented by Coates (1981), see equation (3.12)  

 

 𝜎𝑝 = 𝜎𝑣
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 (3.12) 

 

Where 𝜎𝑝 is the pillar stress, Rext is the extraction ratio, which is calculated using equation (3.13). K0 is 

the ratio of horizontal to vertical stress, h is the pillar height, w is the lateral extent of the mined area, E 

and 𝜐 are elastic constants, rm is the subscript for “rock mass” and p is the subscript for “pillar”, B is the 

individual opening width and N is the number of pillars across the panel. 

 

 𝑅𝑒𝑥𝑡 =
𝐴𝑀
𝐴𝑇

=
𝐴𝑇 − 𝐴𝑝

𝐴𝑇
 (3.13) 

 

Where 𝐴𝑀 is the extracted area,  𝐴𝑇 is the total area of the orebody and 𝐴𝑝 is the pillar area. 

 

By increasing the pillar height h in equation (3.12) and keeping all else equal the pillar stress, 𝜎𝑝 

decreases. Therefore, as mining continues onwards the pillar grows in height and the stress within the 

pillar decreases. 

 

However, with increased pillar height the strength of the pillar also decreases which can be derived from 

several empirical methods for pillar strength determination such as: 
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• The “Linear Shape Effect Formula” 

• The “Power Shape Effect Formula” 

• The “Size Effect Formula” 

 

These formulas all take the general form of equation (3.14) (Lunder 1994). 

 

 𝑃𝑠 = 𝐾 ∙ (𝛼 + 𝛽 (
𝑤𝑎

ℎ𝑏
)) (3.14) 

 

Where Ps is the Pillar strength (MPa), K is a term related to the strength of the pillar material (MPa), h is 

the pillar height, w is the lateral extent of mined area while 𝛼, 𝛽, a and b are empirically derived 

constants depending on the local rock mass. 

 

By changing the height and keeping all other parameters constant in equation (3.14), pillar strength 

decreases with an increased pillar height.  

 

None of the studied damage reports in combination with the stress analyses conducted in section 3.5.1 

with the goal of backtracking already mined out slices showed any signs of failure in pillars taller than 

two stope-slices. It is therefore assumed that upcoming pillars will behave similarly and therefore the 

strength of tall pillars is deemed enough as the stress levels within the pillars for upcoming slices are 

comparable to already mined out stopes. 

3.7 Results from on-site inspections and classifications 

To get an understanding for the local rock mechanical challenges and the local rock mass numerous 

mine inspections were conducted by Larsson (2016). During the visits to the mine, newly mined areas 

were inspected, and the local rock mass was classified using the Q-classification system. 

3.7.1 Results from the inspections of the rock support systems 

During the mine inspections numerous thickness measurements of the shotcrete were conducted at 

several sections of the mine. This was done by first removing parts of the shotcrete with a hammer and 

chisel and then measuring the thickness using a tape measure, see Figure 65. 

 

 
Figure 65. Image showing the measurement process of a 10 [mm] thick shotcrete layer. 
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The results from the measurements indicate that the thickness of the shotcrete layer covering the walls, 

especially in ramps, might not be enough to carry large loads. Malmgren et al. (2004) conducted 

extensive failure mappings of shotcrete in the Kiirunavaara mine and concluded that a shotcrete layer 

with a thickness less than 20 mm did not provide any significant support to the rock. The thin layer 

might provide enough support to keeping loose smaller rock fragments in place but might pose a 

problem if the weight from the loose material becomes too large. Therefore, if the excavation were to 

intersect a crushed zone, where the shotcrete layer must transfer the weight of the loose rocks the 

shotcrete layer might not have enough thickness. However, no such large-scale failures of the shotcrete 

have been observed during the mine inspections conducted by Larsson (2016). 

 

The cracked shotcrete layers that have been observed by Larsson (2016) have been a result of structures 

within the rock mass intersecting the excavation, with an exception of the S418 stope. The cracks within 

the S418 stope are a result of the stress situation which is a consequence of the excavation approaching 

the sill pillar, as presented in section 3.5.2.1.  

3.7.2 Rock mass classification 

To get a more representable characterization of the rock masses in Kankberg, several rock-mechanical 

inspections were conducted by Larsson (2016). The goal for these inspections was to inspect the 

development of known damages and cracks as well as inspect newly mined sections for new damages 

and general rock quality parameters. 

 

To determine the Q-value of a rock mass the first parameter that must be evaluated is the RQD. RQD is 

a one-dimensional measurement based on drill core pieces longer than 10 cm and is determined 

according to equation (3.15). 

 

 𝑅𝑄𝐷 =
𝛴 𝑙𝑒𝑛𝑔𝑡ℎ (𝐿) 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑝𝑖𝑒𝑐𝑒𝑠 >  10 [𝑐𝑚] 𝑙𝑒𝑛𝑔𝑡ℎ

𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑟𝑢𝑛
 (3.15) 

 

However, if drill cores from the rock mass that is to be evaluated are not available, visual observations 

and in-situ measurements of the joints on the local rock surface can be converted into a RQD-rating 

(Palmström 1974).  

 

Palmström (2005) suggested such a method by evaluating the volumetric joint count (Jv). Jv is a three-

dimensional measurement that describes the density of joints and is according to Palmström (1974) best 

suitable for rock masses where joint sets are well-defined. Jv is defined as the number of joints per m3, 

where the joints are mainly part of joint sets. The Jv parameter can therefore be determined using 

equation (3.16) as per Palmström (2005) and can be classified with the ranges shown in Table 34. 

