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Abstract 
At LKAB’s underground mines in Malmberget and Kiruna in northern Sweden shotcrete and 

rock bolts are the main rock support elements. A safe working environment for the miners and 

high accessibility to the mine are important issues. To address these issues and to improve the 

use of the support, LKAB initiated a doctoral thesis study on the interaction between its rock 

support system and the rock. 

The objectives of this thesis were: 

- to identify important parameters involved in the interaction between shotcrete and 

rock and if necessary investigate important quantities of these parameters, 

- to improve the understanding of the interaction of shotcrete and rock. 

To achieve the first objective a number of laboratory and field tests were carried out. The 

second objective was achieved by numerical analyses. The main conclusions are: 

- The analyses showed that the rock strength and the unevenness of the surface had a 

large impact on the number of failures at the interface and in the lining. Furthermore, 

the behaviour of the lining was sensitive to small amplitudes of the surface roughness. 

- A high bond strength was favourable according to the analyses. The results from the 

field tests showed the importance of the bond at the interface. If bond failure occurs 

the ability to distribute and control the crack width ceases.  

- Failure mapping in the mine showed that that a thin shotcrete layer (<20 mm) did not 

perform well. It is therefore, important that the designed thickness is achieved when 

shotcreting. 

- The extent of the excavated damage zone had a minor effect on the behaviour of the 

shotcrete lining if the surface was uneven. For an even surface, the influence of the 

extent of the EDZ on shotcrete was obvious but not serious. 

The rock support is generally designed for static loading conditions. In many cases, however, 

the openings are also subjected to dynamic loads. By field tests, vibration measurements and 

analyses the influence from blasting induced stress waves on the performance of shotcrete 

was investigated. The main conclusions are: 
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- Failure mapping showed that the fibre reinforced shotcrete has the ability to give 

stable conditions close to the drawpoint. The non-linear analyses showed fair 

agreement with the failure mapping. 

- The single-degree-of-freedom (SDOF) model, though it is relatively simple, can be 

used to predict the response of an arbitrarily shaped rock wedge supported by 

shotcrete. 

Keywords: Shotcrete, numerical analyses, uneven surface, rock strength, shotcrete thickness, 

residual strength, excavated damage zone (EDZ), dynamic analyses, vibration measurements, 

blasting, adhesion strength, bond strength, beam tests, panel tests, cross-hole seismics, 

spectral analyses of surface waves (SASW) 
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1 Introduction 

1.1 Objectives and scope of the work 

Shotcrete (sprayed concrete) is widely used as rock support in mines and in civil engineering 

projects. It is applied through a process by which concrete or mortar is sprayed onto a surface 

to produce a compacted self-supporting and load-bearing layer. The main design principle for 

shotcrete as well as for other rock support elements is to help the rock to carry its inherent 

loads. The behaviour of shotcrete in interaction with rock is, however, very complex and the 

performance of shotcrete is influenced by a number of important parameters (see Fig. 1): 

- uneven surface of the opening, (Chang, 1994, Fernadez et.al., 1976 and Nilsson 2003), 

- the mechanical properties of the rock, 

- rock stresses,

- the disturbed zone around the opening, from here called EDZ, (Fishman et.al., 1996, 

Martino and Martin, 1996 and Martin, 2003), 

- discontinuities, (Holmgren, 1979, Fernadez et.al., 1976, Kuchta et.al. 2004 and Banton 

et.al., 2004), 

- the rock bolts (Holmgren, 1993 and Barret and McCreath, 1995), 

- the mechanical properties and the thickness of shotcrete and 

- the interface between shotcrete and rock (Torsteinsen and Kompen, 1986 and 

Holmgren, 1979). 

Fig. 1 Shotcrete – rock interaction, section with irregular shape. 

Excavated disturbed zone 

σ1

σ2

Shotcrete 

Rock bolt 

Uneven surface Shotcrete – rock interface 
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Generally, the development of the shotcrete and its application has moved ahead of the 

understanding of the shotcrete behaviour. One reason is the complex interaction between 

shotcrete and rock. Another fact is that shotcrete in most cases has worked very well to 

stabilise failing rock. 

At LKAB’s underground mines in Malmberget and Kiruna in northern Sweden shotcrete and 

rock bolts are the main rock support elements. The yearly consumption of shotcrete in the two 

underground mines is approximately 30,000 m3 of shotcrete. As mining progresses deeper the 

number and the extent of rock failures increase. Moreover, the large scale mining makes the 

mine more sensitive to operation disturbances. High accessibility to the mine and above all a 

safe working environment for the miners are therefore important issues. To address these 

issues and to improve the use of the support, LKAB initiated a study on the interaction 

between its rock support system and the rock. 

High rock stresses and a shotcrete lining with insufficient residual capacity or stress re-

distribution and the impact of stress waves from production blasting are two examples of 

incidents resulting in fallouts of rock, see Fig. 2a) and b). These examples show the 

importance of a correct use of the rock support and a favourable mining sequence which can 

minimise stress concentrations and destressing and the stability problems associated with 

these factors. However, the effect of different mining sequences is out of the scope of this 

study. 
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a) b)

Fig. 2 Fallouts of rock. 
a) Fallouts between rock bolts  
b) Fallouts close to the draw point

The first objective of this thesis was to identify important parameters associated with 

shotcrete – rock interaction and if necessary quantify these parameters. Based on mining 

experience and the state-of-the-art according to the literature review, the following parameters 

were investigated: 

- the surface unevenness of an opening, 

- the extent and the mechanical properties of the disturbed zone, 

- the strength and stiffness of the interface, 

- the mechanical properties of reinforced shotcrete and 

- shrinkage of shotcrete . 

The second objective was to improve the understanding of the interaction between rock and 

shotcrete. To achieve this objective the influence of the above parameters and the additional 

ones shown in Fig. 1 were investigated. This was done by numerical parameter studies. By 

varying one parameter at a time the influence of the various parameters on the interaction of 

rock and shotcrete was analysed. Furthermore, dynamic analyses were carried out to study the 

interaction of a roof wedge and shotcrete, subjected to blast induced vibrations. 

Because, all field tests and failure mappings were performed at LKAB’s underground mine in 

Kiruna, Sweden, a short overview is given in Section 1.2.  

Shape of the theoretical cross 

section of the cross cut 
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1.2 The Kiirunavaara mine 

The mining company Luossavaara Kiirunavaara AB, (LKAB), has been mining iron ore for 

more than 100 years in the mines in Malmberget and Kiruna in northern Sweden. The 

Kiirunavaara mine (in Kiruna) has an annual production of 23 million tonnes of iron ore. The 

ore body strikes nearly north-south and dips 60° to the east (Fig. 3). It is more than 4000 m 

long of which 3800 m is currently being mined, is 80 m wide on average and extends to an 

estimated depth of 2000 m. 

The ore body was formed as an intrusive sill, now tilted. The footwall mainly consists of 

trachyte, internally designated as syenitporphyry. The hanging wall consists of rhyolite, 

internally designated as quartzporphyry. Lenses of trachyte are also observed. Dikes of 

diabase and porphyry occur and at depth some bodies of intermediate intrusives appear. The 

main iron ore consists of magnetite. Internally it is divided into two qualities, apatite rich ore 

(D-ore) with a phosphor content of 0.4 to 4 % and an apatite poor iron ore (B-ore) with 

phospor content of less than 0.1%. The proven ore reserve in Kiruna is 657 Mt above 1365 m 

level, with a Fe content of 48.3 %. 

Fig. 3 Ore body at the Kiirunavaara mine. 
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The mining method used at the Kiirunavaara mine is large scale sublevel caving (Fig. 4). 

Important features of large-scale sublevel caving in the Kiirunavaara mine are described by 

Quinteiro et.al.(2001). The main haulage level, see Fig. 5, which is today situated 1045 m 

below the former summit of the mountain, which is anticipated to be replaced by 2012 with a 

new main haulage level situated approximately 320 m below the present main haulage level. 

a)             b)

Fig. 4 Sublevel caving method. 
a) Large-scale sublevel caving, principles, after Hamrin (1986) 
b) Fans for production blasting 

Fig. 5 Cross section of the Kiirunavaara mine. 

Cross cut 

28.5 m 

25 m 
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2 Characteristics of shotcrete and shotcrete – rock 

interface 

2.1 Flexural strength, toughness and Young’s modulus of shotcrete 

In mining flexible linings are preferred because large displacements of underground openings 

are allowed. It results often in extensive cracking of the shotcrete. Therefore, toughness of 

shotcrete is very important which is enabled by the use of reinforcement. Toughness 

determined from beam tests is normally calculated as the residual flexural strength. Though, 

toughness determined from panel tests is normally calculated as the absorbed energy 

corresponding to the area under the load-deflection curve, see for example EFNARC (1999), 

NCA (1999) and NGI (2005). 

In an investigation comprising 45 beam tests and 33 panel tests (see Paper A), Young’s 

modulus, the residual flexural strength and the absorbed energy were determined for shotcrete 

reinforced by polypropylene fibres, steel fibres and steel mesh. The experimental set-up for 

the beam and panel tests is shown in Fig. 6. 

a)    b)

L/3 L/3L/3

F/2 F/2

w
x

L

C/L

w2w1

Fig. 6 Experimental set-up. 
a) Beam test 
b) Panel test (EFNARC, 1999) 

The beam tests showed that shotcrete beams reinforced with steel fibres had a higher 

maximum load than those reinforced with polypropylene fibres. For fibre reinforced beams 

the maximum load always occurred for displacements < 4 mm, see Fig. 7. The residual 

flexural strength was determined as the average strength over the displacement range 0 – 4 

mm. Therefore, steel fibre reinforced shotcrete had higher residual flexural strength than 

shotcrete reinforced with polypropylene fibres.  



8

However, for larger displacements the strain softening was more pronounced for shotcrete 

reinforced with steel fibres than with polypropylene fibres (Fig. 7). Thus, the shotcrete 

reinforced with steel fibres and the best polypropylene fibre had almost the same energy 

absorption in the panel tests as well as in the beam tests. This was because the absorbed 

energy was determined for larger displacement ranges, 0 - 20 mm in the beam tests and 0 - 25 

mm in the panel tests. 

0 5 10 15 20
0
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Displacement (mm)

Lo
ad

 (k
N

)

(1) Dramix 65/35 50 kg/m3

(2) Barchip 4350 10 kg/m3

(3) STRUX 85/50 10 kg/m3

(4) Steel mesh

(1)
(2)

(3)

(4)

Fig. 7 Load deflection curves for some of the beams, each curve corresponds to the result from one test 
beam. 

The methods used for design of shotcrete linings, such as rock mass classification systems, 

are based on qualitative estimates of the rock and shotcrete properties and past experiences. 

On the other hand, the mechanical properties of shotcrete derived from laboratory tests are 

usually described in great detail, which cannot be easily incorporated into the design 

procedures. In mining where large displacements usually occur, energy absorption can be a 

good measure of the supporting effect of shotcrete. This is because both load capacity and 

displacement are included and it also accounts for the post-peak behaviour. Hence, it is a 

quantity that has practical significance to shotcrete design and can be incorporated into the 

empirical design procedures (NGI, 2005). In rock burst prone areas, the energy absorption is a 

very important property of the rock support. 

0– 4 mm 
Range for calculating residual flexural strength 

0 – 20 mm 
Range for calculating absorbed energy

(Steel fibre) 

(Polypropylene fibre) 

(Polypropylene fibre)
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Regression analyses showed a relatively low correlation (R2 = 0.60) between Young’s 

modulus and the uniaxial compressive strength. Therefore, Young’s modulus can be assumed, 

alternatively, to be constant with a value of 18 – 20 GPa when the uniaxial compressive 

strength is 35 - 65 MPa. 

2.2 The strength of the rock – shotcrete interface and shrinkage of shotcrete 

The interface strength can be divided into two components, shear and tensile strengths. In this 

thesis the term adhesion is mainly used as a synonym to tensile strength and bond strength as 

the shear strength. However, both adhesion strength and bond strength are also used as 

strength of an interface in general. The interface strength is defined as the strength of an 

interface between two materials, for instance between rock and shotcrete. However, in many 

cases the location of the failure surface will vary depending on the strength of the contact 

zone, the tensile strength of the rock and the tensile strength of the shotcrete layer. The 

interface strength is mainly dependent on treatment (cleaning), roughness of the rock surface, 

mineral composition of the rock and the shotcreting technique. This Section summarizes the 

results from paper B and C. 

A series of laboratory tests was performed on cemented shotcrete-rock joints to investigate the 

strength and stiffness of the interfaces, while simulating field conditions as close as possible. 

Direct shear tests (Fig. 8) as well as tensile and compression tests were performed, see Fig. 9. 

To simulate loading conditions experienced in practical cases the direct shear tests were 

performed under fairly low normal stresses. In most practical cases when shotcrete is used 

with rock bolts the normal load on shotcrete lining seldom exceeds 0.5 MPa. 

                                                       

Fig. 8 Experimental sets up for shear tests. 

Normal force 

Shear force 
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Fig. 9 Experimental sets up for tensile tests. 

To assist in the discussion the strength and mechanical properties of the shotcrete-rock 

interfaces are summarized in Table 1. The tensile and compressive strength parameters for 

interfaces having JRC values of 1 to 3 are reported. From the table it can be seen that the 

average bond strength of the interfaces with JRC of 9 to 13 is more than 2.5 times the average 

bond strength of the interfaces with JRC of 1 to 3. The high average bond strength observed 

for interfaces with JRC of 9 to 13 is believed to be attributed to the failure mechanisms 

involved in attaining the peak strengths. It is believed that a simultaneous failure of the bond 

and the shotcrete asperities may have resulted in the high average bond strength.  

It was necessary to measure the values of normal stiffness (i.e. for Kc and Kt) at normal 

stresses that are observed in practical cases when shotcrete is used with rock bolts. Hence, the 

normal stiffness for both tensile and compression tests were calculated as initial, secant and 

tangential values. In the case of tensile test the secant and tangential stiffness, were 

determined from 50% of the adhesion strength and for the compression tests they were 

determined from 50% of the joint compressive strength. 

The shear stiffness was determined as secant values from the peak strengths. Since only the 

cases for normal stresses less than or equal to 1.0 MPa is considered, which represents 

practical cases, the Ks values are essentially the stiffness of the bond without the frictional 

component. The Ks for interfaces with JRC of 9 to 13 is the combined stiffness of the bond 

and the shotcrete asperities, whereas for interfaces with JRC of 1 to 3 it is only the stiffness of 

the bond. This also explains the difference in the Ks values for the two interface types. 
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Table 1 Summary of strength properties for the shotcrete-rock joints tested. 
Parameter Value for JRC=1-3 Value for JRC=9-13 

Joint shear bond strength 0.50 MPa 1.37
Joint friction angles: Peak, φp

                                  Residual, φr

40o

35o

47o

39o

Joint compressive strength, JCS 16.0 MPa –
Joint adhesion strength 0.56 MPa – 

Joint compression stiffness: Kci,  100 MPa/mm – 

                                              Kct50 288 MPa/mm – 

                                              Kcs50 182 MPa/mm – 

Joint tensile stiffness: Kti 288 MPa/mm – 

                                    Ktt50 251 MPa/mm – 
                                    Kts50 261 MPa/mm – 
Joint shear stiffness, Ks 0.94 MPa/mm 1.3 MPa/mm 

The correlation between the growth of the adhesion strength and the growth of the 

compressive strength of young shotcrete as a function of time was performed as a field test in 

the mine. These adhesion tests were performed on shotcrete sprayed on a well cleaned 

concrete wall, because of its uniform properties compared to a rock surface. The results 

showed a correlation. However, the scatter in the results indicates that further investigations 

have to be done in order to establish a reliable relation between the growth in adhesion and 

compressive strength.  

Additional field tests focused on (i) identifying typical shotcrete failures in a mining 

environment, (ii) investigating the influence of surface treatment (scaling and cleaning) on the 

adhesion strength of shotcrete and (iii) investigating the occurrence of shrinkage cracks in the 

shotcrete and failures at the interface. For the same reason as for the adhesion strength tests, 

the restrained shrinkage tests were performed on shotcrete sprayed on a well-cleaned concrete 

wall. 

The failure mapping showed that most of the observed fallouts involving shotcrete were in 

areas where the thickness was less than 20 mm and the adhesion strength was low. Many of 

these failures coincide with apexes on the rock surface, see Fig. 10. These observations were 

in agreement with the results from the shrinkage tests, which showed that the free shrinkage 

increased with decreasing thickness.  
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An important observation from the shrinkage tests was the relatively large areas with lack of 

contact between shotcrete and the concrete wall, see Fig. 11. This indicates that restrained 

shrinkage can destroy the bond. If bond failure occurs the ability to distribute and control the 

crack width ceases. 

Fig. 10 Fallout of shotcrete. 

Fig. 11 The results from the restrained shrinkage tests. Shotcrete specimens sprayed on a concrete wall. 

The measured average thickness of shotcrete (40 mm) was almost the same as the designed 

thickness. The problem though was the wide scatter. In 18% of the thickness measurements 

the shotcrete thickness was less than or equal to 20 mm. This means that, if the shotcrete 

lining has the same thickness distribution, as during the tests, the supporting ability of as 

much as 18% of the shotcrete lining will be (more or less) insignificant. 

The adhesion strength obtained with normal treatment, i.e., mechanical scaling and cleaning 

by water with a pressure of 0.7 MPa, was on average 0.33 MPa, which is quite a low value. 

Treatment by water-jet scaling can be one way of increasing the adhesion strength. Hence, a 

water jet-scaling machine, with a water pressure of 22 MPa, was used. This improved the 

adhesion strength significantly. 

Area with lack of contact between  

shotcrete and rock. 

Fallout of shotcrete 

Areas with lack of contact between 

shotcrete and wall 

100⋅100 mm 

Observed cracks > 0.05 mm 
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3 The excavation disturbed zone (EDZ) 
The presence of an Excavation Disturbed Zone (EDZ) around an excavation can have 

significant impact on the overall performance of the excavation. EDZ as defined in this thesis 

is the rock zone immediately surrounding the excavation where the mechanical and physical 

properties of the rock mass have been significantly affected due to the excavation and 

redistribution of stresses. 

An EDZ investigation was carried out at the Kiirunaavara mine (see Paper D) to quantify its 

extent and stiffness. Cross-hole seismics (Fig. 12) and spectral analyses of surfaces waves 

(SASW), see Fig. 13, were the main geophysical tools used in this investigation. The results 

are based on the P-wave measurements. The evaluation of the results of the SASW 

measurements was not successful because of reasons such as the influence of cracks. The 

influence of cracks on the results of the SASW measurements is shown by the analyses 

presented in Paper D. Borehole Image Processing Systems (BIPS) was used to complement 

the geophysical methods. The BIPS results were useful aiding the understanding of the results 

from the seismic measurements. 

The results showed that an EDZ existed beyond the boundaries of the mining drifts. For the 

drifts investigated the EDZ extended approximately 0.5 - 1 m and Young’s modulus was 

approximately 50 – 90% of that of the undisturbed rock.  

Fig. 12 Cross hole seismics, test set-up. 

1.5 m 

3” Borehole 

     3 m         4 m 

X – Horizontal section 

Source          Receivers 

Wall of drift 

X

5 m 
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Fig. 13 Spectral analyses of surface waves (SASW), test set-up. 

Receiver No.1       Receiver No.2 

Response at receiver  
No.1        

ΔL

x1 x2

Rock

Impulsive noise  
source - a hammer

Response at receiver No.2 

D

 x

y



15

4 Shotcrete in interaction with rock and rock bolts 
In order to study the influence of the parameters shown in Fig. 1 on the interaction of 

shotcrete and rock, numerical parameter studies were performed. By varying one parameter at 

a time the influences of the various parameters on the interaction of rock and shotcrete can be 

analysed. The results from the numerical analyses, presented in Paper E are summarised in 

Section 4.1. The behaviour of shotcrete supported rock wedges subjected to blast-induced 

vibrations presented in Paper F is summarised in Section 4.2. 

4.1 Shotcrete in interaction with rock and rock bolts 

Most of the infrastructures in the mine such as the accesses to the ore body, electrical supply 

and equipment, radio communication and the mine ventilation etc are situated in the footwall. 

It is therefore important that drifts and openings in the footwall have high accessibility. For 

that reason a drift parallel to the iron ore was analysed in this study (Fig. 14). 

a)         b) 

DriftCross cut
Iron ore 28.5 m

Fig. 14 Large-scale sublevel caving in the Kiirunavaara mine. 
a) Large-scale sublevel caving, principles, after Hamrin (1986) 
b) Schematic section (Cross section) 

The influence of the following parameters was investigated by a series of numerical analyses: 

the surface roughness of the opening, the rock strength and Young´s modulus, the 

discontinuities, the extent of the excavated disturbed zone, the mechanical properties of the 

interface between shotcrete and rock, the thickness of the shotcrete lining and the rock bolts 
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(Fig. 1). The study was carried out as a parameter study. The distinct element program, UDEC 

4.0 (Itasca, 2005), was used for the analyses. 

A simplified stress change pattern (Fig. 15) was used to investigate the interaction of rock and 

shotcrete under varying stress conditions. The first case, Load Case 1 (LC1), starts with an 

initial horizontal stress perpendicular to the drift with a magnitude of 55 MPa. The horizontal 

stress is then increased by 10 MPa resulting in a final horizontal stress of 65 MPa. In the 

second case, Load Case 2 (LC2), the horizontal stress perpendicular to the drift is reduced by 

10 MPa, resulting in a final stress magnitude of 45 MPa. Load cases 1 and 2 were simulated 

independently. 

Mining sequences: Excavation of drift Application of support a) Time until the mining reach the 
level of the drift 

b) Mining at the level of the drift 
Numerical analyses: Equilibrium is 

reached for this state 
See above a) Increased rock stresses 

b) Decreased rock stresses 

Fig. 15 Load Case 1 (LC1) and Load Case 2 (LC2) used in the analyses. Out of plane stresses (not 
shown in the Fig.) were equal to 24 MPa in all cases. 

Load Case 1

55 + 10 MPa 

55 MPa 

27 MPa 

27 MPa 

27 MPa 

Load Case 2

55 - 10 MPa 
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The following conclusions can be drawn from the study under the stated specific conditions: 

- The influence of the shotcrete lining on the behaviour of the rock was in principal 

limited to a zone about 1 m beyond the boundaries of the drift. Within this zone the 

extent of shear and tensile failures decreased.  

- The rock strength had a large impact on the number of failures at the interface and in 

the lining. The number of failures at the interface as well as in the lining increased 

with decreasing rock strength. 

- The surface roughness had also a large impact on the number of failures at the 

interface and in the shotcrete lining. Furthermore, the behaviour of the lining was 

sensitive to small amplitudes of the surface roughness. 

- A high bond strength was favourable, because the number of failures in the interface 

decreased more than the failures in the lining increased. Normally, a tensile failure in 

the lining is better than a tensile or a shear failure at the interface. This is because the 

tensile failure in the reinforced shotcrete lining has a residual strength, which is hardly 

the case at the interface. 

- With a thicker lining the number of failures at the interface increased more than the 

failures in the lining decreased. Therefore, if the lining is dependent on bond strength, 

the benefit of using a thicker lining can be doubtful. 

- The extent of the EDZ had a minor effect on the behaviour of the shotcrete lining 

when the surface was uneven. For an even surface, the influence of the extent of the 

EDZ on shotcrete was obvious but not serious. 

- If rock bolts are used, the washer must be placed on the shotcrete surface to obtain 

interaction with the shotcrete. There was no difference in displacement whether rock 

bolts were used or not. The analyses showed a decrease in the number of failures in 

the lining as well as at the interface when the rock bolts were installed at the apex of 

the rock protrusion. 

- For LC2 (Fig. 15) the tensile failure of the lining in many cases occurred prior to 

failure in the interface. This was indicated by fewer interface failures and a large 

number of tensile failures in the lining. 
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4.2 Shotcrete supported rock wedges subjected to blast-induced vibrations 

Rock supports are generally designed for static loading conditions. In many cases, however, 

the openings are also subjected to dynamic loads. In this study the effect of dynamic loads 

was investigated. By failure mapping, vibration measurements and analyses the influence 

from blasting induced stress waves on the performance of shotcrete was investigated. Since 

large amounts of explosives are detonated in each production round, the impact of stress 

waves on the brow can be significant. The main conclusions from the field investigations 

were:

- Many of the failures close to the brow were structurally controlled. 

- The area of damaged shotcrete was extensive when plain shotcrete was used. 

- At brows supported by fibre reinforced shotcrete, damage in the roof was observed 

within a horizontal distance of about 3 m from the drawpoint. 

- Vibration measurements showed that the maximum particle velocity was 

approximately 1.2 m/s. In the dynamic analyses the acceleration record showing the 

largest magnitude was used as the load. 

To study the behaviour of roof wedges supported by shotcrete and subjected to blast-induced 

vibrations a single-degree-of-freedom (SDOF) model was developed. The model consists of a 

shotcrete layer and a rock wedge, see Fig. 16. The stiffness and the strength of the wedge and 

the shotcrete lining are represented by non-linear springs, Kj and Ks, and the damping, C, is 

represented by a dashpot. The recorded vibration was used as the external disturbance in the 

analyses.  

                                      

Fig. 16 A diagrammatic representation of the SDOF model. 
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From the analyses following conclusions can be drawn: 

- The analyses showed that a wedge can be ejected by a dynamic load even if the static 

safety factor was > 10. Furthermore, the non-linear response of the wedges was in 

most of the cases greater when the wedge was supported both by the joints and the 

shotcrete layer compared to the case when the wedge was only supported by shotcrete. 

- The non-linear numerical analyses also showed that reinforced shotcrete has the 

necessary bearing capacity to support the wedges formed in the roof of the cross cut 

close to the brow. This was in fair agreement with the failure mapping. 

- The single-degree-of-freedom (SDOF) model, though it is relatively simple, can be 

used to predict the response of an arbitrarily shaped rock wedge supported by 

shotcrete as long as the movement of the wedge can be idealised by a pure translation 

and the dimensions of the wedge is small compared to the length of the incident wave. 

- Analyses showed that 2D wedges can be used to judge whether symmetric or non-

symmetric 3D wedges in a uniaxial stress field (which occurs close to the brow) are 

stable or not when they are subjected to waves induced by blasting. 
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5 Conclusions 
Based on the numerical and experimental investigations under stated specific rock mass and 

stress conditions it can be concluded that: 

- The rock strength and the unevenness of the surface had a large impact on the number 

of failures at the interface and in the lining. Furthermore, the behaviour of the lining 

was sensitive to small amplitudes of the surface roughness. 

- A high bond strength was favourable according to the numerical analyses. The results 

from the field tests also showed the importance of the bond at the interface. If bond 

failure occurs the ability to distribute and control the crack width ceases. 

- Failure mapping in the mine showed that a thin shotcrete layer (<20 mm) did not 

perform well. It is therefore, important that the designed thickness is achieved when 

shotcreting.  

- If rock bolts were installed at the apex of a rock protrusion instead of at the 

depression, the number of failures decreased both at the interface and in the lining. 

- For the drifts investigated the extent of EDZ was between 0.5 - 1 m and Young’s 

modulus was approximately 50 – 90% of that of the undisturbed rock. 

- The extent of the EDZ had a minor effect on the behaviour of the shotcrete lining if 

the surface was uneven. For an even surface, the influence of the extent of the EDZ on 

shotcrete was obvious but not serious. 

- The shear strength of a cemented shotcrete-rock interface is essentially the bond 

strength. This is in the case for normal stress (σn < 1.0 MPa) generally observed on 

shotcrete linings in practical cases.  

- Beams reinforced with steel fibres had higher residual flexural strength than those 

reinforced with polypropylene fibres (displacement range 0 - 4 mm). 

- The shotcrete reinforced with steel fibres and the best polypropylene fibres had almost 

the same energy absorption in the panel tests (0 – 25 mm displacement range) as well 

as in the beam tests (0 – 20 mm displacement range). 

- The analyses showed that a wedge can be ejected by a dynamic load even if the static 

safety factor was > 10. 
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- The non-linear response of a wedge was in most cases greater when the wedge was 

supported by the joints and in combination with shotcrete than when it was only 

supported by shotcrete. 

- Failure mapping showed that the fibre reinforced shotcrete has the ability to give 

stable conditions at a horizontal distance of about 3 m from the drawpoint. The non-

linear analyses showed fair agreement with the failure mapping.  

- The single-degree-of-freedom (SDOF) model, though it is relatively simple, can be 

used to predict the response of an arbitrarily shaped rock wedge supported by 

shotcrete as long as the movement of the wedge can be idealised by a pure translation 

and the dimensions of the wedge is small compared to the length of the incident wave. 
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6 Suggestions for future research and development 
The project has revealed a number of issues which need to be further studied in order to 

improve the understanding of the performance of shotcrete linings:   

- The influence of discontinuities on shotcrete – rock interaction both on local and global 

scales. Local scale meaning the behaviour around a discontinuity while global scale means 

the overall action of shotcrete. 

- The influence of the roughness of 3D shaped surfaces on the shotcrete – rock interaction. 

Numerical analyses of the shotcrete lining have been performed by Nilsson (2003) and 

Chang (1994) but the interaction with rock was omitted. 

- The influence of shotcrete shrinkage on the shotcrete – rock interaction by laboratory and 

field tests as well as numerical analyses. 

- The correlation between the growth of the adhesion strength and the growth of the 

compressive strength of young shotcrete as a function of time. This will assist in making 

recommendations when the next drill and blast cycle can start. 

- The investigation of EDZ at Kiirunaavara mine mainly focused on quantifying its extent 

and stiffness.  Problems highlighted in this study suggest that future work is needed to 

verify the results using appropriate and robust techniques. Furthermore, an empirical tool 

to estimate the strength of EDZ is needed. 
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Abstract 
In an investigation comprising 45 beam tests and 33 panel tests, Young’s modulus, residual 

flexural strength and absorbed energy were determined for shotcrete reinforced by 

polypropylene fibres, steel fibres and steel mesh. The residual flexural strength was 

determined as the average strength over the displacement range 0 – 4 mm. Beams reinforced 

with steel fibres had higher residual flexural strength than beams reinforced with 

polypropylene fibres or steel mesh. The shotcrete reinforced with steel fibres and the best 

polypropylene fibres had almost the same energy absorption in the panel tests (0 – 25 mm 

displacement range) as well as in the beam tests (0 – 20 mm displacement range). Young’s 

modulus of reinforced shotcrete determined by beam tests was lower than that derived from 

compression tests of cast concrete. 

