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Abstract: In this research work, agitation leaching of malachite using sulphuric 
acid solution was investigated in mechanical agitation reactor taking particle 
size, sulphuric acid stoichiometric ratio, solid percent and temperature as 
effective parameters. Based on results, malachite and azurite were found to be 
the main minerals of the representative sample. Sulphuric acid concentration 
effect in three different amounts of 5%, 10% and 20% was examined. To find 
out maximum sulphuric acid consumption vs. particle size, bottle roll tests  
were conducted. Full factorial design (24) with three centre points was applied 
to determine optimum conditions for three studied responses including copper 
recovery, iron recovery and sulphuric acid recovery. The optimum leaching 
conditions were found to be as follows: particle size, 600 microns: sulphuric 
acid stoichiometric ratio, 4: solid percent, 45%: temperature, 25°C. Under these 
optimum conditions, copper recovery, iron recovery and sulphuric acid 
recovery were 83.84%, 99.64% and 2.96%, respectively. 
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1 Introduction 

Malachite is considered one of the most important minerals for the recovery of copper.  
It can be reached by acid and inorganic materials such as sulphuric acid, ammonium and 
carbonates to produce copper solutions (Bingöl et al., 1994). The dissolution kinetics of 
malachite has been investigated and then it was reported that the concentration of H2SO4 
was the main factor on the dissolution rate of malachite. From the investigation of the 
leaching kinetics of malachite in ammonia solutions it was found that particle size plays a 
key role in the dissolution of copper mineral (Künkül et al., 1994). The leaching rate of 
malachite was also studied in phosphoric acid at different reaction temperatures. It was 
found that phosphoric acid easily dissolves copper in malachite which for temperature 
60°C and leaching time 60 min, 80% of copper was extracted (Ji et al., 2014). Leaching 
of malachite by citric acid extracted ~92% of copper into solution under obtained 
optimum conditions. It revealed that chemical reaction of malachite with citric acid 
controls the dissolution rate of malachite leaching; however, increase in temperature had 
no significant effect on copper extraction (Shabani et al., 2012). A comprehensive study 
of malachite leaching by sulphuric acid demonstrated that it resulted in high recoveries of 
copper while other minerals, such as iron, were slightly affected from sulphuric acid 
medium. According to the findings, for higher concentrations of sulphuric acid, there was 
a direct relationship between the acid concentration and the dissolution rate of malachite 
(Bingöl and Canbazoğlu, 2004). Sulphuric acid is the cheapest leaching agent for 
oxidised copper ores, which has been widely used over years. Malachite gives the 
following reaction by H2SO4: (Ata et al., 2001) 

2+ 2-
3 2 2 4 4 2 2CuCO .Cu(OH) (s)+2H SO (aq) 2Cu (aq)+2SO (aq)+CO (g)+3H O(l)→  (1) 

Ferric oxide Fe2O3 in malachite ores gives the following reaction by H2SO4: 

2 3 2 4 2 4 3 2Fe O (s)+3H SO (aq) Fe (SO ) (aq)+3H O(l)→  (2) 

Over decades, finding a method to design and optimise obtained data has been a 
challenging issue. Unlike conventional methods, using experimental designs has 
tremendously improved the accuracy and speed of data optimisation in the industry.  
It is been proved that there are several important factors which considerably influence 
leaching process including leaching time, amount and concentration of consumed  
acid, temperature, and particle size distribution (Ata et al., 2001; Rahmani Majid, 2001). 
The full factorial approach for experimentation covers all combinations of factors,  
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providing valuable information on interaction. However, the number of experimental  
runs increases rapidly. Using the 2-level factorial design, not only the number of runs  
is reduced, but also more information and well recognised is produced (Veiskaramia  
et al., 2014). 

In the present study, the leaching of malachite in sulphuric acid medium was 
investigated considering several important parameters including particle size, solid 
percent, sulphuric acid stoichiometric ratio, and temperature.  

2 Material and methods 

2.1 Sample preparation 

Representative sample ~350 kg was taken from Anarak Meskani ore which is located in 
central part of Iran. Sample comminution was done using jaw and roll crushers. 
Accordingly, d80 of product was found to be 1550 micron. After homogenisation of 
sample taken from roll crusher’s product, we riffled to 2 kg lots and stored in plastic bags 
for each particle in the range of 75 to 2000 micron. Then, ~30 g sample was sent for 
laboratory for chemical and mineralogical analysis.  

2.2 Mineralogical studies 

In Anarak area (~200 km east from Esfahan) are a few compositionally complex 
hydrothermal Cu-Ni-Co deposits which always attracted attentions of scientists (Bagheri 
et al., 2007). The only deposits carrying copper sulphides in addition to nickel-cobalt 
arsenides are Talmessi and Meskani, which occur within 7 km of each other. The deposits 
of Talmessi and Meskani were mined for copper and nickel until 1960. Mining was then 
ceased; however, always finding a new innovative method to rebuild exploration and 
mineral processing construction was of highly importance. Host rocks of the Meskani 
deposits are dacite and andesite and its Cu-Ni-Co mineralisation is ascribed to the 
porphyry copper type. Figure 1 illustrates the geological map of Anarak region in 
Esfahan, Iran bearing copper in two important areas (i.e., Meskani and Talmessi) 
(Bagheri et al., 2007). 

Optical mineralogy using polished and thin sections, X-ray diffraction (XRD) and  
X-ray fluorescence (XRF) techniques were applied for ore characterisation. According to 
the XRD result (Figure 2), malachite and azurite were found to be the main minerals 
inside the ore. Due to the high degree of freedom for malachite, which was ~85%, the ore 
showed a great potential to use a proper leaching process. Minerals such as cuprite, 
silicates (quartz) and goethite were sporadically dispersed inside the ore. Table 1 
illustrates the percent of each mineral obtained by XRF method. 

The sample was grounded and sieved which the content of copper according to the 
fractions of ore is shown in Table 2. Considering results in Table 2, we concluded that as 
particle size decreases, copper percent tends to increase. Leaching experiment was 
carried out in particle size range of 600–1000 micron which contained ~1.15% copper 
(Table 2).  
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Figure 1 Geological map and cross-section of Talmessi and Meskani mine (see online version  
for colours) 

 

Figure 2 Mineralogical composition of the feed taken from Meskani Mine using XRD  
(see online version for colours) 
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Table 1 Chemical composition of the feed using XRF 

SiO2 Al2O3 Fe2O3 CaO Na2O K2O MgO TiO2 MnO 
% % % % % % % % % 
56.11 18.78 4.13 4.92 1.9 5.6 0.89 0.645 0.057 
P2O5 S L.O.I Cl Ba Sr Cu Zn Pb 
% % % ppm ppm ppm ppm ppm ppm 
0.322 0.001 4.82 789 209 552 13145 105 39 
Ni Cr V Ce La W Zr Y Rb 
ppm ppm ppm ppm ppm ppm ppm ppm ppm 
107 58 138 93 41 4 215 38 140 
Co As U Th Mo Ga Nb   
ppm ppm ppm ppm ppm ppm ppm   
6 744 4 7 39 2 1   

Table 2 Copper content according to fractions of ore 

Copper (%) Size (Micron) 

0.98 2000+  
1.07 – 1000+2000  
1.15 –1000+595 
1.29 –595+297 
1.38 –297+210 
1.47 –210+150 
1.57 –150+75 
1.93 –75 

Results of optical microscope, as shown in Figure 3, indicates that copper has a high 
degree of freedom around 60–70% along with some sporadically dispersed minerals 
including cuprite, azurite and negligible amount of carbonate minerals. Also, examining 
results obtained from optical microscope indicates that malachite is freely dispersed 
inside the ore. Consequently, leaching of malachite will be selectively and readily done if 
experimental conditions are effectively chosen. 

2.3 Leaching experiment conditions 

Agitation leaching was carried out in the laboratory scale using mechanical agitation 
(Ika-RW20, Germany) with manual controller unit and stainless steel impeller with a 9.85 
cm diameter agitation. Mercury thermometer was used as temperature controller and 
aluminium cap to prevent solution from evaporation. Sulphuric acid with 98% purity was 
used as dissolution reagent of copper in all the experiment. Finally, all the experimental 
tests were planned using technique of design of experiments (DOE) such as full factorial 
method. All experiments were done for 1 h and the product was filtered, washed and 
dried after leaching treatment. The chemical analyses were performed using atomic 
absorption method to determine copper and iron content. 
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Figure 3 Photo of malachite observed through optical microscope (particle size = 700 micron) 
(see online version for colours) 

 

2.4 Experimental design 

Statics provide a way to extract information from data (Anderson and Whitcomb, 2000). 
For such purpose, statistical design of experiments is widely reported effective in the 
process characterisation, optimisation and modelling (Haaland, 1989; Mannan et al., 
2007). The number of experiments required for understanding all the effects is given by 
ak where a is the number of levels and k is the number of factors (Ragonese et al., 2000; 
Massumi et al., 2002). Using full factorial (2 level factorial design) for factor numbers <5 
will be useful and give a comprehensive information about design model (Anderson and 
Whitcomb, 2000). 

In order to examine the effect of parameters on the copper recovery, we chose four 
important parameters including particle size, solid percent, sulphuric acid stoichiometric 
ratio and temperature to be investigated. Responses were considered maximum copper 
recovery, minimum iron recovery and minimum consumption of sulphuric acid. 
Experimental parameters and their levels to be studied are given in Table 3 which was 
determined in the light of preliminary tests. In addition, Table 4 gives the obtained results 
for 19 studied experiments and response values in different designed levels.  

Table 3 Parameters and their values corresponding to their levels to be studied in the 
experiment 

Parameters  Unit Name Type Low level High level  
Size  Micron A Numerical 600 1000 
Solid percent % B Numerical 15 45 
Acid 
stoichiometric 
coefficient 

– C Numerical 1 4 

Temperature  Centigrade D Numerical 25 75 
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Table 4 Results obtained for 19 experiments using 2-level factorial design 

Std Run Block 
Factor 1 
A:Size 

Factor 2 
B:Solid

Factor 3 
C:Acid 

Factor 4 
D:Temp

Response 
1 R Cu 

Response 
2 R Fe 

Response 
3 R Acid 

1 12 Block 1 600 15 1 25 41.84 0 99.99 
2 18 Block 1 1000 15 1 25 40.16 0 99.98 
3 6 Block 1 600 45 1 25 48.55 0.08 99.99 
4 3 Block 1 1000 45 1 25 48.16 0.07 99.99 
5 13 Block 1 600 15 4 25 86.16 3.59 99.55 
6 9 Block 1 1000 15 4 25 83.01 2.11 99.52 
7 11 Block 1 600 45 4 25 82.53 3.69 99.65 
8 2 Block 1 1000 45 4 25 80.21 2.61 99.59 
9 14 Block 1 600 15 1 75 64.1 0.97 99.96 
10 19 Block 1 1000 15 1 75 39.05 0 99.98 
11 7 Block 1 600 45 1 75 40.41 0 99.99 
12 1 Block 1 1000 45 1 75 55.41 0.15 99.99 
13 17 Block 1 600 15 4 75 91.69 6.28 99.56 
14 8 Block 1 1000 15 4 75 87.17 8.16 99.63 
15 15 Block 1 600 45 4 75 88.6 6.59 99.71 
16 5 Block 1 1000 45 4 75 86.43 7.51 99.73 
17 10 Block 1 800 30 2.5 50 80.69 2.9 99.75 
18 16 Block 1 800 30 2.5 50 85.21 2.78 99.73 
19 4 Block 1 800 30 2.5 50 85.32 2.52 99.73 

3 Results and discussion 

3.1 Effect of sulphuric acid concentration 

In order to examine the effect of sulphuric acid concentration on the copper recovery, we 
applied two different concentration of 5% and 20% and carried out the experiment vs. 
time. As it appears from Figure 4, using high concentration of sulphuric acid (i.e., 20%) 
gave higher copper recovery (99.2%); however, when the experiment was performed 
using 5% gave less copper recovery (i.e., 87.57%) (Shabani et al., 2012; Ata et al., 2001). 
If sulphuric acid is at a higher concentration, it will releases more acid particles per 
volume. This increases the chance of a fruitful or reaction collision. Consequently, higher 
concentration of sulphuric acid tends to bring more copper particles into solution which 
increases copper recovery. 

For leaching time longer than 200 min, both 5% and 20% sulphuric acid 
concentration tends to worsen copper recovery in the solution. This could be because 
copper particles exposed to sulphuric acid decrease after a certain time (200 min in this 
experiment) which finally reduces the recovery of copper.  
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Figure 4 Different used acid sulphuric concentration during agitation leaching (see online 
version for colours) 

 

3.2 Bottle roll tests 

Bottle roll test was carried out to determine the maximum recovery of copper and 
consumption amount of sulphuric acid. This experiment was done using particle sizes of  
3 mm and 10 mm on the rotatory mills in three different sulphuric acid concentration of 
5%, 10%, and 20%. Table 5 illustrates the obtained results for this experiment. 