 

 𝐽𝑣  =  1/𝑆1  +  1/𝑆2  +  1/𝑆3 +. . . 1/𝑆𝑛 (3.16) 

 

Where, S1, S2, S3 and Sn are the average spacing for each individual joint set. 

 

 

Table 34. Classification of Jv (Source: Palmström 2005). 

Degree of jointing 

 Very low Low Moderate High Very high Crushed 

Jv  < 1 1 - 3 3 – 10 10 - 30 30 - 60 >60 
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However, given that the Jv term represents the volumetric joint count, therefore being a three-

dimensional measurement that must be based upon a three-dimensional view of the rock mass. However, 

in the Kankberg mine only the current face of the tunnel and newly blasted areas are not completely 

covered in shotcrete. Therefore, only two-dimensional observations can be made in shotcrete covered 

areas. A correlation between the joint frequency of the two-dimensional tunnel face and the three-

dimensional Jv of the local rock mass is therefore needed. Such a correlation was presented by the 

original founder of the volumetric joint count, see equation (3.17) (Palmström 2001). 

 

 𝐽𝑣 = 𝑘𝑎 ∙ 𝑁𝑎 = 𝑘𝑎 ∙

∑ (𝑛𝑎𝑖 ∙
𝐿𝑖
√𝐴
) + 𝑁𝑎𝑗𝑖

√𝐴
 

 

(3.17) 

Where ka is a correlation factor, which varies between 1 and 2.5 with an average value of 1.5. The 

highest value should be used if the observed surface is parallel to the main joint set. 𝑛𝑎𝑖 is the number of 

joints 𝑖 with the length 𝐿𝑖 shorter than the length of the observed area. 𝑁𝑎𝑗 is the number of joints longer 

than the length of the observation area and A is the area of the observation surface. 

 

Palmström (1974) also presented a third way of evaluating Jv by introducing the block volume Vb, see 

Table 35. 

 

Table 35. Classification of Vb (Source: Palmström 2005). 

Block volume 

 Very small Small Moderate Large Very large 

Vb  10 – 200 cm3 0.2 – 10 dm3 10 – 200 dm3 0.2 – 10 m3 > 10 m3 

 

Where Vb is the volume of the block formed by joints in the rock mass and can be estimated using 

equation (3.18). 

 

 𝑉𝑏  =  
𝑆1 ∙ 𝑆2 ∙ 𝑆3 ∙ … 𝑆𝑛

( sinΘ1 ∙ sinΘ2 ∙ sinΘ3 ∙ … sinΘ𝑛)
 (3.18) 

 

Where Θ1, Θ2, Θ3 and Θ𝑛 are the angle between the joint sets. 

 

Thus, if the joint sets intersect at approximately right angles Vb is calculated using equation (3.19). 

 

 Θ ≈ 90 → sin Θ ≈ 1 → 𝑉𝑏  ≈  𝑆1 ∙ 𝑆2 ∙ 𝑆3 ∙ … 𝑆𝑛 (3.19) 

 

Vb can be used to determine Jv using equation (3.20). 

 

 𝑉𝑏  =  
𝛽

𝐽𝑣
3 ∙

1

 sinΘ1 ∙ sinΘ2 ∙ sinΘ3 ∙ … sinΘ𝑛
 (3.20) 

 

Where, 𝛽 is the block shape factor and is commonly determined being 𝛽 ≈ 36 (Palmström 2005). 𝛽 can 

be estimated using Table 36.  
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Table 36. Block shape characterizations (Source: Palmström 2005). 

Block shape factor, 𝛽 

Description 𝛽 

Equidimensional (cubical or compact) blocks 27 

Slightly long (prismatic) and for slightly flat (tabular) blocks 28 - 32 

Moderatley long and for moderately flat blocks 33 - 39 

Long and for flat block 60 - 200 

Very long and for very flat blocks > 200 

 

A formula for converting between RQD and Jv is presented in equation (3.21) (Palmström 2005). This 

correlation was introduced into the Q system by Barton et al. (1974). The correlation is rather poor, 

where a lot of core pieces are around 0.1 m long (Palmström 2005). When Jv is the only joint data 

available, equation (3.21) can be used as an alternative transition for finding RQD from Jv (Palmström 

2005), for instance where RQD is required in the Q & RMR classification systems. 

 

 𝑅𝑄𝐷 =  115 − 3.3 𝐽𝑣 (3.21) 

 

 (𝑅𝑄𝐷 = 0 𝑓𝑜𝑟  𝐽𝑣 > 35 𝑎𝑛𝑑 𝑅𝑄𝐷 =  100 𝑓𝑜𝑟  𝐽𝑣 < 4.5) (3.22) 

 

Priest and Hudson (1976) also presented their own RQD evaluation method based on line measurement 

data, see equation (3.23). 

 

 𝑅𝑄𝐷 = 100 ∙ 𝑒−0.1𝜆 ∙ (0.1𝜆 + 1) (3.23) 

 

Where 𝜆 is the joint frequency. 

 

When rating the rock mass in the Kankberg mine the RQD parameter was evaluated using equation 

(3.21) in combination with equation (3.16) where a three-dimensional view of the rock mass was 

available, these evaluations are presented in Appendix B - Volumetric joint count and RQD evaluations. 