Keywords: Shotcrete, flexural strength, toughness, absorbed energy, Young’s modulus, beam 

tests, panel tests.
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1 Introduction 

In mining flexible linings are preferred because large displacements of underground openings 

are allowed. It results often in extensive cracking of the shotcrete. Therefore, toughness of 

shotcrete is very important which is enabled by the use of reinforcement. 

The scope of the work was to investigate the flexural properties and Young’s modulus of steel 

and polypropylene fibre reinforced shotcrete and steel mesh reinforced shotcrete. 

Fibres have advantages compared to traditional steel mesh. They eliminate the heavy and time 

consuming manual application of mesh [1, 2] and the direct cost of steel fibres is 50 to 70% of 

the direct cost of steel mesh (labour and material) according to [3, 4]. 

2 Flexural strength of fibre reinforced shotcrete 
Flexural failure of fibre reinforced shotcrete mainly occurs as rupture of fibres or pull out of 

fibres from the concrete matrix. The pull out of fibres is favourable because it results in a 

ductile type of failure [5]. 

Several methods have been developed in order to determine the mechanical properties of fibre 

reinforced concrete. These test methods are often based on beam tests, see Fig. 1.  

Fig. 1 Load – displacement curve of a beam test. 

Fmax, peak load 

Fflcr, crack load 
Fres, residual load 

Load 

Displacement 

F/2 F/2

L/3 L/3 L/3
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The mechanical properties of the beam may principally be characterised by (i) peak load, 

Fmax, (ii) first crack load,  Fflcr, with the associated crack deflection, δcr , and (iii) residual 

flexural load, Fres. The residual flexural load can be used to determine the post crack flexural 

strength of the material.  

The moment capacity of the beam is expressed as 

6
FLM =       (1) 

where F is the load and L is the span of the beam (Fig. 1). The flexural stress of a beam 

according to Fig. 1, determined by assuming a linear variation of the bending stress over the 

beam height is 

2bh
FL=σ       (2) 

where, b is the width and h is the height of the beam. This distribution does not accurately 

describe the real distribution of stress in a cracked fibre reinforced beam [6] but is 

nevertheless used in many of the most common standards to determine residual strength of 

fibre reinforced shotcrete and is defined as 

2bh
LFf res

res =       (3) 

and the first crack strength 

2bh
LF

f flcr
flcr = .     (4) 

A shotcrete lining acts mainly as a hyperstatical structural member. That means that stresses 

in the lining can be redistributed if the shotcrete has the sufficient toughness. Yield line 

analyses [7] are commonly used to determine the ultimate load capacity of hyperstatical 

panels and imply a perfectly plastic behaviour of the construction material. To assure plastic 

behaviour the structural element must have the sufficient rotation capacity. However, using 

fibre reinforced shotcrete in yield line analyses is not a straightforward process. Most fibre 
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reinforced shotcrete test beams show a strain softening behaviour which can jeopardise the 

analyses. When using yield line theory Holmgren et.al. [8] recommends using a residual 

strength which is determined for a displacement range normally ≈ 0.15 – 3.8 mm for a test 

beam with a span equal to 450 mm and a height equal to 75 mm. 

Reviews of some of the existing test methods can be found in [5, 9]. In one of the most used 

standards [10] the determination of toughness is dependent on the first crack strength, which 

is  involved with problems [5, 9] since the determination can be affected by subjectivity and 

extraneous deformations. To avoid this problem the residual strength can be calculated from a 

post-crack load on the load/displacement curve [11, 12]. To make the determination of the 

flexural strength less sensitive for variation in the load/displacement curve an energy 

approach can be used [13]. The energy below the load/displacement curve is determined and 

divided by the displacement, see Fig. 2. This gives the average load which together with 

Eq.(3) can be used to determine  fres.

Midspan deflection

L/150

Lo
ad

O'

A B

C

Fig. 2 Flexural toughness values according to the Japanese standard [13]. 

Toughness determined from beam tests are normally calculated as the residual flexural 

strength as mentioned above. However, toughness can also be calculated as the absorbed 

energy corresponding to the area under the load/displacement curve from panel tests, see for 

example [12,16]. 

TJSCE = AO’ABC

δ
L

bh
Tf JSCE

JSCE 2=

150/L=δ
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3 Experimental investigation 

3.1 General 

All specimens were shotcreted underground at LKAB’s underground mine in Kiruna, 

Sweden. The shotcrete used in these tests (Table 1) was a shotcrete normally used in LKAB’s 

underground mines.  

Almost all shotcrete at LKAB’s mines are applied by the wet mix method. After the 

specimens were shotcreted they were cured at least 28 days in a drift to obtain normal mine 

conditions. That means that the temperature and the relative humidity on average were 12° C 

and 78%, respectively. A normal dosage of steel fibre reinforced shotcrete used in the mines 

is 50 kg/m3 Dramix steel fibre 65/35. This reinforcement was used as a “base case” in this 

investigation. The dosage of the polypropylene fibres was determined to match the 

performance of shotcrete reinforced with 50 kg/m3 Dramix steel fibre 65/35. The 

recommendations from the suppliers to fulfil this goal (both economical and technical) and 

LKAB’s earlier experience of tests of polypropylene fibre reinforced shotcrete gave the 

dosage of the polypropylene fibres (Table 2). 

Table 1 Mix design of shotcrete used in the tests, wet-mix method. 
 Fibre reinforced shotcrete Steel mesh reinforced 

shotcrete 
Cement (kg/m3) 500 – 510 450 
Silica (kg/m3) 20- 25 26 

Aggregate, dry weight (kg/m3) 1520 – 1580  1580 
Slump (mm) 150 150 

Water-cement ratio, w/c 0.40 – 0.42 0.42 
Accelerator  Waterglass (Sodium silicate, Na2O⋅SiO2⋅H2O)
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Table 2 Reinforcement and type of tests. 
Type of test and No. of test specimens  Product name Reinforcement Fibre dosage 

(kg/m3) Rebound of 
steel fibre 

Compr. 
Strength 

Beam EFNARC 
panel 

Dramix 65/35  Steel fibre 50 3 9 9 6 
Dramix  65/35 Steel fibre 80 3 3 3 - 
Dramix  80/50 Steel fibre 50 3 3 3 - 
Dramix  80/50 Steel fibre 80 2 3 2 - 
Fibermesh  Polypropylene fibre 8 - 3 3 3 
Fibermesh  Polypropylene fibre 10 - 3 3 3 
STRUX 85/50 Polypropylene fibre 10 - 3 3 3 
Barchip 7100 Polypropylene fibre 8 - 3 2 3 
Barchip 7100 Polypropylene fibre 10 - 3 3 3 
Barchip 4350 Polypropylene fibre 8 - 3 3 3 
Barchip 4350 Polypropylene fibre 10 - 3 3 3 
Synmix Polypropylene fibre 8 - 3 3 1 
Synmix Polypropylene fibre 10 - 3 2 2 
Steel mesh φ 5 c 150 mm in both directions  3 3 3 

The following laboratory tests of shotcrete beams and panels were performed: 

- Beam tests to determine the flexural strength and Young’s modulus. 

- Beam and panel tests (EFNARC panel) to determine toughness.  

In addition the rebound of steel fibres was measured and cube tests (100-mm) to determine 

the compressive strength were performed according to [14]. Normally three specimens for 

each type of test and reinforcement were performed, see Table 2. Specimens reinforced with 

steel mesh are shown in Fig. 3. 

37
,5

75

150 125

Test beam

50

150

Test panel

10
0

Fig. 3 Test specimens reinforced with steel mesh. 
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3.2 Beam and panel tests 

The first crack strength, fflcr, and Young’s modulus, Ec, were determined according to [15]. 

The residual strength was calculated according to the Japanese standard [13] with the 

following exceptions: 

- The dimension of the test beams was chosen in accordance with common practice in 

Europe [11, 12, 15], see Fig. 4, with L =  450 mm and the width and the height of the test 

beams equal to 125 and 75 mm, respectively. 

- The residual strength was determined for the displacement ranges 0 – 1 mm, 0 – 2 mm 

and 0 – 4 mm, which reflects three various toughness classes according to [11]. 

- The toughness was also determined as absorbed energy which can be determined as: 

dwF
x

LA
w

y ∫=
03

2/3/ LxL ≤≤     (5) 

The notations are according to Fig. 4. Ay was calculated for the displacement range 0 – 20 

mm. The displacement, w, equal to 20 mm gives the ratio 

L / w =  22.5     (6) 

where L is the span of the beam. The ratio is approximately in agreement with the 

corresponding ratio of the EFNARC panel test [16].  

L/3 L/3L/3

F/2 F/2

w
x

L

C/L

w2w1

Fig. 4 Test beam 
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The EFNARC panel test [16] shown in Fig. 5 was used to compare the toughness of shotcrete 

panels with different reinforcement and amount of reinforcement. The toughness was 

calculated as the absorbed energy corresponding to the area under the load/displacement 

curve between 0 and 25 mm. 

The performance of the EFNARC panel test is dependent on tolerances in specimen flatness 

[17]. Even a small distortion in the panel will result in indeterminate support. This can lead to 

lower load capacity than for a nominally identical but truly flat specimen [17]. Therefore, 

attention was paid to it to assure that the panel was supported on its four edges. 

Fig. 5 EFNARC panel test [16]. 
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4 Results and analyses 
Most of the tests were performed when the specimens were 28 to 50 days old, with the 

exception of some of the specimens reinforced with 80 kg/m3 Dramix 65/35 fibres which 

were 75 to 92 days old when tested.  

The rebound of steel fibres was 7 to 14% for Dramix 65/35 (length = 35 mm) and 18 to 25% 

for Dramix 80/50 (length = 50 mm) as shown in Table 3. A spray nozzle with greater 

diameter was used for the shotcrete with the longer fibres than for the shotcrete with the 

shorter fibres. Because of that the impact velocity probably decreased. The rebound of 

polypropylene fibres was omitted, because the practical problems to measure the amount of 

fibres were too large. 

Table 3 Rebound of shotcrete. 
Steel fibres Nominal quantities of 

steel fibres 
(kg/m3)

Measured quantities of steel 
fibres, mean value 

(kg/m3)

Rebound 

(%) 
Dramix 65/35 50 43.0 14 
Dramix 65/35 80 74.1 7 
Dramix 80/50 50 37.6 25 
Dramix 80/50 80 65.4 18 

4.1 Compressive strength 

The compressive strength of the 100 mm cubes showed a significant scatter, see Fig. 6. The 

age of the shotcrete at the time for the testing varied, but this fact seems not to be the most 

important factor (Fig. 7). The most important factors were probably the variation of the 

accelerator and the spraying distance, which are critical factors for the quality of the shotcrete 

lining [18, 19]. The variation in compressive strength in each batch was very low, only a few 

percent between the highest and lowest value. 
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Fig. 6 Compressive strength, each value represents the average value of at least three specimens, see Table 2. 

Fig. 7 The compressive strength as a function of age, each value represents the average value of three 
specimens. 

4.2 Flexural strength of beams 

The load-deflection curves for some test beams are shown in Fig. 8. Generally, shotcrete 

beams reinforced with steel fibres had higher maximum load but the bearing capacity 

decreased faster with increased displacement compared to beams reinforced with steel mesh 

or polypropylene fibres. 
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Fig. 8 Load - deflection curves for some of the beams, each curve corresponds to the result from one 

test beam. 

The residual flexural strength, fres is shown in Fig. 9 and Fig.10, where each bar represents the 

average value from the tests.  
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Fig.10  Residual flexural strength – polypropylene fibres. Each bar corresponds to the average from 
(normally) three beams. 

A higher amount of steel fibres gave higher fres. Test beams reinforced with 50 mm long steel 

fibres (Dramix 80/50) showed lower fres than those with 35 mm fibres (Dramix 65/35). 

However, beam tests (cast concrete) performed by Groth [5] showed that longer fibres give 

higher toughness. This indicates that the results from this study are mainly caused by the high 

rebound of long fibres according to Table 3. In the case of polypropylene fibres, a higher 

amount of fibres (from 8 to 10 kg/m3) did not increase fres in all cases. Since the rebound of 

fibres was not checked for polypropylene fibres the differences in capacity can be due to 

differences in the amount of fibres with respect to the nominal values.  

The toughness measured as absorbed energy when the displacement had reached 20 mm for 

the best polypropylene fibres was slightly higher than for beams reinforced with steel fibres 

(Fig. 11). Steel mesh reinforced beams absorbed more energy than both steel and 

polypropylene fibre reinforced beams. 
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Fig. 11 Absorbed energy of beams according to Eq.(5). Each bar corresponds to the average from (normally) 
three beams. 

The first crack flexural strength, fflcr, of the beams is presented in Fig. 12. Furthermore, fflcr is 

plotted as a function of the compressive strength in Fig. 13. The test results from the present 

study are presented together with results from 273 shotcrete beam tests [20] and splitting 

tensile strength tests on cores with diameter and length equal to 100 mm [21]. The first crack 

flexural strength, fflcr, from the present study is closer to the results from the splitting tests than 

the results from beam tests by [20]. 
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Fig. 13 First crack flexural strength, fflcr versus compressive strength fc. Each mark corresponds to the 
average from (normally) three beams. The measured flexural strength, fflcr, is compared with 
splitting tensile strength, ft,sp,  [21] and fflcr [20]. 

4.3 Young’s modulus of beams 

Young’s modulus, Ec, of shotcrete is presented in Fig. 14. The modulus varied between 12.7 

and 26.7 GPa which is quite a large interval. However, the modulus is based on the deflection 

at the first crack δcr which can be difficult to determine [5, 9]. In Fig. 15, Ec is plotted as a 

function of the compressive strength, fc, (100-mm cube). 

18
.7

16
.1 16

.7
17

.0

12
.7

20
.7 21

.3
20

.7
26

.7

0

5

10

15

20

25

30

Dram
ix 

65
/35

 50
 kg

/m
3

Dram
ix 

65
/35

 80
 kg

/m
3

Dram
ix 

80
/50

 50
 kg

/m
3

Dram
ix 

80
/50

 80
 kg

/m
3

Fibe
rm

es
h 8

 kg
/m

3

Barc
hip

 71
00

 8 
kg

/m
3

Barc
hip

 71
00

 10
kg

/m
3

Barc
hip

 43
50

 8 
kg

/m
3

Barc
hip

 43
50

 10
 kg

/m
3

Y
ou

ng
's

 m
od

ul
us

 (G
P

a)
.

Steel fibre          Polypropylene fibre

Fig. 14 Young’s modulus, each bar corresponds to the average from normally three beams. 

0

2

4

6

8

10

0 20 40 60 80Te
ns

ile
 s

tre
ng

th
 (M

P
a).

Compressive strength (MPa) - 100 mm cube

First crack flexural strength, fflcr
Lower limit for ft,sp = 0.22fc

2/3

Upper limit for ft,sp = 0.32fc
2/3

fflcr = 0.355 fc
0.72



- A17 - 

A regression analysis on data from the present study gave the following relation between fc

and Ec

43.1073.0 cc fE =      (7) 

when fc is varying between 35 to 65 MPa and R2 = 0.60. From [22] the following relation can 

be found for cast concrete 

3/1)10/(5.21 cmc fE =      (8) 

where fcm is the mean concrete compressive strength for a cylinder (150/300 mm). Eqs.(7) and 
(8) are also shown in Fig. 15. Ec of cast concrete Eq.(8) seems to be higher than Ec of 
shotcrete. However, Young’s modulus according to [22] is determined with compression tests 
not using beam tests as in this study. 
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4.4 EFNARC panel test 

The results from the EFNARC panel tests are summarised in Fig. 16. The results show that 

panels reinforced with the best polypropylene fibres had almost the same toughness as panels 

reinforced with steel fibres. Panels reinforced with steel mesh had lower toughness compared 

with panels reinforced with steel fibres. Furthermore, there was a high correlation between 

maximum load (Fmax) and absorbed energy (R2=0.94).
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4.5 Comments to the results 

The toughness derived from beam and EFNARC panel tests are compared in Fig. 17. The 

values were made dimensionless by dividing the toughness of the actual specimen with the 

toughness of the specimen of shotcrete reinforced by 50 kg/m3 Dramix steel fibres. The data 

points and regression lines are marked (1) and (2). Each data point corresponds to the average 

in each batch (normally three beams). The regression line (1) is the relation between fres of the 

beam for the displacement range 0 – 4 mm and the results from the EFNARC panel tests, (2) 

is the relation between the absorbed energy from the beam tests for a displacement range 0 to 

20 mm and the EFNARC panel tests. The correlation expressed as R2(coefficient of 

determination) was low for the relation (1) but relatively high for the relation (2). 
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Fig. 17 Correlation between the toughness from beam tests and EFNARC panel tests 

The correlation between the residual strength and the first crack strength from the beam tests 

as well as the correlation between the residual strength and the compressive strength were 

low, 22.02 <R . Furthermore, the correlation between the maximum load (Fmax) from the 

panel tests and the first crack strength from the beam tests as well as Fmax and the compressive 

strength were low, 2.02 <R . The same low correlation was obtained between absorbed 

energy (from panel tests) and compressive strength and first crack strength, respectively. 

The scatter of the results from the Japanese method [13] was compared with the scatter of the 

results using a suggestion for a new European standard [11]. The scatter was determined 
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within each batch. One batch contained normally three beam specimens, see Table 2. The 

scatter was presented as jresires ff )/()( where iresf )( is the residual strength of beam No. i  in 

batch No. j and jresf )(  is the average residual strength of the batch No. j. Fig. 18 and Fig. 19 

show the results.  
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Similar calculations were done for the panel tests. The scatter was presented as 

ji EE )/(  where Ei is the energy absorption of panel No. i in batch No. j and jE )(  is the 

average energy absorption of the batch No. j. The result is presented in Fig. 20.  
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Fig. 20 Variation of absorbed energy from panel tests, where Ei is the energy absorption of panel No. i
in batch No. j and jE )(  is the average energy absorption in batch No. j.

There was a larger scatter in the results of the beam tests than in the results of the panel tests. 

The magnitude of the scatter is presented in Table 4, as Coefficient of Variation (COV),

which is the standard deviation over the mean expressed as percentage.  

Table 4 Variation in toughness within one batch. 
Parameter Within-batch COV 1) (%) 
Beam tests – Residual strength according to [11]. 20 
Beam tests – Residual strength according to [13]. 16 
Panel tests – Energy absorption 12 
1) COV is the standard deviation over the mean expressed as percentage. 

j

i

E
E
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5 Discussion 
The beam tests showed that shotcrete beams reinforced with steel fibres had a higher 

maximum load than those reinforced with polypropylene fibres or steel mesh. For fibre 

reinforced beams the maximum load always occurred for displacements < 4 mm. The residual 

flexural strength was determined as the average strength for a specified displacement range. 

Three displacement ranges were used, 0 – 1 mm, 0 – 2 mm and 0 – 4 mm. Therefore, steel 

fibre reinforced shotcrete had higher residual flexural strength than shotcrete reinforced with 

polypropylene fibres or steel mesh. 

However, for larger displacements the strain softening was more pronounced for shotcrete 

reinforced with steel fibres than with polypropylene fibres. Thus, the shotcrete reinforced with 

steel fibres and the best polypropylene fibre had almost the same energy absorption in the 

panel tests as well as in the beam tests. This was because the absorbed energy was determined 

for larger displacement ranges, 0 - 20 mm in the beam tests and 0 - 25 mm in the panel tests. 

Shotcrete reinforced with steel mesh had the highest energy absorption in the beam tests, but 

lower energy absorption than steel fibre reinforced shotcrete in the panel tests. 

To be able to obtain redistribution of stresses in a hyperstatical structural element such as a 

shotcrete lining, the shotcrete must have sufficient toughness. If the residual flexural strength 

is determined as an average strength over the displacement range 0 - 4 mm, for a beam with a 

span of 450 mm and a height equal to 75 mm sufficient rotation capacity is achieved 

according to [8]. 

The methods used for design of shotcrete linings, such as rock mass classification systems, 

are based on qualitative estimates of the rock and shotcrete properties and past experiences. 

On the other hand, the mechanical properties of shotcrete derived from laboratory tests are 

usually described in great detail, which cannot be easily incorporated into the design 

procedures. In mining where large displacements usually occur, energy absorption [12, 16, 

25] can be a good measure of the supporting effect of shotcrete. This is because both load 

capacity and displacement are included and it also accounts for the post-peak behaviour. 

Hence, it is one quantity that has practical significance to shotcrete design and can be 



- A24 - 

incorporated into the empirical design procedures. In rock burst prone areas, the energy 

absorption is a very important property of the rock support. 

When the toughness was measured as absorbed energy a relatively good correlation between 

beam and panel tests was observed (R2 = 0.75). There was a very low correlation between 

toughness and compressive strength as well as toughness and first crack strength of shotcrete. 

In other words, toughness of the test beams and panels was mainly dependent on the 

reinforcement of the shotcrete.  

The scatter in the test results within a batch was measured as the Coefficient of Variation, 

COV. It was higher when the residual flexural strength was determined at a specified 

displacement on the load/displacement curve than when it was determined as an average value 

over a specified displacement range. This made the determination of the flexural strength less 

sensitive to variations in the load/displacement curve. 

The scatter of the results is a disadvantage for beam and EFNARC panel tests [23]. A 

suggestion is to use the round determinate panel test [24] parallel to the beam and/or 

EFNARC panel test to evaluate the test method. Tests performed by [23] showed that the 

COV (with-in batch) was 6 – 8 % for the round panel test compared to COV from beam tests 

which was 13 to 18 %. 

The regression analyses showed a relatively low correlation (R2 = 0.60) between Young’s 

modulus and the unixaial compressive strength in the present study. Therefore, Young’s 

modulus can be assumed, alternatively, to be constant with a value equal to 18 – 20 GPa when 

the uniaxil compressive strength is 35 - 65 MPa. Young’s modulus of reinforced shotcrete 

determined by beam tests was lower than that calculated according to the CEB-FIP model 

code [22] which is based on compression tests of cast concrete. 



- A25 - 

6 Conclusions 
- Beams reinforced with steel fibres had higher residual flexural strength than beams 

reinforced with polypropylene fibres or steel mesh, the residual flexural strength was 

determined as the average strength over the displacement range 0 – 4 mm.  

- The shotcrete reinforced with steel fibres and the best polypropylene fibres had almost the 

same energy absorption in the panel tests (0 – 25 mm displacement range) as well as in 

the beam tests (0 – 20 mm displacement range). 

- Shotcrete reinforced with steel mesh had the highest energy absorption in the beam tests, 

but lower energy absorption than steel fibre reinforced shotcrete in the panel tests. 

- The scatter of the results from beam tests when the residual flexural strength was 

determined at a specified displacement at the load/displacement curve was higher than 

when the residual flexural strength was determined as an average value over a specified 

displacement range. 

- Young’s modulus of reinforced shotcrete determined by beam tests was lower than that 

calculated according to the CEB-FIP model code [22] which is based on compression tests 

of cast concrete. 
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Summary

A series of laboratory tests was performed on cemented shotcrete-rock joints to investigate the
strength and stiffness of the interfaces, while simulating field conditions as close as possible. The
direct shear test formed the core of the experimental work, while the tension and compression
tests were complementary. To simulate loading conditions experienced in practical cases the direct
shear tests were performed under fairly low normal stresses. In most practical cases when
shotcrete is used with rock bolts, the normal load on shotcrete lining seldom exceeds 0.2 to
0.5MPa. The direct shear test results show that, for such normal load range the shear strength is
determined by the bond strength for genuinely bonded shotcrete-rock interfaces. For higher
normal stresses (�n> 1.0MPa), which rarely exist at the shotcrete-rock interface, the shear
strength is largely influenced by friction resulting in the cohesive strength being less significant.
Assessment of the shear surface revealed that the steel fibres in the shotcrete appeared to con-
tribute significantly to the frictional component. The shear and normal stiffnesses of the interface
were also determined, which were in principal the stiffnesses of the bond. An interesting observa-
tion was the complex interaction at the interface and the mechanisms that controlled the peak
shear strength which depended on the surface roughness, the existence of natural flaws and the
normal load.

Keywords: Bonded shotcrete-rock joints, peak shear strength, bond strength, adhesion strength,
joint compressive strength, shear stiffness, normal stiffness.

1. Introduction

Shotcrete is gaining wide acceptance as surface rock support in both tunneling and

underground mining. The primary role of shotcrete, which perhaps is its most effective

role, is to prevent dilation of loose rock blocks and eventual fallouts, which if not

prevented could further lead to propagation of failure. The actual interaction between

the shotcrete and rock is quite complex. See for example Holmgren (1979, 1985,



1992), Stille (1992), Malmgren (2001) and Stacey (2002). However, the interaction or

for that matter the effectiveness of the shotcrete-rock interface is after all dependent

on the strength of the interface and its governing mechanical properties. The main

mechanical properties that affect the strength include stiffness, cohesion, adhesion

strength and friction. At a genuinely cemented interface the adhesion strength is very

important. External factors such as rock surface preparation and the geometry of the

rock surface on which the shotcrete is applied have been found to affect adhesion

strength quite significantly. Malmgren and Nordlund (2004) have shown that the

adhesion strength of shotcrete-rock interface at Kiirunavaara underground mine,

Sweden, was significantly increased when the rock surface was prepared by water-

jet scaling.

Some of the early studies on the strength of shotcrete-rock interfaces were by

Fernandez-Delgado et al. (1976) and Holmgren (1979). Since then a large and varied

number of tests have been performed, including field studies and observations. How-

ever, due to the complexities of shotcrete-rock interaction the various methods could

only provide specific data for simple ground conditions. The direct shear test is one

way of studying the strength of the interface and its mechanical properties. Thus this

study mainly focuses on direct shear test, with tension and compression tests being

complementary. The direct shear test was conducted under low normal loads to simu-

late field conditions as close as possible. For most practical cases where shotcrete

is used with rock bolts the normal load on shotcrete lining rarely exceeds

200–500 kN=m2 (0.2 to 0.5MPa).

Although no citations were made on past experimental work on the shear strength

of cemented shotcrete-rock joints by direct shear test method, a number of tests have

been conducted on non-cemented concrete-rock joints. For example, by Johnston and

Lam (1984), Lam and Johnston (1989), Kodikara and Johnston (1994), Seidel and

Haberfield (2002), and Changwoo et al. (2002). Cater and Ooi (1988) studied shear

hardening and softening behavior of genuinely cemented concrete-rock joints.

2. Test Samples

The initial preparation of the test samples was carried out at the Kiirunavaara under-

ground iron ore mine facilities, from where the samples were collected. One advan-

tage for preparing the samples at the mine site was that the shotcreting technique used

in the actual operation was used to prepare the test samples.

The rock samples mainly comprised magnetite iron ore and trachyte waste rock.

Magnetite is the principal iron ore mined at Kiirunavaara and trachyte is the waste

rock at the footwall side of the ore-body. The rock specimens collected were fresh and

taken directly from collapsed material from the roof and the walls. The average

uniaxial compressive strength of trachyte is 200MPa and of magnetite, 130MPa.

Surface roughness estimated in x and y directions, using Barton and Choubey’s

(1977) Joint Roughness Coefficient (JRC) Chart, ranged from 1 to 13 (see Fig. 1)

for the rock specimens collected. All magnetite surfaces registered JRC values from 1

to 3, along with 50% of the trachyte samples. The other 50% of the trachyte samples

registered JRC values from 9 to 13. Before shotcreting, the rock pieces were cleaned
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with water to achieve good adhesion and then placed inside wooden troughs and

shotcreted. The fibre reinforced shotcrete mixture used is shown in Table 1.

After curing for 28 days the test samples were extracted by coring. Coring was

chosen because it was easy to extract the test samples while minimizing disturbance to

Fig. 1. Roughness profiles and corresponding JRC values (after Barton and Choubey, 1977). JRC range for
the samples tested are shown in the dashed boxes

Table 1. Shotcrete mixture (wet-mix method)

Ingredient Ratio

Cement (kg=m3) 506
Silica (kg=m3) 20
Aggregate, dry weight (kg=m3) 1435
Steel fibre, Dramix 65=35 (kg=m3) 50
Slump (mm) 150
Water cement ratio (%) 38
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the joints. Figure 2 shows the type of specimens obtained for each test. The samples for

the direct shear tests were cored using 180mm inner diameter diamond drill bit, while

those for tensile and compression tests were extracted using 94mm inner diameter

diamond drill bit. The diametrical specifications for the specimens were predetermined

to comply with the laboratory test equipment and test method standards.

The final preparations of the test samples were done in the laboratory at Luleå

University of Technology. These preparations included edge preparation of the tensile

and compression test specimens, and molding of the direct shear test specimens in

cement grout. A typical final direct shear test sample, ready for testing is shown in

Fig. 3. The actual test specimen is encapsulated by a pre-mixed rapid hardening

concrete, capable of achieving its full strength within 7 days. These samples were

prepared inside stiff metal molds to conserve stiffness, shape, dimension and clean

finish. Circular clamps were used to center the specimens during molding so that the

joints coincide with the shear plane. The final dimensions of test blocks were

280mm� 280mm� 280mm with 10mm clearance around the joint to allow freedom

of shear and lateral displacements. The actual test surfaces were 180mm in diameter.

Fig. 2. Test samples. a) Direct shear test sample, b) tensile and compression test sample, c) shotcrete
compression test sample

Fig. 3. Direct shear test sample
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3. Experimentation

3.1 Direct Shear

A stiff servo controlled direct shear machine shown in Fig. 4a, which has a loading

capacity of 500 kN for both normal and shear forces, was used. It is controlled with

servo valves in both shear and normal directions. Designed and built at Luleå University

of Technology, the machine has the capacity to perform direct shear tests according to

ISRM suggested methods (e.g. ISRM, 1981). The shear machine has an overall dimen-

sion of 2.5m by 2.5m in width and height, with the width of the steel frame being two-

thirds the width of the shear box making the machine fairly stiff. Figure 4b shows the

Fig. 4. a. Luleå University of Technology’s stiff servo controlled direct shear machine. b. Principal
components of the direct shear machine, (0) stiff steel frame, (1) lower box, (2) upper box, (3) specimen

holder, (4) hydrostatic bearing, (5) spherical bearing, (6) & (7) hydraulic actuators, (8) bucker up
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principal components of this machine. This equipment has been in use since 1990 with

several master and doctoral research studies on rock joints being performed with it.

Prior to the actual tests a trial test was performed on 4 samples for sensitivity

evaluation and identification of suitable test conditions. This also included testing

for eccentricity, tilt and rotation of the sample inside the shear box. On the basis of

this test the normal load range was set at 1 to 40 kN, which corresponded to 0.04 to

1.57MPa for the sample diameter of 180mm. This normal load range was adequate to

avoid experimental uncertainties involving tilt and rotation and at the same time

simulate field conditions as close as possible. The shear displacement rate was set

at 0.1mm=min, which was enough to prevent uncontrolled displacements and failures.