Considering Table 6, bottle roll test results highlight the point that as soon as feed 
particle size decreases, the amount of consumed sulphuric acid and copper recovery 
increases. This may be due to the fact that decreasing feed particle size releases free 
surface exposed to sulphuric acid which finally consumes more acid and as a result this 
increases copper recovery. 

Table 5 Results obtained from bottle roll test for particle sizes finer than 3 mm and 10 mm 
(10% sulphuric acid) 

Recovery of copper (%) Consumed sulphuric acid (g) Size distribution 

84.8 75.7 Finer than 3 mm 
76.6 74.2 Finer than 10 mm 

Table 6 Consumed acid and recovery of copper for particles finer than 10 mm without 
considerable fine particles with acid sulphuric of 5% and 20% 

Recovery of copper (%) Consumed sulphuric acid (g) Acid sulphuric (%) 
73.3 41.4 5 
80.9 104.4 20 

3.2.1 Analysis of variance 

ANOVA makes it possible to check that the postulated model fits well to the 
experimental points (Pierlot et al., 2008). By the means of half-normal graphs for 
different experiments, effective parameters were determined (Golshani et al., 2013; 
Fontana et al., 2000). Results showed that model fitted well to data obtained for copper 
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with a higher accuracy. P-values indicate the accuracy of a proposed model. Based on the 
results (Table 7), high P-values indicate that three studied responses fit well to 
experimental data. The proposed model for copper recovery, iron recovery and sulphuric 
acid recovery were described below: 

2.81(R Cu)  = +1.631E 005 1.084E 005C 17475.17D+ + + +  (3) 

Sqrt (R Fe +0.08) = +1.32+0.89C+0.28D+0.19CD  (4) 

R(Acid) 99.8 0.03B - 0.18C 0.019 0.023BC 0.02CDD= + + + + +  (5) 

where A, B, C and D stand for particle size, solid percent, sulphuric acid consumption 
and temperature, respectively. The results indicate that the model in the confidence level 
of 95% gives the best results. Taking into account equation (3), parameter D 
(temperature) plays a key role in the copper recovery. According to equation (4), 
parameter C (sulphuric acid consumption) compared with parameter D (temperature) 
positively affects the iron recovery. For sulphuric acid recovery (equation 5), parameters 
B, D and interactions (BC and CD) increases the recovery.  

Table 7 ANOVA results of the equations for the studied responses 

Model Sum of squares  
Degree of 
freedom 

Mean of 
squares F value 

P value 
Prob.>F 

Copper 
recovery 

Model 1.929E+011 2 9.647E+010 139.78 0.0001> 
Residual 1.035E+010 15 6.902E+008   

Iron recovery Model 14.55 3 4.85 111.09 0.0001> 
Residual 0.61 14 0.044   

Acid 
sulphuric 
consumption 

Model 0.57 5 0.11 255.81 0.0001> 
Residual 5.35E-003 12 4.46E-004   

3.2.2 Model validation 

One of the evaluation tool for model validation is to plot the predicted graph of the model 
vs. actual one. As it appears from Figure 5, for three studied responses all data closely 
approached the drawn line. This implies that experimental data fit accurately to what 
software had predicted. Therefore, the results of these graphs along with Table 7 explain 
the accuracy of the proposed model by DX7 software. 

3.2.3 Experiment optimum condition 
Numerical optimisation technique was used for simultaneous optimisation of multiple 
responses. After modelling the responses, conditions of optimal experiment were 
accordingly obtained. Applying the considered conditions and using DX7 software, 
optimal conditions were obtained. In order to explore a solution to find studied responses, 
the goals were combined into an overall composite function, called the desirability 
function. Desirability is an objective function that ranges from ‘0’ for least desirable, to 
‘1’ for most desirable. The numerical optimisation finds a point that maximises the 
desirability function. Table 8 summarises the obtained values for optimum conditions 
which software proposed.  
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Figure 5 Diagram of actual vs. predicted values of proposed model for studied responses:  
(A) copper recovery; (B) iron recovery and C) acid sulphuric consumption  
(see online version for colours) 
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Figure 5 Diagram of actual vs. predicted values of proposed model for studied responses:  
(A) copper recovery; (B) iron recovery and C) acid sulphuric consumption  
(see online version for colours) (continued) 

 

Figure 6 depicts the effctive parameters’ interaction with studied responses.  
Iron recovery (Figure 6(A)) depends on temperature and sulphuric acid amount values.  
As sulphuric acid increases with temperature increase, iron recovery tends to increase,  
so to minimise iron recovey one should perform the exeperiment in lower sulphuric  
acid amount and lower temperature values as well. On the other hand, in order to  
maximise copper recovery (Figure 6(D)) temperature and sulphuric acid amount  
play a key role which by increaseing temperature and sulphuric acid amount it reaches 
the highest value. By considering the importance of each response using DX7 software,  
we could get an optimum point (Table 8). Figure 6(B) and (C) illustarate the sulphuric  
acid recovery dependance on the solid percent, temperature and sulphuric acid amount  
as well.  

Table 8 The optimum conditions determined by software for performed tests 

Run 
number 

Size 
(micron)

Solid 
percent 

Sulphuric 
acid ratio 

Temperature 
(°C) (Re Cu)2.81 

Sqrt (Re 
Fe+0.0816)

Re 
Acid Desirability Model 

1 808.06 44.88 4 25 254044.87 1.745 99.64 73% Selected 
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Figure 6 Three-dimensional plot and effective parameters interaction with responses:  
(A) iron recovery vs. temperature and sulphuric acid stoichiometric ratio; (B) sulphuric 
acid recovery vs. solid percent and sulphuric acid stoichiometric ratio; (C) sulphuric 
acid recovery vs. solid percent and sulphuric acid stoichiometric ratio and (D) copper 
recovery vs. temperature and sulphuric acid stoichiometric ratio (see online version for 
colours) 
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Figure 6 Three-dimensional plot and effective parameters interaction with responses:  
(A) iron recovery vs. temperature and sulphuric acid stoichiometric ratio; (B) sulphuric 
acid recovery vs. solid percent and sulphuric acid stoichiometric ratio; (C) sulphuric 
acid recovery vs. solid percent and sulphuric acid stoichiometric ratio and (D) copper 
recovery vs. temperature and sulphuric acid stoichiometric ratio (see online version  
for colours) (continued) 

 

4 Conclusion 

The optimum conditions for the dissolution of malachite ore in H2SO4 solutions have 
been determined. The major conclusions derived from the current research are: 

• The most important parameters affecting the dissolution of malachite extracting 
copper were found to be sulphuric acid consumption and temperature. The solubility 
of copper increases with increasing sulphuric acid consumption rapidly. In addition, 
temperature increase tends to slightly affect copper recovery. The most important 
parameters affecting the solubility of iron were temperature and sulphuric acid 
consumption as well. In order to minimise iron recovery, as an impurity, experiment 
should be done in low temperature and sulphuric acid consumption. In addition, 
sulphuric acid recovery increases with increase in solid percent and temperature.  

• The optimum conditions were found to be as follow: temperature: 25°C, solid 
percent: 45, sulphuric acid stoichiometric ratio: 4 and particle size: 600 micron. 
Under these optimum conditions, copper recovery, iron recovery and sulphuric acid 
recovery were 83.84, 2.96 and 99.64%, respectively.  
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Abstract: For the conveyer belt in coal mine often damaged by hazards such as 
stones or metals in transit which can cause a longitudinal tear, and the feature 
of hazards’ status changed when transportation belt being torn, a Mean shift 
tracking and monitoring method was approached. Infrared spectrum imaging 
model was established for hazard, and extracted hazard grey value according  
to reflected background radiation differences between hazard and coal in the 
best wavelength range. Hazard model is established using grey space joint 
histogram, Mean shift vector is established with bandwidth matrix and 
recursive equations are given in EM like manner. Experiments show that when 
hazards tearing the tape, the algorithm can be real-time tracking and monitoring 
the state of hazards to determine the tape tear. 
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1 Introduction 

Belt conveyor is a necessary and expensive major system. During running of the belt, 
some sharp objects such as stones or metals store at the entrance of the stage loader 
conveyor or a capture device for broken belt and lacerate the belt. This will result in some 
belt longitudinal tear such as penetration by some objects or materials entrapment.  
Some catastrophic accidents will happen because of this problem (Fukanaga and 
Hostetler, 1975; Yizong, 1995). At present, belt longitudinal tear is mainly checked by 
contact and non-contact method (Comaniciu et al., 2000). The contact method judges belt 
longitudinal tear indirectly and based on mutation pressure and deformation. The non-
contact method has the characteristics of non-destructive testing. Infrared spectral 
imaging technology as the non-contact method used to detect the coal transport belt 
hazard identification is a new detection technology. To determine whether the belt is torn 
by the state of hazard in infrared image, hazard must be tracked. 

As a feature clustering method, Mean shift has been applied in many areas since it is 
proposed by fukunage (Comaniciu et al., 2003), it has been used to track the target by 
Comaniciu et al. (2003), etc. and has achieved great success, Yilmaz et al. (2003) 
proposed that Mean shift was used for FLIR target tracking and achieved in industry. But 
traditional Mean shift cannot adapt to dimensional change of target, many improved 
algorithms are proposed (Comaniciu and Meer, 2002). The existing algorithm generally 
adapts to the change of target by the method of several calculations to obtain the best 
value or calculating the scaling using affine model, most improved Mean shift can only 
adapt pan and zoom of target and few methods can adapt rotational changes. Although 
the literature Jia et al. (2005) proposed using bandwidth matrix and brings the target 
inclination angle to track the rotational target, it uses heuristic methods by repeatedly 
calculating the horizontal, vertical and rotational degrees of freedom, then best values are 
taken (Jia et al., 2005). This method is more complex, it uses a fixed size changes, and 
cannot adapt well to the target. 

For infrared hazard tracking and monitoring, a belt transport dynamic hazard tracking 
and identification method based on Mean shift is proposed. Infrared spectrum imaging 
model was established for hazard, and extracted hazard grey value according to reflected 
background radiation differences between hazard and coal in the best wavelength range. 
Hazard model is established using grey space joint histogram and Mean shift vector is 
established with bandwidth matrix. According to the similarity metric determines 
whether compensate the motion, and compensate the image global motion that caused by 
infrared detectors’ self-vibration. 

2 The use of Mean shift algorithm with bandwidth matrix 

The Mean shift algorithm in this paper uses Gaussian kernel, so suppose X is the totality 
of dimensional Euclidean space d, {xi, 1 ≤ i ≤ n} is independent and identically 
distributed sample set from totality X, K(x) is the kernel function, the bandwidth matrix is 
H, so the Kernel density estimation of X is defined as 
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1 n
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The Gaussian kernel function is 

( ) ( ) 2 12 exp .
2

d T
GK π −  Χ = − Χ Χ 

 
 (2) 

When hazard occurs large-scaling or rotation changes, Classic Mean shift tracking 
algorithm is not good. Therefore, this paper uses the method in the literature Zivkovic 
and Krose (2004), the covariance matrix of Gaussian joint distribution is a representation 
of bandwidth matrix. For the set of data points distributed independently N: 
X = {x1, x2, …, xN}, it is assumed that Gaussian probability density function is N(x, µ, V) 
and the objective function is defined as (Zivkovic and Krose, 2004) 

( ) ( )
1

, , , ,
M

i i
i

f V N x Vµ ω µ
=

=∑  (3) 

where ωi is the weighted value. The maximum value of the objective function can be got 
through a Mean shift iterative process similar to the EM method. 

• E-step: Maintain µ(k) and V(k) fixed, find qi to obtain the maximum value of the 
objective function by the following formula 
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• M-step: qi is kept constant, obtain µ and V to make objective function take a 
maximum value. According to the parameters 
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 the following formula can be obtained: 
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Using γ normalisation methods 
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From ( , ) 0,g V
V γ µ∂ =

∂
 the update equation of V is 
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3 Determine the grey of infrared image 

Establishing goals and imaging characteristics of the infrared spectral characteristics of 
the mathematical model and targeting reflective background infrared radiation and their 
own infrared radiation based on the best bands to distinguish the variety of hazards with 
the coal. The image transferred to the entrance pupil or infrared CCD image plane is 
superimposed and the infrared properties of the coal and hazards are determined. In this 
paper, the modelling method in the literature Sun et al. (2012) is used. 

IR CCD camera is an imaging system, light is focused onto the image plane via it, 
Figure 1 shows the mesh cell’s forming process (Sun et al., 2012). 