Where a three-dimensional view could not be inspected equation (3.23) was being used. Where no 

obvious joint sets or joint features could be observed the RQD value was assumed being 100, as was 

previously done by Marklund (2011), see Table 37. The inflow of water in the Kankberg mine can be 

described as low (<<0.5 l/m locally), which is favorable. This assessment is based on mine visits and 

previous studies documented by Larsson (2016) and Boliden (2011) that have shown the rock mass to be 

relatively dry, with some damp joints. The rest of the parameters required in the Q classification system 

that can be seen in equation (2.1) are based on visual observations in combination with reports and risk 

analyses regarding the local geologies of the evaluated rock mass. The results from the rock mass 

classifications using the Q-system of the Kankberg mine is presented in Table 37. 
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Table 37. Summary of the Kankberg Q-classifications (Larsson 2016) 

 
 

In Table 37 and Table 38, the rock quality in the Kankberg mine is generally fair-good, with the 

exception being large stopes that gets intersected by crushed zones, soft minerals and sections of poor 

rock quality and some sections with very good rock quality according to the Q-system. 

 

Table 38. Classification of rock masses based on Q-Values Source: (Barton et al. 1974) 

Q Group Classification 

10-40 

1 

Good 

40-100 Very Good 

100-400 Extremely Good 

400-1000 Exceptionally Good 

0.10-1.0 

2 

Very Poor 

1.0-4.0 Poor 

4.0-10.0 Fair 

0.001-0.01 
3 

Exceptionally Poor 

0.01-0.1 Extremely Poor 

 

3.8 Analysis of rock mass classifications 

Based on the rock mechanical mine inspections and rock mass classifications presented in section 3.7.2, 

the rock quality in the Kankberg mine can generally be described as fair-good, with some inspected 

areas showing poor and very good rock quality, see Table 37. Most of the observed and documented 



68 

 

failures along with the rock mechanical risk analysis of each stope slice show that structures within the 

rock mass are generally the largest concern.  

 

In terms of larger rock mass structures and block formations, the installation of rock bolts is conducted 

to prevent the blocks from falling and therefore preventing the risk of damaging the mining equipment 

and personnel, as described in section 2.3.2. However, if the excavation is to intersect a zone where the 

rock mass is crushed or heavily jointed the rock bolts might become ineffective and the load of the loose 

rock must be carried by the shotcrete layer and then transferred to the bolts. That is where the energy 

absorption capacity of the shotcrete plays a significant role (Papworth 2002 and Darling 2011). 

 

The modified Barton’s chart takes a span/ESR parameter along with the Q-value for the rock mass as 

input parameters. The parameters can be used to determine the needed energy absorption capacity 

according to Morgan's toughness performance levels, see Table 39 (Morgan 1990).  

 

Table 39. Correlating Morgan’s toughness performance levels to the Q-system rock classes & FRS performance  

(Source: Papworth 2002). 

Ground 

condition 

 Standard deflection 

criteria 

High deflection criteria 

indicative dosage kg/m3 of high performance fiber  

TPL  
Rock EFNARC RDP40mm RDP80mm Structural Synthetic Steel 

Class [J] [J] [J] Scanfiber CXO50/40SS Scanfiber CHO65/35NB 

IV F >1400 >560 >840 11.5 55 
 E >1000 >400 >600 9 40 

III D >700 >280 >420 7.5 27.5 

II C 
>500 >200 >300 6.5 20 

I B 

0 A 0 0 0 0 0 

*Whether steel or synthetic there is a large difference in performance depending on the precise fiber design. 

 

TPL IV - Appropriate for situations involving severe ground movement, with an exception for cracking 

of the steel fiber reinforced shotcrete lining, squeezing ground in tunnels and mines, where additional 

support in the form of rock bolts and/or cable bolts may be required (Papworth 2002). 

 

TPL III - Suitable for relatively stable rock in hard rock mines or tunnels where low rock stresses and 

movement is expected and the potential for cracking of the steel fiber reinforced shotcrete lining is 

expected to be minor (Papworth 2002). 

 

TPL II - Should be used where the potential for stress and movement induced cracking is considered low 

(or the consequences of such cracking are not severe) and where the fiber is providing mainly thermal 

and shrinkage crack control and perhaps some enhanced impact resistance (Papworth 2002). 

 

According to Morgan (1990)’s description of the different ground condition templates, in Table 39 and 

the gathered experience from Marklund (2016) and Larsson (2016) most of the rock mass in the 

Kankberg mine can be rated as “Rock class” B and C. But will most likely end up in “Rock class D” if 

the mining continues. This is because of increased stresses which according to the equation (2.1) results 

in a lower Q-value. That corresponds to the flexural classes I and II and possibly III in the future, see 

Table 39. The minimum requirement for the shotcrete with respect to today’s conditions corresponds to 

a RDP test with a 200 J energy absorption. For the estimated conditions of the future an energy 

absorption of 280 J is required at 40 mm deflection in a RDP test. The 25 and 20 kg/m3 dosages are both 
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deemed as enough to absorb 280 J at 40 mm deflection according to the test results presented in Figure 

36. In Figure 66 the results from the RDP tests conducted by Larsson (2016) are plotted in combination 

with the requirements for the standard deflation criterion from Morgan’s templates. 

 

 
Figure 66. Plot showing RDP results of the individual panels along Morgan’s templates from Table 39 (Including the failed 

25:3 panel). 

The 15 kg/m3 specimens in Figure 66 fulfills the minimum requirements for rock class “C” in Table 39, 

that is the expected minimum requirement for the mines current situation. However, the 15 kg/m3 dosage 

do not meet the requirement for the expected future mining situation, whereas both the 20 and 25 kg/m3 

dosages do, see Figure 66. 

 

At low deflections (<10 mm) both the 20 and 25 kg/m3 dosages can absorb 167-202 J which does not 

satisfy todays requirement of 200 J. However, at a deflection of 20 mm both the 20 kg/m3 and 25 kg/m3 

dosages meet todays and the future requirements at 40 mm deflection of 200 and 280 J respectively at.  