The tests were performed under constant normal load conditions.

After mounting the samples inside the shear box, four LVDTs (BOFORS model

RAG 50) were prepared and glued systematically around the samples as shown in

Fig. 5 to monitor dilation. When ready for testing the normal load was raised steadily

to the required level and allowed to stabilize before applying the shear force. The

normal force was held constant while the shear was applied. Results recorded include

shear force (in kN), shear displacements (in mm) and normal displacements (in mm).

A total of 38 samples were tested after being sorted into 3 groups according to the

JRC values and rock type as shown in Table 2.

3.2 Joint Tensile Test

Tensile tests on shotcrete-rock joints were performed mainly to determine the adhesion

strength of the joints. A total of 3 shotcrete-trachyte and 4 shotcrete-magnetite samples

were tested using a Dartec low capacity (50 kN) servo controlled hydraulic testing

Table 2. Shotcrete-rock interface test categories

Category Joint type JRC value Number of samples

Group 1 Shotcrete-magnetite 1–3 20
Group 2 Shotcrete-trachyte 1–3 9
Group 3 Shotcrete-magnetite 9–13 9

Fig. 5. Experimental set-up. The LVDTs are systematically placed on the front and the back of the sample.
LVDTs 3 and 4 are at the back of the sample
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machine (Type RK) equipped with Dartec electronic system. Figure 6 shows the experi-

mental set up. The specimens were first cemented inside the spherical seating platens

and then locked into position for testing after the cement had hardened. Joint displace-

ments were measured using four Crack Opening Displacement (COD) gauges evenly

placed around the interface. The COD gauges (3541 series), manufactured by Epsilon

Technologies had the capacity to detect and measure displacements down to less than

0.1 mm. The distance between upper and lower clips where the COD gauges were

attached for measurements varied between 10 and 20mm for each test. To avoid uncon-

trolled failure the test was conducted with a displacement rate of 0.1 mm=s. The speci-
men was also monitored for comparison against joint closure measurements.

3.3 Joint Compression Test

The purpose of compression test on shotcrete-rock joints was to determine the joint

compressive strength and the joint normal stiffness in compression. These tests were

performed using an Instron servo controlled hydraulic testing machine, model number

1346, which is also equipped with Dartec electronic system for control and data

acquisition. To measure joint closure the four COD gauges were again evenly placed

around the interfaces akin to the setup in Fig. 6. The tests were controlled with a

displacement rate of 5 mm=s. Due to the sensitivity of the tests the overall specimens

were also monitored simultaneously and the experiments were stopped when initial

deformations were observed on the shotcrete. Shotcrete’s stiffness was approximately

half the stiffness of the rock, i.e. trachyte and magnetite.

3.4 Shotcrete Compression Test

The purpose of the shotcrete compression test was to determine the uniaxial compres-

sive strength of the shotcrete used in preparing the test samples for quality assurance.

Fig. 6. Experimental setup for joint tensile test. (1) Dartec hydraulic testing machine, (2) Dartec electronic
system and (3) enlarged view of the sample sandwiched between the loading platens

Laboratory Tests on Shotcrete-Rock Joints 281



A total of 12 shotcrete specimens were compressed using the same equipment used in

the joint compression test. The displacements were measured however via the stroke.

4. Test Results

4.1 Direct Shear

Since the major part of this study was devoted to the direct shear test, emphasis will be

primarily placed on direct shear test results.

4.1.1 Determination of Peak Shear Strength

Because of the nature of the test results it is necessary to explain how the peak values

for shear and residual strengths were obtained from the force-displacement plot.

Typically two types of observations were made which are shown in Figs. 7a and b.

Figure 7a represents the result of a joint with good adhesion. The shear stress was

observed to increase steeply until the bond (or the gluing) failed and at that point the

shear stress dropped sharply to a level where the displacement could be controlled at

the pre-set rate. Thereafter the shear stress increased again until a new peak was

attained and sliding was initiated.

Swedenborg (2001) also made similar observations when testing the shear strength

of fully grouted artificial planar joints. The two-stage shearing phenomenon was

mainly attributed to the low shear displacement rate and the low normal loads used,

besides the quality of interface adhesion. For this case the peak shear strength is

clearly attained at the stress level at which the bond failed, that is the bond strength.

The second peak was mainly due to friction on unbonded joint which was later used to

determine the peak friction angle. The residual shear strength is the residual stress

attained in the shearing of the unbonded joint at the second stage.

Figure 7b represents the result of joints with either poor adhesion or joints being

tested at higher normal stresses. Here the shear stress kept increasing until the peak

shear strength was attained and then the stress dropped to a residual value. In this case,

both the bond strength and friction contributed to the peak shear strength. There were

no clear indications of bond failure on the stress-displacement plots for such cases. On

the other hand, indications of bond failure were noted and recorded during the testing

process by visual and audible observations. Fortunately most of the bond failures

occurred with audible snaps. But whether these audible snaps indicated full or just

partial failures were difficult to verify. Interfaces that lost their bonding or adherence

during initial application of the normal loads were treated as having zero bond

strength.

Joints with JRC values of 9 to 13 generally showed strength characteristics repre-

sented by Fig. 7a, while joints with JRC values of 1 to 3 showed characteristics of both

Figs. 7a and b. The bond strengths were higher for the joints with JRC of 9 to 13 than

for joints with JRC of 1 to 3.

At this stage it is necessary to make clear that the term ‘bond strength’ will be used

throughout this paper to describe the strength of the bond between shotcrete and rock
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in direct shear, and ‘adhesion strength’ will be used to describe the strength of bond in

direct tension. This is mainly because of the different bond failure mechanisms

involved in the two tests which will be discussed later.

4.1.2 Results of the Trial Tests

Because the trial tests formed the basis for the actual tests it is necessary first to report

the results of the trial tests for subsequent comparison and discussion. These results are

shown in Table 3. The nature of the samples used in the trial tests needs commenting.

Firstly, the samples were cubical (200� 200� 200mm) compared to cylindrical in the

actual test. Secondly, the joints were created by pouring plain concrete (uniaxial

Fig. 7. a. Typical test result for a joint with good adhesion. The peak shear strength is equal to the bond
strength. b. Typical test result for a joint with either poor adhesion or joint tested at higher normal stress. The

peak shear strength is influenced by combination of bond strength and friction
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compressive strength¼ 40–45MPa) on the rock surface to create the interface com-

pared to shotcreting in the actual test samples. Thirdly, all sample preparations were

done in the laboratory, and the rock samples were all trachytes with JRC values of 1 to 3.

The significance of the trial test samples was that all the samples showed very good

adhesion which was later reflected by the reasonably high bond strength values when

tested, see Table 3. Furthermore, all the samples showed the shear behavior described

by Fig. 7a. Hence for the trial test the peak shear strengths were in principle the bond

strengths.

Sample #1 was first attempted at a normal load of 0.5 kN (0.013MPa) but was

observed to be unstable and therefore the normal load was raised to 1.0 kN

(0.025MPa), which was then observed to be relatively stable. Of the samples tested

sample #3 failed partially during initial application of the normal load. This sample

was remade and retested at 100 kN to evaluate the sensitivity of the LVDTs. The trial

tests also showed that tilt or rotation did not occur.

4.1.3 Test Results for Shotcrete-Rock Joints with JRC¼ 1–3

Test results for shotcrete-trachyte and shotcrete-magnetite joints with JRC of 1 to 3

were combined since the results were similar. Table 4 shows the test results for these

joints. The peak and residual strengths were determined using the procedures

described in section 4.1.1. The peaks corresponding to the stresses at which the bonds

failed, i.e. the bond strengths, are marked with asterisks (�). The shear stiffness (Ks)

values were calculated as secant stiffness from the peak shear strength.

Figure 8a shows the peak shear strengths for shotcrete-rock joints with JRC of 1 to

3. A distinction is made between the peaks corresponding to the bond strengths and

those resulting from combination of bond strength and friction. Although there is a

linear trend, a linear fit could not be done because the peaks attained were the result of

different failure mechanisms. As can be seen, at normal stresses less than 1.0MPa the

shear strength is mainly determined by the bond strength and beyond 1.0MPa it is

determined by a combination of bond strength and friction.

It is the shear strength at normal stresses less than 1.0MPa that is of interest to this

study because it has practical significance to shotcrete when it is used as surface rock

support. In most practical cases where shotcrete is used with rock bolts the usual or

perhaps the maximum normal stress seldom exceeds 0.2 to 0.5MPa. Therefore, the

shear strengths at normal stresses up to 1.0MPa are isolated and plotted in Fig. 8b.

Shear strengths that resulted from combined effect of bond strength and friction have

Table 3. Test results from the trial direct shear tests

Sample # Normal stress
(MPa)

Peak shear
strength (MPa)

Residual shear
strength (MPa)

1 0.03 2.03 0.06
2 0.25 1.98 0.11
3 1.25 1.67 0.69
4 2.50 2.15 1.70
#3 retest 2.50 2.11 1.68

Average: 2.07
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been omitted since the failure mechanisms for these cases were quite complex, which

are discussed later in this paper.

By only showing the shear strengths with typical characteristics of Fig. 8b the

significance of the bond strengths is clearly seen. Thus, Fig. 8b shows that at genu-

inely cemented shotcrete-rock interfaces the shear strength is effectively determined

by the bond strength for the normal stresses anticipated in practical cases. There is a

notable scatter of the bond strengths though, which nevertheless reflects the quality of

adhesion between the shotcrete and the rock. A linear fit has been attempted but that

resulted in a correlation coefficient of 0.31, which is rather low. The phenomenon of

cohesion weakening and cohesion weakening – friction mobilization (Hajiabdolmajid

et al., 2003) may exist, but this could not be easily verified given the nature of the

results in this test. The best that could be done however, was to average the bond

strengths, which resulted in an average of 0.50MPa, with upper and lower bounds

approximately equal to 0.24 and 0.85MPa, respectively. These upper and lower

bounds are shown as dashed horizontal lines in Fig. 8b.

Figure 8c shows the plot of the residual strengths. The residual strength values

were obtained as described previously in section 4.1.1. From this figure the residual

Table 4. Summary of test results for shotcrete-magnetite joints with JRC¼ 1–3

Sample # Joint
type

JRC Normal stress
(MPa)

Peak shear
strength (MPa)

Residual strength
(MPa)

Shear stiffness,
Ks (MPa=mm)

58 S-Ma 1–3 0.03 0.18 0.00 0.29
5 S-Tb 3–3 0.03 0.24c 0.00 0.33d

65 S-M 1–3 0.11 0.18 0.00 0.23
39 S-T 1–1 0.13 0.11 0.00 0.19
51 S-M 1–3 0.23 0.42c 0.00 1.67d

36 S-T 1–1 0.23 0.34 0.29 0.65
33 S-M 1–3 0.27 0.28c 0.20 1.03d

52 S-M 3–3 0.29 0.69c 0.39 0.56d

32 S-T 1–1 0.31 0.35c 0.21 0.92d

53 S-M 1–3 0.33 0.35c 0.31 1.30d

31 S-T 1–1 0.35 0.42c 0.28 0.38d

57 S-M 1–3 0.42 0.35 0.33 0.40
6 S-T 3–3 0.42 0.71c 0.35 0.23d

69 S-M 1–3 0.48 0.61c 0.49 1.17d

62 S-M 1–3 0.54 0.85c 0.34 1.30d

66 S-M 1–3 0.62 0.63 0.50 0.90
37 S-T 1–1 0.62 0.90 0.49 1.50
61 S-M 1–3 0.82 0.57c 0.63 1.50d

38 S-T 1–1 0.82 1.15 0.66 0.73
59 S-M 1–3 0.90 0.79 0.63 0.58
64 S-M 1–3 1.21 1.21 1.02 2.10
34 S-T 1–1 1.21 1.14 0.92 2.13
56 S-M 1–3 1.41 1.53 1.06 2.20
63 S-M 1–3 2.00 1.81 1.44 3.50
54 S-M 1–3 2.39 2.12 1.76 2.25
68 S-M 1–3 3.57 3.07 2.40 2.88

a S-M: Shotcrete-magnetite joint.
b S-T: Shotcrete-trachyte joint.
c Peak corresponding to the bond strength, i.e. peak shear strength¼ bond strength.
d Shear stiffness¼ bond stiffness.
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friction angle determined is 35�. The peak friction angle determined by using the

secondary peaks, which occurred after the bonds had failed (see Fig. 7a), is 40�.
Figure 8d shows the plot of the shear stiffness. Thus the shear stiffness values are

essentially the stiffness of the bond between the shotcrete and the rock. As seen, there

is no clear relationship between the stiffness and the normal stress, therefore an

average value of 0.94MPa=mm was calculated for these interfaces for the given

normal stress range.

Fig. 8. a. Peak shear strength plot for shotcrete-rock interfaces with JRC¼ 1–3. b. Plot of peak shear
strengths corresponding to the bond strengths for shotcrete-rock interfaces for normal stresses less than

1.0MPa, JRC¼ 1–3
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4.1.4 Test Results for Shotcrete-Rock Joints with JRC¼ 9–13

The test results for shotcrete-rock joints with JRC of 9 to 13 (this group was mainly

shotcrete-trachyte) are shown in Table 5. As for interfaces with JRC of 1 to 3 the shear

strengths corresponding to the bond strengths are marked with asterisks (�). The
strength plots for this group of interfaces are shown in Figs. 9a to c. As before a

distinction is made between the peak shear strengths corresponding to only the bond

strengths and those resulting from combination of bond strength and friction in Fig. 9a.

In Fig. 9b the shear strengths corresponding to the bond strengths for normal stresses

less than 1.0MPa are shown. A similar observation as for interfaces with JRC of 1 to 3

Fig. 8. c. Residual shear strength plot for shotcrete-rock interfaces with JRC¼ 1–3. d. Shear stiffness plot
for shotcrete-rock interfaces with JRC¼ 1–3
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was made. That is, the bond strength could only be estimated with an average bounded

by lower and upper limits. This average is 1.37MPa and the upper and the lower

bounds are 1.12 and 1.85MPa respectively.

Figure 9c shows the residual strength plot for these interfaces. From this figure

the residual friction angle determined is 39.0�. The peak friction angle determined

in the same way as for interfaces with JRC¼ 1–3 was found to be 47�. Figure 9d

shows the shear stiffness plot for the interfaces whose shear strength corresponded

to the bond strength. Again no trend is seen and therefore an average stiffness of

1.3MPa=mm is calculated.

4.1.5 After-Test Shear Surface Assessment

After each test the shear surfaces were assessed for notable shearing patterns or

characteristics. Photographs were also taken for further reference with surface char-

acteristics of the test planes distinguishingly marked. The general observations can be

summarized as follows:

1. For the shotcrete-magnetite joints shearing mainly occurred on the magnetite

surfaces. This was evidenced by frequent plugging, chipping and crushing of the

magnetite surfaces.

2. For the shotcrete-trachyte joints shearing was mainly clean and frequently

occurred along the interface without significant chipping of the trachyte surfaces as

observed in magnetite.

3. The intensity of surface damage was more significant on magnetite surfaces

than on trachyte. The best explanation could be attributed to the hardness properties of

the two rock types.

4. Asperity shearing and over-riding were noticeable for shotcrete-trachyte joints

having JRC values of 9 to 13. Frequent polishing of shotcrete surfaces were observed

in areas of full contact between shotcrete and rock asperities. Remnants of cleanly

sheared shotcrete asperities, sometimes still glued to the rock surface were occasion-

ally found in rock valleys.

Table 5. Summary of test results for shotcrete-rock joints with JRC¼ 9–13

Sample # Joint
type

JRC Normal
stress (MPa)

Peak shear
strength (MPa)

Residual
strength (MPa)

Shear stiffness,
Ks (MPa=mm)

12 S-Ta 9–9 0.13 0.22 0.20 1.30
14 S-T 9–9 0.29 0.37 0.00 0.67
16 S-T 11–13 0.42 1.24b 0.00 1.26c

17 S-T 9–9 0.50 1.85b 0.49 1.20c

15 S-T 9–9 0.54 1.12b 0.75 1.19c

11 S-T 5–3 0.66 1.23b 0.55 1.10c

13 S-T 9–13 0.82 1.42b 0.94 1.80c

19 S-T 11–13 1.13 1.23 1.06 1.36

a S-T: Shotcrete-trachyte joints.
b Peak corresponding to bond strength, i.e. peak shear strength¼ bond strength.
c Shear stiffness¼ bond stiffness.
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5. Ripping through natural flaws in both trachyte and magnetite were significant in

cases where steel fibres penetrated the flaws. In two cases the peak shear strength was

achieved as a result of this tensile ripping. These results were omitted in the evaluation

as the failure process was complex.

6. The effects of steel fibres were clearly marked by considerable scratching,

peeling and often plugging of the rock surfaces, which appeared to depend on rock

surface hardness and inclination of the steel fibres with respect to the sliding plane.

The steel fibres angled perpendicular to sub-perpendicular in the direction of sliding

seemed to have pronounced effect.

Fig. 9. a. Peak shear strength plot for shotcrete-rock interfaces with JRC¼ 9–13. b. Plot of peak shear
strengths corresponding to the bond strengths for shotcrete-rock interfaces with JRC¼ 9–13
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4.2 Joint Tensile Test Results

The load at which two jointed pieces came apart was considered as the adhesion

strength of the joint tested. Table 6 shows the test results. Of the 7 samples tested

an average adhesion strength of 0.56MPa was obtained. As it can also be seen there is

a large scatter in the adhesion strengths, which reflects the quality of the adhesion.

Apart from adhesion strength determination the joint tensile stiffness values were also

determined for Kti (initial tensile stiffness), Ktt50 (tangential tensile stiffness at 50% of

peak stress) and Kst50 (secant tensile stiffness at 50% peak stress). These were mea-

sured as shown in Fig. 10. The magnitudes are 288MPa=mm for Kti, 251MPa=mm for

Fig. 9. c. Residual shear strength plot for shotcrete-rock interfaces having JRC¼ 9–13. d. Shear stiffness
plot for shotcrete-rock interfaces with JRC¼ 9–13
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Ktt50 and 261MPa=mm for Kst50. Note that in Fig. 10 the curves are spread out to some

extent. However, this pattern is not unusual for tensile tests of concrete (Noghabai,

1998). The crack will start and propagate from one point at the interface and therefore

the stiffness in the cracked area will decrease. Because of the high sensitivity of the

CODs it was possible to map the differences in stiffness over the interface.

4.3 Joint Compression Test Results

Figure 11a shows the typical joint compression plots obtained. Four curves are pro-

duced for joint deformation; each corresponds to the four CODs equally distanced

around interface to monitor joint deformation. It is not unusual to see some spread

because of the same reason stated earlier for the joint tensile test. Each joint closure

Table 6. Joint tensile test results for shotcrete-rock joints

Sample # Joint
type

Adhesion
strength (MPa)

Joint tensile stiffness

Kti (MPa=mm) Ktt50 (MPa=mm) Kts50 (MPa=mm)

71 S-Mb 0.89 216.3 111.7 148.3
72 S-M 0.35 468.6 576.7 460.5
73 S-M 0.29 187.4 187.4 181.3
79 S-M 0.30 158.6 75.7 100.0
21 S-Ta 0.70 328.0 268.9 305.0
22 S-T 1.21 468.6 370.7 432.1
23 S-T 0.16 187.4 168.8 200.0

Average: 0.56 288 251 261

a S-T: Shotcrete-trachyte joint.
b S-M: Shotcrete-magnetite joint.

Fig. 10. Stress-displacement plots from one shotcrete-rock interface tension test. Labeled (1) to (4) are
responses from the 4 CODs and labeled (ave) is the calculated average
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curve was isolated and analyzed as shown in Fig. 11b to obtain the joint compressive

strength (JCS) and normal stiffness (Kn) values. For a joint these values were averaged

and the results are shown in Table 7.

The JCS was determined as the strength corresponding to maximum joint closure.

Normal stiffness values were determined as initial normal stiffness, Kci, average

tangential normal stiffness, Ktc50, at 50% of JCS value and secant normal stiffness

at 50% of JCS, Kcs50. An average joint compressive strength (JCS) of 16.0MPa was

Fig. 11. a. Typical stress-displacement plot from a joint compression test. b. A typical joint compression
curve resulting from compression of shotcrete-rock joints. (a) Joint compressive strength (JCS). The joint is
assumed fully closed at this point. (b) Linearity indicating compression of intact material. (c) 50% of JCS,
tangent at this point on stress-displacement give Kct50 (tangent stiffness at 50% JCS) and Kcs50 (secant
stiffness at 50% JCS). (d) gradient of this line give Kni (initial normal stiffness). (e) the negative deflection

occurred when shotcrete failed and not due to joint closure (see Fig. 11a)
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obtained for the 4 samples tested. Average stiffness values for the samples were for

Kci, 100MPa=mm, for Ktc50 288MPa=mm and Ksc50, 182MPa=mm.

4.4. Shotcrete Compression Results

An average uniaxial compressive strength of 56.3MPa was obtained for the shotcrete

used in preparing the test samples. The average age of shotcrete was 50 days. For

many practical uses of shotcrete the uniaxial compressive strength of 30 to 60MPa is

acceptable. Thus the shotcrete used in this study is of fairly high strength. The

standard observed in testing and assessing the compressive strength of shotcrete

was the Svensk Standard SS 13 72 07 (1988).

5. Discussion

The reliability of the direct shear test can be compared to the trial test, which formed

the basis of the actual tests. The average bond strength of the trial tests is approxi-

mately four times the average bond strength of shotcrete-rock joints with JRC of 1 to 3

and 1.5 times the average bond strength of the shotcrete-rock interfaces with JRC of 9

to 13. This implies that the normal load selected on the basis of the trial test was

sufficient to avoid experimental uncertainties while simulating field conditions as

close as possible.

To assist in the discussion the strength and mechanical properties of the shotcrete-

rock interfaces are summarized in Table 8. The tensile and compressive strength

parameters for interfaces having JRC values of 1 to 3 are reported. It can be seen

that the average bond strength of the interfaces with JRC of 9 to 13 is more than 2.5

times the average bond strength of the interfaces with JRC of 1 to 3. The high average

bond strength observed for interfaces with JRC of 9 to 13 is believed to be due to the

failure mechanisms involved in attaining the peak strengths. It is believed that a

simultaneous failure of the bond and the shotcrete asperities may have resulted in

the high average bond strength.

After-test surface examination revealed cleanly sheared shotcrete asperities in rock

valleys, which appeared to have been sheared off simultaneously with bond failure.

Quite often some of the fractured shotcrete asperities were still cemented to rock

floors without being crushed during sliding. The consequence of shotcrete asperities

failing simultaneously with bond failure was that the shotcrete more or less had few to

Table 7. Joint compression test results for shotcrete-rock joints

Sample # Joint
type

Joint compressive
strength, JCS (MPa)

Joint normal stiffness

Kci (MPa=mm) Kct50 (MPa=mm) Kcs50 (MPa=mm)

2 S-T 19.0 96.7 211.8 237.5
3 S-T 15.0 101.6 369.2 187.5
75 S-M 16.0 100.0 400.0 162.0
76 S-M 14.0 100.0 171.4 140.3

Average: 16.0 100 288 182
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no asperities at all when sliding began. Hence, the peak friction angle (�p) was equal
to the residual friction angle (�r) for joints with JRC of 9 to 13. This complex failure

mechanism was not observed for interfaces with JRC of 1 to 3.

Although the shear strength at normal stress greater than 1.0MPa may not have

any practical significance the implication is clear. For these normal stresses it is seen

that the shear strength is markedly dominated by friction, resulting in cohesion being

less significant. As seen in Fig. 7a, this results in an impression that the peak shear

strengths could easily be approximated with a straight line, thus masking the signifi-

cance of cohesion unless separated. Perhaps the most serious consequence is that the

true cohesion can be considerably underestimated.

The friction angles are some percentage higher than the friction angles reported by

Barton (1988) for rock–rock joints at Kiirunavaara mine. This could be attributed to the

considerable contribution by the steel fibres to frictional component. After-test surface

examination revealed considerable amount of surface traction caused by steel fibres

during sliding, which were more pronounced for interfaces having higher JRC values.

In some cases steel fibres implanted inside rock flaws caused occasional localized

tensile ripping. The different intensities of surface damage in terms of scratching

and peeling caused by steel fibres, on the two rock types are probably attributed to

the hardness of the rocks and cleavage (especially in magnetite). Future work may be

required to investigate the role of steel fibres during shotcrete-rock interaction.

It was necessary to measure the values of normal stiffness (i.e. for Kc and Kt) at

normal stresses that are observed in practical cases when shotcrete is used with rock

bolts. Hence, the normal stiffness for both tensile and compression tests were calculated

as initial, secant stiffness and tangential stiffness. In the case of tensile tests the secant

and tangential stiffness were determined from 50% of the adhesion strength and for the

compression tests they were determined from 50% of the joint compressive strength.

In the case of the shear stiffness calculations they were determined as secant

stiffness values from the peak strengths. Since only the cases for normal stresses less

than or equal to 1.0MPa is considered, which represents practical cases, the Ks values

Table 8. Summary of strength properties for the shotcrete-rock joints tested

Parameter Value for JRC¼ 1–3 Value for JRC¼ 9–13

Joint shear bond strength 0.50MPa 1.37

Joint friction angles
Peak, �p 40� 47�
Residual, �r 35� 39�

Joint compressive strength, JCS 16.0MPa –
Joint adhesion strength 0.56MPa –

Joint compression stiffness
Kci 100MPa=mm –
Kct50 288MPa=mm –
Kcs50 182MPa=mm –

Joint tensile stiffness
Kti 288MPa=mm –
Ktt50 251MPa=mm –
Kts50 261MPa=mm –

Joint shear stiffness, Ks 0.94MPa=mm 1.3MPa=mm
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are essentially the stiffness of the bond without the frictional component. The Ks for

interfaces with JRC of 9 to 13 is the combined stiffness of the bond and the shotcrete

asperities, whereas for interfaces with JRC of 1 to 3 it is only the stiffness of the bond.

This also explains the difference in the Ks values for the two interface types.

The initial stiffness (Kci and Kti) values obtained in tensile and compression tests

vary by more than 100%. This was surprising, but after considering the mechanics

involved in the two tests it was concluded that there could be three explanations for

this. First, the bonding or the gluing may have had a negligible effect on the interface

strength behavior in compression. In tension, however, the gluing had a significant

influence on the strength behavior of the interface. Second, since shotcrete’s compres-

sive strength was more than three times lower than the compressive strength of the

rock, the rock asperities may have acted as indenters immediately upon loading, thus

punching through the shotcrete. Thirdly, it is not too unusual to observe low stiffness

in the initial stage of joint compression because the initial active contact area is small,

but progressively increases with loading. In tension however, the glue acts over a large

surface immediately upon loading. Response due to platen seating in this case could

not influence the COD responses because they were placed far from the loading ends.

The compressive strength of shotcrete-rock interface, i.e. JCS, turns out to be

approximately 27% of the compressive strength of shotcrete, which was the weaker

half of the test specimens. Thus it can be assumed that the JCS of shotcrete=rock
interfaces is within 25 to 30% of shotcrete’s compressive strength, which was 56.2MPa.

Several difficulties were encountered during the observation and analysis of the

results, chiefly because of the complex interaction and failure mechanisms involved.

The first of these difficulties came about when attempting to separate shear strength

corresponding to bond strength from those corresponding to combined bond strength

and frictional effects. Audible and visual observations were the key to some of the

decisions made. To keep the observations simple they were basically categorized into

one of two typical and clear-cut cases shown and discussed in section 4.1.1. Observa-

tions that involved concurrent tensile ripping through the rock flaws caused by steel

fibres, with no clear indication of shearing were omitted from the evaluation to avoid

introducing errors, which may result in determining incorrect values for the param-

eters investigated. The next difficulty was encountered in the observation and analysis

of interfaces with JRC of 9 to 13. Here, even the bond failure was complex partly

because of the concurrent bond and shotcrete asperities failure. Failure mechanisms

were more complex for this case because of the increased surface roughness. Clearly

defining the secondary peaks or in some cases residual stresses were made difficult by

the complex failure mechanisms.

6. Conclusions

� The shear strength of cemented shotcrete-rock interface is essentially the bond

strength. This is in the case of normal loads ð�n > 1:0MPaÞ generally observed

on shotcrete linings in practical cases.

� For higher normal stress ð�n > 1:0MPaÞ the frictional component is significant.

Steel fibres appear to contribute considerably to this component.
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� Since friction is more dominating than cohesion in the higher normal stress range

there is a risk of underestimating the cohesion quite significantly if the test is

performed under normal stresses that are rarely observed in practical cases.

� Interfaces with high JRC values have a tendency to develop higher bond strength

which is equal to the strength of bonding plus the strength of shotcrete asperities.

� The complex interaction and failure mechanisms that occur during shotcrete-rock

interaction were clearly observed at the laboratory scale.

Acknowledgements

This work is part of the Swedish research consortium ‘‘Vag=Bro=Tunnel’’ (‘‘Road=Bridge=
Tunnel’’ in English). Vinnova, Cementa, Elforsk, LKAB, NCC, Skanska, PEAB and SBUF
support the research consortium. Financial support from the research consortium, LKAB and
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Abstract

Shotcrete is widely used as rock support in mines and in civil engineering projects. In many cases the adhesion between the shot-

crete and the rock is one of the most important properties.

The objective of this study was to: (i) identify typical failures of shotcrete in a mining environment, (ii) measure the growth of the

adhesion strength of shotcrete with respect to age, (iii) investigate the influence of surface treatment (scaling and cleaning) on the

adhesion strength of shotcrete and (iv) investigate the occurrence of shrinkage cracks in the shotcrete and failures in the interface

between the shotcrete and the rock.

The failure mapping showed that most of the observed failures of shotcrete are in areas with a thin shotcrete layer (<20 mm)

together with a low adhesion strength. Furthermore, the measured average thickness of shotcrete (40 mm) was almost the same

as the ordered thickness, the problem is the wide scatter. In 18% of the thickness measurements, the shotcrete thickness was less

than or equal to 20 mm. If the shotcrete lining in the mine has the same thickness distribution as during the tests, the supporting

ability of as much as 18% of the shotcrete lining can be considered as more or less negligible.