Figure 1 Target imaging properties of tested geometric models 

 

3.1 Established Infrared spectral characteristics mathematical model 

Define a ratio of the brightness of the optical radiation reflected radiation and the incident 
irradiance. As shown in Figure 1 (Anderson, 1992), the mathematical expression is 

( , , , , )
( , , , , )

( , , )
r i i r r

r i i r r
i i i

dL
f

dE
θ ψ θ ψ λθ ψ θ ψ λ

θ ψ λ
=  (9) 

where θi, ψi is the angle of the incident ray with the vertical direction and azimuth, θr, ψr 
is the angle of the reflected rays with the vertical direction and azimuth, λ is wavelength, 
dEi and dLr is spectral irradiance of the incident and reflected spectral radiance. 

According to the literature Sun et al. (2012), grid cells k reflective background 
radiation in the infrared CCD irradiance at the entrance pupil is 
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For the infrared spectral imaging detection system designed in this paper, the main source 
of light is selected with the main wavelength 2400 cm–1 infrared diode and an angle 45° 
with the vertical direction. So  θi = 45°, λ = 2400 cm–1. The above expression is 
simplified as 
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aperture reflection target 2 12

target

1 cos cos ( , , ) ( )( ),IR k k
r d r i r r i iA f E

u
θ θ ψ θ ψ ψ λ λ−

−Φ = • −  (11) 

where utarget is object distance of the target to be detected in the detection optical system, 
θd is the angle between the connections grid cell k with entrance pupil centre and the 
optical axis (Bertozzi et al., 2005), target

kA  is the surface area of grid unit k. Figure 2 is a 
partial view of Figure 1, it specifically described to light. 

Figure 2 IR detection system optical path diagram 

 

The irradiance grid cells k itself emitting radiation in the infrared CCD image plane is 
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2

IR k k
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u
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−Φ = • ∫  (12) 

where Mbb(λ) is the excitance of blackbody spectral radiation. 
Infrared imaging characteristics of the test objectives are modelled in the distribution 

of energy infrared CCD image plane based on the geometric model of the target in each 
grid cell k. The energy on the CCD plane also consists of two parts. 

The irradiance produced by grid cells k reflective background radiation in the infrared 
CCD image plane is as follows: 
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where τ(λ) is the spectral transmittance of the optical system, m is the magnification of 
the optical system. 

Similarly, according to the paper designed the requirements of the infrared spectral 
imaging detection system, θi = 45°, λ = 2400 cm–1 be substituted into the above equation, 
the integral can be simplified as 
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The irradiance grid cells k itself emitting radiation in the infrared CCD image plane is 

2
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aperture reflection 2
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3.2 The calculation of image grey 

The irradiance data of the calculated values are converted to the grey level and rendering 
the target image. If the irradiance of the measured target surface of the grid cell k in the 
infrared CCD image plane in the jth sampling interval is image ( ).IR kE j−  The irradiance in an 
image corresponding to the maximum and minimum is image,max

IR kE −  and image,min
IR kE −  (Sun et al., 

2009), that is 

( )image,max imagemax ( )IR k IR k

k
E E j− −=  (16) 

( )image,min imagemin ( )IR k IR k

k
E E j− −=  (17) 

Let image grey level be from 1 to M, corresponding to the grid cell k surface irradiance, 
the grey value is (Wang et al., 2010) 

image image,min

image,max image,min

( )
( , ) .

IR k IR k

IR k IR k

E j E
G k j M

E E

− −

− −

−
= ×

−
 (18) 

4 Similarity measure 

In the infrared image sequence, only grey information can be used as infrared target 
feature space, but a single grey space has less information, and characterisation of large is 
affected by noise. Therefore, this paper establishes the grey space on the basis of equation 
(18), 2( ) : 1,ib x R M→ …  is a function that makes the pixel grey value of point ix  
mapping to greyscale. Histogram model of targets include values M 1[ , ]T

Mo o o=  with 
quantised level M. The u levels of values may be calculated by the following formula: 

0
0 0( ; , ) [ ( ) ],
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V

u i

N
q N x V b x u

i
µ δ= −

=
 (19) 

where δ is delta function. Make the Gaussian kernel N rely more on point in the target 
centre and give a relatively small target weights in point edge. From the kernel function 
limited in the neighbourhood, only use point NV0 and ignore the values exceeding 2.5σ. 

The elliptical area that subsequent sequence represents the target position and shape 
uses its position µ and shape V to describe the area of the skin colour histogram pu(µ, V): 
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The similarity of the target and region is defined by their histograms. In this paper, two 
histograms Bhattacharyya coefficient as similarity measure: 

1
[ ( , ), ] ( , )

M

u u
u

p V q p V qρ µ µ
=

=∑  (21) 

In the current estimate p(µ(k), V(k)) of the first-order Taylor expansion is defined as 
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where c1 and c2 are constants, and 

( ) ( )
1

[ ( ) ]
( , )

M
u

i ik k
u u

q
b x u

p V
ω δ

µ=
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To increase the accuracy of target tracking, the vibration caused by the infrared sensor 
needs to be compensated. Affine models generally use three parameters, but this method 
for infrared image is too simple and does not work well. Yilmaz et al. (2003) uses a 
pseudo-perspective model of eight parameters in the initial estimate of the right 
circumstances, to be able to work well. However, due to too many degrees of freedom, 
the convergence is slow and easy to fall into local minima. Therefore, this paper uses a 
six-parameter affine model. 

1 2 3

4 5 6

a x a y au
a x a y aν

+ +  
=    + +   

 (24) 

Written in the form of linear equations: 

[ ]1 2 3 4 5 6

1 0 0 0
0 0 0 1

Tu x y
a a a a a a

x yν
   

=   
   

 (25) 

where (u, v) is optical flow. The equation can be solved by optical flow constraint and get 
six parameters of motion estimation: 

x y t

u
g g g

ν
   = −  
 

 (26) 

where gt is the time gradient, gx and gy are spatial gradients. 

5 Infrared spectral imaging detection 

5.1 Infrared band selection 

To effectively detect hazard, the active infrared spectral imaging detection system is 
used. The purpose of selecting the optimal band is to seek the differences from the 
reflected background radiation with the biggest band of the coal in many types  
of hazards. Hazards of belt conveyor generally are mainly large pieces of metal,  
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metal rod bolt and gangue. Since the single metal material mainly containing a chemical 
bond and the infrared measuring a covalent bond, the infrared absorption spectrum is not 
formed after infrared light irradiation for the elemental metal. So the best band choice 
depends on the difference of wavelength between coal and gangue reflective background 
radiation. 

To describe the reflective background radiation difference between the coal and 
hazards, the coal and hazards of background radiation at a wavelength reflectance 
difference is defined (Bertozzi et al., 2004): 

( ) | ( ) ( ) |c iα λ α λ α λ∆ = −  (27) 

where αc(λ) is coal reflectance, αi(λ) is hazards reflectivity i = 1, 2, … 
The optimal band is to consider reflecting differences of the coal and hazards, so the 

maximum value of ∆α(λ) is got. Infrared absorption spectra of the coal are shown in 
Figure 3. The infrared absorption spectrum of gangue is shown in Figure 4. 

Figure 3 The infrared absorption spectra of the coal 

 

Figure 4 The infrared absorption spectrum of the gangue 

 

A higher absolute value ∆α(λ) is required to make a variety of hazards and separate from 
the coal in a whole. In 2000~2800 cm–1, the coal and hazards reflections have a largest 
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difference as shown in Figures 3 and 4. So the dominant wavelength 2400 cm–1 to 
irradiate the coal and hazards is selected. 

5.2 Infrared spectral imaging detection system design 

Imaging detection system consists of the array light, infrared CCD camera, the image 
processing computer, coal, metals and coal gangue and other hazards. For light design, 
10 × 10 array infrared diode with the main wavelength 2400 cm–1 is selected and light 
intensity can be adjusted. The two symmetrical plane array light source is fixed at 
detected upper sides. And each forms an angle 45° with the vertical direction. IR CCD 
camera lens vertically downward obtains images from the top to be detected. The 
experimental apparatus is shown in Figure 5. 

The gangue, metal bolt and other dangerous sources into coal and started belt 
conveyor are considered. The wave number of CCD IR received is 2400 cm–1. 

Figure 5 The detected structural diagram of infrared spectral imaging 

 

6 Algorithm experiment 

In this paper, the algorithm is based on the Labview and compared with the traditional 
processing of image and compared with the traditional Mean shift algorithm. 

6.1 Algorithm description 

1 Establishing the target model, the initial position is µ0, the initial bandwidth  
matrix is V(0). 

2 Calculating the colour histogram of the current frame of the target area. 
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3 Calculating the weighted value to obtain a Bhattacharyya coefficient. 

4 According to the coefficient to determine whether the need for motion compensation 
(threshold is 0.6). 

5 Calculating the new target position estimate µk. 

6 Loading the next frame to step 2. 

6.2 The experimental results 

The infrared spectral imaging detection system is demonstrated. From Figures 6 and  
7(a)–(h), when hazards enter the field of vision, its image has obvious features. Figures 6 
and 7(e)–(h) show the state changes of hazards when the tape is torn, Figure 6(e)–(h) 
shows that by using this algorithm we can adapt to changes of the rotation hazard, 
accurately determine the tear tape caused by hazards in rotation moment, but the general 
Mean shift algorithm from Figure 7(e)–(h) cannot track and determine hazards rotational 
change. Figure 8 shows the curve of the target rotation angle, it can be seen that the 
infrared target can well be tracked by the algorithm. 

Figure 6 Hazards tracking results in this paper: (a) a small part of hazards into view;  
(b) most hazards into view been captured; (c) all hazards into view been captured;  
(d) hazards into the central field of view been captured; (e) hazards in rotation changes 
been captured; (f) nuclear window width adapted the hazards in rotational changes;  
(g) hazards in violent rotation been captured and (h) hazards out of view 
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Figure 7 Hazards tracking results in general mean shift algorithm: (a) a small part of hazard into 
view; (b) most hazards into view been captured; (c) all hazards into view been captured; 
(d) hazards into the central field of view been captured; (e) hazards in rotation changes; 
(f) nuclear window width cannot adapt the hazards in rotational changes; (g) hazards 
target been lost and (h) hazards not been tracked out of view 

 

Figure 8 Hazards rotation angle curve 
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7 Conclusion 

Dynamic hazards of belt transport tracking and discerning method are proposed in this 
paper, an infrared spectra imaging model is established and extracted hazard grey value 
according to reflected background radiation differences between hazard and coal in the 
best wavelength range. The Mean shift algorithm with Gaussian kernel function is  
used and the hazards’ scaling and rotation changes are adapted by bandwidth matrix.  
The experiment shows the model in this paper can effectively identify hazards and the 
algorithm can track hazard under complicated conditions. The model ultimately 
determines torn belt by identifying the rotating hazards. 
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Abstract: Based on the deformation and destruction characteristics of deep 
roadways, we developed a ‘double shell’ support theory, which applied both 
deep and shallow grouting along with bolts (cable) as the support shells. 
Through investigation of the support conditions of deep roadways in north 
China and referring to the Standard for engineering classification of rock 
masses, we summarised an optimisation table of ‘double shell’ support schemes 
in deep roadways. We also determined the parameters on the basis of the 
‘double shell’ support theory, the indices of the rock grade and the mining 
depth of roadways. Considering the specific engineering condition of the water 
pump chamber of Xiandewang Coal Mine, we determined the grade of 
surrounding rock and established the ‘single shell’ (bolt + steel-mesh + cable + 
shotcreting + middle-deep grouting) support scheme by referring to the 
optimisation table. These efforts showed a good supporting effect and validated 
the applicability of the table. 

Keywords: deep roadway; ‘double shell’ support; supporting schemes; 
optimisation table; surrounding rock control. 
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1 Introduction 

At present, there is no unified standard to define deep mining. Generally speaking, the 
mining depth above 800 m in common mines or more than 600 m in soft rock mines are 
considered as the criterion for deep mining in China (He, 2005). Many mines in China 
have reached the deep mining stage in recent years, and their complex geologic 
environments show the characteristics of three ‘high’s’ and one ‘disturbance’ with high 
ground stress, high earth temperature, high karst water pressure and mining disturbance 
in deep roadways. Especially under the condition of high ground stress, the surrounding 
rock experiences large nonlinear deformation and strong rheological properties (He et al., 
2005). In practice, many deep mines fail to construct adequate supporting schemes 
corresponding to the grades of their surrounding rocks. As a result, the insufficient 
support strength can cause the overhauling of the roadway. On the other hand, a blind 
increase of support strength can lead to unnecessary rising cost. Thus, in order to solve 
the difficulties in determining the support strength of deep roadways, researchers have 
proposed several support theories: controlling the minimum deformation of surrounding 
rock in deep mine roadways (Xie and Chang, 2013), maintaining high prestressed and 
intensive bolting (Kang et al., 2007), and controlling the stability of surrounding rock of 
roadways by using the support of grouting and bolts, etc. These theories and technologies 
have achieved some supporting effects. Although the bolt-grouting approach is 
extensively applied, a reasonable grouting mode and a proper structure of grouted rocks 
have not been explained sufficiently and the exact support parameters have not been 
defined in engineering practice. 