 

To obtain the minimum fiber dosage for each of Morgan’s templates the correlation between the 

corrected absorbed energy and actual fiber dosages presented in equation (3.7) can be used to back-

calculate these requirements, see Table 40. 

 

Table 40. Back-calculated minimum dosages for each template using equation (3.7). 

Ground 

Condition 

Standard deflection Back-calculated 

criteria Dosages 

TPL 
Rock RDP40mm Equation (3.7) 

Class [J] [kg/m3] 

IV 
F 560 35.99 

E 400 21.56 

III D 280 14.68 

II C 
200 11.37 

I B 

0 A 0 5.99 

70 62 64 94 92 109 109 101 119
50 44 45

80 75
89 93 78

9471
62 64

114 104
126 134

101
113

46
39 43

73
65

79 85

64

66

31
24 30

47
46

51
58

43
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 The back-calculations suggest that a 15 kg/m3 would manage to fulfill the minimum requirement for the 

“D” rock class in Table 39 at 40 mm deflection. The 15 kg/m3 dosage do not satisfy the minimum 

spacing requirement or the minimum dosage of 20 kg/m3. 

 

Previous classifications during mine visits and drill-core evaluations presented by Boliden (2011) 

indicates that roughly 92% of the rock in the altered zone (where the stopes are located), is rated with a 

RMR-value above 60, see Table 2. The relationship between Q-values and RMR shown in equation 

(3.24) was presented by Bieniawski (1989): 

 

 𝑅𝑀𝑅 =  9 𝑙𝑛 𝑄 +  44 (3.24) 

 

For the Kankberg mine equation (3.24) results in a Q value of 6 for an RMR-value of 60. The 

relationship presented in equation (3.24) is however based on experiences from civil tunneling projects 

and not mining projects. There are however many suggested relationships between Q and RMR for hard 

rock mining as well. Two examples of such correlations presented by Choquet et al. (1993) are 

presented in equations (3.25) and (3.26) which are both based on Canadian hard rock mines.  

 

 𝑅𝑀𝑅 =  12.11 ∙ log𝑄 + 50.81 (3.25) 

 𝑅𝑀𝑅 = 10 ∙ ln𝑄 + 39 (3.26) 

 

These equations results in the Q-values of 2 for equation (3.25) and 8 for equation (3.26) for an RMR 

value of 60. Given the occasionally poor correlation of equation (3.24) described by Palmström (2009) 

the calculated Q-value should only be used as a hint for what the actual Q-value of the rock mass might 

be. To get an idea of the actual requirements for the present mining situation the rock mass 

classifications from Table 37 and converted RMR values using equations (3.25) and (3.26) for RMR = 

60 can be used. The resulting Q-values are presented as the ranges in Table 41. 

 

Table 41. Value ranges obtained from the rock mass classifications. 

  Q-classification Q-value range from RMR rating 

  (Larsson 2016)   (Boliden 2011) & equations (3.25) and (3.26) 

Q-value 3.3 - 50.0  2 - 8 

Span/ESR 1.9 - 10.0  1.9 - 10.0 

 

Figure 67 shows the ranges plotted inside a modified Barton’s diagram. 
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Figure 67. Permanent-support recommendation for FRS as a function of tunnel span and Q value, with further guidelines on 

energy absorption. Including ranges from rock mass classifications (Source: Papworth 2002, based on (Grimstad et al. 1993), 

(Boliden 2011 & Larsson 2016)) 

 

According to the support suggestions in Table 7 and the plotted ranges in Figure 67, large sections of the 

current mining excavations could function without applying shotcrete. This is however not in 

accordance to Boliden’s high safety requirements regarding falling rock, where shotcrete is required to 

protect personnel and equipment from falling rocks. Therefore, some shotcrete is needed. An alternative 

could be to only spray the roof, leaving the walls partially unsupported, which is the case in the ramp 

systems of the Kankberg mine where the roof is sprayed but the shotcrete layer ends just below the arcs 

of the roof.  

  

Some areas do however require support and does have to fulfill the B and C rock classes according to 

the Morgan templates. The minimum required dosage of 20 kg/m3 would be suitable as it is able to 

absorb todays and the expected future requirements at 40 mm deflection, see Figure 66. The results from 

the evaluation of the actual fiber dosages showed an average deviation from to the expected dosage of 

13% for the 20 kg/m3 dosage. Therefore, Larsson (2016) suggests that an extra 13% should be added to 

the nominal dosage, resulting in a total expected dosage of 20 (+13%) = 22.6 kg/m3.  

 

By using equations (3.4), (3.11) and (3.7) lowering the dosage from 30 kg/m3 to 22.6 kg/m3 would result 

in a 18% decrease in energy absorption at 40 mm deflection and residual strength at 5 mm deflection 

while also decreasing the peak load by 5%. 

 

As stated during the introduction to this thesis, designing shotcrete is hard and there currently is no well-

accepted model for doing so. Therefore, data from trial and error attempts are invaluable. Boliden has 

not previously tested such low dosages in real mining applications, and therefore large-scale tests should 

be conducted before the 22.6 kg/m3 dosage can be adopted on full scale.  

Q-classification range (Larsson 2016) 

Range obtained from RMR (Boliden 2011) 
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4 Discussion 

The results from the RDP tests showed that the most efficient fiber dosage in terms of energy absorption 

per kg/m3 of fibers is 16.3 kg/m3, see equation (3.10). The tests also showed that a fiber dosage of 15 

kg/m3 would be enough to absorb enough energy to satisfy the requirements according the Morgan’s 

rock class “D” which represents potential future requirements, see Table 40 However, none of these 

dosages satisfies the minimum dosage of 20 kg/m3 fibers, see section 2.5.  