No differences in free shrinkage were observed between plain and steel fibre reinforced shotcrete. Relatively large areas with lack

of contact between shotcrete and wall were observed in the shrinkage tests. This indicates that restrained shrinkage can destroy the

bond between the shotcrete and rock. The results from the restrained shrinkage tests show the importance of the bond at the inter-

face. If bond failure occurs, the ability to distribute and control the crack width ceases.

The growth of the adhesion strength on a sandblasted concrete wall and the growth of the compressive strength showed a cor-

relation. However, the scatter in the results indicates that further investigations have to be done in order to establish a reliable re-

lation between the growth in adhesion and compressive strength with age. The results from the field tests showed that the adhesion

strength was significantly higher on rock surfaces that had been water jet-scaled (with 22 MPa water pressure) than those treated by

mechanical scaling followed by cleaning of the rock surface (water pressure 0.7 MPa).

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Shotcrete; Young shotcrete; Adhesion strength; Water jet scaling; Shrinkage

1. Introduction

Shotcrete is widely used as rock support in mines and

in civil engineering projects. It is applied through a pro-

cess by which concrete or mortar is sprayed onto a sur-

face to produce a compacted self-supporting and load-

bearing layer. At the Kiirunavaara and the Malmberget

underground mines, owned and operated by Luossava-

ara Kiirunavaara AB (LKAB), shotcrete has been used

as rock support for more than 40 years. At the end of
the 1970s, LKAB started to use the wet-mix method,

and today almost all shotcrete is applied by this method.
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Increasing depth of the underground mining will place

new demands on the rock support, in terms of technical

requirements to reach the desired stability of the open-

ings in a cost effective way. It is therefore very important
to increase the understanding of shotcrete as rock sup-

port and to develop effective processes and necessary

quality control of the work.

The main design principle for rock support is to help

the rock to carry itself. In many cases the adhesion be-

tween the shotcrete and the rock is one of the most im-

portant properties. Fig. 1 shows possible mechanisms

for shotcrete in interaction with the rock. Also the effect
of sealing the joints by shotcrete helps to maintain the

integrity of the rock mass (Morgan and Mowat, 1984),

see Fig. 1(c). Failure normally develops as an adhesion

failure and at a displacement of only a few millimetres

(Stille, 1992). According to Swan et al. (1996) shotcrete

in contrast to mesh can prevent loosening because of

higher stiffness and furthermore it isolates joints from

air and water.
The objective of this study was to: (i) identify typ-

ical failures of shotcrete in a mining environment, (ii)

measure the growth of the adhesion strength of shot-

crete with respect to age, (iii) investigate the influence

of surface treatment (scaling and cleaning) on the ad-

hesion strength of shotcrete and (iv) investigate the

occurrence of shrinkage cracks in the shotcrete and

failures in the interface between the shotcrete and
the rock.

To achieve the objectives the following activities were

performed:

� An extensive failure mapping of shotcrete in the mine.

� Field tests in the mine to investigate the compressive

and adhesion strength of shotcrete as a function of

age.
� The adhesion strength of shotcrete on water jet-scaled

rock surfaces was compared with shotcrete on rock

surfaces with normal treatment.

� Measurements of free shrinkage of shotcrete and fail-

ure mapping of shotcrete subjected to shrinkage.

Because the adhesion strength of shotcrete is a very
important quantity as mentioned earlier some relevant

findings regarding the adhesion strength are presented

in Section 2. Shrinkage is discussed in Section 3. The

failure mapping of shotcrete and the adhesion strength

tests and results are presented in Sections 4–6, shrinkage

tests and results in Section 7 and finally discussion and

suggestions for further research in Section 8.

2. Adhesion strength

The adhesion is traditionally defined as the strength

of an interface between two materials, for instance be-

tween rock and shotcrete. However, in many cases the

location of the failure surface will vary depending on

the strength of the contact zone, the tensile strength of
the rock and the tensile strength of shotcrete layer. A

field study by Karlsson (1980) showed that only in

32% of the 238 tests the whole failure was located in

the contact area, see Fig. 2. The rock types were mainly

gneiss (227 tests) and in a few cases (11 tests) granite.

The adhesion strength mainly depends on treatment

(cleaning), roughness of the rock surface, mineral com-

position of the rock and shotcreting technique. The
shotcrete technique includes the skill of the operator

which is of great importance. After mechanical scaling,

the rock surface has to be cleaned in order to achieve ad-

hesion strength between the rock and the shotcrete.

During the last decade a method, which is a substitute

for the mechanical scaling and the subsequent water

cleaning, called water jet-scaling, has been tested in or-

der to assess the potentials of the method to provide
an improved adhesion. Water-jet scaling was tested as

a treatment method in a tunnel project at Hallandsås

in Sweden (Lundmark and Nilsson, 1999). The results

showed that the water jet-scaling gave a higher adhesion

(a) (b) (c)

Fig. 1. Promotion of block interlock, modified after Stacey (2001). (a) Shear and normal stress in the shotcrete-rock interface. (b) Tension in surface

support and normal stress in shotcrete-rock interface. (c) Penetration of shotcrete into joints and cracks.
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strength than mechanical scaling and cleaning. However,

the scatter in the adhesion strength was so large that it

was difficult from statistical analysis to conclude

whether the adhesion strength was significantly higher

or not. In a project conducted at Colorado School of

Mines (Kuchta, 2002), the adhesion strength on a con-
crete wall was four times higher when cleaned with a

water pressure of 21 MPa compared to cleaning with a

water pressure of 0.7 MPa.

Rebound is an important factor causing poor shot-

crete quality and increased lining costs and is a good in-

dicator of the quality of the shotcreting technique. The

amount of rebound depends on four major factors (Mel-

bye, 2001): (i) nozzle angle to substrate; (ii) accelerator
dosage; (iii) nozzle distance to rock and (iv) area of ap-

plication in the tunnel. As indicated in Fig. 3, the most

significant influence is the angle of the nozzle to the

rock. The nozzle should always be held at a right angle

(90�) to optimise compaction. The distance between the

nozzle and the rock should be between 1 and 2 m, as in-

dicated in Fig. 3. With longer distances >3 m, the re-

bound will increase and the compaction will decrease
and give lower strength. Accelerator dosage can also af-

fect the degree of rebound as shown in Fig. 3. Low dos-

age of accelerator will not provide adequate setting. On

the other hand too high dosage will create a hard sur-

face, which will cause larger aggregates to rebound, pre-

vent complete compaction and thereby give reduced

strength. Finally, a laboratory study (Hahn, 1983)

showed that the mineral composition played a more sig-
nificant role for the adhesion than the roughness of the

rock surface, see Fig. 4.

To get an idea of the magnitude of the adhesion

strength of shotcrete in hard rock, a compilationof the ad-

hesion strengthmeasured in two civil engineering projects

in Sweden and at LKAB�s underground mine in Malmb-

erget is presented in Table 1. It should be noted that there

is a great difference between the adhesion strength deter-
mined in the civil engineering projects and in the mine.

The scatter in adhesion strength expressed as standard de-

viation is large as shown in the table.

In many cases it is important to know the adhesion

strength of the young shotcrete to estimate how soon af-

ter spraying the shotcrete can be used as rock support.

Therefore, in these cases the adhesion strength of young

shotcrete or the growth of the adhesion strength by age
is as important as the final adhesion strength (often mea-

sured after 28 days). However, the strength of young

shotcrete is normally characterised using the compres-

sive strength. Laboratory tests carried out by Kumar

et al. (2002) showed an increased adhesion strength dur-

ing the seven first days for concrete with 5% accelerator

(sodium silicate) by cement weight. After that time the

growth of adhesion strength was limited. However, the
corresponding growth of compressive or tensile strength

was not measured in this test.

3. Shrinkage of shotcrete

Time-dependent strains may either be stress-

dependent (creep) or stress-independent. The stress-

independent strains or volume changes are mainly
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shrinkage or swelling. They are generally caused by dry-

ing or wetting. The physical processes leading to shrink-

age are discussed by, for example, Ljungkrantz et al.
(1997b). Since the drying of concrete is a rather slow dif-

fusion process, the development of shrinkage is also

slow. In cases where the concrete after the initial set is

not sufficiently protected against moisture loss by suit-

able curing, a volume reduction occurs which may in-

duce wide cracks across the entire cross-section. This

phenomenon is often referred to as plastic shrinkage

and will not be discussed here. If part of the concrete
structure is restrained, the shrinkage of concrete will al-

so be restrained and introduce stresses in the structure.

Bridge decks or slabs which are repaired or reinforced

by a new concrete topping or shotcrete sprayed on rock

are examples where differential shrinkage causes residual

stresses in the structure, see Fig. 5. According to

Ljungkrantz et al. (1997a), failure occurs in the interface

when the normal tensile stress perpendicular to the shot-

crete/ground interface (named rE in Fig. 5) is greater
than the adhesion strength of the interface. Cracks in

the topping or lining perpendicular to the interface

occur when the bending stress in the shotcrete (rz) is

greater than the tensile strength of the topping/lining.

When calculating such shrinkage stresses the effect of

creep always has to be taken into account, since shrink-

age strains and consequently shrinkage stresses are re-

duced by creep.
Shrinkage of concrete is sensitive to the water content

of the concrete and the final value of shrinkage can be

reduced by decreased content of water in the concrete.

For a given water–cement ratio, shrinkage increases

with higher cement content. This is because shrinkage

occurs in the cement not in the aggregates. The shrink-
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Fig. 4. Adhesion strength (fa) after Hahn (1983).

Table 1

Adhesion strength (fa) in tunnels and in LKAB�s underground mine

Location Adhesion strength

mean value (MPa)

Adhesion strength

Std. dev. (MPa)

No. of tests

Södra länken, Stockholm, Sweden (wet-mix method), Ellison (2000) 1.37 0.71 78

Grödingebanan, Sweden (wet-mix method), Malmberg (1993) 0.86 – 78

Grödingebanan, Sweden (dry-mix method), Malmberg (1993) 0.97 – 48

LKAB�s underground mine in Malmberget (wet-mix method) 0.40 0.38 23
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age of shotcrete can according to Hills (1982) be in the

range of 0.45–1.0& for a six-month-old shotcrete, see

Table 2. Wet mix shotcrete, with its higher water/cement

ratio, showed generally the highest shrinkage.

Fig. 6 shows the shrinkage versus time for shotcrete

with high and low contents of accelerator (Neubert

and Manns, 1993) for shotcrete mixes presented in

Table 2

Drying shrinkage after Hills (1982)

Wet-mix Dry-mix

Water–cement ratio 0.54–0.61 0.31–0.42

Cement (kg/m3) 375–475 550–700

Shrinkage after 6 months (&) 0.8–1.0 0.45–0.7

Fig. 6. Shrinkage of shotcrete, storing conditions: 20 �C and 65% relative humidity (Neubert and Manns, 1993). The shotcrete mixes are presented in

Table 3.

Fig. 5. Stresses caused by shrinkage, after Jonasson (1977).
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Table 3. The tests showed that an increased amount of

accelerator increased the shrinkage. Furthermore, Wol-

siefer and Morgan (1993) showed that addition of silica

fume in some cases decreased the shrinkage (Fig. 7 and

Table 4). According to Austin and Robins (1995),

sprayed concrete has higher shrinkage than convention-

al cast concrete, but this is a result of its typically lower

aggregate/cement ratios and higher cement contents,

rather than an effect of the spraying process itself.

Malmberg (1977) showed that steel fibres were effec-

tive in distributing the cracking that occurs for re-

strained shrinkage and restricting the crack widths

(Fig. 8). The same study also showed that steel fibres de-

crease the shrinkage in concrete. However, results sum-

marised by Austin and Robins (1995) showed no

Table 3

Shrinkage of shotcrete, shotcrete mix, Neubert and Manns (1993)

Mix Wet-mix (N) Dry-mix (T)

Cement (kg/m3) 370 375–379

Water (kg/m3) 200–205 –

Aggregate (kg/m3) 1698 1750–1761

Water–cement ratio 0.54–0.55 –

Accelerator

Normal (d) (% by cement weight) 4.6 4.9

High (D) (% by cement weight) 8.3 9.8

Fig. 7. Drying shrinkage of shotcrete with and without silica fume (Wolsiefer and Morgan, 1993). The shotcrete mixes are presented in Table 4. (a)

Wet-mix shotcrete. (b) Dry-mix shotcrete.

Table 4

Shrinkage of shotcrete, shotcrete mix, Wolsiefer and Morgan (1993)

Mix Wet-mix Dry-mix

A B–D E F–H

Cement (kg/m3) 401 350–359 425 373

Silica fume (kg/m3) – 46–48 – 49

Aggregate (kg/m3) 1720 1698–1730 1711 1695

Water (kg/m3) 171 176–177 163a 165a

aEstimated.
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significant differences in shrinkage between plain or steel

fibre reinforced shotcrete.

4. Failure mapping

4.1. Method

To improve the understanding of the behaviour of

shotcrete in the Kiirunavaara mine, an extensive failure

mapping of 7 km of drifts was carried out. The damage
to the (wet-mix) shotcrete was classified and important

parameters, such as thickness, size of fallouts and geol-

ogy, were noted.

4.2. Results

After an initial mapping, the damage to the shotcrete

was divided into two types: fallouts of only shotcrete
and fallouts of rock and shotcrete, see Fig. 9. More than

80% of the damage was small fallouts of shotcrete. Fig.

10 shows typical examples, where fallouts of only shot-

crete have occurred in a drift in the mine.

The shotcrete thickness was 620 mm for more than

90% of the fallouts of shotcrete. The difficulties of spray-

ing on an irregular rock surface were also confirmed by

this mapping since 60% of the failures were in conjunc-
tion with an apex on the rock surface together with a

thin shotcrete layer.

To get an idea of the adhesion strength around a fall-

out, the area around the failure was tested by knocking

with a hammer to estimate the area with lack of contact

between the shotcrete and the rock. The method was

crude but gave some valuable information. The area

with lack of contact extended on average 0.3 m from

the fallout according to Fig. 11.
The results from the mapping are clear. The shotcrete

is most likely to fail where the shotcrete layer is thin, i.e.,

620 mm and the adhesion strength to the rock is poor to

non-existent. Important factors, which may cause the

Fig. 8. Crack pattern after 20 weeks, restrained shrinkage (Malmberg,

1977). (a) Plain shotcrete. (b) Steel fibre-reinforced shotcrete, 0.3 · 40

mm, 0.5% by volume. (c) Steel fibre-reinforced shotcrete, 0.3 · 40 mm,

1.0% by volume. (d) Steel fibre reinforced shotcrete, 0.3 · 40 mm, 1.5%

by volume.

Fig. 9. Fallout of shotcrete and rock (Malmgren and Svensson, 1999).

(a) Fallout of only shotcrete. (b) Fallout of rock and shotcrete.

Fig. 10. Typical fallouts of only shotcrete.

Fig. 11. Typical situation around a fallout of shotcrete.
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failure, are rock deformation, shrinkage and dynamic

loads due to blasting.

In the Kiirunavaara mine plain, shotcrete is on aver-

age 40 mm thick according to results from thickness

tests performed in 16 cross-cuts in the mine, see Fig.
12(a), but with a wide scatter. The nominal thickness

or ordered thickness was 30–50 mm.

5. Adhesion and compressive strength as a function of age

5.1. Method

To investigate the adhesion strength of shotcrete as a

function of age a number of tests were carried out. It

was decided to use a well-cleaned concrete wall because

of its uniform properties compared to a rock surface.

The wall surface was sandblasted using a dry-mix spray-

ingmachine. The tests were carried out underground, at a

temperature of approximately +12 �C and at a relative

humidity (RH) of 80%. The shotcrete (wet-)mix used in
these tests is presented in Table 5. This is a standard shot-

crete mix used at the Kiirunavaara mine. The accelerator

used was waterglass (sodium silicate, Na2O ÆSiO2 ÆH2O).

Two different concentrations of accelerator were tested:

4% and 8% of the weight of the cement and silica.

The compressive strength of the young shotcrete was

assessed using two non-destructive methods. For shot-

crete with an age of 2–4 h, a penetration needle was

pressed 15 mm into the shotcrete (Hilti AG, 1997). The

resistance or pressure was plotted onto a calibration

curve where the compressive strength was estimated.

The compressive strength of shotcrete with an age of 18
h was determined by a piston method (Hilti AG, 1997).

A stud was shot into the shotcrete layer and the pullout

force was measured and plotted onto a calibration curve

where the compressive strength was estimated. After

three days (of age), the compressive strength was deter-

mined by cube testing according to the Swedish Standard

(SS 13 72 20, 1984). The size of the cubes was

100·100·100 mm. In this study, cube tests were carried
out on shotcrete with an age of 3, 7, 14 and 28 days. The

shotcrete was sprayed in boxes, one box for each age.

From each box three cubes were sawn out prior to the

compressive testing.

The adhesion strength tests were carried out in accor-

dance with the Swedish Standard (SS 13 72 43, 1987) us-

ing the equipment shown in Fig. 13. Since the testing

method can be used only on a relatively stiff shotcrete,
the adhesion strength tests were carried out on shotcrete

which was at least 2 days old.

The shotcrete was sprayed on two different areas of

the concrete wall, Area 1 and Area 2. The distance be-

tween the nozzle and the surface is normally 2 m. When

Area 2 was sprayed, however, the distance between the

nozzle and the surface was 3 m.

5.2. Result

Fig. 14 shows the compressive strength versus shot-

crete age for high and low accelerator concentrations.
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Fig. 12. Thickness of shotcrete layer in the Kiirunavaara mine, totally

370 tests. (a) Each point represents one test (drilled holes). (b)

Distribution of shotcrete thickness.

Table 5

Mix design of shotcrete used in the tests, wet-mix method

Cement (kg/m3) 450

Silica (kg/m3) 30

Aggregate, dry weight (kg/m3) 1565

Slump (mm) 150

Water–cement ratio 0.45

Fig. 13. Adhesion strength test equipment (from Swedish Standard,

SS 13 72 43, 1987). (a) Drilling two circular slots with double diamond

drill. (b) The inner circular slot is drilled through the shotcrete. (c) The

test machine, attached to the shotcrete drill core for the pull out test.
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Each point in the diagram represents the average value

for three cube tests. As can be seen, the difference between

low and high concentration of waterglass was small. The
results from the adhesion tests are shown in Fig. 15. Re-

gression curves based on a logarithmic formula,

fa ¼ A lnðtÞ þ B; ð1Þ
where fa is the adhesion strength, t is the time (days) and

A and B are constants determined by a regression anal-

ysis, are also presented in Fig. 15.
There was a significant scatter in the adhesion

strength. The difference in adhesion strength between

Area 1 and Area 2 is (to a greater extent) due to the

greater nozzle distance rather than the variation in ac-

celeration concentration. The growth of compressive

and adhesion strengths as functions of time is compared

in Fig. 16, which summarises the results. The growth of

compressive and adhesion strengths shows a correlation.

6. Water jet scaling

6.1. Method

The water jet-scaling tests performed in the mine were

done with a prototype built on an old wet-mix shotcrete

rig. The water pressure was 22 MPa (220 bar) and the

water flow was 0.2 m3/min, see Fig. 17. The method used

today in the mine, mechanical scaling followed by clean-

ing of the rock surface with a pressure of 0.7 MPa (7

bar), is hereafter referred to as the normal treatment.
The tests were performed in seven cross-cuts situated

in the iron ore at 765 m level. The RQD value varied

from 40% to 60% and the joints were unaltered to slightly

altered. This is a normal rock mass quality in the Kiiru-

navaara mine. The mix for the shotcrete is specified in

Table 5. A total of 45 adhesion strength tests were per-

formed with the normal treatment and 24 tests with

water jet-scaling. The adhesion strength tests were car-
ried out with the equipment shown in Fig. 13.

6.2. Results

The adhesion strength for the twomethods is presented

in Table 6. In 44% of the tests in the area with the normal

treatment, there was no adhesion strength (0 MPa). The

corresponding value for the water jet-scaled areas was
12%. A statistical analysis showed, with a 95% confidence

interval, that there was a significant difference in adhe-

sion strength between normal treatment and water jet-

scaling. The analysis is shown in Appendix A.

An interesting observation is the location of the fail-

ure surface, see Table 6. When the rock surface was pre-

pared with the normal treatment, most of the failure

surfaces were located within the rock. When the rock
surface was prepared with water jet-scaling, a greater

part of the failures were located at the interface between

the shotcrete and the rock.

7. Shrinkage

To investigate the occurrence of cracks in the
shotcrete and failures in the interface between the
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(wet-mix) shotcrete and the ground due to shrinkage,

free shrinkage measurements on shotcrete and failure

mapping on shotcrete sprayed on a concrete wall were

performed in the mine. The mix design for the shot-

crete in these tests is presented in Table 5. The con-

centration of accelerator (sodium silicate, Na2O Æ
SiO2 ÆH2O) was 8% of the weight of the cement and

silica.

7.1. Methods to test free shrinkage

All specimens were shotcreted in a mould and cut to

the right sizes, see Fig. 18. Specimen No. 1 was used to

measure the free shrinkage according to the Swedish

standard (SS 13 72 15, 2000) with all surfaces of the

specimen in contact with the atmosphere. It was cured
in water for 7 days and then stored in a room at a tem-

perature and RH equal to 20 �C and 65%, respectively.

The RH was too high according to the Swedish

Standard (SS 13 72 15, 2000) which requires an RH

equal to 50±5%.

Specimen Nos. 2–7, see Fig. 18(b) and (c), were used

to estimate the free shrinkage of shotcrete with a thick-

ness of 25–50 mm. These specimens were cured in a drift

to obtain normal mine conditions, which means that the

Diffusion-proof tape

(a) (b) (c)

Fig. 18. Test specimens for investigation of free shrinkage. (a)

Specimen No. 1, 100·100·400 mm, plain shotcrete – standard test.

(b) Specimen Nos. 2–3, 100·100·400 mm, plain shotcrete and

specimen Nos. 4–5, 100·100·400 mm, steel fibre, Dramix 65/35 40

kg/m3. (c) Specimen Nos. 6–7, 50·100·400 mm, plain shotcrete.

Table 6

Adhesion strength results

Type of scaling and

cleaning method

No. of tests Adhesion strength Location of the failure surface

Mean

(MPa)

Std. dev.

(MPa)

Contact between

rock and shotcrete

Rock Shotcrete

Normal treatment

All tests 45 0.18 0.27 19% 65% 16%

Only tests where the

adhesion strength >0 MPa

25 0.33 0.29 27% 64% 9%

Water-jet

All tests 24 0.59 0.41 58% 30% 12%

Only tests where the

adhesion strength >0 MPa

21 0.68 0.36 61% 26% 13%

Fig. 17. Water-jet scaling rig.
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temperature and the RH on average were 12 �C and

78%, respectively. The specimens, Fig. 18(b) and (c),

were designed as follows: only two surfaces were in con-

tact with the atmosphere, the other faces were covered

with a diffusion-proof tape, the thickness was 50 or

100 mm. The specimens can according to Ljungkrantz
et al. (1997b) simulate the shrinkage of a panel with only

two surfaces in contact with the atmosphere and with

the thickness of the panel equal to the thickness of the

specimens. Because a shotcrete lining is assumed to

dry out only through the surface in contact with the at-

mosphere, the thickness of 100 mm corresponds to a

shotcrete lining with the thickness of (100/2=) 50 mm

(Ljungkrantz et al., 1997b). Furthermore, the thickness
of 50 mm corresponds to a shotcrete lining with the

thickness of (50/2=) 25 mm.

The free shrinkage was measured as displacement be-

tween two points along the long axis of the specimens

and on two opposite surfaces according to the Swedish

Standard (SS 13 72 15, 2000). The measurements were

performed with a mechanical instrument (Staeger,

1975).

7.2. Method to investigate the occurrence of shrinkage

cracks and failures in the interface

To investigate possible cracks in the shotcrete and/or

failures in the interface between the shotcrete and the

ground, test specimens of shotcrete were sprayed on a

concrete wall at the test area underground. As for the
adhesion strength test (Section 5), it was decided to

use a well-cleaned concrete wall because of its uniform

properties compared to a rock surface. The wall surface

was sandblasted using a dry-mix spraying machine. Six

different test specimens (250·2000 mm), see Fig. 19,

were tested, with curing conditions and reinforcement

according to Table 7. The temperature was 12 �C and

the RH was 78%. Only cracks with a crack width

P 0.05 mm were mapped.

7.3. Results

In addition to the shrinkage measurements, the com-

pressive strength was tested. The compressive strength

from nine 100-mm cubes was on average 35.9 MPa
and the Standard deviation was 4.1 MPa. The free

shrinkage from the standard test (specimen No. 1) is

presented in Fig. 20. Results from Neubert and Manns

(1993) and Wolsiefer and Morgan (1993), see Figs. 6

and 7(a), respectively, show higher free shrinkage com-

pared to the results presented in this study. For example,

the predicted free shrinkage, ecs, after �90 days is in the

present study equal to 0.66& (see Fig. 20) compared to
ecs�0.9–1.2& according to Neubert and Manns (1993)

and ecs�1.0–1.1& according to Wolsiefer and Morgan

(1993).

The free shrinkage from the standard test was signif-

icantly lower than the free shrinkage of test specimens

modelled as shotcrete layers (specimen Nos. 2–7), see

Fig. 21(a). The main reason is the differences in RH.

The thinner specimens, which modelled the thinner

Specimen No. 

Size: 250.2000 (mm) and thickness
Equal to  50 (mm)

11 12 13 14 15 16

Fig. 19. Shotcrete specimens sprayed on a concrete wall.

Table 7

Shotcrete specimens sprayed on a concrete wall

Specimen No.

(see Fig. 19)

Curing method Reinforcement

11 Sealed by a plastic

sheet during 24 h on a

wet surface

Plain shotcrete

12–13 No treatment Plain shotcrete

14 Sealed by a plastic sheet

during 24 h on a wet surface

Plain shotcrete

15 Sealed by a plastic sheet

during 24 h on a wet surface

Steel fibre, Dramix

65/35 40 kg/m3

16 No treatment Steel fibre, Dramix

65/35 40 kg/m3

y= 248.9Ln(x) - 485
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Fig. 20. Measured free shrinkage and the regression curve based on a

logarithmic formula (Eq. (1)).
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shotcrete layer, had higher shrinkage compared to the

thicker ones.

RH and temperature were held constant for specimen

Nos. 2–7. Therefore, the development of shrinkage of

these specimens can be plotted along a relative time scale

defined as

tref ¼ h
href

� �2

t; ð2Þ

0.0
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0.4

0.6

0.8

1.0

1.2
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Time (Days)
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Standard test

Plain shotcrete, equivalent thickness = 50 mm (Specimen Nos. 2 - 3)

Reinforced shotcrete, equivalent thickness = 50 mm (Specimen Nos. 4 - 5)

Plain shotcrete, equivalent thickness = 25 mm (Specimen Nos. 6 - 7)

(a)

0.0
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t rel  = (h/h ref )
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Plain shotcrete, equivalent thickness = 50 mm (Specimen Nos. 2 - 3)

Reinforced shotcrete, equivalent thickness = 50 mm (Specimen Nos. 4 - 5)

Plain shotcrete, equivalent thickness = 25 mm (Specimen Nos. 6 - 7)

(b)

Fig. 21. Measured free shrinkage, results from standard tests and specimens modelling shotcrete with 25 and 50 mm thickness, respectively. (a) Real

time scale. (b) Reference time scale.

16

Observed cracks ≥ 0.05 mm Areas with lack of contact
between shotcrete and wall

100.100 mm 

11 12 13 14 15

Fig. 22. Mapped shotcrete specimens, after 109 days of hardening.
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where href is equal to the height of specimen Nos. 2–5, h

is the height of the actual specimen and t is the time.

This scaling process according to diffusion theory can

be used to calculate the development of shrinkage with

time (Ljungkrantz et al., 1997b) and the result is shown

in Fig. 21(b). The shrinkage of the specimen Nos. 2–7 is

almost the same along the relative time scale tref which

shows that diffusion theory could be used. Furthermore,
no difference was seen between plain and reinforced

shotcrete.

After 109 days of hardening, the shotcrete sprayed on

the concrete wall showed cracks and areas with lack of

contact between the shotcrete and the wall (Fig. 22).

The size of the areas with lack of contact between shot-

crete and wall were almost independent of reinforcement

and curing treatment. Most of the areas with lack of
contact between shotcrete and wall had already been ob-

served after 63 days. The total crack width for the spec-

imen defined as

wtot ¼
XwiLi

B
; ð3Þ

where wi is the crack width, Li is the length of the crack

and B is the width of the specimen (250 mm), is shown in

Table 8.

An interesting observation was the relatively large ar-

eas with lack of contact between shotcrete and wall. For

all specimens, failures occurred at the end parts of the

specimens caused by high tensile stress normal to the in-
terface as shown in Fig. 5. Specimen Nos. 11–13 and 15

show similar behaviour with relatively uniformly distrib-

uted cracks in the part of the specimen which still has

bond at the interface. Specimen No. 14 shows another

behaviour with only two cracks in the areas with lack

of contact. This failure is force-controlled, therefore

only one crack was observed in each area with lack of

contact. (Compare with a rod loaded by a tensile force
which will fail at the weakest point.) For specimen

Nos. 11–13 and 15, the cracking is deformation-

controlled and the cracks will be relatively uniformly

distributed. This difference in behaviour is also shown

by the total crack width, wtot, which increases with

increased area with lack of contact, see Table 8 and

Fig. 22.

8. Discussion and conclusions

The results from the failure mapping show that more

than 80% of the damage was small fallouts of plain shot-

crete. Important factors, which may cause the failure,

are low or no adhesion strength, rock deformation,

shrinkage and dynamic loads due to blasting.

It is also important to get sufficient thickness all over

the shotcreted area, i.e., avoid areas with thin shotcrete

(20 mm or less). The shotcrete thickness was 620 mm

for more than 90% of the fallouts of plain shotcrete.

Furthermore, 60% of the failures were in conjunction
with an apex on the rock surface together with a thin

shotcrete layer. These observations were in accordance

with the results from the shrinkage tests, which showed

that the free shrinkage increased with decreasing thick-

ness (Fig. 21). The free shrinkage after approximately

90 days was between 0.4& and 1.0&.

No differences in free shrinkage were shown be-

tween plain and steel fibre reinforced shotcrete, which
was in accordance with results summarised by Austin

and Robins (1995). An interesting observation from

the shrinkage tests was the relatively large areas with

lack of contact between shotcrete and wall, see Fig.