As there are a large number of deep roadways in China and no support design 
standard, we need a classification study on the supporting schemes of deep roadways. 
This paper optimises the supporting schemes of surrounding rock with different grades 
based on the Standard for engineering classification of rock masses. This paper also 
suggests that for mines deeper than 600 m, the specific ‘double shell’ supporting scheme 
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should be applied to control the surrounding rock of various grades in deep roadways on 
the basis of the ‘double shell’ support theory. 

2 Present supporting situation of deep roadways 

The investigations of the deep roadways and Coal Mines in north China revealed several 
threatening situations:  

• Dominated by siltstone and mudstone, the surrounding rock of deep roadways in 
north China was weak, and likely to be softened into mud when coming into contact 
with water. Additionally, owing to the high ground stress, the surrounding rock 
revealed poor stability. 

• The majority of producing mines in north China reached the deep mining stage, 
while they were still applying traditional supporting techniques, such as shed 
support, bolt + shotcrete support, bolt + steel-mesh support, bar ladder-beam support, 
etc., causing serious deformation and destruction of the surrounding rock. 

• The main reason for poor supporting effect in deep roadways was the lack of an 
appropriate supporting scheme based on the surrounding rock grade. 

• Grouting reinforcement was often applied to control the deformation of surrounding 
rock in deep roadways, but the lack of theoretical guidance led to blindness in 
construction, which caused the waste of supporting materials and raised operational 
costs. 

3 ‘Double shell’ support theory and system 

The ‘double shell’ support refers to the support shell that is formed by deep and shallow 
grouting and bolts (cable) to bear the mechanical function of surrounding rock.  
By combining the low-pressure grouting filling in shallow holes and the high-pressure 
grouting permeation in deep holes, the rock integrity and the mechanical properties of 
surrounding rock is significantly improved through the coagulation and hardening of 
grout. In this supporting system, the bolts not only prevent the surrounding rock from 
deforming, loosening and being destroyed, but also bear a larger amount of stress and 
adapt to certain deformations of the surrounding rock. This keeps the support ability, 
while preventing the deformation and movement of the surrounding rock. The cables 
penetrate into the inner rock to reinforce the surrounding rock, form continuously strong 
supporting points in axial direction of the roadway, and realise preloading and extrusion 
of surrounding rock with high prestress. The combined effects of deep and shallow 
grouting and bolts (cable) constitute the support shell, which seals fractures and joints of 
surrounding rock. In this way, the support is in spatial force status that shows better 
enforcement transmission property, making the deformation of roadways from composite 
type to single type, and thus presenting double effects of bearing and enclosure for the 
surrounding rock. 
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Based on different grouting ranges and depths of the grouting holes, the ‘double shell’ 
support can be divided into ‘single shell’, continuous ‘double shell’ and discontinuous 
‘double shell’ support. 

3.1 ‘Single shell’ support 

Formed by combining the grouting in the shallow surrounding rock and the supporting of 
bolt (cable), ‘single shell’ support is a stress bearing carrier with certain thickness and 
high strength. Bolt (cable) support changes the stress state of the surrounding rock. 
Meanwhile, it forms an integral bearing structure together with the rock of anchorage 
zone. It effectively raises the residual strength of the surrounding rock of roadways.  
By filling the fissures of shallow surrounding rock with grout, the damage from water is 
prevented; the physical and mechanical properties of surrounding rock are improved; and 
the deformation and failure are restrained by the combination with the bolt support. 

Owing to the small diffusion range of grout in the formation of ‘single shell’ support 
and the limited thickness of the formed shell, it reveals low bearing capacity for ground 
stress. For this reason, the ‘single shell’ is applicable to roadways that are not seriously 
affected by geological structure and have relatively complete surrounding rock with 
limited deformation and failure. The ‘single shell’ support is shown in Figure 1. 

Figure 1 The layout of ‘single shell’ support 

 

3.2 Continuous ‘double shell’ support 

After excavation of the rockmass, high prestress and intensive bolts have to be 
implemented to strengthen and bear the separated, laminated, or unstable rock. The bolts 
improve the rockmass integrity by producing radial frictional force. When certain 
convergent deformation of roadways occurs, grout has to be filled in shallow holes under 
low-pressure. Then an integral structure is formed by grouting cementation, which 
produces a shallow supporting shell with the bolt. After the deformation of roadway 
stabilises, preloading and extrusion to shallow broken rock is realised by applying high 
prestressed cable support. In this condition, the cable deforms axially to absorb part of the 
deformation energy and share high ground stress of deep surrounding rock. By 
performing high-pressure grouting in deep holes after the installation of cable, the 
fracture zone of deep surrounding rock is closed and the elastic deformation of the deep 
surrounding rock is recovered. Moreover, it provides a stable anchor foundation.  
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Therefore, the rock and cable form a deep strengthened shell after grouting. A shallow 
supporting shell strengthens the bearing capacity of shallow fractured surrounding rock, 
while a deep strengthened shell prevents shallow surrounding rock from destruction 
caused by high ground stress. Then the continuous ‘double shell’ support is generated by 
the interaction and collaborative deformation of the shallow and deep shells. 

Because the continuous ‘double shell’ support adopts “bolt +shallow grouting and 
cable + deep grouting” support structure, the composite shell is thick with strong bearing 
capacity. It can be applied to the roadways with high ground stress, weak surrounding 
rock or serious deformation and destruction. The continuous ‘double shell’ is 
demonstrated in Figure 2. 

Figure 2 The layout of continuous ‘double shell’ support 

 

3.3 Discontinuous ‘double shell’ support 

By forming shallow supporting shell through the low-pressure grouting in shallow  
holes and bolt support, the surrounding rock dilatancy of the roadway is reduced.  
The high-pressure grouting in deep holes and cable support form a deep strengthening 
shell. The deep grouted rock mass bears the high stress concentration by secondary 
balance which is developed in roadway excavation process. Grouting material flows  
in the surrounding rock mass during a period of artificially controlled time, and the 
grouting material changes from liquid to solid by physical and chemical reactions.  
It finally connects and integrates loose rock blocks together. Between the shallow 
supporting shell and deep strengthening shell, there is an annular fracture interlayer or 
original rock mass of certain thickness, which is called a ‘flexible layer’. Its main 
function is to make the shallow and deep shells collaboratively absorb the deformation 
energy and obstruct the transfer of deep high ground stress. A shallow supporting  
shell, a ‘flexible layer’ and a deep strengthening shell compose the discontinuous  
‘double shell’ support. 
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Because the discontinuous ‘double shell’ support is very difficult to carry out on-site, 
we constructed the generalised discontinuous ‘double shell’ support of “U-shaped steel 
on a whole section (shallow shell) + flexible backing plate (flexible layer) + bolt + 
steel-mesh + cable + middle-deep grouting (deep shell)”. 

Considering roadways with surrounding rock of large failure depth, dense joint 
surface or massive fractures, the roadways mechanical strength of crushing and plastic 
zone can be significantly increased by applying a discontinuous ‘double shell’  
and a generalised discontinuous ‘double shell’ support, thus effectively controlling  
the deformation of roadways. The discontinuous ‘double shell’ support is illustrated  
in Figure 3. 

Figure 3 The layout of discontinuous ‘double shell’ support 

 

4 Similar material simulation tests 

4.1 Experimental scheme and procedures 

In order to research the bearing capacity of the ‘double shell’ support system, a CM60/10 
plane strain test-bed composed of steel plates and organic glass was designed.  
The internal net area was 400 × 400 mm, the outer contour was 600 × 600 × 
 100 mm (length × height × thickness), and a round hole of ϕ100 mm was drawn out on 
the organic glass for excavating the roadway. 

Three groups of experiments were conducted for comparison with a geometrical scale 
of 1 : 50. There was no support for surrounding rock in the first group; continuous 
‘double shell’ support (with a grouting depth of 80 mm) was applied in the second group; 
and discontinuous ‘double shell’ support (shallow grouting for 40 mm and deep grouting 
for 40 mm between a 10 mm flexible layer without grouting) was adopted for the third 
group. For each roadway, 4 measurement points with intervals of 30 mm were set and 
numbered as point 1, 2, 3, and 4 according to their increasing distance from the roadway 
(Figure 4). 
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Figure 4 The test-bed of plane strain (see online version for colours) 

 

The plane strain test-bed was positioned on SAS-2000 Electrohydraulic Servo Rock 
Triaxial Test Machine for loading (Figure 5). To begin with, prestress load of 4 KN was 
applied to ensure the upper and lower pressure heads sufficiently came into contact with 
the test-bed. Then load was applied at 0.005 MPa/s to reach the steady pressure of similar 
initial ground stress, with a pressure of 0.13 MPa. Afterwards, the roadway was 
excavated using electric drills and the hole was 100 mm in diameter. Then load was 
applied step by step at the fixed speed of 0.005 MPa/s, with an interval of 0.1 MPa until 
the roadway was completely damaged. Based on vertical stress of different measurement 
points, the stress curves were drawn to analyse the stress distribution of different 
supports. The vertical stress of roadway sides is illustrated in Figures 6–8. 

Figure 5 The loading of CM60/10 plane strain test-bed (see online version for colours) 
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Figure 6 The vertical stress of roadway sides for no support (see online version for colours) 

 

Figure 7 The vertical stress of roadway sides for single shell support (see online version  
for colours) 

 

Figure 8 The vertical stress of roadway sides for double shell support (see online version  
for colours) 

 

4.2 Experimental result analysis 

The comparison of supporting effects of the three support schemes was demonstrated  
in Table 1. 

Compared with the roadway without support, the bearing capacities with ‘single 
shell’ support and ‘double shell’ support increased by 20.5% and 24.1% respectively.  
The stress changing trend with ‘double shell’ support of grouting reinforcement was 
significantly different from that of ‘single shell’ support. Regarding the vertical stress, 
with the grouting effect, the bearing capacity of shallow shell increased and its resistance 
for deformation and damage of surrounding rock enhanced. The pressure in shallow 
surrounding rock was stably increased in loading. There was no large bearing capacity 
reduction. It indicated that the shallow shell was effective in resisting the surrounding 
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rock stress. Additionally, as the flexible layer between the shallow shell and the deep 
shell was not grouted, it was always in a low pressure area and transformed shallow stress 
to deep rock. The experiments proved that ‘double shell’ support effectively bore stress 
concentration, and therefore ensured the stabilisation of the roadway. 

Table 1 The contrast effect of three supports 

Damaged 
characteristics 

Support forms Contrast of supporting effect 

Bared 
roadway 

Single 
shell 

support 

Double 
shell 

support 

Single shell 
support/bared 

roadway 

Double shell 
support/bared 

roadway 

Double shell 
support/single 
shell support 

/MPa /MPa /MPa /% /% /% 

Appeared rid 
spalling 

0.33 0.43 0.53 30.3 60.6 23.3 

Serious rid 
spalling 

0.40 0.73 0.83 82.5 107.5 13.7 

Overall 
instability 

0.83 1.0 1.03 20.5 24.1 3.0 

The vertical stress of roadway sides showed that the shallow stress was larger than the 
deep one for roadway with ‘single shell’ support with a low load. As the load increased, 
there was distinct pressure relief on the shallow surrounding rock, then the measured 
pressures of three deep points increased gradually with gradient loading, and finally the 
deep surrounding rock bore most of the load. 

In contrast, the stress variation with ‘double shell’ support was obviously different 
from that of ‘single shell’ support. The bearing capacity of shallow shell didn’t reduce, 
and the stress of deep surrounding rock was high as well. Meanwhile, the area between 
the shallow shell and the deep shell always sustained low pressure, which indicated that 
the flexible layer shifted the stress of the shallow surrounding rock. 