 

The rock class templates in Table 39 are based on a 40 mm deflection criterion, which is larger than the 

small deformation that are expected to occur in the Kankberg mine. The developer of the RDP test, 

Bernard (2001) states that the choice of deflection criterion is, “somewhat arbitrary”. Papworth (2002) 

suggests a deflection criterion of 10 mm for situations where cracking is of concern due to corrosion of 

steel fiber or aesthetics of civil structures. Papworth (2002) also suggest a deflection criterion of 80 mm 

for areas where high deflections are allowed. However, Papworth (2002) does not specify any toughness 

requirements for the non-standard deflection criteria. A lower deflection criterion is generally used when 

assessing linings that are sensitive to cracking such as the final lining of civil structures. De Rivaz 

(2015) states that a deflection criterion of 40 mm should be used when assessing shotcrete linings in 

mining tunnels. As no toughness requirements corresponding to RDP results using non-standard 

deflection criteria could be found, the RDP test were assessed using the standard 40 mm deflection 

criterion. 

 

The suggested 22.6 kg/m3 dosage does satisfy the requirements in terms of energy absorption for current 

and future mining, see Table 40. Therefore, a dosage of 22.6 kg/m3 fibers would satisfy both the energy 

absorption, the minimum spacing requirements of fibers and would result in cost savings as 7.4 kg/m3 

less fibers is used compared to the current fiber dosage of 30 kg/m3. However, these tests do not 

consider the possible synergies with other rock support elements such as rock bolts or the interaction 

between the shotcrete and the rock surface. Therefore, on-site tests are required to evaluate these 

interactions before the lowered fiber is implemented on a large scale. 

 

The conducted rock classifications are unfortunately subjective by nature. Therefore, the results would 

differ slightly if they were performed by another person. Even though the results are subjective they are 

necessary to get a view for the quality of the local rock mass and how it can be expected to behave.  

 

Furthermore, the numerical analyses are based upon planned layouts, meaning that real world 

geometries certainly will differ from the analyzed geometries, because of over- or under-breakage of 

rock during the excavation process. This results in some inaccuracies in the models, the conclusion from 

the stress analyses was that the amount of rock support could be downscaled as the future stress levels 

are comparable to today’s levels and no major failures of shotcrete has been observed as of today. This 

assumes that the rock mass will behave in a similarly even in the future which might not be the case if 

the mines’ life is expanded and the mining resumes downwards as a result. This is also the case for the 

rock mass classifications as they assume that the future rock mass will have a similar quality as the one 

that has already been excavated.   
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5 Conclusions 

The goal of this thesis was to evaluate whether the fiber dosage used in the shotcrete in the Kankberg 

mine could be optimized. To accomplish this shotcrete tests according to ASTM C1550-12a were 

conducted in combination with stress analysis and rock mass classifications of the Kankberg mine. The 

following conclusions were made throughout the study: 

 

• The study indicates that the nominal dosage of the shotcrete can likely be reduced to 20(+13%) = 

22.6 kg/m3 in favor of cost optimization. However, large scale tests are recommended before being 

adopted on full scale. 

• The thickness of the shotcrete layer within certain sections of the mine is likely too thin to carry the 

load of loose rock. This mostly applies to walls within ramps where the thickness does occasionally 

vary from just a few millimeters to approximately 5 centimeters. 

• The sections where movement can be expected are stressed pillars and areas prone to structurally 

controlled failures. 

• Future RDP-tests should be conducted using sprayed specimens instead of casted, as suggested by 

Papworth (2002). 
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6 Suggestions for continued research 

Based on the conclusions presented in this thesis, the goal of this section is to present suggestions for 

continued research. These further studies would allow the shotcrete mix in the Kankberg mine to be 

optimized further. 

 

• Evaluate if the conclusion from section 3.1.1 regarding the Removex fiber being more effective at 

lower deflections also applies to lower dosages. 

• Determine the actual steel fiber rebound amount of the Boliden’s shotcrete spraying equipment and 

the reported difference between fiber and aggregate rebound rates. 

• Evaluate varying dosages in combination with varying shotcrete layer thickness to further optimize 

the shotcrete. 

• Evaluate whether plain shotcrete could be a valid option where no large movement within the rock 

mass are determined to occur. 
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8 Appendix A – Characterization of the Kankberg 

rock mass 

 
Figure 68. Characterization of blocky rock masses on the basis of interlocking and joint conditions. GSI for the 

Kankberg test mining area and drifts are indicated. (Source: Boliden 2011 & Roscience 2016) 
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9 Appendix B - Volumetric joint count and RQD 

evaluations 

 

N350 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.2 0.4 5.0 2.5 0.3 3.3

3/5 = 0.6 3/5 = 0.6 5.0 *) 3/5 = 0.6

5.6 3.1 3.9

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

96.5 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,

3 random joints (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

 

 

N380_s9 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.5 3.3 2.0 0.4 2.5

S2 0.2 0.3 5.0 3.3 0.25 4.0

2/5 = 0.4 2/5 = 0.4 5.0 *) 2/5 = 0.4

8.7 5.5 2.7

(max Jv) (min Jv) (average Jv)

0.06 0.15 0.1

(min Vb) (max Vb) (average Vb)

86.2 96.7 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Vb=

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Joint set 1,

1 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **)

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Joint set 2,

Average

frequency

 

 

N380_s10 (Access drift) 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.5 3.3 2.0 0.4 2.5