22. This indicates that restrained shrinkage can de-

stroy the bond between the shotcrete and rock. A sim-

ilar observation was made in the failure mapping of

shotcrete in the mine. Areas with lack of contact be-
tween shotcrete and rock were often found around

fallouts of shotcrete, see Fig. 11. The results from

the restrained shrinkage tests show how important it

is to have bond in the interface. If bond failure oc-

curs, the ability to distribute and control the crack

width ceases. Furthermore, the effective distribution

of cracks when using steel fibres in shotcrete as re-

ported by Malmberg (1977), see Fig. 8, could not be
observed in the test reported in this paper. The test

specimens with restrained shrinkage did not show

any significant differences in crack pattern and lack

of contact between plain and steel fibre-reinforced

shotcrete (40 kg/m3 or 0.5% by volume).

The observations from the shrinkage tests and failure

mapping show that the treatment method for curing can

be an important question especially when the supporting
function of shotcrete depends on the adhesion strength.

Further research should be performed to investigate the

importance of restrained shrinkage. The tests presented

in this paper are relatively limited with respect to the

number of specimens and should therefore be followed

up by more tests.

The measurements of the thickness showed that the

plain shotcrete is on average 40 mm with an ordered
thickness of 30–50 mm. The average is quite good,

but the problem is the wide scatter. In 18%

Table 8

Total crack width, wtot, according to Eq. (3)

Specimen No. 11 12 13 14 15 16

The total crack width, wtot, according to Eq. (3) (mm) 0.26 0.32 0.33 0.80 0.27 0.54
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(5+13%, see Fig. 12(b) of the measurements, the shot-

crete thickness was less than or equal to 20 mm. If the

shotcrete lining with ordered thickness of 30–50 mm

has the same thickness distribution as during the tests,

the supporting ability of as much as 18% of the shot-

crete lining can be considered to be more or less neg-
ligible.

The tests showed a correlation between the growth of

the adhesion strength and the growth of the compressive

strength. However, the scatter in the results indicates

that further investigations have to be done in order to

establish a reliable relation between the growth in adhe-

sion and compressive strength with age. Furthermore,

when using a well-cleaned concrete wall, the adhesion
strength was noticeably higher than the adhesion

strength of a rock surface.

A way to increase the adhesion strength is to use

water jet-scaling as a treatment method. The water

jet-scaling machine used in the tests presented in this

study gave a water pressure equal to 22 MPa. The

results showed that the adhesion strength was signifi-

cantly higher on surfaces that had been water jet-
scaled than on surfaces which were mechanically

scaled and cleaned by water with a pressure of 0.7

MPa (7 bar). Our results show agreement with tests

by Kuchta (2002). Furthermore, Lundmark and Nils-

son (1999) also reported a tendency (not statistically

guaranteed) of improved adhesion strength when

water jet-scaling was used.

One reason why failures are more frequently
located at the interface between shotcrete and rock

when the surface is water jet-scaled is that the blast

damaged layer has been removed from the walls and

the roof, see Table 6. The rock surface has thus higher

quality and strength than a surface prepared by

normal treatment. This means that the strength of

the remaining rock has increased more than the

strength of the interface between shotcrete and rock.
When normal treatment is used, the blast damaged

rock closest to the wall and the roof is not removed,

therefore the failures frequently occur within this

layer. A larger part of the failure surfaces in the case

with normal treatment were located in the rock com-

pared to the results by Karlsson (1980), Fig. 2.

Different rock types, iron ore in this paper but mostly

gneiss and granite in the tests presented by Karlsson
(1980), can explain the differences together with

damage due to blasting. It has not been possible to

find out the differences in the blasting method

between these tests and the tests presented by Karls-

son (1980).

To control surface treatment and thickness of the

shotcrete, the authors believe that water jet-scaling in

combination with a shotcrete robot which can control
the thickness of the shotcrete layer will help to increase

the quality of the shotcrete.

Acknowledgement

This work is a part of the research consortium ‘‘Väg/
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Appendix A. Test of significance

A.1. Background

The variable T can be used to test the hypothesis:

H: l1=l2, where l1 and l2 are the expected values for

two independent and normally distributed observations.

(a) If the variances r2
1 and r2

2 can be assumed to be

equal, T is defined as (Råde and Westergren, 1995)

T ¼ m1 � m2

s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1n2

n1 þ n2

r
; ðA:1Þ

where m1 and m2 are the means, n1 and n2 are the num-
ber of samples for the two measurements and

s2 ¼ ðn1 � 1Þs21 þ ðn2 � 1Þs22
n1 þ n2 � 2

ðA:2Þ

is the pooled variance.

According to Enger (1997), T has a Student distribu-

tion ta/2(df), where df=n1+n2�2 is the degree of free-

dom. If

jT j > ta=2ðdfÞ; ðA:3Þ
the hypothesis H is rejected and there is a significant dif-

ference between l1 and l2.
(b) If r2

1 6¼ r2
2, the test can be done with a similar but

approximate test, then T can be defined as (Enger, 1997)

T ¼ m1 � m2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21=n1 þ s22=n2

p
�����

�����: ðA:4Þ

If

T > ta=2ðdfÞ; ðA:5Þ
the hypothesis H is rejected and there is a significant dif-

ference between l1 and l2. In this case
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df ¼ ðs21=n1 þ s22=n2Þ2
s2
1
=n1ð Þ2

n1þ1
þ s2

2
=n2ð Þ2

n2þ1

� 2: ðA:6Þ

(c) To make the significance test according to para-

graph (a) or (b), a test to find out if the variances

r2
1 and r2

2 are equal or not must be done. The test can

be done according to Enger (1997). If

s21=s
2
2 > F a=2ðn1 � 1; n2 � 1Þ

or

s22=s
2
1 > F a=2ðn2 � 1; n1 � 1Þ

ðA:7Þ

r2
1 and r2

2 cannot be assumed to be equal,

Fa/2(n1�1,n2�1) and Fa/2(n2�1,n1� 1) are the F-distri-
bution (Råde and Westergren, 1995), and n1 and n2 and

the number of tests.

A.2. Calculations

All input data for the calculations are found in Table

6. A 95% confidence interval was used, which gives

a ¼ 1� 0:95 ¼ 0:05: ðA:8Þ
If only tests where fa>0 MPa are taken into consid-

eration (Table 6):

Test for equal variance according to Eq. (A.7) gives

s21=s
2
2 ¼ 0:65 < F a=2ðn1 � 1; n2 � 1Þ ¼ 2:41

and

s22=s
2
1 ¼ 1:54 < F a=2ðn2 � 1; n1 � 1Þ ¼ 2:33 which gives

r2
1 ¼ r2

2 according to paragraphðcÞ:
Eqs. (A.1)–(A.3) are used to calculate if there is a sig-

nificant difference between l1 and l2.

T ¼ 11:28 > ta=2ðdfÞ ¼ 2:01

It can be concluded that it is a significant difference in

adhesion strength between normal treatment and water

jet-scaling.

If all tests are taken into consideration (Table 6):

Test for equal variance according to Eq. (A.7) gives

s21=s
2
2 ¼ 0:43 < F a=2ðn1 � 1; n2 � 1Þ ¼ 2:16

and

s22=s
2
1 ¼ 2:31 > F a=2ðn2 � 1; n1 � 1Þ ¼ 1:99r2

1 6¼ r2
2:

Eqs. (A.4) and (A.5) are used to calculate if there is a

significant difference between l1 and l2,

T ¼ 4:41 > ta=2ðdfÞ ¼ 2:03

It can be concluded that it is a significant difference in
adhesion strength between normal treatment and water

jet-scaling.
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Abstract 

The presence of an Excavation Disturbed Zone (EDZ) around an excavation can have significant 

impact on the overall performance of the excavation. EDZ as defined in this paper is the rock 

zone immediately surrounding the excavation where the mechanical and physical properties of 

the rock mass have been significantly affected due to the excavation and redistribution of 

stresses. For stability, the strength and stiffness are important governing parameters. This paper 

presents the result of the investigations that were carried out at Kiirunavaara underground iron 

ore mine in Sweden to identify, delineate and quantify the EDZ in terms of the rock mass 

stiffness or the Young’s modulus. Cross-hole seismics and spectral analyses of surfaces waves 

(SASW) were the main geophysical tools used in the investigation. Borehole Image Processing 

Systems (BIPS) was also used to complement the two geophysical methods. The results show 

that an EDZ exists behind the boundaries of the mining drifts. For the drifts investigated the EDZ 

extends approximately 0.5 - 1 m and Young’s modulus was approximately 50 – 90% of that of 

the undisturbed rock. 

Keywords: Excavation damaged zone (EDZ), geophysical methods, cross-hole sesimics, spectral 

analyses of surfaces waves (SASW), borehole image processing system (BIPS), phase velocity, 

Young’s modulus. 
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1. Introduction and background 

Over the past several years Kiirunavavaara underground iron ore mine in Sweden has been 

pursuing a study on the interaction between its rock support systems and the rock mass. Under 

this general scope the characteristics of the support systems under various loading conditions and 

the failure characteristics of the support systems are being studied. It is realized that, to better 

understand the interaction of the rock mass and the support system the characteristics of the rock 

mass within the so called, Excavation Disturbed Zone (EDZ) must be understood. The EDZ can 

be defined in simple terms as the region beyond the excavation boundary where the mechanical 

and physical properties of the rock mass have been affected as result of the excavation and 

redistribution of stresses. With respect to the objective of our investigation we furthermore 

define EDZ as the zone where mechanical properties have been sufficiently disturbed to be 

measurable by geophysical tools. 

The EDZ has been investigated in many research projects, mainly in radioactive waste deposit 

projects, for example URL in Canada, Waste Isolation Pilot Plant (WIPP) and Yucca Mountain 

Project (YMP) in USA, and Stripa and Äspö in Sweden. Results of these investigations are 

published in for example the EDZ workshops of 1996 and 2003, see Martino & Martin (1996) 

and Martino (2003). However, during the sixties a large amount of data considering the thickness 

and properties of the destressed zone around hydraulic tunnels were measured in Russia 

(Fishman and Lavrov, 1996). In these investigations geophysical tools were mainly used. The 

basis for some geophysical tools is that any variation in the rock mass stiffness will be reflected 

in seismic velocity measurements. 

When studying the behaviour of shotcrete as rock support it is very important to understand the 

interaction between the rock and shotcrete. Very often, because of the complexity of the rock 

mass, the shotcrete has been designed using common practices or empirical systems. In the case 

of numerical simulations or calculations the interaction with rock has often been neglected. 

According to Fishman and Lavrov (1996) the rock supports in Russian tunnelling projects have 

been designed using empirical methods while taking into consideration the destressed zone.  
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In mining the stress conditions often vary with the mining sequences. Quinteiro (1998) Perman 

(2001) and Lundman (1998) have shown by numerical analyses that sublevel caving in the 

Kiirunavaara mine results in substantial change of rock stresses, both in magnitude and direction. 

Such stress changes will consequently influence the stress conditions around a drift. Depending 

on the extent and the mechanical properties of the EDZ, the affected stress will be as shown in 

Figure 1 a). If no EDZ is present the induced stresses will act directly on the excavation 

boundary as in Figure 1 b).  

       a)                        b) 

Figure 1. Stress trajectories around a drift, a) drift with an EDZ, b) drift without an EDZ. 

The main reason for the lower magnitudes of the rock stresses in the EDZ is the difference in 

stiffness between EDZ and the outer rock mass (the EDZ has a lower stiffness).  
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2. Test areas 

Tests were carried out in five locations within the mine. The summary of the areas is given in 

Table 1. These areas are also shown on the ore body horizontal plan in Figure 2.  

Table 1. Test area locations. 
Test area Location Rock type 

1 878 m Level  (North) Waste rock 
2 878 m Level (North) Iron ore 
3 849 m Level (South) Waste rock 
4 849 m Level (South) Iron ore 
5 849 m Level (South) Waste rock 

Figure 2. Horizontal section of the ore body and the test areas 

Test areas 1 and 2 were situated in the northern part of the mine where the rock mass is 

frequently more jointed. Test areas 3 to 5 were situated in the southern part of the mine where 

the rock mass has fewer joints. Test areas 1 and 3 were located in drifts in the footwall parallel to 

the ore body. Test areas 2 and 4 were situated in two cross cuts in the ore body. Test area 5 was 

located in the same cross cut as test area 4, but in waste rock. The rock type which makes up the 

waste rock is trachyte, which is also internally designated syenite-porphyry.  

Typical values of the mechanical parameters for the undisturbed rock mass, as well as for intact 

rock specimens are shown in Table 2. For the undisturbed rock mass only the P-wave velocity is 

1000 m 

Test areas 1 and 2          Test areas 3, 4 and 5 

North 
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presented. For the intact rock the static Young’s modulus (Es), Poisson’s ratio (ν), uniaxial 

compressive strength (σc) and the density (ρ) are obtained (see Table 2). Two different drill 

patterns were used in the test areas (Figure 3), one with the blast hole diameter of 45 mm and the 

second with hole diameter equal to 48 mm 

Table 2. Elastic mechanical properties of undisturbed rock at Kiirunavaara mine. 

Undisturbed rock mass Intact rock Rock type  
P-wave velocity (m/s) Es (GPa) ν σc (MPa) ρ (kg/m3)

Trachyte (footwall) 58501) 66 - 100 0.25 – 0.27 90 – 430 2800 
Iron ore 62701) along ore body 

48801) across ore body 
44 - 80 0.27 135 – 185 4700 

1) Nyberg et al (2000) 

a)    b) 

Figure 3. Drill pattern of the investigated cross cuts and drifts, a) Drill pattern in test areas 1 – 3, b) Drill pattern 
in test areas 4 – 5. 

The size of the footwall drift is 7·6 m2 (width · height) and the size of the cross cut is 7·5 m2. All 

blast holes were fully loaded, except the empty holes in the burn cut and the contour holes 

around the drift perimeter, which were loaded with a bottom charge and a decoupled column 

charge. However, the lifters (bottom holes) and the lowest holes of the walls were fully loaded. 

The loading was done semi-automatically and the decoupling ratio could have varied anywhere 

between 0.3 – 0.4. The explosive used was Kimulux S0000 (gassed bulk emulsion), which has an 

average density of 1200 kg/m3. The length of the drill holes was 3.85 or 4.35 m. About 0.5 - 1.0 

64 mm holes in burn cut. All other 
holes are 45 mm 

64 mm holes in burn 
cut. All other holes are 
48 mm.
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m length of the blast holes is usually left unloaded near the collar, except the bottom holes which 

were filled completely. 

The measurements were carried out some months after blasting. The real amount of explosives 

and the real position of the boreholes were not controlled. 
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3. Methods 

Three field methods were used in investigating the EDZ, namely, cross-hole seismics, spectral 

analyses of surfaces waves (SASW) and borehole image processing system (BIPS). The test 

methods are briefly described in the following subsections, together with the configurations of 

the test equipment.

3.1 Cross-hole seismics to measure P-wave velocity 

In this study three boreholes were used for each measurement. By fixing the source and the 

receivers at the same depth in the boreholes the P-wave propagation velocity of the rock mass 

between the holes was measured. The layout is as shown in Figure 4. The source is in hole A, 

which in this case is an explosive charge. The receivers are in holes B and C with specifications 

according to Table 3. 

Figure 4. Cross-hole test set-up. Note that all measurements were performed on the wall of the excavation. 

Table 3. Specification of the accelerometers. 

Accelerometer Voltage sensitivity 
(mV/g) 

Range (g) Resonant frequency 
(kHz) 

Maximum amplitude 
deviation 

Kistler 8774 A50 100 ± 50 44 ≤ 1% at 10 kHz  
(ref = 100 Hz) 

1.5 m 

3” Borehole 

A   3 m  B      4 m     C 

5 m 

X – Horizontal section 

Source             Receivers 

Wall of drift 

X
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The borehole which contained the source was filled with water to get a better signal. To make 

that possible the boreholes were drilled with a dip angle of 5° into the wall. The boreholes were 

located approximately 1.5 m above the floor of the drift.  

Once the source and receivers were in place the source was set off and the arrival times of the 

seismic waves were transmitted to the recording unit via the receivers. The recording unit was a 

Microtrap with a sampling rate of 50 kHz per second. The accelerometers were attached on 

mechanical holders, which were fixed to the borehole wall with springs according to Figure 5. 

The test data was transmitted from the recording unit to a PC as shown in Figure 6 for wave 

analysis. 

Figure 5. Holder for the accelerometer in the borehole. 

Figure 6. The principal arrangement of the equipment for cross-hole tests. 

≈ 400 mm 

Mechanical (steel) springs which were stretched to fix the holder of the 

accelerometer.

Socket for the accelerometer 

Body of aluminium 

Mechanical holder which the accelerometer was attached to, see 
Figure 5.

Borehole            Accelerometer          Amplifier                                                    PC 
                      Recording unit 

                    Microtrap 

Drift wall 
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Knowing the distance between the boreholes, the P-wave propagation velocities of the rock mass 

between the holes were calculated. By testing at various depths, a velocity profile along the 

borehole was obtained.  

The P-wave velocity, cp, was determined as 

T
Lc p Δ

=       (1) 

where, L is the distance between the measuring boreholes,  and ΔT is the difference in arrival 

time as shown in Figure 7. Arrival times were determined at the point where the maximum slope 

of the first arrival wave crossed the x-axis according, according to Figure 8. 

                                      

Figure 7. Delay time interval, ΔT for boreholes B and C, see Figure 4. 

            

Figure 8. Determination of arrival time. 

Borehole C 

Borehole B 

Amplitude (mV)

Time (ms) 
ΔT

First arrival 

Amplitude (mV) 

First arrival crosses the x-axis 

Time (ms) 

Maximum amplitude of first arrival 

The maximum slope of the first arrival crosses the x-axis. 

Start of first arrival 
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3.2 Spectral Analyses of Surfaces Waves (SASW)  

In surface wave seismics shear wave phase velocity is determined by measuring the Rayleigh 

wave velocity in-situ with succeeding evaluation of the shear wave velocity. The physical 

phenomenon which makes the SASW method possible is dispersion. Dispersion is the 

phenomenon where different wavelengths or frequencies travel with different velocities through 

the medium. Since longer waves (lower frequencies) penetrate deeper they affect larger volume 

than shorter wavelengths. The dispersion properties of Rayleigh waves can be used to 

characterise different parts of a soil or a rock volume. The knowledge of frequency distribution 

is therefore, a necessary condition if the technique is to be used. The dispersion concept includes 

two different velocities, the phase velocity and the group velocity. The phase velocity is used in 

this study since the phase velocity has a stronger relationship to the modulus of geomechanical 

materials (Svensson, 2001). The dispersion characteristics can be established by using a steady 

state signal and vary the frequency. This is however a time consuming method. The Fast Fourier 

Transformation (FFT) makes it feasible to obtain the dispersion curve from an impulsive or 

random noise load.  The interpretation of the dispersion characteristics obtained in this way is 

known as Spectral Analyses of Surfaces Waves (SASW) (Heisey et.al. 1982, Nazarian and 

Stokoe 1983, Stokoe et.al. 1994, Svensson 2001).

The SASW test was performed by placing two receivers on the wall of the drift in an array and in 

line with an impulsive load which generated the surface waves, as illustrated in Figure 9. The 

accelerometers and the recording unit were the same as those used in the cross-hole seismic tests. 

                     

Figure 9. Configuration of the SASW tests. 

Receiver No.1       Receiver No.2 

Response at receiver  
No.1        

ΔL

x1 x2

Rock

Impulsive noise  
source - a hammer Response at receiver No.2 

D

 x

y
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Heisey et.al. (1982) recommended the following SASW set-up 

λλ 33/1
and

<Δ<

Δ=

L

LD
     (2 a, b) 

where (D) is the distance between the source and the receiver, LΔ  is the distance between the 

receivers according to Figure 9 and λ  is the wave length. 

Suppose there is a wave consisting of only one angular frequency,ω , the response at receivers 

(accelerometers) Nos.1 and 2 is then 

)cos(),(
)cos(),(

20222

10111

tkxwtxw
tkxwtxw

ω
ω

−=
−=

    (3a,b) 

or expressed in the complex plane as 
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where w01 and w02 are the real amplitudes, 0201 ˆandˆ ww are the complex amplitudes at receiver 

Nos. 1 and 2, respectively, x1 and x2 the co-ordinates, ω  is the angular frequency and t is the 

time. The wave number, k, can be expressed as 

λπ /2=k       (5) 

where λ is the wave length. The phase velocity, cR, is the ratio between ω and k

k
cR

ω=       (6) 

The phase difference between the two receivers, Δφ, for each frequency is the crucial 

information. This is obtained by defining the transfer function 
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    (7) 

and

tL
c

xxk Δ=Δ=−=Δ ωωφ )( 12     (8) 

where Lxx Δ=− 12 , see Figure 9. The phase difference, Δφ, can be expressed as (see Figure 10) 

)
)

),(
),(Re(
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),(Im(

arctan(

11

22

11

22

ω
ω
ω
ω

φ

xw
xw
xw
xw

=Δ .    (9) 

Figure 10. Phase angle. 

When φΔ  is calculated the time difference, tΔ , is obtained by Eq (8)

f
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)()( Δ=Δ      (10) 
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The Rayleigh velocity, cR, and the wavelength, λ, are given as  

)(
)(

ft
LfcR Δ

Δ=      (11) 

       

f
fcf R )(

)( =λ      (12) 

Once the velocities for all frequencies have been calculated a dispersion curve, cR versus λ can

be plotted. 

3.3 Borehole Image Processing System (BIPS) 

The BIP system is based on direct optical observations in boreholes. The system digitally records 

the 360-degree continuous projection of the borehole wall. Measurements of strike and dip of 

bedding and joint planes, along with other geologic analysis, are possible in both air and clear 

fluid filled holes with this system. The supplier of this system is RaaX Co. Ltd (www.raax.co.jp) 

and the test arrangement is shown in Figure 11. 

Figure 11. Configuration for the BIPS system. 

Borehole              Mirror         Battery                                     Monitor      

Lighting       TV-camera  

Recording unit and              PC                 
image processing unit 

Bar 

http://www.raax.co.jp
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4. Results 

The results from the SASW measurements showed in most of the cases a large scatter in the 

measured dispersion curves, see Figure 12. Therefore, it was difficult to rely on these results. 

Further analyses of the SASW measurements are presented in Section 5. 

a)

                             

b)    c) 
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Figure 12. Relation between phase velocity and wave length at Test Area 3, a) schematic presentation of test, b) 
test results in direction 1, c) test results in direction 2. 
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P-wave phase velocities measured from the various test areas using cross-hole seismics are 

shown in Figure 13 together with the fracture densities from the BIPS measurements and 

analyses.  

a)    b) 
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Figure 13. Measured P-wave phase velocity and fracture density versus borehole depth, , a) Contour hole 45 
mm,for  b) for Contour hole 48 mm. 

As one can see there is an increase of the P-wave velocity with increasing borehole depths. The 

results of the P-wave velocity measurement indicate a depth or extent of the EDZ approximately 

equal to 0.5 m in the case of 45 mm contour holes. In the case of 48 mm contour holes the depth 

of the EDZ was approximately 1 m. For both cases the extent of EDZ appeared to depend more 

on the contour hole diameter than the rock type. The average P-wave velocity varied between 5.6 

– 6.0 km/s, and between 5.8 – 6.2 km/s for undisturbed waste rock and iron ore, respectively 

(Table 4). 

The fracture density showed a tendency to decrease with deeper boreholes in test areas 1 and 2 

and showed a good agreement with P-wave measurements (Figure 13a). However, in test areas 4 

and 5 the correlation between fracture density and P-wave measurements was not obvious 

(Figure 13b) and the number of fractures was less than in test areas 1 and 2. As mentioned in
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Section 2 the rock mass in the northern part of the mine where test areas 1 and 2 were situated is 

frequently more jointed. 

The average P-wave velocity over the EDZ and the ratio between Young’s modulus of the 

excavation disturbed zone (EEDZ) and Young’s modulus of the undisturbed zone (Eundisturbed rock)

are presented in Table 4. These values were calculated using the general equation 

υ
υυρ

−
−+=

1
)21)(1(2cE      (13) 

where E is the Young’s modulus, c is phase velocity, ρ is rock density and ν is the Poisson’s 

ratio, which is assumed constant. EEDZ was approximately 52 – 90% of Eundisturbed rock.

Table 4. Results of the calculated Young’s modulus from P-wave velocity measurements. 

Average P-wave velocity (km/s) 
Test area  

Undamaged rock Damaged rock 

EDZ depth 
(m) 

EEDZ, as part of 
Eundisturbed rock

Contour hole 45 mm 
No.1: Waste rock 
No.2: Iron ore 
No.3: Waste rock 

Contour hole 48 mm 
No.4: Iron ore 

      No.5: Waste rock 

5.6
6.2
5.7

5.8
6.0

5.3
5.4
5.2

4.2
4.9

∼0.5

∼1.0

90% 
76% 
84% 

52% 
66% 
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5. Analyses of SASW measurement results 

The results of the SASW measurements showed a wide scatter (see Section 4), which made it 

very difficult to establish reliable dispersion curves. The reasons for that can be many. One of 

the most important reasons is probably the fractured rock with its heterogeneous mechanical 

properties. Another reason could be the effect of surface roughness. To study the influence of 

fractures a model was developed to analyse how these cracks, modelled as reflectors, affect the 

signals or waves. Two cases were analysed as shown in Figure 14.  

a)

b)

                     

Figure 14. Fracture as reflector, a) 0<θ , b) 0≥θ .

Receiver No.1                Receiver No.2 
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In Figure 14a) the crack has a negative angle according to the local co-ordinate system and in 

Figure 14b) the angle has a positive value.  

The time delay of the reflected ray is  

c
LSt −=Δ       (14) 

where L and S are shown in Figure 15 and c is the phase velocity. 

a)

b)

Figure 15. The travel path of the ray, S. It is assumed here that the crack cannot cross the direct path between the 
transmitter and the receivers. 
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The travel path of the ray, S, can be expressed as 

2
´

2
´

2 )( OO yLxS +−=      (15) 

where

θ
θ

cos2
sin2

´

´

by
bx

O

O

=
=

     (16) 

Eqs (15) and (16) give 

22 4sin4 bbLLS +−= θ      (17) 

When inserted in Eq. (14) the time delay of one single crack can be calculated. It is here assumed 

that the crack cannot cross the direct path between the transmitter and the receiver. 

In addition to the direct signal a delayed signal arrives from the crack or the reflector to the 

receivers. If there are many cracks they will produce different time delays according to   
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where NN 2222111211 ....,and...., αααααα are the loss of amplitude caused by reflection at receiver 

Nos. 1 and 2, respectively. N is the reflector or crack number. 

NN tttttt 2222111211 ....,and...., ΔΔΔΔΔΔ  are the time delays of the reflected signal. The transfer 

function in this case is  
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where
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The phase angle, φΔ , is calculated according to Eq (9). Once the velocities for all frequencies 

have been calculated according to Eqs (10) to (12) a dispersion curve, cR versus λ can be plotted. 

In the model, up to three reflectors were used. Together with various dip angles and reflection 

coefficients one realises that a huge number of combinations are available, here only two 

examples are shown. In the examples in Figure 16 and Figure 17 the pattern of the wave velocity 

– wave length relation is similar to the pattern of the SASW measurements.  
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Figure 16. Comparison between measurements and analyses, Direction 1 in Figure 12b). 
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Figure 17. Comparison between measurements and analyses, Direction 2 in Figure 12c). 
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6. Discussion 

One of the main practical limitations of many geophysical methods is that fractures in the rock 

are discrete and therefore produce a variety of elastic waves, which include reflected waves, 

head waves, interface waves and converted waves. In many cases all these different waves make 

it very difficult to isolate the desired waves for analyses. This was apparently true for the SASW 

(Spectral Analyses of Surface Waves) measurements carried out at Kiirunavaara mine to 

investigate the disturbed zone. The significant influence of cracks was shown by the analyses in 

Section 5.

According to the P-wave measurements the excavation damaged zone at Kiirunavaara mine 

extends approximately 0.5 - 1 m into the rock mass. Furthermore, Young’s modulus was 

approximately 52 – 90% of that of the undisturbed rock. The results indicate that larger diameter 

blast holes lead to a greater region of damaged rock than the small-diameter holes (see also 

Persson et al, 1996). However, different stress conditions as well as different rock conditions for 

the various test areas can also influence the extent and the behaviour of the EDZ. Furthermore, 

the amount of explosives and the position of the drill holes can vary from the design values. 

Therefore, the relation of various diameters of the drill holes on the extent of the EDZ as well as 

the magnitude of Young’s modulus cannot be ensured in this study. 

The results from BIPS (Borehole Image Processing System) technique were a very useful aid to 

understand the results from the seismic measurements. Besides providing photographic images 

of the rock mass beyond the excavation boundary, it provided an important set of data directly – 

the fracture intensity, which is an important indication of the degree of damage developed. In test 

areas 1 and 2 the fracture intensity confirmed the results from the P-wave measurements. 

However, in test area 4 and 5 the correlation between fracture density and P-wave measurements 

were not obvious. The rock mass in the northern part of the mine (test area 1 and 2) is frequently 

more jointed which also was observed by the BIPS measurements, the numbers of fractures was 

higher in test area 1 and 2 than in test area 4 and 5 situated in the southern part of the mine.  
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7. Conclusions 
Following conclusions from the present investigation can be done: 

- The evaluation of the results of the SASW measurements was not successful because of 

reasons such as the influence of cracks. 

- According to the P-wave measurements the extent of the EDZ at Kiirunavaara mine 

extends approximately 0.5 - 1 m into the rock mass. 

- Young’s modulus of the EDZ was approximately 52 – 90% of that of the undisturbed 

rock.

- The results from BIPS (Borehole Image Processing System) technique were a very useful 

aid to understand the results from the seismic measurements. 
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Interaction of shotcrete with rock and rock bolts  

- a numerical study

Lars Malmgren a)

a) LKAB R&D, Sweden and  Division of Mining and Geotechnical Engineering - Rock Mechanics and Rock 

Engineering, Luleå University of Technology (Sweden)

Abstract 
The shotcrete – rock interaction is very complex and is influenced by a number of factors. 

The influence of the following factors was investigated by a series of numerical analyses: the 

surface roughness of the opening, the rock strength and Young´s modulus, the discontinuities, 

the extent of the excavated disturbed zone, the mechanical properties of the interface between 

shotcrete and rock, the thickness of the shotcrete lining and the rock bolts. The study was 

carried out as a parameter study. 

The results showed that the rock strength and the surface roughness had significant impacts 

on the number of failures at the interface and in the shotcrete lining. Furthermore, the 

behaviour of the lining is sensitive to small amplitudes of the surface roughness. 