5 Optimisation of ‘double shell’ support schemes in deep roadways 

At present, the support schemes in deep roadways in China were mostly designed by 
referring to the support of shallow roadways, which revealed a certain degree of 
blindness. Because the ground stress of deep roadways was usually higher and the 
support strength of shallow roadways was not fit for such high ground stress, a higher 
requirement was needed for the support schemes in deep roadways. The exiting Standard 
for engineering classification of rock masses (National Standard of the People’s Republic 
of China (1994) GB 50218-94) divided the surrounding rock into five grades according to 
the qualitative attribute and indexes of rock mass basic quality (BQ). With a mining 
depth of 600–800 m, the surrounding rock of grade I and grade II was stable, so the 
traditional support schemes could meet the requirements. For the developed structural 
face of grade III and grade IV surrounding rock and seam roadway at the same depth, the 
roadway was instable and showed caving, rid spalling or floor heaving. In this condition, 
the ‘single shell’ support scheme could control the deformation of roadways. Since the 
rock of grade V with a depth of 600–800 m was seriously crushed, continuous ‘double 
shell’ or discontinuous ‘double shell’ support should be used. When the mining depth 
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was deeper than 800 m, the surrounding rock of grade I, II and III was relatively 
complete. ‘Single shell’ support with different grouting depths could be applied to 
maintain the stability of roadway. The serious deformation of surrounding rock of  
grade IV and V and seam roadway almost led to fractured or loose surrounding rock,  
so the continuous ‘double shell’ or discontinuous ‘double shell’ were needed to control 
the surrounding rock. 

Based on the ‘double shell’ support theory and some engineering practices of ‘double 
shell’ support, the table of optimisation of ‘double shell’ support schemes in deep 
roadways was designed with the rock grade and mining depth as the indexes, as shown in 
Table 2. 

Table 2 The optimisation table of ‘double shell’ support schemes in deep roadways 

Surrounding 
rock grade 

Mining depth of roadway 
600–800 m ≥800 m 

I Bolt + steel-mesh + cable  
+ shotcreteing 

‘Single shell’ support (bolt + steel-
mesh + cable + shotcreteing + shallow 
grouting) 

II Bolt + bar ladder-beam + steel-
mesh + cable + shotcreteing 

‘Single shell’ support (bolt + bar ladder-
beam + steel-
mesh + cable + shotcreteing + shallow 
grouting) 

III ‘Single shell’ support (bolt + steel-
mesh + cable + shotcreteing + shallow 
grouting) 

‘Single shell’ support (bolt + bar ladder-
beam + steel-mesh + cable + shotcreteing 
+middle-deep grouting) 

IV ‘Single shell’ support (bolt + steel-
mesh + cable + shotcreteing +  
middle-deep grouting) 

Scheme 1: ‘single shell’ support (bolt + bar 
ladder-beam + steel-mesh + cable + 
shotcreteing + deep grouting once) 
Scheme 2: continuous ‘double shell’ 
support (bolt + bar ladder-beam + steel-
mesh + cable + shotcreteing + shallow and 
deep grouting twice) 

V Scheme 1: continuous ‘double shell’ 
support (bolt + bar ladder-beam  
+ steel-mesh + cable + shotcreteing 
 + shallow and deep grouting) 
Scheme 2: discontinuous ‘double 
shell’ support (whole section  
U-shaped steel + flexible backing 
plate + bolt + steel-mesh 
 + cable + shotcreteing 
+ middle-deep grouting) 

Scheme 1: U-shaped steel +continuous 
‘double shell’ support (bolt + steel-
mesh + cable + shotcreteing + shallow and 
deep grouting) 
Scheme 2: discontinuous ‘double shell’ 
(whole section U-shaped steel + flexible 
backing plate + bolt + steel-
mesh + cable + shotcreteing + deep 
grouting) 

Hard coal ‘Single shell’ support 
(bolt + beam + steel-
mesh + shotcreteing + shallow 
grouting) 

Continuous ‘double shell’ support 
(bolt + bar ladder-beam + steel-
mesh + shotcreteing + shallow and deep 
grouting) 

Soft coal ‘Single shell’ support (bolt + bar 
ladder-beam + steel-
mesh + shotcreteing + 
 middle-deep grouting) 

I-beam or U-shaped steel + continuous 
‘double shell’ support (bolt + bar ladder-
beam + steel-mesh + shotcreteing + shallow 
and deep grouting) 
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The instruction of support parameters of ‘double shell’: 

1 Bolt: The prestress of bolts is about 30–50% of the yield load. The commonly used 
bolt is generally 20–25 mm in diameter and 2.2–2.4 m in length. For the roadway of 
nearly flat seam, the corner bolt of roof has to be arranged with a maximum angle 
not larger than 10 degree considering the construction requirement. The row and line 
space of bolts usually ranges from 0.6 m to 1.0 m. The bolt must combine with  
W-strap or steel-bar ladder beam. 

2 Cable: The prestress is about 40–70% of the tensile failure load of cable. The length 
of cable has to match with its prestress and the longer the cable, the larger amount of 
prestress is needed. The cable of 17.8–22 mm in diameter should be used. 

3 Grouting material: Cement grout and sodium silicate are mainly applied in grouting 
engineering. When such materials cannot meet the engineering requirements,  
poly-resin and other chemical pulps can be used. For rock roadways, ordinary 
portland cement is usually used, mixed with some additives for expansion effect.  
For seam roadways, poly-resin and other chemical pulps are usually used. Moreover, 
water-prevention additives can be adopted according to the water inflow. 

4 Shallow ‘single shell’ support: The range of grouting reinforcement generally about 
3 m under the grouting pressure between 2–3 MPa. The interval of grouting holes is 
determined by the diffusion radius of grout, which is generally in the range of 2–5 m. 

5 Middle-deep ‘single shell’ support: The range of grouting reinforcement is generally 
from 3 m to 5 m under a grouting pressure of 3–4 MPa. 

6 Continuous ‘double shell’ support: The range of grouting reinforcement generally 
varies in the range of 4–8 m and the grouting pressure of shallow supporting shell is 
from 3 MPa to 5 MPa until leaking. The grouting should be delayed a period of time 
until the surrounding rock with the primary support occurred a certain deformation. 
The grouting pressure of deep strengthening shell ranges from 7 MPa to 10 MPa and 
the grouting is performed about one week after the shallow shell is finished. 

7 Discontinuous ‘double shell’ support: The range of grouting reinforcement is from 
4 m to 10 m. The grouting pressure of shallow supporting shell varies from 3 MPa to 
5 MPa, while that of a deep strengthening shell is from 5 MPa to 7 MPa. For the 
generalised discontinuous ‘double shell’, a wooden board or high molecular 
polyethylene board and other materials can be used as a ‘flexible layer’. 

8 Seam roadway: The grouting pressure range is from 2 MPa to 5 MPa. 

6 Engineering practice 

6.1 Overview of the project 

Xiandewang Coal Mine is located in the southwest of Xingtai City, China. The central 
pump chamber and other connected roadways were 639 m in depth. They were between 
7# seam and Daqing limestone and passed through rock formations which were  
mainly black siltstone and silty mudstone. Those rock formations were brittle, fragile, 
fracture-vulnerable, and showed low strength. The roof of chamber transferred from 7# 



   

 

   

   
 

   

   

 

   

    ‘Double shell’ control and support classification in deep roadways 333    
 

    
 
 

   

   
 

   

   

 

   

       
 

seam to silty mudstone in the direction from power substation to pump chamber. The 
bedding and joint plane were extremely developed. Besides, the pump chamber and 
connected roadways were effected by the F30 fault (with a fall of 10 m, an inclination of 
290°, and a dip angle of 52°), F31 fault (with a fall of 40 m, an inclination of 260°, and a 
dip angle of 75°) and other small faults. 

6.2 ‘Double shell’ support scheme 

According to the characteristics of the surrounding rock around water pump chamber and 
the other connected roadways, the surrounding rock belonged to graded IV. Based on the 
mining depth and by referring to the table of optimisation of ‘double shell’ support 
schemes in deep roadways, the ‘single shell’ support (bolt + bar ladder-beam + 
steel-mesh + cable + shotcreteing + middle-deep grouting) was suitable for it. Finally the 
‘single shell’ support (bolt + steel-mesh + cable + shotcreteing + middle-deep grouting) 
was decided on the practical engineering geologic conditions. The sectional drawing of 
water pump chamber’s roadway support is shown in Figure 8. The section was designed 
as straight wall with a semicircular arch. The excavated section (the width of 
roadway × the height of roadway) was 5840 × 5420 mm and the net section was  
5600 × 5300 mm. 

The support materials and parameters were designed as follows: 

1 Bolt: High strength screw steel bolt of φ22 × 2400 mm was used. The bolt interval is 
demonstrated in Figure 9. The arch interval was 605 mm, wall was 600 mm and row 
spacing was 700 mm. Every bolt was anchored by two Z2360 resin rolls and 
tightened by standard nut. 

2 Cable: Steel strand of φ17.8 × 9000 mm was used, and the interval and row spacing 
was displayed in Figure 9. Every cable was tightened by four Z2360 resin rolls. The 
floor was anchored by three cables of φ17.8 × 9000 mm to prevent floor heaving. 
The cable hole was 80 mm in diameter, as demonstrated in Figure 10. 

3 Plate: Cast steel plate of bolt was φ120 mm. The cable was equipped with a wooden 
and an iron plate (250 × 250 mm). 

4 Shotcrete: The first jet concrete was 30 mm in thickness and the second one was 
90 mm. The strength of the concrete met the requirement of C20. 

5 Middle-deep grouting: The grout hole was 2.4 m in depth, 50 mm in diameter with 
an interval of 2.1 m. The grouting material was ordinary Portland cement. The water 
cement ratio was 1 : 1.3 and the grouting pressure was 4 MPa. Deep grouting in the 
floor was adopted in the range of 9 m, with a high pressure of 7 MPa. 

After applying the ‘double shell’ support scheme, the surrounding rock deformation 
monitor was carried out on two stations to observe the deformation of sides, roof and 
floor of roadways. The deformation conditions are displayed in Figure 11. The 
convergence monitoring of roadways illustrated that the deformation stabilised on the 
42nd day. The deformation of roadway sides ranged from 27 mm to 56 mm. The roof 
convergence was in the range of 35–72 mm. The magnitude of floor heave varied from  
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42 mm to 86 mm. According to Code for design of road tunnel (Industry Standard of the 
People’s Republic of China JTG D70-2004), when the mining depth was deeper than 
300 m, a surrounding rock of grade IV, the permissible relative horizontal convergence 
was about 0.80–2.00% and the roof convergence was 0.5–1.0 times of that. At present, 
there was no unified standard to control the floor heave in China. Generally speaking, if 
the floor heave did not affect transport, there was no need to take measures. It was 
calculated that the relative horizontal convergence was about 0.50–1.00%, the roof 
convergence was about 0.7–0.8 times of that and the floor heave did not affect transport 
after applying ‘double shell’ support. All of them were controlled within an allowable 
deformation range. The supporting effect was shown as Figure 12. 

Figure 9 The sectional drawing of water pump chamber’s roadway support 

 

Figure 10 The layout of the position and the row spacing of cable in the floor 
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Figure 11 Surface displacement of surrounding rock (see online version for colours) 

 

Figure 12 The contrast diagram of supporting effect (see online version for colours) 

 

7 Conclusions 

1 Considering the deformation and destruction characteristics of deep roadways, we 
proposed the ‘single shell’, continuous ‘double shell’ and discontinuous ‘double 
shell’ support concepts and techniques. Based on the newly proposed concepts,  
we designed the support shells, which were composed of deep and shallow grouting 
and bolt (or cable), to correspond to the mechanical actions of surrounding rock.  
We also summarised the action mechanisms and the applicable engineering geologic 
condition for each of the three support systems. 

2 Based on the ‘double shell’ support theory in combination with the ‘double shell’ 
engineering practices, we classified the support schemes corresponding to different 
types of roadways. ‘Double shell’ support schemes are applicable in middle-deep 
roadways. Moreover, through consideration of the grades of surrounding rock and 
the mining depth of roadways as indices, we developed the table of optimisation of 
‘double shell’ support schemes in deep roadways and defined the concrete 
parameters for the ‘double shell’ support systems. 
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3 In terms of field engineering, the support schemes can be created directly by 
referring to the table of optimisation of ‘double shell’ support schemes .It is easy and 
convenient to use the parameters corresponding to the condition of surrounding rock 
and deep roadways. 