1/5 = 0.2 1/5 = 0.2 5.0 *) 1/5 = 0.2

3.5 2.2 2.7

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

1 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,
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N480 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.5 3.3 2.0 0.4 2.5

S2 0.3 0.3 3.3 3.3 0.3 3.3

2/5 = 0.4 2/5 = 0.4 5.0 *) 2/5 = 0.4

7.1 5.7 6.2

(max Jv) (min Jv) (average Jv)

0.09 0.15 0.12

(min Vb) (max Vb) (average Vb)

91.7 96.1 94.4

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

2 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

Joint set 1,

Joint set 2,

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

 

 

N514 (“Pumping pit”) 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.3 3.3 3.3 0.3 3.3

1/5 = 0.2 1/5 = 0.2 5.0 *) 1/5 = 0.2

3.5 3.5 3.5

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Average

spacing (m)

Average

frequency

Joint set 1,

Jointing

Variation of joint set spacing and frequency

1 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

 

N542_s3_h3 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.2 0.3 5.0 3.3 0.25 4.0

S2 0.3 0.4 3.3 2.5 0.35 2.9

1/5 = 0.4 1/5 = 0.4 5.0 *)
1/5 = 0.4

8.7 6.2 7.3

(max Jv) (min Jv) (average Jv)

0.06 0.12 0.0875

(min Vb) (max Vb) (average Vb)

86.2 94.4 91.1

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **)

RQD = 115-3.3 Jv

Average

frequency
Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Joint set 1,

Vb=

Joint set 2,

2 random joint (in 1m2 surface) 5.0 *)

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles
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N542_s3_v3 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.5 3.3 2.0 0.4 2.5

1/5 = 0.2 1/5 = 0.2 5.0 *)
1/5 = 0.2

3.5 2.2 2.7

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

RQD = 115-3.3 Jv

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Joint set 1,

1 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

 

 

N542_s3_v4 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.4 3.3 2.5 0.35 2.9

2/5 = 0.4 2/5 = 0.4 5.0 *) 2/5 = 0.4

3.7 2.9 3.3

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Joint set 1,

2 random joint (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

 

 

H432 (Gate compartment) 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.3 3.3 3.3 0.3 3.3

S2 0.3 0.4 3.3 2.5 0.35 2.9

2/5 = 0.4 2/5 = 0.4 5.0 *) 2/5 = 0.4

7.1 6.2 6.6

(max Jv) (min Jv) (average Jv)

0.09 0.12 0.105

(min Vb) (max Vb) (average Vb)

91.7 94.4 93.3

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

2 random joints (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Average

frequency

Joint set 1,

Joint set 2,

Average

spacing (m)
Jointing

Variation of joint set spacing and frequency
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S382_s6_v1 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.3 3.3 3.3 0.3 3.3

S2 0.3 0.6 3.3 1.7 0.45 2.2

6.7 5.0 5.6

(max Jv) (min Jv) (average Jv)

0.09 0.18 0.135

(min Vb) (max Vb) (average Vb)

93.0 98.5 96.7

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Joint set 1,

Joint set 2,

 

 

S382_s6_v1 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.3 3.3 3.3 0.3 3.3

S2 0.3 0.6 3.3 1.7 0.45 2.2

1/5 = 0.2 1/5 = 0.2 5.0 *) 1/5 = 0.2

6.9 5.2 5.8

(max Jv) (min Jv) (average Jv)

0.09 0.18 0.135

(min Vb) (max Vb) (average Vb)

92.3 97.8 96.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,

Joint set 2,

1 random joints (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

 

 

S382_s6_v1 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.3 3.3 3.3 0.3 3.3

2/5 = 0.4 2/5 = 0.4 5.0 *) 2/5 = 0.4

3.7 3.7 3.7

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

2 random joints (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,
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S382_s6_f9 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.6 3.3 1.7 0.45 2.2

S2 0.3 0.5 3.3 2.0 0.4 2.5

S3 0.3 0.5 3.3 2.0 0.4 2.5

10.4 6.1 7.6

(max Jv) (min Jv) (average Jv)

0.027 0.15 0.072

(min Vb) (max Vb) (average Vb)

80.7 95.0 89.8

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

Joint set 1,

Joint set 2,

Joint set 3,

 

 

S553_s2 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.4 3.3 2.5 0.35 2.9

3.7 2.9 3.3

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles

 

 

S553_s2 

min spacing

(m)

max spacing

(m)

max

frequency

min

frequency

S1 0.3 0.4 3.3 2.5 0.35 2.9

1/5 = 0.2 1/5 = 0.2 5.0 *) 1/5 = 0.2

3.5 2.7 3.1

(max Jv) (min Jv) (average Jv)

- - -

(min Vb) (max Vb) (average Vb)

100.0 100.0 100.0

(RQD = 0 for Jv>35 and RQD =100 for Jv < 4.5) (min RQD) (max RQD) (average RQD)

Jointing

Variation of joint set spacing and frequency
Average

spacing (m)

Average

frequency

Joint set 1,

1 random joints (in 1m2 surface) 5.0 *)

C
al
cu
la
ti
o
n
s

Volumetric joint count Jv =  

(Jv = ∑frequencies)

Block Volume **) Vb=

RQD = 115-3.3 Jv

*) for random joints, a spacing of 5m for each random joint is used in the Jv calculation; **) for joint intersections at approx. right angles
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10 Appendix C – Blueprint of the RDP-test forms 
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11 Appendix D – Q-value parameters 
Table 42. RQD-values and volumetric jointing (Source: NGI 2015). 