In all the cases investigated a high interface strength was favourable. The results indicate that 

if a thick shotcrete lining is dependent on the bond strength, the benefit of using a thicker 

lining can be doubtful. The analyses showed that, for an uneven surface the extent of the EDZ 

had a minor effect on the behaviour of the shotcrete lining. Furthermore, if rock bolts were 

installed at the apex of the protrusion instead of being installed at the depression, the number 

of failures decreased both at the interface and in the lining. 

Keywords: Numerical analysis, shotcrete, shotcrete thickness,excavated damaged zone, rock 

strength, uneven surface, shotcrete – rock interface, rock bolt, rock stress 



- E2 - 



- E3 - 

1 Introduction 
In underground mining and tunnelling shotcrete is often used as an important support element. 

The main design principle for shotcrete as well as for other rock support elements is to help 

the rock to carry its inherent loads. The shotcrete – rock interaction however, is very complex 

and its performance is influenced by a number of important factors (see Fig. 1): 

- the roughness of the opening, (Chang, 1994 and Fernadez et.al., 1976, Nilsson, 2003), 

- the mechanical properties of the rock, 

- the rock stress, 

- the disturbed zone around the opening, from here called EDZ, (Fishman et.al., 1996, 

Martino and Martin, 1996, Martin, 2003 and Malmgren et.al., 2005a), 

- the discontinuities (Holmgren, 1979, Fernadez et.al., 1976, Kuchta et.al. 2004 and Banton 

et.al., 2004) 

- the rock bolts (Holmgren, 1993 and Barret and McCreath, 1995), 

- the mechanical properties (Malmgren, 2005b,c and Nordström, 1996) and the thickness of 

shotcrete and 

- the interface between shotcrete and rock (Malmgren et.al., 2005d, Saiang et.al., 2005, 

Torsteinsen and Kompen, 1986, Holmgren, 1979).  

Fig. 1 Shotcrete – rock interaction, tunnel section with irregular shape. 

Excavated disturbed zone 

σ1

σ2

Shotcrete 

Rock bolt 

Uneven surface 
Shotcrete – rock interface 
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The influence of all these factors is almost impossible to analyse using analytical or 

experimental models due to the complexity of the rock-shotcrete interaction. Empirical 

methods are therefore often used in the design of shotcrete linings. 

To improve the understanding of the interaction of shotcrete – rock, a number of numerical 

analyses were carried out. The rock properties, the mining induced rock stresses, the geometry 

of the drift, etc, are presented in Sections 2 - 3. Mechanical properties of rock and shotcrete 

are presented in Sections 4, results in Section 5, discussions and conclusions in Sections 6 - 7. 
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2 The Kiirunavaara mine 
The mining company Luossavaara Kiirunavaara AB, (LKAB), has been mining iron ore for 

more than 100 years in the mines in Malmberget and Kiruna in northern Sweden. The 

Kiirunavaara mine (in Kiruna) has an annual production of 23 million tonnes of iron ore. The 

ore body strikes nearly north-south and dips 60° to the east. It is more than 4000 m long (of 

which 3800 m is currently being mined), 80 m wide on average and extends to an estimated 

depth of 2000 m. The mining method used at the Kiirunavaara mine is large-scale sublevel 

caving (Fig. 2). Important features of large-scale sublevel caving in the Kiirunavaara mine are 

described by Quinteiro et.al.(2001).  

a)         b) 

DriftCross cut
Iron ore 28.5 m

Fig. 2 Large-scale sublevel caving in the Kiirunavaara mine. 

a) Large-scale sublevel caving, principles, after Hamrin (1986) 
b) Schematic section

Tables 1 and 2 present some mechanical properties of the rock at the Kiirunavaara mine. Rock 

mass classification according to the RMR or the Q-system is not usually performed on a 

regular basis at the mine. Hence, the values presented in Table 2 are from special projects 

with the mine. 

Table 1 Mechanical properties of intact rock at Kiirunavaara mine, mean values. 

E (GPa) ν ρ (kg/m3) σc (MPa) σt (MPa) mi
1)

Hangingwall 70 0.22 2700 184 12 18 

Iron ore 65 0.25 4700 133 10 28 

Foootwall 70 0.27 2800 200 11 16 
1) Constant in Hoek-Brown failure criterion (Hoek and Brown, 1997). 
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a)                 b) 

Fig. 4 Moment failure in the shotcrete lining (LKAB) 

Fig. 5 Shear failure in the shotcrete lining (LKAB) 

Tensile stress failure at the peak of the 
irregular surface 

Tensile failure around a rock bolt 

Tensile failure 
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3 Introduction to the numerical analyses 
Most of the infrastructures in the mine such as the accesses to the ore body, electrical supply 

and equipment, radio communication, water and the mine ventilation etc are situated in the 

footwall. It is therefore important that drifts and openings in the footwall have high 

accessibility. For that reason a drift parallel to the iron ore was analysed in this study (Fig. 

2b).

The influence of surface roughness, the EDZ, the rock strength, the thickness of shotcrete, the 

strength of the interface between rock and shotcrete and the rock bolts were investigated using 

a continuous model. A discontinuous model was used to study the influence of discontinuities 

on the rock – shotcrete interaction. The distinct element program, UDEC 4.0 (Itasca, 2005), 

which is suitable for both the continuous and discontinuous models, was used for all analyses. 

A simplified opening geometry with dimensions similar to that of the drifts at LKAB’s 

Kiirunavaara mine was used in the analyses, Fig. 6. The surface roughness was simplified by 

a saw-tooth shape. By varying the amplitude, A, in the range 0 – 0.3 m, it was possible to 

investigate the effect of the unevenness of the surface. The wavelength was kept constant at 

2.5 m as shown in Fig. 6. The input values of the amplitude and the wavelength were based 

on measurements of the shape of drifts and crosscuts in the mine. In the base case the 

amplitude was set to 0.15 m (Fig. 6c). 

The following sign convention was used in the analysis; a positive normal stress indicates 

compression while a negative normal stress indicates tension. The drift was assumed to be at 

level -907 m. As mentioned earlier, the footwall drift is subjected to a very complex stress 

state as mining progresses downwards. Therefore, a simplified stress change pattern (Fig. 7) 

was used to investigate the interaction of rock and shotcrete under varying stress conditions. 

The first case, Load Case 1 (LC1), starts with an initial stress state with a horizontal stress 

perpendicular to the drift with a magnitude of 55 MPa. The horizontal stress is then increased 

by 10 MPa resulting in a final horizontal stress of 65 MPa. In the second case, Load Case 2 

(LC2), the horizontal stress perpendicular to the drift is reduced by 10 MPa, resulting in a 

final stress magnitude of 45 MPa. Load Cases 1 and 2 were simulated independently. 
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Fig. 6 Openings used in the analyses. 

a) Opening with even surface.  
b) Roughness of the surface, amplitude = 0.08 m 
c) Roughness of the surface, amplitude = 0.15 m 
d) Roughness of the surface, amplitude = 0.30 m

Mining sequences: Excavation of drift Application of support a) Time until the mining reach the 
level of the drift 

b) Mining at the level of the drift 
Numerical analyses: Equilibrium is 

reached for this state 
See above a) Increased rock stresses 

b) Decreased rock stresses 

Fig. 7 Load Case 1 and 2 used in the analyses. Out of plane stresses (not shown in the Fig.) were equal 
to 24 MPa in all cases. 
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Load Case 2

55 - 10 MPa 
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In this study the effects of the face of the drift were not included. The deformations close to 

face were assumed to occur mainly before the shotcrete lining has reached sufficient stiffness 

to carry the loads. Therefore, a 2D model, shown in Fig. 8, was used. Stresses were applied at 

the boundaries, except at the base of the model, which was fixed vertically. A few grid points 

(nodes) in the middle of the base of the model were fixed for horizontal movements. The 

mesh was made denser close to the drift. The zones (elements) adjacent to the drift had side 

lengths equal to 0.1 m. 

The mechanical properties of the rock, the EDZ, the interface, the shotcrete and the rock bolts 

are discussed in Sections 4.1 - 4.5. Since it was a parameter study only one parameter was 

varied at a time while all other parameters were kept constant. Properties in Tables 3 - 7 

marked with bold text defines the base case and used when one of the other properties was 

changed. For example, if the thickness of the shotcrete lining varied all other properties had 

the values marked with bold text.  
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Fig. 8 UDEC model, zones (elements) are shown. 

a) The whole model, width = 90 m and height = 65 m 
b) Model around opening
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4 Continuous model  

4.1 Rock mass strength and stiffness 

In this study the empirical Hoek-Brown failure criterion was used to estimate the strength of 

the rock mass. The reason to use the Hoek-Brown criterion is that it is widely used and the 

strength parameters for the rock mass can be estimated when used in conjunction with RMR

or GSI. The Hoek-Brown failure criterion is expressed as (Hoek and Brown, 1997) 

a

ci
bci sm )(

'
3'

3
'
1 ++=

σ
σσσσ      (1) 

where '
1σ  and '

3σ  are effective stresses and ciσ  is the uniaxial compressive strength of intact 

rock,

28
100−

=
GSI

ib emm      (2) 

and

9
100−

=
GSI

es .      (3) 

The variable a is equal to 0.5, the parameters mb and s are defined according to Eq.(2) and 

Eq.(3) respectively if GSI > 25. The constant mi can be calculated from laboratory triaxial test 

of core samples or extracted from reported test results. 

According to Eq.(1), assuming GSI > 25 (a = 0.5), the unixial compressive strength and the 

uniaxial tensile strength of the rock mass can be defined as  

18
100−

=
GSI

cic eσσ      (4a) 

and

)4(
2
1 2 smm bbcit +−= σσ .    (4b) 

In most available computer programs strength cannot be expressed in terms of the non-linear 

Hoek-Brown failure criterion. For practical applications it is therefore often necessary to 
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approximate the curved Hoek-Brown failure criterion with the linear Mohr-Coulomb failure 

envelope. The Mohr-Coulomb strength quantities cohesion, c and friction angle, φ  can be 

calculated from the Hoek-Brown criterion by linear regression over a stress range ( 3σ ). A 

standard linear regression will typically yield a uniaxial compressive strength that is higher 

than that predicted by Hoek-Brown failure criterion. Therefore, to obtain the same uniaxial 

compressive strength for the Hoek-Brown and the Mohr-Coulomb criteria the intercept of the 

regression line had to be fixed at the σ1-axis. A least-square linear fit gives the following 

relation for the slope of the regression line (Sjöberg, 1999) 
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where the summation is carried out over the number of data pairs. The corresponding friction 

angle and cohesion can be determined as 

1
1arcsin

+
−=

k
kφ      (6) 

and

φ
φσ
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)sin1( −

= cc .     (7) 

From preliminary elastic analyses 3σ varied between 0 and 16 MPa within a distance of 2 m 

from the wall and roof of the drift. This range was used to calculate k in Eq.(5). 

Since only RMR values are reported from LKAB’s Kirunavaara mine, GSI is assumed to be 

equal to RMR in this study. Therefore, GSI will be substituted by RMR in all equations. The 

stiffness expressed as Young’s modulus is according to Serafim and Pereira (1983) 

40
10

10
−

=
RMR

E  (GPa).     (8) 
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4.2 The rock strength and stiffness of EDZ 

EDZ, as defined in this paper, is the rock zone immediately surrounding the excavation where 

the mechanical and physical properties of the rock mass have been significantly affected by 

the excavation process (drilling, blasting, scaling) and the redistribution of rock stresses. 

However, the mechanical properties, particularly the strength of EDZ is not very well known 

(Saiang, 2004). The EDZ is generally characterised by reduction in mechanical properties. 

The reduction in stiffness is normally reflected by lower seismic wave velocity. This velocity 

is dependent on elastic properties, especially Young’s modulus. Strength according to Mohr-

Coulomb on the other hand is dependent on friction, cohesion, dilantancy and confining 

stress. Furthermore, there is no simple relationship between velocity, which is a vector 

quantity, and Young’s modulus and strength, which are tensor quantities. 

EDZ has been investigated in many research projects, mainly in radioactive waste isolation 

studies. Some of the results are summarised by for example Martino & Martin (1996), 

Martino (2003) and Fishman et.al.(1996). To investigate the EDZ for mining conditions a 

study was carried out in the Kiirunavaara mine (Malmgren et.al. 2005a). The results show that 

an EDZ with a finite extent exists beyond the boundaries of the mining drifts. For the drifts 

investigated the extent of the EDZ was approximately 0.5 m - 1 m. Furthermore, the dynamic 

Young’s modulus was approximately 50 – 90% of that of the undisturbed rock with the lower 

value (50%) used in the analysis. 

In this study, the correlation between the seismic velocity and the dynamic Young’s modulus 

was used to determine the dynamic stiffness ratio between EDZ and the undisturbed rock. The 

ratio was expressed as  

2

rock

)
v
v

( p
rock

p
EDZ

dyn

dyn
EDZ

E
E

=      (9) 

where dyn
EDZE  and dynErock  are the dynamic Young’s modulii of the EDZ and the undisturbed rock, 

respectively, and p
EDZv  and p

rockv are the p-wave velocities of the EDZ and the undisturbed 

rock, respectively. By assuming the same EEDZ – Erock - ratio for dynamic and static 

conditions, the static Young’s modulus of the EDZ can be determined as 
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rockdyn
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EDZ

EDZ E
E

EE
rockdundisturbe

=      (10) 

where Erock is the static Young’s modulus of the undisturbed rock. As mentioned above there 

is no simple relationship between seismic velocity and strength. However, the empirical 

relations for cσ  (Eq.4a) and Young’s modulus (Eq.8) are exponential functions of RMR, see 

Fig. 9. This means that strength and stiffness can be assumed to vary in a similar way. This 

was used to determine the strength of the rock of the EDZ. 
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Fig. 9 The uniaxial compressive strength and Young’s modulus as a function of RMR.

Assuming that the ratio in Eq.(9) was 0.5, according to the field investigations (Malmgren 

et.al., 2005a), Young´s modulus of the EDZ is EEDZ = 0.5Erock according to Eq.(10). The RMR

of the EDZ, RMREDZ, is defined by Eq.(8). The strength of EDZ was calculated according to 

Eq.(1) by using RMREDZ. The extent and the mechanical properties of the EDZ were applied 

to the model immediately when the drift was excavated. 

4.3 Rock mass properties used in the analyses 

The strength of the rock mass was varied using the RMR values 50, 60 and 70. The average 

RMR (= 60) of the rock mass of the footwall according to Table 2, was used as a base case. 

The uniaxial strength, cohesion and friction angle of the rock mass were calculated according 

to Eqs.(4a) – (4b) and (5) - (7). The factor mi in Eq.(2) and ciσ  were chosen as the average 
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values of the footwall, i.e., mi = 16 and ciσ = 200 MPa according to Table 1. Young’s 

modulus was calculated according to Eq.(8). All data are presented in Tables 3 and 4. 

Furthermore, the thicknesses of EDZ used in the analysis were 0 m, 0.5 m and 1 m with base 

case of 0.5 m. 

Table 3 Variation of the mechanical properties of the undisturbed rock mass. 

RMR σc

(MPa) 
Cohesion 

(MPa) 
Friction angle 

(Deg) 
σt

(MPa) 
E

(GPa) 

50 12.4 2.4 48 0.3 10.0 
60 (Base case) 21.7 4.0 50 0.6 17.8 

70 37.8 6.7 51 1.3 31.6 
Equation No. 4a) 7 6 4b) 8 

Table 4 Variation of the mechanical properties of EDZ. 

E 1)

(GPa) 
RMR σc

(MPa) 
Cohesion 

(MPa) 
Friction angle 

(Deg) 
σt

(MPa) 
5 38 6.4 1.3 46 0.12 

8.9 48 (Base case) 11.1 2.1 48 0.25 
15.8 58 19.4 3.6 50 0.53 

Equation No. - 4a) 7 6 4b) 
1) Young’s modulus of the EDZ was assumed be 50% of Young’s modulus of the undisturbed rock according 

to Eq.(10). 



- E18 - 

4.4 Discontinuous model 

To investigate the influence of one or many discontinuities on the shotcrete, discontinuous 

models were used, see Figs. 10 and 11. In these models however, the surface of the drift was 

even and the EDZ was not modelled. The strength and stiffness of the rock mass as well as of 

the shotcrete were equal to the base case presented in Tables 3, 6 and 7. The mechanical 

properties and the dip of the discontinuities are presented in Table 5. To make it possible to 

compare the response of discontinuous and continuous models, a continuous model with an 

even surface and no EDZ was also analysed.  
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Fig. 10 Discontinuous model, one discontinuity, width = 90 m and height = 65 m. 
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Fig. 11 Discontinuous model, many discontinuities, width = 90 m and height = 65 m. 
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Table 5 Properties of discontinuities used in the analyses. 

 Unit Typical values in the 
mine 

Values used in the analyses 

Dip Deg 60 – 70 60 
Friction angle 1) Deg 35 – 41 35 
Spacing  m 0.2 – 1.0 1.0 
Cohesion MPa - 0 
Tensile strength MPa - 0 
Normal stiffness 2) GPa/m - 110 
Shear stiffness 2) GPa/m - 9 
1) Savilahti (1995) 

2) Malmgren and Nordlund (2005e) 

4.5 Strength and stiffness of rock - shotcrete interface, shotcrete and rock bolts 

The behaviour of the rock – shotcrete interface was investigated in a series of laboratory tests 

on samples from the Kiirunavaara mine by Saiang et.al. (2005). The tensile strength, the 

normal stiffness, the shear strength and the shear stiffness were evaluated. The properties used 

in the analyses are found in Table 6, values marked with bold text were based on the results 

from the laboratory tests. These are used in the base case. The values shown in Table 6 are 

valid for smooth surfaces, JRC = 1 – 3. 

Table 6 Variation of the mechanical properties of the interface. 

 Tensile strength 
(MPa) 

Bond strength 
(MPa) 

Friction angle 
(Deg) 

Tensile stiffness 
(GPa/m) 

Shear stiffness 
(GPa/m) 

Low 0.3 0.3 35 250 1 
Base case 0.6 0.6 35 250 1 
High 1.2 1.2 35 250 1 

If the bond strength is intact the shear strength is  

ifnifc φστ tan'+≤      (11) 

where '
nσ  is the effective normal stress (in this study equal to nσ ), ifφ  is the friction angle of 

the interface and cif is the bond strength when nσ = 0. The normal stress in tension is linear 

elastic until failure occurs. Failure of the interface occurs if  
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tn f−≤σ       (12) 

where ft is the tensile strength of the interface. If tensile failure occurs the tensile strength is 

set to zero. If shear failure or tensile failures occur at the interface the residual shear strength 

is expressed as 

ifn φστ tan'≤ .     (13) 

In the parameter study only the strength was changed. The lower value and the higher value in 

Table 6 correspond to the mean tensile strength of an interface in the Kiirunavaara mine and 

to the tensile strength of an interface with good rock conditions in civil tunnel projects, 

respectively (Malmgren et.al. 2005d). 

The thickness of the shotcrete lining was varied according to Table 7. The compressive and 

flexural strength and Young’s modulus of the shotcrete used in this study were based on beam 

tests performed by Malmgren (2005b). The shear strength of shotcrete Malmgren (2005c) as 

well as the compressive and flexural strength and Young’s modulus are valid for shotcrete 

beams reinforced with 50 kg/m3 of steel fibres. 

Table 7 Properties of steel fibre reinforced shotcrete (50 kg/m3) used in the analyses. Shear strength, fv,
according to Malmgren (2005c), the remaining properties from Malmgren (2005b). 

 Thickness 
(mm) 

fc
1)

(MPa) 
fflcr

 2) 

(MPa) 
fres

3)

(MPa) 
fv

4)

(MPa) 
Ec

(GPa) 
υ

 50 35 3.8 3.1 1.6 19 0.15 
Base case 70 35 3.8 3.1 1.6 19 0.15 
 100 35 3.8 3.1 1.6 19 0.15 
 150 35 3.8 3.1 1.6 19 0.15 

1) fc = compressive strength, corresponds to the strength of a 150x300 mm cylinder   
2) fflcr = first crack strength, tensile flexural strength from beam tests 
3) fres = residual strength, tensile flexural strength from beam tests 
4) fv = shear strength, from beam tests

By assuming a linear variation of the flexural stress over the height of the beam the flexural 

strength was defined as 

W
M

f flcr
flcr =       (14) 
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and

W
Mf res

res =      (15) 

where Mflcr is the moment at the first crack,  fflcr is the first crack flexural strength, Mres is the 

residual moment capacity,  fres is the residual flexural strength and 

6

2bhW =       (16) 

where b is the width and h is height of the beam. This distribution does not describe the real 

distribution of stress in a cracked fibre reinforced section accurately (Robins et.al., 1996) but 

is often used in various standards of fibre reinforced concrete and shotcrete, for example 

ASTM C 1018 (1994), JSCE-SF4 (1984) and NCA No.7 (1999). The shotcrete was simulated 

using beam elements with an elastic-plastic material model. The material model incorporates 

normal force - moment capacity interaction, which is common in the design of concrete 

columns (Itasca, 2005). The extent of the shotcrete lining is shown in Fig. 12. 

Shotcrete lining

10
00

Fig. 12 Extent of shotcrete lining. 
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The length of the beam elements was equal to the side length of adjacent zones (rock 

elements), i.e. 0.1 m. Fig. 13 shows a normal – moment stress capacity diagram, the normal 

force and the moment are replaced by stresses in this figure. The stress of the normal force is 

A
N

n =σ       (17) 

where N is the normal force in the lining, A is the cross section of the lining. The flexural 

stress, mσ , is 

W
M

m =σ .      (18) 

The balance point is the point where the maximum tensile stress is equal to fflcr or fres if the 

section is cracked and the maximum compressive strength is equal to fc, see Fig. 13. The 

program (Itasca, 2005) uses the same value for the tensile axial strength (ft) and flexural 

strength, i.e. ft = fflcr or  ft = fres if the section is cracked. 
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Fig. 13 Schematic normal – flexure stress capacity diagram. 

The shear strength was defined as 

bh
Vfv =       (19) 
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where V is the ultimate shear force. A shear failure could not be modelled by the beam 

element. Thus, failures were checked manually. The shotcrete lining was applied to the model 

according to Fig. 7. 

Shotcrete is often used together with rock bolts. Hence, the influence of rock bolts on the 

shotcrete performance was also investigated. The model and the properties of the model were 

the same as in the base case except that rock bolts were included. Two rock bolt patterns were 

analysed, see Fig. 14, to investigate the importance of the position of the rock bolts, in this 

case at the bottom of and at the apex of a rock protrusion. The properties of the rock bolts and 

the grout are presented in Table 8. The shear stiffness of the grout along the rock bolt was 

calculated in accordance with the UDEC manual (Itasca, 2005). The rock bolts were applied 

to the model according to Fig. 7. 

 a)   b) 

29
00

Fig. 14 Rock bolts, length 2900 mm and centre distance rock bolt ring = 1500 mm. 

a) Pattern 1 
b) Pattern 2

Table 8 Rock bolt properties. 

 Unit Value 
Rock bolt   
Cross section area mm2 314 
Yield strength  MPa 500 
Young’s modulus GPa 200 
c/c rock bolts (out of plane) m 1.5 
Grout   
Shear stiffness GPa 8 
Bond strength MPa 10 1)

1) Ljungcrantz et.al. (1997)
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5 Results 
The influence of the shotcrete lining on the behaviour of the rock was in principal limited to a 

zone about 1 m beyond the boundaries of the drift. Within this zone the extent of shear and 

tensile failures decreased.  

Load Case 2 (LC2), corresponding to unloading or decreased rock stresses, gave higher 

vertical displacement in the middle of the roof than Load Case 1 (LC1) (increased rock 

stresses), see Table 9. Generally the difference between shotcrete supported rock and 

unsupported rock was small. Only when the amplitude of the drift surface was equal to 0.3 m 

the displacement of the unsupported rock was twice that of rock supported by shotcrete (54 

and 81 mm). The displacement was weakly dependent on the strength of the interface, the 

thickness of the shotcrete lining, with and without rock bolts. However, a variation in the rock 

strength and Young’s modulus resulted in a significant variation in the displacement. 

Table 9 Displacements at the middle of the roof. 

Parameter Displacements (mm) 
 Load Case 1 (LC1) Load Case 2 (LC2) 
Without shotcrete
Unevenness 22 – 54 37 - 81 
With shotcrete
Unevenness 24 – 30 40 – 44 
EDZ 19 – 30 33 – 43 
Interface 30 – 32 44 – 45 
Rock quality 13 – 70 20 – 91 
Shotcrete thicknss 29 – 32 43 – 44 
Rock bolt 26 – 28 40 

The shear stress in the lining, presented in Table 10, did not exceed the shear strength of the 

lining (1.6 MPa) for the continuous models, except in the case when the surface was even and 

the extent of EDZ was equal to zero (Table 11).  
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Table 10 Maximum shear stress in shotcrete lining. 

Parameter Shear stress (MPa) 
 Load Case 1 (LC1) Load Case 2 (LC2) 
Unevenness 1.28 (even surface) 

0.88 (uneven surface) 
0.61 (even surface) 

1.02 (uneven surface) 
EDZ 0.89 1.02 
Interface 1.12 1.02 
Rock quality 0.78 1.02 
Shotcrete thickness 0.72 1.02 

The maximum and minimum normal stress in the lining is defined as 

W
M

A
N ±=σ       (20) 

with the notations presented in Section 4.5. The normal stress is presented in Fig. 15 - Fig. 18. 

Compressive normal stress in the figures is depicted on the outside of the surface and the 

tensile normal stresses inside the surface. For LC1 the normal (compressive) stress in the 

lining was significantly higher for an even surface compared to that of the uneven surface. 

The normal stress only change slightly when the amplitude of the surface roughness was 

varied, therefore only the case with A = 0.08 m is shown. The difference in normal stresses 

between LC1 and LC2 was most significant for the even surface. 

10 MPa

σ = N/A - M/W
σ = N/A + M/W

Fig. 15 Normal stress in the lining, σ , Load Case 1 (LC1), even surface. 
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10 MPa

σ = N/A - M/W

σ = N/A + M/W

Fig. 16 Normal stress in the lining, σ , Load Case (LC1), uneven surface. 

10 MPa

σ = N/A - M/W
σ = N/A + M/W

Fig. 17 Normal stress in the lining, σ , Load Case 2 (LC2), even surface. 

10 MPa

σ = N/A - M/W

σ = N/A + M/W

Fig. 18  Normal stress in the lining, σ , Load Case 2 (LC2), uneven surface. 

The stresses at the interface, which transfer the load into the lining are presented in Fig. 19 

and Fig. 20. For the even surface the normal and shear stresses were concentrated to the 

abutment, while the interface stresses were more uniformly distributed over the surface for the 

uneven surface. 
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a)            b) 

Fig. 19 Stresses at interface, Load Case 1 (LC1). 

a) Normal stress 
b) Shear stress

a)   b) 

Fig. 20 Stresses at interface, Load Case 1 (LC1). 

a) Normal stress 
b) Shear stress

When a tensile failure occurred in the lining the tensile strength decreased to the residual 

value, fres, according to Fig. 13. Shear and tensile failure for an even surface and LC1 

occurred mainly at the interface (Fig. 21a), but a few tensile failures occurred in the lining as 

shown in Fig. 22a). The opposite was true for the uneven surface according to Fig. 21b) and 

Fig. 22b). Compressive failure occurred only in one beam element (not shown in the figure) at 

the abutment for the even surface and LC1. For LC2 the failures occurred mainly in the lining 

for the even as well as for the uneven surfaces as shown in Fig. 23 and Fig. 24. (No failures 

occurred at the interface of the even surface) 
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a)   b) 

A = 0.08 m
A = 0.15 m
A = 0.30 m

Fig. 21 Tensile or shear failure at the interface Load Case 1 (LC1), each mark denotes a failure of an 
interface element. 
a) Even surface 
b) Uneven surface 

a)   b) 

A = 0.08 m
A = 0.15 m
A = 0.30 m

Fig. 22 Tensile failure in the lining Load Case 1 (LC1), each mark denotes a failure of a beam element. 
a) Even surface 
b) Uneven surface 

A = 0.08 m
A = 0.15 m
A = 0.30 m

Fig. 23  Tensile or shear failure at the interface Load Case 2 (LC2), each mark denotes a failure of an 
interface element, uneven surface. 
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a)   b) 

A = 0.08 m
A = 0.15 m
A = 0.30 m

Fig. 24  Tensile failure in the lining Load Case 2 (LC2), each mark denotes a failure of a beam element. 
a) Even surface 
b) Uneven surface 

The maximum normal force in the lining during elastic conditions is shown in Fig. 25 for 

LC1. For LC2 the normal force has the same absolute value but has the opposite sign. With 

LC1 the normal compressive force decreased dramatically as a result of plastic flow (Fig. 26), 

except for the case when the surface was even. In this case the normal force was almost equal 

to the normal force during elastic conditions. For LC2 the normal compressive force 

decreased and in some cases became tensile (negative value) as shown in Fig. 27. 
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Fig. 25 Maximum normal force in the lining, elastic conditions, LC1, BC = base case. 
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Fig. 26 Maximum normal force in the lining Load Case 1 (LC1), plastic conditions, BC = base case. 
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Fig. 27  Normal force in the lining Load Case 2 (LC2), plastic conditions, BC = base case. 

To summarise the behaviour and also to compare the sensitivity to the variation of all 

parameters, the quantities  

interfacesofNo
interfacesfailedofNo  (%)    (21) 

and

elementsbeamofNo
elementsbeamfailedofNo (%)    (22) 
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were calculated. The results are summarised in Fig. 28 - Fig. 31. The differences in behaviour 

of even and uneven surface shown in Fig. 15 - Fig. 24 were confirmed in Fig. 28 - Fig. 31. 

The influence of the extent of the EDZ on the shotcrete behaviour was small. Many interface 

failures were the result of low interface strength. They however, almost vanished with higher 

interface strength. With increased interface strength the number of tensile failures in the lining 

increased. With decreased strength of the rock mass both the number of failures at the 

interface as well as in the lining increased. Increased shotcrete thickness gave an increased 

number of failures at the interface, but the number of failures in the lining decreased. For LC2 

the number of failures at the interface decreased in almost all cases compared to LC1 as 

shown in Fig. 30. 
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Fig. 28 Shear or tensile failure at the interface, Load Case 1 (LC1), BC = base case. 

0%

10%

20%

30%

40%

50%

Unevenness
(amplitude)

 EDZ 
(extent)

Interface
(strength)

Rock
(strength)

Shotcrete
(thickness)

Fa
ilu

re
 li

ni
ng

 (%
)

0 
m

0.
08

 m
0.