4 The case study of the water pump chamber of Xiandewang Coal Mine and the 
connected roadways by applying the table of optimisation of the ‘double shell’ 
support schemes verified the practicality and reliability of the ‘double shell’ support 
schemes of deep roadways. 
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Abstract: Modern mining companies are complex organisations as per their 
organisational, management and operational structure. They also operate in a 
complex business and operational environment facing significant uncertainties 
related to natural, technical, technological, market, organisational, economic, 
financial, political, etc., influential factors affecting their business, management 
and operations. Traditional approaches in strategic planning, asset management 
and decision-making in the mining industry have been unable to adequately 
grasp and address this complexity. This paper proposes a new approach in the 
strategic planning and asset management for mining enterprises by analysing 
them as complex adaptive systems (CAS). The methods of the complexity 
science may help to better comprehend the complex environment of mining 
organisations providing more realistic understandings upon it. Thus, we 
consider that they may be useful in designing an enhanced strategic asset 
management decision-making framework. The benefits, challenges, as well as 
recommended future research works and applications in mining are also 
discussed. 
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1 Introduction 

Globalisation and increased competition are keywords used to describe the market 
development worldwide. This context also applies quite well to the mining industry. The 
ability of mining enterprises to develop and implement innovative concepts in both 
strategic planning and asset management will be decisive to meet the progressive 
demands on competitiveness, and to ensure their sustainable operation and development. 
The organisational strategic planning is described as an overall long-term plan for an 
organisation that is derived from, and embodies, its vision, mission, values, business 
policies, stakeholders’ requirements, objectives and risk management (BSi, 2008). 
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Asset management is defined as an ensemble of systematic and coordinated actions 
and practices through which an organisation optimally and sustainably manages its assets 
and asset systems, as well as their associated performance, risks and expenditures over 
their life cycles for the purpose of achieving its organisational strategic plan (BSi, 2008, 
2009). This definition is rather generic and applies to any type and any size of 
organisation, including mining companies. 

The same standard provides the definition of an asset as plant, machinery, property, 
buildings, vehicles and other items that have a distinct value to the organisation. In this 
context, orebodies exploited by mining companies should also be considered as their 
assets. 

The newly published International Standard on AsM ISO55000 defines asset 
management as “a coordinated activity of an organisation to realise value from assets” 
(ISO55000, 2014).  

The essential element of a good asset management system is the clear connectivity 
between the organisation’s strategic plan and the daily activities of each department 
(planning, engineering, procurement, operations, maintenance, performance management, 
etc.) (The Institute of Asset Management, 2012; BSi, 2008; ISO55000, 2014). 

Usual industry-wide asset management systems focus on traditional facilities such as 
factories, assembly lines, etc. that have a more or less controlled and stable operational 
environment. Mines are different. The experience in the mining industry has often shown 
that what works at one mining site does not always work well at another one owing to 
local conditions, culture and available resources which can substantially vary from site to 
site (Carter, 2015). Moreover, most of the main mining equipment is mobile. Such a 
context adds to further complexity in mining operations. 

Mining enterprises also operate in a business, natural, technical, technological, 
organisational, regulatory, legal, political, financial and market environment (hereafter 
called business and operational environment), which is complex and characterised by 
significant intrinsic uncertainties (Komljenovic, 2007). 

Additionally, modern mining companies conduct their operations and business in the 
contemporary world which is tightly connected at numerous levels and in different ways 
(e.g., communications and IT, markets, finances, transportation, etc.). These are quite 
favourable to normal business, but may reveal damaging effects in cases of major 
perturbations. In fact, the mining industry is rather sensitive to various extreme and rare 
events (natural and human-made).1 Meanwhile, there is not much research in this field 
that helps understanding their impact on the strategic planning and asset management in 
the mining sector.  

Furthermore, mining companies are themselves complex by their organisational, 
management and operational structure (particularly the larger ones), which also adds to 
the overall complexity and uncertainties. Hence, the modern world is complex, and 
mining companies operate in a complex business and operational environment which is 
predominantly dynamic, and rarely entirely foreseeable. Those web-like complex 
structures and organisations of interdependent constituent elements continually adapt to 
their constantly changing environment. 

Thus, issues and challenges in the mining industry are complex and 
multidimensional. They have emergent and often unpredictable behaviour. Anticipating 
and assessing the latter requires extensive knowledge from multiple disciplines in 
engineering and beyond while managing a wide range of risks and uncertainties. 
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Handling the issues discussed above has recently shown to be inefficient while using 
traditional approaches (Makridakis and Taleb, 2009a, 2009b). Advices and input from 
technical experts, strategic planners or knowledgeable managers may be insufficient or 
too narrowly focussed to adequately manage the complexity of systems and structures in 
a constantly changing and barely predictable environment (Glouberman and Zimmerman, 
2002). It is generally owing to a lack of knowledge regarding the type and the range of 
uncertainties, the nature and the intensity of interconnections between the constituent 
parts of the systems, the level of their complexity, as well as human’s low ability to 
predict future events and their characteristics. It should be highlighted that these concerns 
are similar in other industries (Allen et al., 2011). 

Most mining organisations deal with these issues by using various models and tools 
that help decrease uncertainties and risks in their decision-making process to increase 
their overall effectiveness. They are often based on traditional methods that have limits in 
adequately treating the above-mentioned complexities and uncertainties. As a result, 
mining companies sometimes suffer from low efficiency, and are vulnerable to 
occasional major perturbations. It appears that the complexity of business and operational 
environment in the mining industry sometimes overwhelms the ability of mining 
companies to efficiently analyse and manage such increasingly difficult issues. 

Consequently, there is a need for some alternative and enhanced methods and tools to 
comprehensively understand and model the complex business and operational 
environment in mining. The former may help define more efficient means of organising 
and managing mining enterprises. This way, mining enterprises can improve their overall 
effectiveness, enabling a sound management and sustainable development. 

We consider that in such a context, mining enterprises should be considered as 
complex adaptive systems (CASs). The methods and tools of complexity science (theory) 
are recommended in those circumstances to better understand their behaviour and to 
design appropriate management policies (OECD, 2009, 2011; Farmer, 2012). This is also 
discussed and recognised by Smith et al. (2010). The definition and characteristics of 
both the CAS and complexity science will be addressed below. 

This paper aims at proposing an enhanced and complementary approach for a 
strategic planning and asset management decision-making framework for mining 
companies by considering them as CAS. 

Section 2 introduces the concept of complexity science (theory). It also includes a 
high level description of complex (adaptive) systems and their characteristics. Section 3 
presents a literature review upon the analysed topic, and Section 4 proposes a global 
model of strategic planning and asset management in mining in the context of business 
and operational complexity. Section 5 discusses the benefits, and impending challenges 
of applying this concept in the mining industry. It also highlights some future research 
works in this field.  

2 Overview of the complexity science and CASs 

A new interdisciplinary field called complexity science has emerged and evolved over the 
last few decades. It seeks to understand, predict and influence behaviours of complex 
systems (Chan, 2001; Farmer, 2012; Blouin, 2013; OECD, 2009; Rickards, 2009). In this 
movement, the Santa Fe Institute was created in the early 1980s aiming at discovering, 
comprehending and communicating common fundamental principles in complex 



   

 

   

   
 

   

   

 

   

   342 D. Komljenovic et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

physical, computational, biological and social systems (Santa Fe, 2015). This discipline 
deals with issues that traditional science has previously had difficulty addressing,  
such as nonlinearity and discontinuities, self-organisation, emergence as well as 
aggregated macroscopic patterns rather than causal microscopic events, probabilistic 
rather than deterministic outcomes and predictions and changes instead of equilibrium 
(OECD, 2009). 

There is no commonly agreed definition of complexity science. For example, the 
University of Southampton and its Centre of Complexity Science Focus suggested a 
definition which may be reasonably acceptable:  

“Complexity science is the scientific study of complex systems, systems with 
many parts that interact to produce global behaviour that cannot easily be 
explained in terms of interactions between the individual constituent elements.” 
(Complexity Science Focus, 2015) 

Ramalingam and Jones (2008) explain that complexity science is not a single theory – it 
encompasses more than one theoretical frameworks and is highly interdisciplinary, 
seeking the answers to some fundamental questions about living, adaptable and 
changeable systems. 

Another document produced by the European Commission states that complexity 
science is merely the science at its limits (European Commission, 2007). 

The CASs are dynamic systems able to adapt in and evolve with a changing 
environment. They exhibit coherence under change, via conditional action and 
anticipation, and they do so without a strong central direction. CASs are self-organising, 
evolving, dynamic, rarely predictable and not proportional nor additive. It is important to 
recognise that there is no exact separation between a complex system and its environment 
(Chan, 2001; NISAC, 2015; Current, 2000). In fact, the complexity may only arise in the 
context of a system. 

Some basic characteristics of complex (adaptive) systems are listed below (Alderson 
and Doyle, 2009; Blouin, 2013; Carrillo, 2011; Farmer, 2012; Goldstein, 2008;  
Homer-Dixon, 2011; NISAC, 2015; Ramalingam and Jones, 2008; OECD, 2009, 2011; 
Current, 2000). Some theoretical background has been defined in the late 1980s  
(Bak et al., 1987) where the authors numerically demonstrate that dynamical systems 
with extended spatial degrees of freedom naturally evolve into self-organised critical 
structures characterised by barely stable states. Other characteristics of CASs include the 
following: 

• Adaptability and feedbacks (feedback loops) allow systems to evolve, i.e., to 
promote and/or inhibit changes within the systems. In this context, the boundaries of 
a complex system are rather irrelevant given numerous interconnections between 
both its environment and internal components. Example: A large company is a 
highly complex system, with individuals and organisations interacting on social, 
political, economic and physical levels, constantly changing and adjusting to one 
another. 

• Emergence: Where unexpected system characteristics and behaviours may emerge 
from simple rules of interactions (system-level patterns are not easily identified by 
examining the system’s individual constituents). 

• Attractors: Some complex systems spontaneously and consistently mutate to 
recognisable dynamic states known as attractors. While they might, theoretically, be 
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capable to exhibit a vast variety of states, they mostly exhibit the constrained 
attractor states. An attractor is a recognisable dynamic state of a system that may 
continuously reappear. Example: the rules, norms and culture of an organisation are 
attractors which define its functioning and possible states. Complex systems have an 
extreme sensitivity to their initial conditions. Even minor differences in initial 
conditions may lead to a completely different evolution of events when those 
systems are involved. 

• Self-organised criticality and self-organisation: A complex system may possess a 
self-organising attractor state that has an inherent potential for abrupt transitions of a 
wide range of intensities. At a system level, it means the autonomous adaptation to 
changing conditions as a result of the adaptability of the individual components. 
Experience has shown that complex systems can be influenced, but cannot be 
directly controlled. Example: financial markets, commodity prices, etc. 

• Chaos or edge of chaos: One of the first known features of complex systems was 
chaotic dynamics, characterised by extreme sensitivity to initial conditions. Chaotic 
systems are not entirely predictable. They show order owing to an underlying 
attractor. A system can be predictable and stable on one time scale, and 
complex/chaotic on another.  

• Nonlinearity: Complex systems usually exhibit nonlinear dependence of external and 
internal influential factors. This characteristic basically means that changes in one 
property or component may have a disproportionately large or small effect on 
another property or component. Prediction in such a system requires sophisticated 
probabilistic algorithms.  

• Phase transitions: The behaviour of complex systems changes suddenly and 
dramatically (and, often, irreversibly) when a ‘tipping point’, or phase transition 
point, is reached. 

• Power laws: Complex systems are often characterised by probability distributions 
that are best described by a particular type of slowly decreasing mathematical 
function known as a power law (i.e., fat tail distributions). 

EPRI (2004) defines eight characteristics of technical and organisational CAS that go 
well along with the features presented above: 

• the system includes several functional, operational and management layers 

• the technologies employed are multistage, multicomponent, heterogeneous and 
distributed 

• the system comprises a combination of dynamic, interactive and nonlinear entities 

• the behaviour is influenced by uncertain cause-and-effect relationships and 
unscheduled discontinuities (for example, failures) 

• the system is vulnerable to attacks and local disturbances with the risk of potentially 
rapidly propagating (almost instantaneous) cascading effects, leading to widespread 
system failures 

• many independent points of interaction exist 
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• the number of interactions increases much faster than the number of participants 

• the system behaviour is too complex to enable centralised real-time control.  

CAS may function at various time scales (from seconds to years or decades), and at 
multiple spatial scales (from less than 1 mm to several kilometres or more). 

Orrell and McSharry (2009) state that complex systems cannot be reduced to simple 
mathematical laws to be modelled properly. This statement is supported by Farmer 
(2012) and Aven (2014). 

Complexity science (or complexity theory) has known as an application growth in 
recent years in almost all domains of human activities. Those applications also include 
the strategic management of complex organisations (Alderson and Doyle, 2009; Blouin, 
2013; Carrillo, 2011; DeRosa et al., 2008; Abbott, 2007; EPRI, 2004; Current, 2000; 
Farmer, 2012; Santa Fe, 2015; Gaha, 2012; Goldstein, 2008; Glouberman and 
Zimmerman, 2002; European Commission, 2007; Gershenson, 2013; Grobbelaar and 
Ulieru, 2007; Maldonado and Gómez Cruz, 2012; Lewin et al., 1998; Homer-Dixon, 
2011; Hu et al., 2008; Smaldino and Schank, 2012; Kemper, 2012; Kremers, 2012; 
Mandelbrot and Taleb, 2006; NISAC, 2015; Meyer, 1998; OECD, 2009, 2011; Samet, 
2011; Ulieru and Doursat, 2011; Graça, 2012).  