1. Rock Quality Designation  RQD 

A. Very poor (> 27 joints per m3) 0 – 25 

B. Poor (20-27 joints per m3) 25 - 50 

C. Fair (13-19 joints per m3) 50 - 75 

D. Good (8-12 joints per m3) 75 - 90 

E. Excellent (0-7 joints per m3) 90 - 100 

Note:  

 

i) Where RQD is reported or measured as ≤ 10 (including 0) the value of 10 is used to 

evaluate the Q-value. 

ii) RQD-intervals of 5, i.e. 100, 95, 90 etc., are sufficiently accurate. 

 

Table 43. Jn – values (Source: NGI 2015). 

2. Rock Quality Designation Jn 

A. Massive, no or few joints 0.5 – 1 

B. One joint set 2 

C. One joint set plus random joints 3 

D. Two joint sets 4 

E. Two joint sets plus random joints 6 

F. Three joint sets 9 

G. Three joint sets plus random joints 12 

H. Four or more joint sets, random, heavily jointed, 'sugar cube' etc. 15 

I. Crushed rock, earthlike 20 

Note: i) For intersections, use (3 x Jn) 

 ii) For portals, use (2 x Jn) 

 

Table 44. Jr – values (Source: NGI 2015). 

3. Joint roughness number Jr 

a. Rock-wall contact, and 

b. Rock wall contact before 10 cm of shear movement 

 

 

A. Discontinuous joints 4 

B. Rough or irregular, undulating 3 

C. Smooth, undulating 2 

D. Slickensided, undulating 1.5 

E. Rough, irregular, planar 1.5 

F. Smooth, planar 1 

G. Slickensided, planar 0.5 

Note: i) Descriptions refer to small-scale features and intermediate scale features, in that order. 

c. No rock-wall contact when sheared  

H. Zones containing clay minerals thick enough to prevent rock wall contact 

when sheared 
1 

Note: ii) Add 1.0 if the mean spacing of the relevant joint set is greater than 3m 

iii) Jr = 0.5 can be used for planar slickensided joints, provided the lineations are 

orientated in the estimated sliding direction 
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Table 45. Ja - values (Source: NGI 2015). 

4. Joint alteration number 
Φr 

(approximate) 
Ja 

 a. Rock-wall contact (no mineral fillings, only coatings)   

A. Tightly healed, hard, non-softening, impermeable filling.  0.75 

B. Unaltered joint walls, surface staining only. 25 – 35° 1 

C. Slightly altered joint walls, Non-softening mineral coatings; sandy 

particles, clay-free disintegrated rock, etc. 
25 – 30° 2 

D. Silty- or sandy-clay coatings, small clay-fractions (non-softening). 20 - 25° 3 

E. Softening or low-friction clay mineral coatings, i.e. kaolinite, mica. 

Also, chlorite, talc, gypsum, and graphite etc., and small quantities of 

swelling clays. 

8 - 16° 4 

 b. Rock wall contact before 10 cm shear (thin mineral fillings)   

F. Sandy particles, clay-free disintegrating rock etc. 25 – 30° 4 

G. Strongly over-consolidated, non-softening clay mineral fillings 

(continuous, but < 5 mm thick) 
16 – 24° 6 

H. Medium or low over-consolidation, softening clay mineral fillings 

(continuous, but < 5 mm thick) 
12 – 16° 8 

I. Swelling clay fillings, i.e. montmorillonite (continuous, but < 5 mm 

thick). Values of Ja depends on percent of swelling clay-size particles. 
6 – 12° 8 - 12 

 c. No rock-wall contact when sheared (thick mineral fillings)   

J. Zones or bands of disintegrated or crushed rock. Strongly over-

consolidated. 
16 – 24° 6 

K. Zones or bands of clay, disintegrated or crushed rock. Medium or low 

over-consolidated or softening fillings. 
12 - 16° 8 

L. Zones or bands of clay, disintegrated or crushed rock. Swelling clay. Ja 

depends on percent of swelling clay-size particles. 
6 - 12° 8 - 12 

M. Thick continuous zones or bands of clay. Strongly over-consolidated 12 - 16° 10 

N. Thick, continuous zones or bands of clay. Medium to low over-

consolidation. 
12 - 16° 13 

O. Thick, continuous zones or bands with clay. Swelling clay. Ja depends 

on percent of swelling clay-size particles. 
6 - 12° 13 - 20 

 

Table 46. Jw – values (Source: NGI 2015). 

5. Joint Water Reduction Factor Jw 

A. Dry excavation or minor inflow (humid or a few drips) 1 

B. Medium inflow, occasional outwash of joint fillings (many drips/”rain”) 0.66 

C. Large inflow in competent rock with unfilled joints 0.5 

D. Large inflow or high pressure, considerable outwash of joint fillings 0.33 

E. Exceptionally high inflow or pressure at blasting, decaying with time. Causes 

outwash of material and perhaps cave in 
0.2 – 0.1 

F. Exceptionally high inflow or water pressure continuing without noticeable decay. 

Causes outwash of material and perhaps cave in 
0.1 – 0.05 

Note: i) Factors C to F are crude estimates. Increase Jw if the rock is drained or grouting is 

carried out. 

 ii) Special problems caused by ice formation are not considered. 
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Table 47. SRF-values (Source: NGI 2015). 