15
 m

  (
B

 C
)

0.
30

 m

Lo
w

H
ig

h
B 

C0.
5 

m
 (B

 C
)

1.
0 

m

0 
m

Lo
w

H
ig

hB
 C

70
 m

m
 (B

 C
)

15
0 

m
m

50
 m

m

10
0 

m
m

Fig. 29 Tensile failure in the lining, Load Case 1 (LC1), BC = base case. 
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Fig. 30  Shear or tensile failure at the interface, Load Case 2 (LC2), BC = base case. 
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Fig. 31  Tensile failure in the lining, Load Case 2 (LC2), BC = base case. 

The failures for the two different bolt patterns and the base case (without rock bolts) are 

presented in Fig. 32. Rock bolt pattern number 2, where the rock bolts were installed at the 

apex of a rock protrusion, had fewer failures than the other two. The normal stress in the 

lining for these three cases showed similar pattern and magnitude. 
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Fig. 32 Failure at the interface and in the lining, with and without rock bolts. 

The effect of discontinuities on shotcrete behaviour was analysed by two cases, a model with 

one discontinuity and a model with many discontinuities. The results from the discontinuous 

and continuous models were compared. The maximum shear stress in LC1 exceeded the shear 

strength in all cases (Table 11) and occurred at the abutment. The shear stress in the lining in 

the model with one discontinuity is shown in Fig. 33. During elastic conditions the shear 

stress was distinct at the discontinuity, whereas the shear force was more distributed along the 

surface as a result of plastic flow. The shear stress in the lining at the discontinuity was only 

0.57 MPa compared to the maximum shear stress of 1.74 MPa which occurred in the 

abutment. The maximum shear stress for the case with many discontinuities occurred at a 

discontinuity in the abutment.  

Table 11  Maximum shear stress in shotcrete lining, discontinuous models. 

Parameter Shear stress (MPa) 
 Load Case 1 (LC1) Load Case 2 (LC2) 
One discontinuity 1.74 0.35 
Many discontinuities 1.77 0.55 
Continuous  1.86 0.34 
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a)               b) 
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Fig. 33 Shear stress in the lining LC1. 

a) Elastic condition 
b) Perfect plastic condition

For LC1 the normal stress distribution was similar for the continuous model and the model 

with one discontinuity, but different for the model with many discontinuities, see Fig. 34. The 

location of interface failures for LC1 were similar for all three models (in the abutment) but 

the number of failures was less for the model with many discontinuities (Fig. 35). For failures 

in the lining, the model with many discontinuities showed a different behaviour (Fig. 36). 

These failures were to a large extent situated close to discontinuities and no compressive 

failures occurred. The other two models had very few tensile and compressive failures in the 

lining, mainly situated in the abutment. For LC2 the response at the interface and in the lining 

was relatively similar in all cases, as indicated in Fig. 35 and  

Fig. 37.
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Fig. 34 Normal stress in the lining, σ , Load Case 1 (LC1). 
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Fig. 35 Failure at the interface and in the lining, discontinuous and continuous model.
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6 Discussion 
The influence of the shotcrete lining on the behaviour of the rock was in principal limited to a 

zone about 1 m beyond the boundaries of the drift. Within this zone the extent of shear and 

tensile failures decreased.  

Generally, the difference in displacement of the roof of the drift between unsupported and 

shotcrete supported rock was small. This was due to the extent of the lining around the drift 

perimeter, see Fig. 12. A closed ring gives a much stiffer lining. 

The rock strength had a large impact on the number of failures at the interface and in the 

lining. The number of failures at the interface as well as in the lining increased with 

decreasing rock strength. It is very often difficult to avoid low strength rock, at least in 

mining, because the location of the ore determines the position of the openings. However, the 

other investigated parameters can be changed favourably during the design and construction 

phases.

For LC1 and an even surface, shear failures at the interface occurred frequently in the 

abutment. The load from the rock was transferred into the lining in the abutments by the 

normal stress and the residual shear strength. The normal force (in the lining) was almost 

equal to the normal force during elastic conditions. For an uneven surface the load was 

transferred into the lining at the protrusions both by normal and shear stresses at the interface. 

The normal force decreased dramatically when plastic flow occurred. This was due to the 

normal force capacity of an uneven shaped lining, which is less than the normal force capacity 

of a straight lining. Since the normal load capacity of an uneven lining is dependent on the 

moment capacity at the depression of the lining as well as at the apex, the tensile strength of 

the lining is critical. 

However, since the response was also sensitive to small amplitudes of the surface roughness it 

is very difficult to avoid these effects when the openings are blasted. One way is to increase 

the thickness of the lining at the depression of a wave shaped surface to get an even shotcrete 

surface (Windsor and Thompson, 1999), but that will increase the costs. 



- E40 - 

At least for the investigated stress state, a high bond strength was favourable, because the 

number of failures in the interface decreased more than the failures in the lining increased. 

Normally, a tensile failure in the lining is better than a tensile or a shear failure at the 

interface. This is because the tensile failure in the reinforced shotcrete lining has a residual 

strength, which is hardly the case at the interface. With a thicker lining the number of failures 

at the interface increased more than the failures in the lining decreased. Therefore, if the 

lining is dependent on bond strength, the benefit of using a thicker lining can be doubtful. 

In this study the extent of EDZ had minor effect on the behaviour of shotcrete when the 

surface was uneven. For even surface and LC1 the number of interface failures was higher 

when the extent of EDZ was equal to zero (Fig. 35) than if the extent of the EDZ was equal to 

0.5 m (Fig. 28). For LC2 (and even surface) the same pattern was observed for failures in the 

lining, see Fig. 35 and Fig. 31. For the uneven surface, a possible reason is that rock elements 

close to the drift failed with or without a pre-defined EDZ. However, the strength of EDZ is 

not very well known (Saiang, 2004) and with other mechanical properties of the EDZ the 

result can be different. 

If rock bolts are used, the washer must be placed on the shotcrete surface to obtain interaction 

with the shotcrete. There was no difference in displacement whether rock bolts were used or 

not. The analyses showed a decrease in the number of failures in the lining as well as at the 

interface when the rock bolts were installed at the apex of the rock protrusion. 

For LC2 the tensile failure of the lining in many cases occurred prior to failure in the 

interface. This was indicated by fewer interface failures and a large number of tensile failures 

in the lining. Unloading can also destress the discontinuities resulting in the reduction of the 

shear strength. If the lining has insufficient residual capacity, rock falls can occur. At the 

Kiirunavaara mine many of the near-accident rock fall events occur when the stresses have 

decreased. 

Mapped failures at the Kiirunavara mine showed that some of the failures in the lining 

appeared to be shear or combined shear – compressive failures. In the numerical analyses, 

these types of failures (compressive and shear) were only observed for drifts with even 

surface and occurred in the abutments of the drifts. However, the shear capacity of the lining 

in the present study was based on results from concrete beam tests summarised by Malmgren, 
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(2005c), which might not have been the same as the shear strength of the shotcrete upon 

interaction with rock. 

A behaviour similar to that of the continuous model was also observed for the discontinuous 

model and LC2. The distribution of the normal stress along the lining as well as the number of 

failures at the interface and in the lining were similar. In LC1 the shotcrete response in the 

continuous model and in the model with one discontinuity was similar. The behaviour of the 

model with many discontinuities was different mainly because the movements occurred along 

discontinuities intersecting the abutment of the drift. These discontinuities formed a wedge in 

the roof with triangular cross-section and a base almost equal to the width of the opening. 

This large wedge gave a different response. Because this failure mode is not common in the 

mine, a question can be raised about how realistic this discontinuity pattern is. In reality the 

joint properties are less regular, meaning the joints are not consistent with respect to length, 

dip, strike, distance, etc. Therefore, the observed behaviour in the model may not be 

representative of the reality except in special cases. Furthermore, the response of shotcrete 

along the walls of the drift was also different because movement of the rock occurred at the 

discontinuities. 

A continuous model will not predict the response of shotcrete in the vicinity of the 

discontinuity. However, plastic flow smears out the response along the surface and 

approaches the behaviour of a continuous model. 
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7 Conclusions 
The following conclusions can be drawn from the present study under the stated specific 

conditions:

- The rock strength had a large impact on the number of failures at the interface and in the 

lining. 

- The unevenness of the surface was one of the most important parameter in this study. The 

behaviour of the lining was sensitive to small amplitudes of the surface roughness. 

- A high interface strength was favourable. 

- If a thick lining is dependent on bond strength, the benefit of using it can be doubtful.  

- The extent of the EDZ had a minor effect on the behaviour of the shotcrete lining when 

the surface was uneven. For an even surface, the influence of the extent of the EDZ on 

shotcrete was obvious but not serious. 

- For LC2 the tensile failure of the lining in many cases occurred prior to failure in the 

interface. 

- If rock bolts were installed at the apex of a rock protrusion instead of being installed at the 

depression, the number of failures decreased both at the interface and in the lining. 
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Abstract 

The static state of stress at the brow in a sub-level caving mine is, due to stress re-distribution, 

almost uniaxial (major principal stress perpendicular to the crosscut). Since large amounts of 

explosives are detonated in each production round, the impact of stress waves on the brow can 

be significant. An extensive failure mapping programme in the Kiirunavaara mine showed 

that many of the failures close to the brow were structurally controlled. Furthermore, the area 

of damaged shotcrete was extensive when plain shotcrete was used. At brows supported by 

fibre reinforced shotcrete, damage in the roof was observed within a horizontal distance of 

about 3 m from the drawpoint. To study the behaviour of roof wedges supported by shotcrete 

and subjected to blast-induced vibrations a single-degree-of-freedom (SDOF) model was 

developed. The model consists of a shotcrete layer and a rock wedge. 

Vibration measurements showed that maximum particle velocity was approximately 1.2 m/s. 

The acceleration record showing the largest magnitude was used as the load in the dynamic 

analyses. 

The analyses showed that a wedge can be ejected by a dynamic load even if the static safety 

factor was > 10. Furthermore, the non-linear response of the wedges was in most of the cases 



- F2 - 

greater when the wedge was supported both by the joints and the shotcrete layer compared to 

the case when the wedge was only supported by shotcrete. A conclusion from the analyses is 

that it is difficult to predict the dynamic response from static calculations. 

To provide a safe working environment close to the drawpoint, the rock support must sustain 

the impact of stress waves from production blasting. To support rock wedges subjected to 

dynamic load the support must be able to consume the energy imposed on the wedges from 

blasting. The non-linear numerical analyses showed that reinforced shotcrete has the 

necessary bearing capacity to support the wedges formed in the roof of the cross cut close to 

the brow. This was in fair agreement with the failure mapping. 

The single-degree-of-freedom (SDOF) model can be used to study the response of an 

arbitrarily shaped rock wedge supported by shotcrete as long as the movement of the wedge 

can be idealised by a pure translation and the dimensions of the wedge are small compared to 

the length of the incident wave. Analyses showed that 2D wedges can be used to judge 

whether symmetric or non-symmetric 3D wedges in a uniaxial stress field (which occurs close 

to the brow) are stable or not when they are subjected to waves induced by blasting.  

Keywords 
:

Dynamic analyses, vibration measurements, rock wedge, shotcrete, failure mapping, blasting 
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1. Introduction 

The rock support is generally designed for static loading conditions. In many cases, however, 

the openings are also subjected to dynamic loads. For instance, rock bursts can give serious 

damage to underground structures. Another source of dynamic loads is detonation of 

explosives. The main purpose of the support is to provide a safe working environment for the 

miners and accessibility to the mine. Since this study was carried out at the Kiirunavaara mine 

(presented in Section 2) where the mining method is sublevel caving, stable ground conditions 

at the drawpoint are also important to reduce dilution and loss of ore. Close to the drawpoint, 

the dynamic influence from the production blasting is significant. In this paper the influence 

from blasting induced stress waves on the performance of shotcrete support is addressed. 

Detonation of explosives generates stress waves in the rock mass. The stress waves propagate 

outwards from the blast hole in all directions. Owing to geometrical and material damping, a 

stress wave rapidly attenuates with increasing distance. When a stress wave arrives at the free 

surface of an opening it can cause movement of roof and walls, which can result in relative 

slip on joints. The reflected waves, which are tensile may induce tensile failures in intact rock 

and separation of natural joints and eject pieces and blocks/wedges of rock as shown in Fig.1. 

In this paper, the ejection of joint-defined blocks will be analysed, because many of the 

failures close to the brow of the cross cuts seem to be structurally controlled. 

Fig. 1 Ejection of a wedge. 

Cross cut 

Stress wave from blasting Rock wedge 
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The performance of shotcrete near blasts was investigated by [1] in a full-scale test at the 

Bousquet mine in Canada. Several tentative conclusions were made; (i) the area of the ejected 

shotcrete and the volume of the ejected rock in the fibre-reinforced section were about twice 

that for the mesh-reinforced section and (ii) the mesh or steel fibre reinforced shotcrete can 

maintain its supporting function for peak particle velocities of up to 1.5 to 2 m/s at the drift 

walls when the rock itself is not severely damaged.  

A number of tests have been performed in South Africa [2] and Canada [3] to determine the 

behaviour of shotcrete exposed to dynamic loads. In the test rig used by [2] the panels were 

supported by four bolts, while [3] used a test rig where the test panel was supported by 

columns. In both studies an impact hammer was dropped onto the panels. In Sweden [4] 

dynamic tests were performed mainly to investigate the behaviour of reinforced shotcrete 

around a rock bolt. These tests, however, did not model the ejection of a single joint-defined 

wedge. Tests, which have been designed to simulate shotcrete as support for falling blocks 

(structurally controlled instabilities), have been performed by many researchers for example 

[5] – [9]. Unfortunately, these are static tests but the result from one of these tests has been 

used in this paper to provide input to the analyses. 

The objectives of this paper are i) to study the behaviour of a rock wedge supported by 

shotcrete and subjected to dynamic load induced by production blasting and ii) evaluate the 

performance of shotcrete. The influence of the gas pressure was omitted in the analyses since 

measurements by [10] and [11] during bench blasting have shown that there is normally an 

underpressure in sealed boreholes behind the blast. Only in a few cases, the measurements 

showed a small overpressure. Since bench blasting is similar to the production blasting in 

sublevel caving, this implies that the blast fumes do not penetrate very far into a rock mass 

with tight fractures. 

To achieve the objective, a numerical model was developed to study the behaviour of the 

shotcrete-rock wedge interaction, vibration measurements and failure mapping close to the 

drawpoint were carried out (Section 4 and 5). The numerical model is presented in Section 6 

and the results in Section 8. A complete analysis of a symmetrical 2D wedge is presented. The 

difference in behaviour between 2D and 3D wedges and the consequences for their behaviour 

are discussed in Section 7. A short presentation of the mine together with representative rock 

properties for the Kiirunavaara mine used in the analyses and the production blasting method 

used in the mine are presented in Section 2 and 3. 
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2. The Kiirunavaara mine 
The mining company Luossavaara Kiirunavaara AB, (LKAB), has been mining iron ore for 

more than 100 years in the mines at Malmberget and Kiruna in northern Sweden. The 

Kiirunavaara mine (in Kiruna) has an annual production of 23 million tonnes of iron ore. The 

orebody strikes nearly north-south and dips 60° to the east. It is more than 4000 m long of 

which 3800 m is currently being mined, is 80 m wide on average and extends to an estimated 

depth of 2000 m. The mining method used at the Kiirunavaara mine is large scale sublevel 

caving (Fig.2). 

a) b) 

   

Fig. 2 Large-scale sublevel caving in the Kiirunavaara mine. The size of the cross cut is W · H = 7 · 5 
m2.
a) Large-scale sublevel caving, principles, after [13] 
b) Fans for production blasting 

Important features of large-scale sublevel caving in the Kiirunavaara mine are described by 

[12]. A typical layout of a part of the orebody is shown in Fig. 3. The orientation of the large 

scale discontinuities in the mine is shown in Fig. 4 a) and the frequency of the discontinuities 

mapped underground is shown in Fig. 4 b). As one can see the discontinuities are mainly 

oriented along the ore body and perpendicular to the ore body. 

25 m 

28.5 m 

Cross cut 
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Fig. 3 A part of the Kiirunavaara mine. 

a)    b) 
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Fig. 4 The main discontinuities in the Kiirunavaara mine [14]. 
a) Schematic presentation of the discontinuities 
b) Contours of pole concentrations 

Ore body 
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The mechanical properties of a discontinuity can be characterised by the cohesion, c, the 

friction angle, φ , and the shear and the normal stiffness, ks and kn, respectively. The friction 

angle of discontinuities at the Kirunavaara mine (iron ore) was investigated by laboratory 

tests [15] and the results are summarised in Table 1. Most of the joints were coated with 

calcite and chlorite. The joint roughness coefficient (JRC) varied from 4 to 11 with an average 

equal to 8. From the same laboratory tests [15] the authors assessed kn and ks. The normal 

stiffness, kn, was calculated as tangential stiffness and ks as secant stiffness. The results are 

shown in Fig. 5 and Fig. 6. 

Table 1 Some properties of joints and intact rock (iron ore) in the Kiirunavaara mine. 
 Joints Intact rock 

 Spacing  
(m) 

Dip  
(°)

Cohesion1)

(MPa) 
)(�φ 1) ρ

(kg/m3)
σc

(MPa) 
Typical values  
for the mine 

0.2 – 1.0 60 – 70 0 35 – 41 4700 140 

Values used in  
the analyses 

0.2 - 1.0 50 - 80 0 20 - 50 4700 140 

Values used as base 
cases in the 

analyses 

0.4, 0.8 60, 70 0 35, 41 4700 140 

1) According to [15] 

k n  = -0.125(σ n ) 2 + 7.04σ n + 9.54 (GPa/m) 
R2 = 0.59,   5 σ n 30 (MPa)
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Fig. 5 The normal stiffness of in the iron ore, based on tests from [15]. 
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k s  = -0.0033(σ n ) 2 + 0.323σ n + 1.00
5 σ n  30 (MPa)

R2 = 0.69
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Fig. 6 The shear stiffness of joints in the iron ore, based on tests from [15].

Curve fitting was based on the experimental data and gave the following polynomial function 

for the stiffnesses 

54.904.7125.0 2 ++−= nnnk σσ  (GPa/m)         (R2 = 0.59) (1) 

and

00.1323.00033.0 2 ++−= nnsk σσ  (GPa/m)     (R2 = 0.69) (2) 

where nσ  is the normal stress (MPa). Eqs. (1) and (2) are valid for the stress range 

305 ≤≤ nσ (MPa). The influence from ground water in the production area is small and fully 

drained conditions are therefore assumed.  

The in-situ stress-depth relationship for the mine is [16] 

z
z
z

v

h

H

029.0
028.0
037.0

=
=
=

σ
σ
σ

    z > 400 m    (3) 

where σH  is the horizontal stress perpendicular to the ore body, σh is the horizontal stress 

parallel to the ore body , σv is the vertical stress and z (m) is the vertical co-ordinate equal to 

zero at the ground surface. According to [16] the relationships are only valid for depths > 400 

m.
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3. Production blasting 
Fig. 9 shows two typical fan patterns for the production blasting. The 115 mm (4.5”) blasting 

holes are drilled upwards in a fan. All holes in a fan are within a plane, which strikes 

perpendicular to the cross cut and dips 80° to the west, see Fig. 10. The distance between each 

fan, that is, the burden, is 3 m. The blasting holes are charged with Kimulux R, a repumpable 

bulk emulsion explosive. The length of the holes varies from 15 m for the side-holes to 40 m 

for the holes in the middle of the fan. The bulk emulsion is water-resistant to some extent, but 

if there is heavy water flow through the hole, cartridges are used instead. Charging of the 

holes is performed by a purpose-built truck. A chain-feeder, mounted on an articulated boom, 

feeds the hose into the hole. When the hose has been fed to the top, the automatic charging is 

started. To prevent interaction between detonating holes and to keep the specific charge 

within limits, a certain length is left uncharged close to the roof of the drift. When the hole 

has been charged down to this length, the operator stops the charging manually. 

  a)    b)  

1212
1010 88

1111

99

1111 1010 99 88

740 - 145 - 8

Charged

Uncharged

1313
1212 1010

1111

1212 1111 1010 88 9

9

740 - 402 - 14

Charged

Uncharged

Fig. 9 Production blasting, fans for sublevel caving in the Kiirunavaara mine. Primers with the same 
number are fired in the same interval. 
a) Cross cut 402, elevation 740 
b) Cross cut 145, elevation 740 
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     Section A   Cross cut

Fig. 10 Cross cut and arrangement of the accelerometers in the cross cut (see Section 4). 

To prevent misfire most of the holes are initiated with two independent primers, see Fig. 9. 

The fans are completely prepared for blasting at least one round in advance. This means that 

the explosive agent as well as the ignition system are in place to avoid later problems of 

getting access to the holes due to fragmented rock from the previously blasted fan. In the blast 

holes the explosives have a linear density along the hole of 9 to 12.5 kg/m. The specific 

charge for a full fan is approximately 0.3 kg/ton. 

Initiation of the rounds is done electrically from central firing stations. The normal firing 

pattern is two holes at each interval, with a 25 ms delay to the next pair of holes. The firing 

starts with the first pair of holes in the middle (No. 8), see Fig. 9 b), and continues every 25 

ms with the next pair of holes with increasing numbers (No. 9, 10, 11, 12). The duration of 

the whole initiation sequence is about 125 ms. However, in cross cut 402 with an odd number 

of blast holes the holes were fired in a slightly changed order, see Fig. 9 a). 

A

Borehole for  
accelerometers 

Cross cut 

Caved rock 

Production blasting 

Accelerometers 

Dip 80°

≥4.5 m 
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The technical specifications for the explosives used in the two cross cuts, No 145 and 402 at 

level 740 m, are presented in Table 2. Pyrotechnic detonators were used to control the 

initiation sequence for the explosives. 

Table 2 Explosives used in production blasting. 
Cross cut No of 

Tests 
No of 

Charges 
Kimulux Density 

(kg/m3)
VOD a) 

(m/s) 
Volume Strength 

145 6 10 R0000 1200 5500 115 % of ANFO 
402 6 11 R0500 850 5000 99 % of ANFO 

a) VOD = Velocity of detonation 
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4. Field measurements and failure mapping 

An extensive field measurement programme was carried out to estimate to what extent the 

rock and the rock support in the openings were subjected to destructive dynamic loads from 

detonating explosives. The vibration measurements were done in co-operation with LKAB 

and the Swedish Rock Engineering Research (SveBeFo). 

The measurements comprised acceleration measurements in the cross cut roofs. All together 

12 tests were carried out in the two cross cuts No 402 and 145 at level 740 m. A total of 76 

recordings from 12 fans have been performed (Table 2). 

In this investigation, vibrations were recorded at four stations grouted to the rock at the end 

(bottom) of approximately 1 m long holes, drilled upward from the roof, see Fig. 10. The 

holes were parallel to and at a distance of ≥  4.5 m from the blasted fan. In each hole, two 

accelerometers were assembled, with the measurement directions in agreement with Fig. 11. 

The holes were 3 m apart (burden distance). 

                             

Fig. 11 Accelerometers in the bottom of the bore hole. 

The recording unit was a DAT – recorder (Digital Audio Tape recorder) with 16 channels, DC 

- 20 kHz and 16 bits recording. The signals were transmitted from the stations via coaxial 

cables (RG 58) and recorded at a sampling rate of 48000 samples per second which gives the 

Bore hole 

Two accelerometers with their 
measurement directions 

DAT – recorder  
(Digital Audio Tape recorder) 

Anchor of aluminium  
which the accelerometers  
were attached to. 

Plastic pipe 

Grout 
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time resolution Δt = 2.083⋅10-5 s. Two types of transducers, with the specifications according 

to Table 3, were used. 

Table 3 Specification of the accelerometers. 
Accelerometer Voltage sensitivity 

(mV/g) 
Range (g) Resonant 

frequency (kHz) 
Maximum amplitude 

deviation 
PCB350 A03 0.5 ± 10000 ≥ 100 ± 3 dB 100 Hz –26 kHz 

Kistler 8704 B5000 1.0 ± 5000 ≥ 60 ± 1 dB 3 Hz – 20 kHz 

To identify typical failures in connection with the production blasting and to get input for a 

verification of the model for dynamic response analyses failure mapping of the roof at the 

drawpoint of 34 cross cuts at 740 m level was carried out. Failures within a distance of 15 m 

from the drawpoint were mapped. 
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5. Results - field measurements and failure mapping 

5.1. Acceleration measurements 

As mentioned above two blast holes are initiated at the same time interval by using 

pyrotechnic detonators. The relatively low time precision for the pyrotechnic caps indicates 

that waves from blasting holes (in the same interval) can randomly overlap each other. The 

measured waveform is therefore a superposition of waves from two individual blast holes. 

The vibration measurements showed a wide scatter of the magnitude of the particle 

acceleration among the individual blasts and accelerometers. The maximum particle velocity 

was approximately 1.2 m/s at a horizontal distance of 4.5 m from the blast holes. In this paper 

only the acceleration signal measured parallel to the hole according to Fig. 11 was used for 

further analyses. Fig. 12 shows the chosen time history.  
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Fig. 12 Time history with respect to acceleration, cross cut 145, ring No. 18. 

The signal represents a more or less typical acceleration signal. This signal was chosen 

because it showed the highest magnitudes. A load case, shown in Fig. 13 as particle 

acceleration and particle velocity, was extracted as a subset from the time history (Fig. 12). 

The load case was chosen so that the particle velocity was approximately equal to zero at the 

end of the load case. As one can see in Fig. 14 the subset (load case) represents the chosen 

measured histories well with respect to the frequency contents of the acceleration. 

Load case 
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Fig. 13 Load case 

a) Particle acceleration 
b) Particle velocity 

Fig. 14 Normalised particle acceleration as a function of frequency. 

5.2. Failure mapping 

Table 4 summarises some of the results of the failure mapping. More than 70% of the roofs 

had failures and 80% of the failures were fallouts of wedges. An example of wedge failure is 

shown in Fig. 15. The fallouts of the failures were 1>  m3 in 30 % of the mapped failures. 

A larger number of roof failures were observed in roofs with support than in those without 

support (Table 5). This can be explained by the fact that the rock conditions are poorer in 

supported areas than in areas with no support. As shown in Fig. 16 the plain shotcrete does 

not work properly in areas subjected to dynamic loads. However, if the shotcrete is reinforced 

the failure zone decreases. 
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Table 4 Failures in mapped roofs of cross cuts in connection with the drawpoint.  
Roof with failures Type of failure No of 

mapped 
roof 

Roof 
“without” 
failures 

Small to medium 
failures < 1 m3

Larger failures S U M  Fallouts Other 

34 9 17 8 25 80% 20% 

Fig. 15 Fall-out of wedge shaped blocks. 

Table 5 Failures in mapped roofs of cross cuts in connection with the drawpoint, failures related to rock 
support. 

Type of support Mapped roofs Failures in mapped roofs 
No support 8 4 
Rock bolt 9 5 
Shotcrete 8 7 

Rock bolt + shotcrete 9 9 
TOTAL 34 25 

Shape of the theoretical cross 
section of the crosscut 
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Fig. 16 Failure zone of shotcrete in connection with the drawpoint. 

Lf

Section A-A Roof of cross cut close 
to the drawpoint 

A A 

Drawpoint 

Intact shotcrete 

Failed shotcrete 
Reinforcement No of 

observations 
Failure 
zone Lf

(m) 
Plain shotcrete 13 3 – 9 

Welded mesh 4 2 - 4 

Steel fibre Dramix 
30 mm (50 kg/m3)

4 3 
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6. The dynamic analyses 

6.1. The single-degree-of-freedom model (SDOF) 

To study the rock wedge – shotcrete interaction exposed to blasting induced stress waves a 

single-degree-of-freedom (SDOF) model was developed, see Fig. 17.  

As long as the movement of the wedge can be idealised by a pure translation the wedge can 

be arbitrarily shaped. Since the dimensions of the wedge are small compared to the length of 

the incident wave (wavelength for dominant frequencies which carry most of the energy), 

wave effects within the wedge can be neglected [18, 19]. This means that the wedge acts as a 

rigid body with initiation of sliding taking place simultaneously along the whole joint. 

          
Fig. 17 A diagrammatic representation of the SDOF model. 

The stiffness and the strength of the wedge and the shotcrete lining are represented by springs 

and the damping is represented by a dashpot. The recorded vibration was used as the external 

disturbance in the analyses. 

The effective forces that excite the system result from the fact that the inertia force term 

depends on the total motion, ut, while the damping and elastic forces depend only on the 

relative motion, u (Fig. 17). The equation of motion can be written as 

M

Kj Ks

uut

ug C
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0)( =++ uuKuCuM t DDD     (4) 

where M is the mass, C is the damping coefficient and K(u) is the stiffness. The total 

displacement ut and the relative displacement u are related to the ground displacement ug

through [20] 

uuu gt += .     (5) 

Using Eq.(5), the equation of motion, Eq.(4), can be written in terms of relative displacement 

guMuuKuCuM DDDDD −=++ )( ,   (6) 

where guDD  (ground motion) is the particle acceleration shown in Fig. 13 a). The stiffness, K(u),

consists of two springs, where one represents the vertical stiffness of the joints (Kj) with the 

bearing capacity Fjf . The second spring represents the stiffness of the support system, Ks, with 

the yield load capacity Fsy. The springs act in parallel, as shown in Fig. 17, which gives the 

total spring force 

sjspring FFF +=     (7) 

where Fj is the spring force of the joints and Fs is the spring force of the shotcrete lining. The 

damping coefficient C in Eqs.(4) and (6), can be expressed as 

critCC ξ=      (8) 

where ξ  is the damping ratio, ωMCcrit 2=  and ω  is the natural frequency. The material 

damping ratio is assumed to be equal to 0.01, which is a normal value for concrete. This value 

is also used for the rock wedge due to lack of data. 

Eq.(6) is solved using a linear acceleration step-by-step formulation [20, 21]. The method is 

presented in Appendix 1. Fig. 18 shows a simplified flow chart for the calculation.  
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Fig. 18 Flow chart 

In any numerical method, the accuracy of the step-by-step integration method depends upon 

the magnitude of the time increment selected. To ensure that the variation of the load with 

respect to time would be properly represented, the time increment was chosen to be equal to 

the sampling time of the load (acceleration) history (1/48000 s). Furthermore, it has been 

found [21] that sufficiently accurate results can be obtained with respect to the natural 

frequency of the structure if the time increment is taken to be no longer than 1/10 of the 

natural period, T, of the structure. The time increment used in the analyses, 1/48000 s, 

corresponds to T/25 of the structure with the highest natural frequency.  