The complexity science helps reframing our views of complex (adaptive) systems 
which are only partially understood by traditional modelling techniques. Thus, it offers an 
alternative and complementary view of the real world.  

To perform analyses in this field, several methods and tools drawn from the 
complexity science have been developed and used such as agent-based or multi-agent-
based models, and network analyses. Additional complexity-related techniques are also 
employed, although their use is not unique to complexity science: data mining, scenario 
modelling, sensitivity analysis, dynamical systems modelling, artificial intelligence and 
analytic deliberative decision making process (OECD, 2009, 2011; EPRI, 2004; Farmer, 
2012; Gaha, 2012; Kremers, 2012; NISAC, 2015; Elliott, 2010). 

Considering the characteristics discussed above, and taking into account the 
complexity of both modern mining organisations and their business and operational 
environment, we can reasonably consider them as CAS. Consequently, we strongly 
believe that the strategic planning and asset management in the mining industry may be 
enhanced through methods and tools rooting in complexity science.  

3 Literature review 

Research works in the fields of strategic planning, impact of uncertainties, optimisation 
and asset management in mining using innovative approaches have been performed by 
several authors. Some key contributions are discussed below. 

McGill University’s research centre COSMO is devoted to develop new frameworks 
for orebody modelling and strategic mine planning based on stochastic models and 
optimisation. This research program focuses on exploring a key element of sustainable 
mineral resource development, namely a new risk-based framework for holistic mine 
planning, design and production scheduling founded upon stochastic optimisation and 
modelling (COSMO, 2015). 

Dehghani et al. (2014) analyse simultaneously the uncertainty of both metal price and 
operating costs as the most important parameters in mine economic uncertainty. For this 
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purpose, they use a pyramid technique method based on the multidimensional binomial 
tree method. The authors state that this technique enables evaluating the mining projects 
under the situation of multi-uncertainties. A case study is carried out and achieved results 
are compared with other methods such as binomial tree. The authors conclude that when 
uncertainties are studied with the pyramid method, the evaluation of the mine suggests a 
more reliable net present value (NPV). 

Salama et al. (2013) performed research works using a combination of discrete event 
simulation and mixed integer programming as a tool to improve decision-making in the 
process of generating and optimising mine plans. 

Dehghani and Ataee-pour (2013) analyse the effects of economic uncertainties on 
mining project evaluation using the real option valuation (ROV). They used the 
discounted cash flow and ROV methods to compute the NPV of a copper mine under 
uncertainties regarding operating costs and metal price. 

The same authors (Dehghani and Ataee-pour, 2012) consider mining projects as 
complex businesses that demand a constant risk assessment. This is owing to various 
uncertainties that influence the value of a mining project. The authors classify those 
uncertainties as exploration, economic and engineering uncertainties. They state that the 
evaluation of a mining project under these uncertainties is difficult and may sometimes 
lead to make a wrong decision by managers and stockholders. 

This research uses the binomial tree technique to compute the NPV of a copper mine 
under three scenarios. The authors conclude that the mine evaluation suggests greater 
NPV when uncertainty is considered for both price and operating costs. 

Topal and Ramazan (2012) present a network linear programming (LP) model to 
efficiently optimise strategic planning and production scheduling by maximising the 
NPV. The model is applied to optimise the strategic schedule over a 50-year life span for 
a large mining district in Western Australia, a region of the world that operates many 
mines and plants on its territory. 

Evatt et al. (2012) present a methodology that enables to consider a modifying factor 
of price uncertainty to be included within such a reserve estimate. The paper proposes an 
efficient and general methodology which can quantify the effect of price uncertainty 
within reserve estimates, providing both the expected reserve size and the associated 
distribution. 

Abdel Sabour and Poulin (2010) investigate on how to deal with uncertainty when 
analysing mine expansion decisions. The decision to go forward with a mine expansion 
proposal can represent a challenge to decision-makers who have to fully take into account 
uncertainties and risks. The authors show how ignoring uncertainties in the conventional 
financial analysis can affect the expansion decision. 

Azapagic and Perdan (2010) propose an integrated approach to managing corporate 
sustainability along whole supply chains. The application of the approach is illustrated by 
a real case study of a company in the mining and minerals sector. The paper aims to 
contribute towards a more systematic and structured incorporation of sustainability 
thinking into corporate practice, as well as providing some practical guidance to 
companies in their efforts to become more sustainable. 

Ben-Awuah et al. (2010) develop a discrete-event simulation model to link long-term 
predictive mine plans with short-term production schedules in the presence of 
uncertainty. They present a discrete-event simulation model for open pit production 
scheduling using the SLAM simulation language. 
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Komljenovic (2007) proposes a holistic risk-informed, performance-based asset 
management in mining. This approach is intended to maximise both NPV of the mine and 
long-term profitability through a continuous support of the decision-making process.  

Considering that the strategic planning and asset management are continuous and 
long-term activities and the commitments of a mining company, forecasting both the 
trends and the behaviour of all relevant influential factors of their business and 
operational environment is vital. The literature review below highlights limitations of 
prediction approaches that should be taken into account. It also discusses how those 
limitations could affect both the strategic planning and asset management, as well as the 
overall performance of the enterprises. 

There is growing empirical evidence which shows that accurate forecasting in the 
economic and business world is quite challenging. Practically all economic and business 
activities in the mining sector and other industries are exposed to events that are basically 
unpredictable. Some examples can illustrate our inability to foresee major crises or 
changes: recent substantial variations in commodity prices (e.g., coal, iron ore, oil, 
copper, gold), the subprime and credit crunch crises, major market crashes (1987, 
2008/2009), the collapse of Lehman Brothers, Enron, WorldCom, LTCM and Amaranth, 
etc. (Makridakis et al., 2009; Taleb, 2010; Triana, 2009; Hand, 2014; Orrell and 
McSharry, 2009; Kreye et al., 2012). All those events had or may have a significant 
impact on the overall performance of the mining sector and other organisations since they 
usually produce cascading effects in the whole market. 

Robert Shiller, the 2013 Nobel Prize Laureate in Economic Sciences, considers that 
the models used in economic science are more vulnerable than those applied in physics or 
engineering, given that their validity cannot be entirely determined owing to various 
approximations and assumptions (Shiller, 2013). Furthermore, these models should also 
characterise and model human behaviours. The accurate modelling of the latter is quite 
challenging, and almost impossible owing to its complexity. Additionally, numerous 
authors are of the opinion that it is wrong to consider that human decision-making is 
always rational (Kahneman, 2012; Rickards, 2009; Schiller, 2013; Taleb, 2010; Triana, 
2009). This situation may lead to various cognitive and motivational biases in the 
decision-making process that could negatively affect the desired outcome (Montibeller 
and Winterfeldt, 2015). 

The experience has shown that most of the time prediction models fit past data well, 
but are not so good to foresee future events and their trends. It is particularly true in the 
case of complex (adaptive) systems (Makridakis et al., 2009; Makridakis and Taleb, 
2009a; Taleb, 2010; Goodwin and Wright, 2010). Orrell and McSharry (2009) suggest 
that we could improve forecasting models by integrating information from disparate 
sources.  

In addition, the society and the business sector continue to face extreme, rare and 
often disruptive events (natural and human-made) that are completely unexpected, and 
sometimes even outside the realm of our imagination (Hand, 2014; Taleb, 2010; OECD, 
2011; Aven, 2013). These events are labelled as ‘Black Swans’2 by Taleb (2010). Their 
occurrences often yield undesirable cascading effects that are very challenging to deal 
with. Several authors consider that they should be seriously taken into consideration in 
engineering and business analyses (Aven, 2014, 2013; Muller, 2010; OECD, 2011).  
H.G. Muller states: “Decision makers in both the public and private sectors, as well as 
analysts, engineers, and scientists must understand that it is no longer acceptable  
to consider rare events as external to their design, analysis, and operating plans” 
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(Muller, 2010). Some researchers use the term ‘Wildcard’ for those events in asset 
management and business planning (Markmann et al., 2013; Mendonça et al., 2009). 

Several authors strongly recommend the complexity science (theory) and its various 
modelling techniques as one of the potential and promising means for coping with the 
complexity of systems and uncertainties (Farmer, 2012; Hazy et al., 2007; OECD, 2009, 
2011; Blouin, 2013; Homer-Dixon, 2011; Ramalingam and Jones, 2008; Samet, 2011; 
Ulieru and Doursat, 2011).  

4 Global model of strategic planning and asset management in mining  
in the context of complexity 

Strategic planning and asset management in mining are made up of a set of interacting 
and interdependent activities and constituent elements in a multilevel structure. Despite 
valuable research works in this area, there are still opportunities to further expand them. 
We believe that new concepts and approaches should take into account more 
systematically the overall complexity of the mining business and operating environment. 
One of the means consists in considering mining organisations as a CAS. 

In addition, mining companies are part of larger systems and entities, each with their 
own people, processes, organisational structure and rules, technologies, markets, 
resources, legal constraints and ways of carrying out business. There are elements that 
mining enterprises may efficiently predict and control (mostly technical and 
technological systems within them). Other factors may be rather efficiently influenced 
and directed, but not necessarily tightly controlled by a mining company (enterprise-wide 
structure and organisation, way of performing business activities). The prediction of 
those factors is more challenging owing to associated uncertainties. Finally, there are all 
other elements representing the environment of mining enterprises that they cannot 
accurately predict, control or strongly influence (e.g., natural, business, regulatory, 
political and market conditions). However, those factors usually exercise both a strong 
influence and a major impact on their operations and overall performance. Figure 1 
depicts the hierarchy of this overall operational and business context. 

Thus, it is necessary to develop a theoretical, conceptual model of the strategic 
planning and asset management for mining companies that identifies and captures key 
constituent elements and influential factors, as well as their relationship, 
interdependencies and complexity. It is depicted below.  

4.1 Global model 

This paper proposes a global model for strategic planning and asset management in 
mining, which integrates all relevant engineering, natural, operational, organisational, 
economic, financial, as well as other quantitative, qualitative and intangible influential 
factors in a structured and systematic manner. The impact of uncertainties and 
complexity of the business and operational environment is systematically taken into 
consideration. Such an integrated model has not been considered in existing studies led in 
this field. 
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Figure 1 Operational environment of a mining enterprise 

 

The approach can also take into account the impact of extreme and rare events in the 
overall strategic asset management decision-making process. This aspect has usually 
been neglected in both existing research works and practice despite the fact that those 
events could have severe consequences on the performance of mining organisations. 

The proposed approach is intended to be generic, applicable and adaptable to any  
size and any type of mining companies. However, it should be stressed that it is not 
suggested for day-to-day decision-making, but rather to the strategic asset management 
decision-making affecting both mid- and long-term performance and sustainability of a 
mining enterprise. 

Figure 2 presents a proposed high-level global model which consists of six  
sub-models: 

• market and revenue sub-model (predominantly external to a mining organisation,  
but has a major impact on its global performance; this constituent element may not 
be efficiently controlled or influenced by an enterprise)  

• sub-model of reliability, availability and maintenance (RAM) factors (mainly 
internal to a mining enterprise; in principle, it may be well controlled and influenced) 

• sub-model of operations and operational constraints (mainly internal to an enterprise; 
it may be controlled and strongly influenced)  

• cost sub-model (both internal and external to a mining enterprise; it may be partly 
controlled and influenced) 

• organisational sub-model (mainly internal to a mining enterprise; it may be partly 
controlled and efficiently influenced) 
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• sub-model of impact regarding other influence factors (mainly external to a mining 
organisation, but has a major impact on its global performance; normally, this factor 
cannot be efficiently controlled or influenced). 

These sub-models and their constituent parts interact in a complex manner that leads to 
the behaviour of the global model (system) that is not obvious from the individual 
behaviour of its elements. The latter are complex themselves as far as their structure and 
functioning are concerned. Consequently, the strategic planning and asset management 
activities of a mining company may be considered to be an emergent phenomenon 
integrating several functional, operational and management layers. 

Figure 2 Global model of strategic planning and asset management in the mining industry 

 

They involve numerous feedback loops reacting to the influences of their environment as 
well as the behaviour of the other constituent parts usually generating a nonlinear and 
adaptive behaviour for the whole system. If any of the interacting processes or elements 
is changed or experiences more or less significant variations, the functioning and the 
performance of other elements and the entire system may be seriously altered. 

With those characteristics, we clearly demonstrate that the mining enterprises show 
the main features of CAS, and should be analysed as such. 