6. Stress reduction factor SRF 

a. Weakness zones intersecting the underground opening, which may cause 

loosening of rock mass 
 

A. Multiple occurrences of weak zones within a short section containing clay or 

chemically disintegrated rock or long sections with incompetent rock. 
10.0 

B. Multiple shear zones within a short section in competent clay-free rock with loose 

surrounding rock (any depth) 
7.5 

C. Single weakness zones without clay or chemically disintegrates rock (depth ≤ 50m) 5 

D. Loose, open joints, heavily jointed or “sugar cube”, etc. (any depth) 5 

E. Single weak zones with or without clay or chemical disintegrated rock. (depth > 50 m) 2.5 

Note: i) Reduce these values of SRF by 25 - 50% if the weak zones only influence but do not 

intersect the underground opening 

b. Competent rock, rock stress problems σC / σ1 σθ / σC SRF 

F. Low stress, near surface, open joints >200 <0.01 2.5 

G. Medium stress, favorable stress conditions 200 – 10 0.01 -0.3 1 

H. High stress, very tight structure (usually favorable to 

stability, may also be unfavorable to stability dependent 

on the orientation of stresses compared to 

jointing/weakness planes* 

10 – 5 0.3 – 0.4 
0.5 – 2 

2 - 5* 

I. Moderate spalling and/or slabbing after > 1 hour in 

massive rock 
5 – 3 0.5 – 0.65 5 – 50 

J. Spalling or rock burst after a few minutes in massive rock 3 – 2 0.65 – 1 50 – 200 

K. Heavy rock burst (strain burst) and immediate dynamic 

deformations in massive rock 
<2 >1 200 - 400 

Note: ii) For strongly anisotropic virgin stress field (if measured): when 5 ≤ σ1/ σ3 ≤ 10, reduce 

σC to 0.75 σC. When σ1/ σ3 > 10, reduce σC 0.5 σC where σC = unconfined compression 

strength, σ1 and σ3 are the major and minor principal stresses, and σθ = maximum 

tangential stress (estimated from the elastic theory). 

iii) When the depth of the crown below the surface is less than span width. Suggest SRF 

increase from 2.5 to 5.5 in such cases (see F) 

c. Squeezing rock, plastic flow of incompetent rock under the 

influence of high rock pressures 
σθ / σC SRF 

L. Mild squeezing rock pressure 1 – 5 5 – 10 

M. Heavy squeezing rock pressure >5 10 – 20 

Note: iv) Determination of squeezing rock conditions must be made according to relevant 

literature 

d. Swelling rock: chemical swelling activity depending on presence of water SRF 

N. Mild swelling rock pressure 5 – 10 

O. Heavy swelling rock pressure 10 – 15 
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12 Appendix E – RMR-value parameters 
 

Table 48. Rating of uniaxial compressive strength (Source: Nordlund et al. 1998). 

Point-load strength index Uniaxial compressive strength Rating 

>8 >200 15 

4 - 8 100 – 200 12 

2 – 4 50 – 100 7 

1 – 2 25 – 50 4 

-* 10 – 25 2 

-* 3 – 10 1 

-* 1 – 3 0 

*) For this low range uniaxial compressive test is preferred 

 

 

Table 49. Rating of RQD (Source: Nordlund et al. 1998). 

RQD [%] Rating 

90 – 100 20 

75 – 90 17 

50 – 75 13 

25 – 50 8 

<25 3 

 

 

Table 50. Rating of joint spacing (Source: Nordlund et al. 1998). 

Spacing of discontinuities Rating 

>3 30 

1 – 3 25 

0.3 – 1 20 

0.05 – 0.3 10 

<0.05 5 

 

 

Table 51. Rating of joint conditions (Source: Nordlund et al. 1998). 

Condition of discontinuities Rating 

Very rough surfaces, not continuous, no separation, un-weathered wall rock. 25 

Slightly rough surfaces, separation < 1 mm, slightly weathered walls. 20 

Slightly rough surfaces, separation < 1 mm, highly weathered walls 12 

Slickensided surfaces or gouge < 5 mm thick or separation 1 – 5 mm, continuous. 6 

Soft gouge > 5 mm thick or separation > 5 mm, continuous. 0 
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Table 52. Rating of water conditions (Source: Nordlund et al. 1998). 

Rating adjustment for water inflow 

Inflow per 10 m 

tunnel length (l/m) 
or 

(Joint water pressure) 
or 

General 

conditions 
Rating 

(Major principal stress σ1) 

None  0  Completely dry 10 

<25  0.0 – 0.2  Damp 7 

25 – 125  0.2 – 0.5  Dripping 4 

>125  >0.5  Flowing 0 

 

 

Table 53. Classification of dip and strike orientations (Source: Nordlund et al. 1998). 

Effect of discontinuity strike and dip orientation in tunneling 

Strike perpendicular to tunnel axis Strike parallel to 

tunnel axis 

Irrespective of 

strike° Drive with dip Drive against dip 

Dip Dip Dip Dip 

45 - 90° 20 - 45° 45 - 90° 20 - 45° 45 - 90° 20 - 45° 0 – 20° 

Very 

favorable 
Favorable Fair Unfavorable 

Very 

unfavorable 
Fair Unfavorable 

 

 

Table 54. Rating of dip and strike orientations (Source: Nordlund et al. 1998). 

Rating adjustment for discontinuity orientations 

Discontinuity 

orientations 

Rating 

Tunnels & mines Foundations Slopes 

Very favorable 0 0 0 

Favorable -2 -2 -5 

Fair -5 -7 -25 

Unfavorable -10 -15 -50 

Very unfavorable -12 -25 -60 

 

 

Table 55. Rock mass RMR rating (Source: Nordlund et al. 1998). 

Sum of ratings Class Description 

81 – 100 I Very good rock 

61 – 80 II Good rock 

41 – 60 III Fair rock 

21 – 40 IV Poor rock 

<20 V Very poor rock 

 