6.2. Mechanical properties of the rock 

The shear strength of a discontinuity is according to Mohr-Coulomb defined as 

φστ tan'
nf c +=     (9) 

Solving the equation of motion 
according to Section 6.1. 

Output:
Spring force, Fspring(t) and damping 
force Fdamp(t)
Displacement, u(t)
Velocity, )(tuD
Acceleration )(tuDD

Fjf, Kj
and 
ujf

Input 1: 
Ground 

conditions 
Section 6.2 

and 6.3 

Input 2: 
Dynamic load, Section 5.1 
Properties of the shotcrete,  

Section 6.4. 
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where c is the cohesion, '
nσ is the effective normal stress and φ is the friction angle. The 

cohesion was equal to zero (Table 1) in these analyses and nn σσ =' . The normal and shear 

stiffnesses are presented in Eqs. (1) and (2). In the analyses, the base length and the semi-

apical angle α of the wedge (see Fig. 19) and the friction angle, φ , of the joints were varied 

according to Table 1. 

Fig. 19 Rock wedge 

 The analyses were performed as parameter studies and only one parameter was changed at a 

time. The other properties marked as “base case” in Table 1 were used when one of the other 

properties was changed. The density of the wedge, ρ, was 4700 kg/m3 (Table 1). 

6.3. The behaviour of a symmetric 2D roof wedge 

Consider the symmetrical 2D roof wedge shown in Fig. 20. The wedge represents the cross 

section of a long, uniform, wedge with triangular cross-section formed in the roof of an 

excavation by symmetrically inclined joints. In the analyses, the length of the wedge was 

assumed to be equal to 1 m. 

Dip (°)

Width (b)

Rock wedge 

)(°α



- F25 - 

α α
Dip
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Fig. 20 The analysed roof wedge. 

The total resistance of the joints of the wedge is solved by a two-stage relaxation procedure 

according to [22, 23] and defined as ([23]) 

)sin()sincos(
2 220 αφαα −+= jnjsR KK

D
HF (10)

where θθ σσ ,0 hH =  is the tangential stress in the roof of the cross cut and h is the height of 

the wedge, (Fig. 20), Kjn and Kjs are the normal and the shear stiffnesses of the joints, 

respectively, and defined as 

sjs

njn

kbK

kbK

⋅=

⋅=

α

α

sin2

sin2     (11) 

and

φαφα sinsincoscos jnjs KKD += .   (12) 

The normal stress at the joint, nσ , used to calculate kn (Eq.1) and ks (Eq.2) is related to the 

tangential stress in the roof, θσ , by the relation 

ασσ θ
2cos=n .    (13) 

The stiffness (in vertical direction, Fig. 20) of the joints of the symmetric wedge can then be 

expressed as 

H0

Fj

H0
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)cossin(2 22 αα jsjnj KKK += .   (14) 

The derivation of the stiffness Kj can be found in Appendix 2. The excavation of the cross cut 

results in an elastic displacement ustat of the wedge. The bearing capacity was defined as 

MgFuKFF RstaticjRjf −=−=    (15) 

where M is the mass of the wedge and g is the acceleration of gravity. The failure criterion for 

the joints of the wedge is expressed in terms of displacement (Fig. 21). The behaviour of the 

joints in compression ( 0<u ) will always be linear elastic. In tension the response will be 

linearly elastic until failure occurs. Failure of the joints occurs if 

jfuu ≥      (16) 

where

j

jf
jf K

F
u =      (17) 

After failure has occurred, Fjf and Kj are set to zero when u > 0 (tension). 

Fig. 21 The force-displacement curve for the joints of the wedge, u is positive in tension. 

The tangential stress in the roof of the cross cut, θσ , has a great influence on the bearing 

capacity of the wedge as well as on the stiffness of the joints. By using the Hoek-Brown 

failure criteria [24] with 140=cσ  MPa according to Table 1 and GSI ≈  65 – 70 a uniaxial 

Fjf

ujf

Force, Fj

Displacement, u
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rock mass strength ( cmσ ) in the interval 20 to 26 MPa is obtained. If cmσσ θ > , static failure 

probably will occur in the roof and the ejection of individual blocks or wedges from the roof 

is no longer the primary failure mode. In that case the design of the rock support has to be 

done primarily with focus on static stress induced failure. The model was, therefore used only 

for tangential roof stresses, in the interval 25MPa5 ≤≤ θσ  MPa. The lower limit of the 

tangential stress, 5 MPa, is a rather low stress level, but can occur depending on the mining 

sequence.

6.4. Mechanical properties of the shotcrete support 

In this study results from [6] are used to describe the behaviour of reinforced shotcrete. The 

load-displacement curves from the tests and the load-displacement curve used in the analyses 

are shown in Fig. 22. The yield load capacity Fsy is assumed to be constant after yielding. 

Necessary input for the analyses is presented in Table 6. The test results from [6] are obtained 

in static tests. 
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Fig. 22 The force-displacement curve for the support, test results by [6]. Shotcrete thickness 80 mm, 
fibre content: 0.5 – 0.6 % (39 – 47 kg/m3) and type of fibre: Dramix ZL 45/0.35. 

Table 6 Mechanical properties for the shotcrete used in the analyses. 
Property Value 
Yield load capacity, Fsy   (kN) +/- 60 
Stiffness of the shotcrete, Ks  (MN/m) 60 
Yield displacement  usy= Fsy/ Ks  (mm) 1 
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7. The bearing capacity and stiffness of 2D versus 3D 

wedges 

When discontinuities are, more or less, parallel to the cross cut, as shown in Fig. 23, the 

wedge formed in the roof can be analysed by a 2D model (Fig. 24). However, in some cases 

also 3D wedges are formed in the roof of the cross cuts. To investigate the difference in 

behaviour between a 2D and a 3D wedge subjected to dynamic loading a number of static 

analyses were performed using the 3D distinct element program, 3DEC [25]. 

Fig. 23 Cross cut at level 849, the mapped discontinuities can form an almost symmetric wedge close to 
the drawpoint, dip °60 .

Fig. 24 A 2D wedge close to the brow. 

Discontinuities 

Ring face 

2-D wedge 

θσ

θσ
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The total resistance, FR and stiffness, Kj, of the joints were calculated for various dip angles, 

friction angles and rock stress states. The results are presented as safety factors defined as 

Mg
FS R= .     (18) 

A symmetric 3D wedge with an equilateral triangular base and boundary conditions according 

to Fig. 25 was analysed together with a symmetric 2D wedge.  

a)                b) 

5000

50
00

5000

Fig. 25 Comparison between a symmetric 2D wedge and a symmetric 3D wedge with equilateral edges 
of the base. 
a) Uniaxial stress field σ1 = 5 or 25 MPa 
b) Biaxial stress field σ1 =σ2 = 5 or 25 MPa 

The dip of the planes forming the wedges was 60º and 70º. The analyses were also performed 

for various values of the angle β . The angle β  is defined as the angular rotation of the 

wedge around a vertical axis (Fig. 25). The major principal stress, 1σ , was horizontal and 

perpendicular to the direction of the cross cut ( 1σ  has the same direction as θσ  in Fig. 24). 

2σ  was horizontal and parallel to the cross cut. The rock was modelled as a linear elastic 

material with the stiffness according to Table 7. The discontinuities were modelled as a Mohr-

Coulomb material, the friction angle was varied according to Table 7 and the cohesion was 

equal to zero (Table 7). The normal and shear stiffness were calculated according to Eqs.(1) 

and (2).

b = 0.8 m 

b

b = 0.8 m 

bb

σ2 = σ1

σ2 = σ1

σ1 σ1 σ1 σ1 σ1

β βσ1
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Table 7 Stiffness of intact rock and friction angles of joints used in the 3DEC analyses. 

Property Value 
Young’s modulus of intact rock   (GPa) 60 
Poisson’s ratio of intact rock 0.27 
Friction angles of joints 35º, 41º, 45º, 50º 

The geometry of the numerical model and boundary conditions are shown in Fig. 26. The 

height of the model was equal to the height of the wedge. The upper horizontal surface of the 

model was fixed, preventing vertical movements, excluding the top of the wedge. In the 

analyses with a uniaxial stress field the vertical boundaries of the model perpendicular to 

major principal stress orientation were fixed while the other vertical boundaries were free. In 

the analyses with a biaxial stress field, all vertical boundaries were fixed. The stresses were 

initiated as in-situ stresses in the model (see [25]). 
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Fig. 26 Geometry and boundary condition of 3DEC model. 

a) Uniaxial stress field 
b) Biaxial stress field 

Fig. 27 shows the safety factor, S, as a function of the angle β. If the dip angle was °60  and 

°= 35φ  the wedge was unstable independent of the angle β . Fig. 28 to Fig. 30 show S as a 

function of φ for a dip equal to °60 .

σ1σ1 σ1 σ1

σ2 = σ1

σ2 = σ1
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If the dip angle was increased to °70  the wedge showed similar behaviour but with higher 

safety factors. The 2D wedge had in almost all investigated cases a higher S than a 3D wedge 

in a uniaxial stress field ( 02 =σ ). In a biaxial stress field ( 21 σσ = ), see Fig.30, S was higher 

for a 3D symmetric wedge than for a 2D wedge. The natural frequency was derived according 

to Eq.(19) in Section 8, with Kj and M calculated by 3DEC [25] and Ks = 0. The natural 

frequency was around 20% higher for a 3D wedge in a uniaxial stress field than for a 2D 

wedge. In a biaxial stress field, the natural frequency of a 3D wedge was approximately twice 

the natural frequency of a 2D wedge. 
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Fig. 27 Safety factor, S = FR / Mg as a function of the rotation angle, β.
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Fig. 28 Safety factor, S = FR / Mg. Uniaxial stress state, σ1 = 5 MPa, DIP = 60°.
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Fig. 29 Safety factor, S = FR / Mg. Uniaxial stress state, σ1 = 25 MPa, DIP = 60°.
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Fig. 30 Safety factor, S = FR / Mg. Biaxial stress state, DIP = 60°.

The results show that in a uniaxial stress field, which occurs close to the brow, a 3D wedge 

has slightly higher natural frequency than a 2D wedge. Furthermore, S of a 2D wedge is an 

upper limit value for a 2D and a 3D symmetric wedge. As a lower limit of the bearing 

capacity of the wedge Fjf = 0 can be used. This corresponds to a wedge supported only by the 

shotcrete. By this assumption a 2D wedge, with and without bearing capacity and stiffness of 

the joints, can be used to analyse both a symmetric 2D and a symmetric 3D wedge in a 

uniaxial stress field. 
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8. Results from the dynamic analyses 

The natural frequency of the mass-spring system is 

M
KK

f sj +
=

π2
1     (Hz)   (19) 

where Kj is the stiffness of the joints and defined by Eq. (14), Ks  is the stiffness of the 

shotcrete (Table 6) and M is the mass of the wedge. The natural frequency of the wedge 

varied from 0.43 to 1.89 kHz for the chosen geomechanical conditions and when the 

tangential stress in the roof varied from 5 to 25 MPa. If failure occurs in the joints i.e. the 

displacement u exceeds the displacement at failure of the joints, ujf, the shotcrete is the only 

support for the wedge. In this case, the natural frequency drops to a value between 27 and 68 

Hz depending on the semi-apical angle α (20° or 30°) and width (0.4 or 0.8 m) of the wedge. 

The shotcrete alone is, thus, a much more flexible bearing system than the original bearing 

system consisting of joints and shotcrete. 

8.1. Linear elastic response 

The linear analyses were performed to investigate if failure of the joints occurs. The response 

(displacement or spring force) can be presented as a function of the natural frequency of the 

wedge. The displacement u under linear elastic conditions is shown in Fig 31.  

For linear elastic conditions, the response is governed only by the natural frequency and the 

time history of the load. This type of spectrum is in earthquake engineering called 

displacement response spectrum [20]. In fact, this spectrum shows directly the extent to which 

a real SDOF structure responds to the input ground motion. Each symbol on the curves in Fig. 

31 represents the maximum elastic response from one numerical analysis. 
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Fig.31 Linear elastic response (displacement, u) as a function of natural frequency of the wedge. 

If the displacement, u, is less than the displacement at failure of the joints, ujf, the wedge is 

stable without support. Fig. 32 to Fig. 36  show u and ujf as a function of the properties of the 

rock wedge. Fig. 32 and Fig. 33 show that ujf is almost independent of the width of the wedge, 

which is in accordance with Eqs. (14) and (15). As shown in Fig. 34 the response is 

independent of the friction angle, φ , because it is a strength parameter and does not influence 

stiffness or mass. Generally, the results show that if the friction angle, the rock stress or the 

dip angle reaches the lower range of values, failures often occur. The failure displacement, ujf

is especially sensitive to variations of α  and dip (Fig. 36).  

Finally, the static safety factor (Eq.18) was found to be >> 1 in all cases, and normally > 10, 

except in the case where αφ ≤ .
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Fig. 32 Linear elastic response (displacement) and displacement at failure of the joints, ujf, as a function 
of the width of the wedge. The semi-apical angle,α= 30º. 
a) Tangential rock stress, σθ = 5 MPa 
b) Tangential rock stress, σθ = 25 MPa 
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Fig. 33 Linear elastic response (displacement) and displacement at failure of the joints, ujf, as a function 
of the width of the wedge. The semi-apical angle,α= 20º. 
a) Tangential rock stress, σθ = 5 MPa 
b) Tangential rock stress, σθ = 25 MPa 



- F38 - 

a)                   b) 

20 25 30 35 40 45
0

0.1

0.2

0.3

0.4

Friction angle, φ (MPa)

D
is

pl
ac

em
en

t (
m

m
)

ujf , α = 20 deg

ujf , α = 30 deg
Response

α = 20 - 30 deg
and 

b = 0.4 - 0.8 m

20 25 30 35 40 45
0

0.1

0.2

0.3

0.4

Friction angle, φ (MPa)

D
is

pl
ac

em
en

t (
m

m
)

ujf , α = 20 deg

ujf , α = 30 deg

Response
α = 20 - 30 deg

b = 0.4 m Response
α = 20 - 30 deg

b = 0.8 m

Fig. 34 Linear elastic response (displacement) and displacement at failure of the joints, ujf, as a function 
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b) Tangential rock stress, σθ = 25 MPa 
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Fig. 36 Linear elastic response (displacement) and displacement at failure of the joints, ujf, as a function 
of the semi-apical angle, α.
a) Tangential rock stress, σθ = 5 MPa 
b) Tangential rock stress, σθ = 25 MPa 

8.2. Non-linear analyses 

Non-linear analyses were performed to get an estimate of the maximum dynamic response for 

cases where u > ujf. Not all conditions where u > ujf are presented here. Two situations were 

investigated, one where only the dynamic property, the natural frequency, was changed by 

varying the width of the wedge. Secondly, a case where only the bearing capacity, Fjf, was 

changed by varying the friction angle. The non-linear response is shown in Fig. 37 and Fig. 

38. Each symbol represents the maximum response from one numerical analysis. The non-

linear response is much higher than the elastic response, which is due to the yielding that 

occurs in the shotcrete. The response shown in Fig. 37 is approximately a linear function of 

the width of the wedge when 5=θσ  MPa.

Three cases can be identified for the response of the wedge with b = 0.4 m and 

°= 20α showed in Fig. 38. In the first case, °=≤ 20αφ , the bearing capacity of the wedge 

(Fjf) is equal to zero, see Eq.(15). This corresponds to a wedge supported only by the 

shotcrete. The response is ≈ 10 mm. The second and third cases occur when αφ >  which 

gives 0>jfF . In the second case the response is still non-linear i.e. Fjf < Fj, and the response 

has increased to a maximum  ≈ 15 mm. Finally, in the third case °≥ 33φ  the conditions are 

always linear elastic (Fjf > Fj) and the response has decreased to approximately 0.1 mm. 
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Fig. 38  Non-linear response (displacement) as function of the friction angle, σθ = 5 MPa. 

The time histories of the three different cases are shown in Fig. 39 to Fig. 41. Fig. 39 shows 

the case when Fjf = 0. After the non-linear displacement has reached the maximum value, the 

mechanical system continues to oscillate around a new equilibrium level, which is the same as 

the residual displacement. The residual displacement is quite large compared to the total 

displacement. The upper square shaped wave line shows the state of the shotcrete. 

σθ = 5 MPa φ = 35º 
σθ = 5 MPa φ = 41º 
σθ = 25 MPa φ = 35º 
σθ = 25 MPa φ = 41º 
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9. Discussion  

In LKAB’s underground mines shotcrete is widely used as rock support, also close to the 

brow where the impact of stress waves from production blasting is significant. The static state 

of stress at the brow is, due to stress re-distribution, almost uniaxial (major principal stress 

perpendicular to the crosscut). Failure mapping showed that the area of failed shotcrete was 

extensive when the plain shotcrete was used. Brows supported by fibre reinforced shotcrete, 

showed on the other hand that damage in the roof was limited to a horizontal distance of 

about 3 m from the drawpoint. The failure mapping showed also that many of the fallouts of 

rock were structurally controlled. To study the behaviour of rock wedges supported by 

shotcrete and exposed to this kind of dynamic load a single-degree-of-freedom (SDOF) model 

was developed. The model consists of a shotcrete layer and a rock wedge formed by 

geological structures.  

Vibration measurements were carried out to measure the particle acceleration in the roof 

induced by production blasting. The vibration measurements showed a wide scatter of 

magnitudes of the particle acceleration. The maximum particle velocity recorded was 

approximately 1.2 m/s at a horizontal distance of 4.5 m from the blast holes. This record was 

used as the load in the dynamic analyses. 

Failure of the joints occur if u > ujf , where u is the elastic response and ujf is the displacement 

at failure of the joints. The linear elastic analyses showed that an ejection of a wedge, due to a 

dynamic load, can occur even if the static safety factor (Eq.18) was > 10. It is not obvious 

which of the rock wedge parameters, friction, semi-apical angle, rock stress and width of the 

wedge, that has the greatest impact on the stability of the rock wedge. This is because many 

of the parameters influence both the response and the strength. However, the linear elastic 

analyses indicate that the semi-apical angle had the greatest influence on the failure 

displacement, ujf.

To investigate the behaviour of the shotcrete-wedge system when failure occurred in the 

joints, non-linear analyses were performed. The non-linear response was much greater than 

the elastic response, which was due to the yielding that occurred in the shotcrete. The non-
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linear response of a wedge only supported by shotcrete was in most of the cases less than the 

non-linear response of a wedge supported by the joints and the shotcrete.  

The non-linear numerical analyses showed that reinforced shotcrete has the necessary bearing 

capacity to support actual wedges for load histories measured at a horizontal distance of 4.5 m 

from the blasted fan. This was in fair agreement with the failure mapping which showed that 

the fibre reinforced shotcrete was more or less intact in the roof of the cross cut at a horizontal 

distance greater than 3 m from the drawpoint. This is also in agreement with Tannnant’s [1] 

test results presented in Section 1 which showed that mesh or steel fibre reinforced shotcrete 

can maintain its supporting function for peak particle velocities of up to 1.5 to 2 m/s at the 

drift walls when the rock mass itself is not severely damaged. 

According to Fig. 4, also non-symmetric 2D wedges and 3D wedges may be formed in the 

roof of the cross cuts in the Kiirunavaara mine. However, the results of the analyses of the 

symmetric 2D wedges can be used to judge whether non-symmetric 2D and 3D wedges are 

stable or not if they are subjected to waves induced by blasting. Firstly, a symmetric wedge is, 

because of a lower apex angle (Fig. 42 and [23]) more stable than the corresponding non-

symmetric wedge.  

v + w > 2v

vw2v

Fig. 42 a)  Symmetric and b) non-symmetric 2D wedges. 

Secondly, in an almost uniaxial stress field, which occurs close to the brow, the bearing 

capacity of a symmetric 3D wedge is less than the bearing capacity of a 2D wedge. 

Furthermore, a 3D wedge in a uniaxial stress field has only slightly higher natural frequency 

than a 2D wedge. Therefore, a symmetric 2D wedge supported by the joints and the shotcrete, 

represents one extreme case. The other extreme case is a symmetric 2D wedge supported by 

only the shotcrete. The behaviour of a non-symmetric 2D wedge and a 3D wedge is thus 

within the interval defined by these two extreme cases.  



- F45 - 

10. Conclusions 
To provide a safe working environment close to the drawpoint, the rock support must sustain 

the impact of stress waves from production blasting. The analyses and the failure mapping 

showed that rock wedges can easily be ejected by the stress waves from production blasting. 

To support rock wedges subjected to dynamic load the support must be able to consume the 

energy imposed on the wedges from blasting. Failure mapping showed that the fibre 

reinforced shotcrete has the ability to give stable conditions at a horizontal distance of about 3 

m from the drawpoint. The non-linear analyses showed fair agreement with the failure 

mapping. Furthermore, the analyses showed that a wedge can be ejected by a dynamic load 

even if the static safety factor was > 10. The non-linear response of the wedges was in most of 

the cases greater when the wedge was supported by the joints and the shotcrete in 

combination than when the wedge was only supported by shotcrete. A conclusion from the 

analyses is that it is difficult to predict the dynamic response from static calculations.  

The single-degree-of-freedom (SDOF) model, though it is relatively simple, can be used to 

predict the response of an arbitrarily shaped rock wedge supported by shotcrete as long as the 

movement of the wedge can be idealised by a pure translation and the dimensions of the 

wedge is small compared to the length of the incident wave. For this type of problem, the 

SDOF model is well suited to study the behaviour of the system, without too many 

simplifications. As an alternative, this type of dynamic analyses can be performed by a 

distinct element method. However, these programs require a great deal of experience, are time 

consuming and often not easy to interpret the results. From an engineering point of view, the 

results from the SDOF model are sufficiently accurate. 

The static 3D analyses showed that the results from the analyses of symmetric 2D wedges can 

be used to judge whether symmetric or non-symmetric 3D wedges in a uniaxial stress field 

are stable or not if they are subjected to waves induced by blasting. 
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Appendix 1     Numerical integration 

The equation of motion can be written as 

guMuuKuCuM DDDDD −=++ )( .   (A1.1) 

In this paper Eq.(A1.1) is solved using a linear acceleration step-by-step integration method. 

This presentation is mainly based on the work of [20] and [21]. The essential concept for the 

method is represented by the two following equations 

∫
Δ

+=Δ+
t

ii dututtu
0

)()()( ττDDDD    (A1.2) 

and

∫
Δ

+=Δ+
t

ii dututtu
0

)()()( ττD    (A.1.3) 

which express the final velocity and the final displacement at the time ti+Δt in terms of values 

of these quantities at the time ti and an integral expression. As the name of this method 

implies, the acceleration is assumed to vary linearly during the time interval Δt.  This 

integration method with linear acceleration during a time interval corresponds to the 

Newmark beta method, where = 1/6 and γ = 1/2. The constants = 1/6 and γ = 1/2 give 

linearly varying acceleration and no artificial damping, respectively. 

For non-linear problems, it is assumed that the physical properties remain constant only for 

short increments of time, therefore it is convenient to reformulate the response in terms of 

incremental equations of motion. In this paper, only the stiffness K(u) is changed by the 

displacement, the mass M and the damping C of the mechanical system are constant. The 

properties of the system, K(u), C and M are shown in Fig. A1.1 a) and the forces acting on the 

mass are shown in Fig. A1.1 b). The (general) non-linear behaviour of the spring and the 

arbitrary external load are shown in Fig. A1.1 c) and Fig. A1.1 d), respectively. The 

equilibrium of forces acting on the mass at the time,  ti gives 
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)()()()( iiSiDiI tFtFtFtF =++    (A1.4) 

where FI(ti), FD(ti)  and FS(ti) are the inertial force, the damping force and the spring force at 

the time ti, respectively. F(ti) is the applied load at the time ti. A time increment tΔ  later, the 

equilibrium of forces gives 

)()()()( ttFttFttFttF iiSiDiI Δ+=Δ++Δ++Δ+    (A1.5) 

a)  b) 

c)             d)     

Fig. A1.1 Definition of a non-linear system, after [20] 

a) SDOF system 
b) Force equilibrium 
c) Non-linear stiffness 
d) Applied load 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200

K(u)        C 

u(t) 
       F(t)                   F(t)  

FS(t)    FD(t)

FI(t)M

F(ti+Δt)
F(ti)

FS(ti+Δt) 
FS(ti)

u(t) t
Δu

  FS(t)        

                ΔFS

u(ti) u(ti+Δt) ti ti+Δt

F(t) 

Initial tangent slope, Ki

Δt
ΔF



- F51 - 

Subtracting Eq.(A1.5) from (A1.4) yields the incremental equation of motion 

FFFF SDI Δ=Δ+Δ+Δ     (A1.6) 

where

)()(
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    (A1.7) 

The incremental forces in Eq.(A1.6) are expressed as 

uKF
uCF
uMF

iS

D

I

Δ=Δ
Δ=Δ
Δ=Δ
D

DD

     (A1.8)

where the incremental displacement uΔ , the incremental velocity uDΔ and the incremental 

acceleration uDDΔ  are given by 

)()(
)()(
)()(

ii

ii

ii

tuttuu
tuttuu
tuttuu

DDDDDD

DDD

−Δ+=Δ
−Δ+=Δ
−Δ+=Δ

    (A1.9) 

The stiffness K(u) is as mentioned earlier assumed to be constant during the time interval, Δt . 

During the time interval the stiffness is defined as the initial tangent slope as indicated in Fig. 

A1.1 c) 

)()(
ituu

S
i du

dFK ==     (A1.10) 

Eq(A1.8) and (A1.6) give 

FuKuCuM i Δ=Δ+Δ+Δ CCC      (A1.11) 
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Let ti and ti+1 be, respectively, the designation for the time at the beginning and at the end of 

the time interval. The incremental acceleration, velocity and displacement during the time 

interval tΔ can be expressed as  

6
)(
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)(
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)()(

32
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DD
DDD

DD
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   (A1.12) 

Eq.(A1.12) and tΔ=τ  give the incremental velocity and displacement 

2
tutuu i

ΔΔ+Δ=Δ DDDDD     (A1.13) 

62

22 tututuu ii
ΔΔ+Δ+Δ=Δ DDDDD .   (A1.14) 

and are shown in Fig. A1.2. In general, the implicit formulation in Eq. (A1.13) and (A1.14) is 

inconvenient to use because iteration is required at each time increment to determine the 

acceleration at the end of the interval. The equations can be converted to an explicit form. If 

Eq. (A1.14) is re-written, u��Δ  can be expressed as 

ii uu
t

u
t

u ����� 366
2 −

Δ
−Δ

Δ
=Δ     (A1.15) 

and Eq.(A1.13) and (A1.15) give 

ii utuu
t

u ����

2
33 Δ−−Δ

Δ
=Δ     (A1.16) 
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Fig. A1.2 Incremental motion based on linearly varying acceleration, after [20]. 

Substitution of u��Δ and u�Δ from Eq. (A1.15) and (A1.16) respectively, into Eq. (A1.11) and 

with rearrangement of the terms gives the resulting incremental equilibrium equation  

FuK ~~ Δ=Δ      (A1.17) 
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in which the effective stiffness is  

iKC
t

M
t

K +
Δ

+
Δ

= 36~
2     (A1.18) 

and the effective loading increment is 
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⎡ Δ++⎥⎦
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⎡ +
Δ

+Δ=Δ iiii utuCuu
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MFF CCCCCC

2
336~ .  (A1.19) 

The displacement 1+iu = u(ti+Δt) and the velocity )(1 ttuu ii Δ+=+ DD at time ti+1 are evaluated 

from Eq.(A1.9) as 

uuu ii Δ+=+1     (A1.20) 

uuu ii ��� Δ+=+1 .    (A1.21) 

where the incremental displacement uΔ can be calculated by simply dividing the effective 

loading, F~Δ , by the effective stiffness, K~ , that is, 

K
Fu ~
~Δ=Δ      (A1.22) 

and the incremental velocity, uDΔ , is calculated according to Eq. (1.16). 

Finally, the acceleration 1+iuDD at the end of the time interval is obtained directly from the 

differential equation of motion Eq.( A1.5). Hence, after setting 1+= iI uMF �� it follows that 

[ ])()()(1
1111 ++++ −−= iSiDii tFtFtF

M
u��    (A1.23) 
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where the damping force FD(ti+1) and the spring force FS(ti+1) are evaluated at time ti+1. After 

displacement, velocity and acceleration have been determined at time ti+1, the outlined 

procedure is repeated to calculate these quantities at the following time step ti+2= ti+1+Δt, and 

the process is continued to the desired final value of time. 
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Appendix 2 Stiffness of the joints of a symmetric 

triangular prism 
The equation of the stiffness of the joints is solved by a two-stage relaxation procedure 

described by [22, 23]. The procedure is shown in Fig.A2.1.  

a)    b) 

Fig. A2.1 Loading stages;    

a) Stage 1: rigid joints 
b) Stage 2: rigid rock 

In the first stage, when the force H0 is determined, the joints are assumed to be rigid. In the 

second stage, where the wedge is loaded with a vertical force Fj, the joints are assumed to be 

deformable and the rock mass is assumed to be rigid. The calculation is performed for a prism 

with the thickness equal to 1 (m). 

The normal and shear forces N0 and S0, are related to the horizontal force H0 by the relation 

α
α

sin
cos

00

00

HS
HN

=
=

     (A2.1) 

where α is the semi-apical angle and H0 = hσθ , where σθ is the tangential stress in the roof of 

the cross cut. 
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When the vertical load Fj is applied, the prism is displaced vertically a distance u. The vertical 

displacement u can be decomposed into the normal and shear components un and us,

respectively,  

α
α

cos
sin

uu
uu

s

n

=
=

     (A2.2) 

which is illustrated in Fig.A2.2. 

Fig. A2.2 Displacements and forces 

When the prism moves away from the surrounding rock, the normal and shear forces are 

changed with the increments ΔN and ΔS, respectively. These increments are defined as 

α
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     (A2.3) 

where Kjn and Kjs are the normal and the shear stiffnesses of the joints, respectively, and 

defined as 
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where kn and ks are the normal and the shear stiffnesses (per unit area) of the joints, 

respectively. 

The vertical load Fj in terms of incremental forces, is defined as (see Fig.A2.2) 

)cossin(2 αα SNFj Δ+Δ=     (A2.5) 

and the vertical stiffness of the joints is defined as 

u
F

K j
j = .      (A2.6) 

By using Eq.(A2.3), (A2.5) and (A2.6) Kj can be expressed as a function of the normal and 

shear stiffnesses of the joint 

)cossin(2 22 αα jsjnj KKK += .    (A2.7) 