Therefore, the proposed global model of mining organisations as CAS would  
enable to continuously take into consideration and to integrate the overall feedback  
from its sub-models and their constituent parts. It also includes the impact of the  
mining organisation’s strategic orientation, asset management strategy, stakeholders’ 
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requirements and expectations, sustainable development goals, as well as risk 
management constraints (Figure 2). 

Additionally, Figure 2 provides more details on other factors which are constituent 
parts of those sub-models. 

The model also enables to define and characterise the following elements: 

a Identification and mapping the type and strength of connections between both the 
sub-models and their constituent parts, as well as the degree of their complexity. 

b Mapping potential uncertainties related to sub-models and parts of the model 
susceptible to be affected by those uncertainties. In principle, the uncertainties affect 
all the sub-models. 

c Approach to characterise and cope with uncertainties in the overall decision-making 
process (transitional function depicted in Figure 2). 

d Approach to identify and characterise extreme and rare, but plausible events (natural 
and human-made) which may affect a mining organisation’s performance or even 
endanger its existence. It also involves the identification of business opportunities for 
the organisation that could result from those events. 

e Principles and approaches to achieve mining organisation’s robustness, resilience 
and flexibility facing various internal and external events both predicted and initially 
unforeseen in the context of business and operational complexity while remaining 
economically viable. 

f Approach to define a more appropriate reward system for managers at different 
levels of a mining organisation to ensure the development, implementation and 
sustainability of an efficient strategic planning and asset management framework. 

The mapping process (points (a) and (b) above) basically includes the following 
components (adapted from OECD, 2011): 

• Physical maps delineate the spatial relationship between the constitutive parts of a 
mining enterprise and its operational and business environment. They may be as 
diverse as national boundaries or the locations of orebodies, mining sites, stores, 
customers, suppliers, energy sources, etc. 

• Conceptual maps are useful to provide insights regarding the structure and the 
evolution of mining companies as CASs. They may or may not have tangible, 
physical components. These maps are mainly helpful in depicting ‘human’ networks 
or other large, complex systems that do not necessarily have important physical 
components. In the strategic planning and asset management field, it basically 
involves all the sub-models presented in Figure 2. 

• Process and/or organisational maps describe a sequential and sometimes  
time-dependent process. In practice, these maps could be presented in the form of 
decision-trees, propagation trajectories, an order of operation or an organisational 
structure and hierarchy. Process maps provide information upon the order or 
structure of a system (example, to what extent is it linear?), the options available at 
each decision-point, external and internal factors which may affect the process, and a 
definition regarding possible outcomes or end-results. 
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Mapping tools enable us to better understand the structure and general features of a 
particular CAS. The proposed global model (Figure 2) is a first step in the mapping 
process that should be further refined. Once maps are developed adequately describing a 
CAS’ scope, components and various relationships, an effort should be made to model 
the system. At the end of the mapping and modelling processes, it is necessary to perform 
a final, coherent integration of both the sub-models and their constituent parts into a 
definitive, holistic transition function representing a final decision-making model  
(Figure 2).  

It should be stressed that the methods, steps and tolls mentioned above represent early 
ideas based on the experience and practices in the areas where the complexity science has 
already been applied. They do not preclude other new methods that could emerge by 
taking into account the specific needs and features of the mining industry.  

The above presented sub-models and their constituent parts are partly developed and 
may already be used in various forms in the mining industry. However, they have been 
mostly established by using traditional, deterministic techniques with some 
improvements through probabilistic approaches. Thus, additional research works are 
recommended to apply the concepts of CAS and complexity science in this field.  

4.2 Modelling methods 

Given that the overall proposed global model is fairly complex, the methods and tools of 
complexity science such as multi-agent models, network analyses and dynamical systems 
modelling are recommended for its development. Furthermore, the development of the 
global model should harmoniously integrate traditional approaches while describing the 
behaviour of mining organisations in their complex business and operating environment 
as CAS. 

Some other techniques are also envisaged to support the above-presented modelling 
methods. In this regard, multi–attribute decision-making methods (MADM), and analytic 
deliberative decision-making process (ADP)3 are suggested. Further, scenario planning 
(Amer et al., 2013; Bradfield et al., 2005) may provide valuable inputs for a more global 
development of the model. They should be mainly used in handling uncertainties, and 
developing an integrated, holistic decision-making model (transitional function in  
Figure 2).  

Meanwhile, we should be aware that building the proposed model is challenging  
at several levels:  

• data acquisition is difficult 

• each sub-model and its constituent parts are in principle independently complex 

• the operational and business environment is constantly changing and evolving 

• governing regulations are continuously changing, and consequently difficult to 
capture. 

5 Discussion 

The consideration of mining companies and their strategic planning and asset 
management as CAS may potentially change some paradigms but also bring certain 
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benefits. However, the development and implantation of this new approach also involve a 
number of challenges. Given that the proposed methodology is at initial stages, it is 
necessary to outline the future research agenda in this field. These elements are discussed 
below.  

5.1 New insights through complexity science 

The fact that the business and operational environment in the mining industry is complex 
is not always adequately recognised in analyses, management or decision-making 
processes. Mining companies often use traditional methods and reductionist models that 
are not necessarily able to capture their overall complexity. Complex systems or 
problems cannot be usefully deconstructed into their casual components. When this is 
done, more unknowns and uncertainties are introduced. 

Obviously, traditional approaches in analyses, management or decision-making 
process cannot be abandoned. We are of the opinion that both approaches are necessary 
and they should be considered as complementary. In fact, many problems or challenges 
may still be successfully resolved using traditional approaches. This paper proposes a 
concept where the complexity science may be introduced in the strategic decision-making 
process and asset management in the mining industry, but does not preclude the use of 
traditional or other approaches where appropriate. In fact, we should answer the 
following questions: what may the complexity science concept offer to mining 
companies, and how its insights differ from existing ones? 

Some elements are discussed below based on the relevant experience in areas and 
activities where it has already been applied at various levels (Blouin, 2013; Brodu, 2009; 
Goldstein, 2008; Homer-Dixon, 2011; Farmer, 2012; NISAC, 2015; Current, 2000; 
Ramalingam and Jones, 2008; Miller et al., 2004; OECD, 2009, 2011; Samet, 2011; 
Ulieru and Doursat, 2011; Alderson and Doyle, 2009; Carrillo, 2011; Smith et al., 2010; 
Hu et al., 2008; Wang, 2012; DeRosa et al., 2008). 

Since there is no tangible experience in the mining industry with complexity science 
and the CAS, some thoughts are presented below. They are based on the experience of its 
application in other human activities, and may be relevant to the mining sector. 

• Complexity science enables users to bridge natural, technical, socioeconomic and 
management sciences by serving either as explanations of encountered phenomena 
or as a guide for better understanding and actions. 

• Through a better understanding of the patterns by which unpredictable, unknown and 
emergent changes happen, complexity science enables new ways to interpret mining 
companies as CASs, as well as the problems emerging within them. The aim of 
complexity science is to generate insights that help comprehending complex 
problems in a more realistic and holistic manner, thereby supporting more useful 
actions. 

• These better insights may allow us to embrace what we have previously seen as 
‘messy realities’. In fact the concept of complexity science may be used in a flexible 
manner and in combination with traditional approaches. This might enable 
comparisons between scenarios, cases and systems that appeared previously not 
related, supporting relevant insights and helping to point towards possible effective 
actions.  
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• Experience has shown that we should be cautious while applying “good practices” or 
‘best practices’. They may work in one setting but play out in very different ways in 
other settings. It is especially true in the mining industry. Complexity science 
methods may help in investigating possible scenarios and developments in this 
regard and in recommending the best course of action. 

• Therefore, the complexity science suggests new ways to think about known or 
anticipated problems and new questions that should be asked and answered.  
It focuses on identifying and analysing trends, patterns of behaviour, as well as 
associated probabilities and uncertainties, rather than seeking to predict specific 
events.  

5.2 Anticipated benefits 

The proposed model may bring some tangible benefits to mining companies. These 
include, but are not limited to: 

• Elaboration of a robust and integrated strategic asset management decision-making 
model with a rigorous scientific and technical basis. Complexity science can offer 
new insights for better understanding and business model and operational 
environment, and thus help in designing more successful strategic asset management 
decision-making framework. 

• Increased robustness, resilience and flexibility of mining organisations facing 
numerous uncertain future scenarios, including plausible extreme, rare and 
potentially disruptive events. 

• Optimised return on investment and growth. 

• Long-term planning and performance sustainability through more realistic models. 
One of the most important strengths of the models is their ability to assess a number 
of different scenarios to determine what conditions might lead to an event with 
undesirable (or desirable) consequences. Thus, adequate strategies may be designed 
to promote favourable scenarios. 

• The ability to demonstrate best value-for-money within a constrained funding 
regime. 

• Compliance with regard to the required standards and legislation. 

• Improved health, safety and environmental performance.  

• Improved corporate reputation and benefits which may include enhanced shareholder 
value, better staff satisfaction, and more efficient and effective procurement from the 
supply chain; the ability to demonstrate that sustainable development is actively 
considered within the strategic planning and management of the assets over their life 
cycles.  

5.3 Challenges 

It is also necessary to highlight the many challenges that the proposed approach may 
encounter. These include, but are not limited to: 
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• Gaps in our scientific understanding of complexity, and in our ability to apply it in 
real life situations in the mining industry. 

• Adequate identification and mapping of constituent parts and sub-systems where 
complex issues may emerge or be encountered; satisfactorily describing the nature 
and extent of their connections (i.e., right understanding of the whole complex 
system). 

• Availability of relevant data to perform required analyses. It should be investigated 
which input data are really needed, and whether they are available. Collecting and 
preparing data may involve considerable efforts.  

• Availability and adequacy of decision-making support models and tools: they have to 
be developed and tailored to the needs in the mining industry. Real-world complexity 
adds challenges to the modelling of the strategic planning and asset management in 
mining. Moreover, CASs do not always act as expected, since each individual 
component, while easily described in isolation, may behave differently when 
functioning in combination with different system components. The difficulty also 
lies in the large number of parameters, which must be included to model the system 
accurately. Modelling in this situation becomes much more difficult and requires 
more sophisticated tools (OECD, 2011). To be useful for the purposes outlined 
above, the model shall be built on solid foundations and its limitations need to be 
understood. This work also requires an adaptation of existing traditional tools to 
better fit with novel methods and approaches. 

• Consequently, the costs related to bringing a complexity framework into the mining 
industry may not be trivial (new research, data collection, development of methods 
and tools, implementation, training, maintenance, etc.). However, mid- and  
long-term benefits are without doubt assured, as it has been shown in activities and 
industries which have already embraced it. 

• Acceptability of the novel approach by the mining industry: an introduction of new 
ways of performing analyses or decision-making may face some resistance and 
unwillingness regarding their adoption.  

Therefore, the introduction of the concept of complexity science should be progressive, 
stepwise and demonstrate some tangible gains at each stage. In this case, the mining 
industry will increasingly engage in both its use and a more systematic application.  

5.4 Future research 

We need to better understand the scope, benefits and challenges of the complexity 
science applications in the mining industry. It should be investigated through future 
research works and actual applications. These include, but are not limited to: 

• Analyse and define an adequate balance between the use of traditional and novel 
approaches. It also includes reasonable combinations of those two types of 
approaches within a global methodology. 

• Define and characterise more accurately the nature and strength of interconnections 
between sub-models and their constituent parts, as well as associated uncertainties. 
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• Develop a detailed model of mine strategic planning and asset management. 

• Pursue detailed studies regarding the sub-systems and constituent parts of the global 
model to achieve a better understanding and refine it. 

• Develop a multi-agent simulation-based tool of the model (or by using another 
technique, or a combination of techniques, mentioned previously), which will 
provide information upon its behaviour patterns as a means of changing business and 
operational environment. This topic also includes determining how we compose 
multiple interacting adaptive processes within a single comprehensive enterprise 
system. 

• Identify and map in a more detailed way associated characteristics of complexity for 
both sub-systems and their constituent parts. 

• Conceive and carry out a pilot project with an actual mining enterprise to calibrate 
and validate the model, and to acquire a better understanding of the approach.  

Furthermore, it is suggested to include the concept of complexity science (theory) into the 
curriculum of mining school programs, at least at the graduate levels for further 
development and applications in the mining sector.  

6 Conclusion 

Facing tough international competition, mining companies worldwide are constantly 
forced to produce more at a lower cost. They are also confronted with a highly complex 
business and operational environment which also includes intrinsic uncertainties related 
to business, natural, technical, technological, organisational, regulatory, political, legal, 
financial, market and environmental influential factors. Strategic planning and a sound 
asset management play a key role in this environment. 

In such a context, the mining industry develops various methods and approaches that 
help addressing these issues. They are often based on traditional approaches that are 
generally unable to adequately grasp and tackle the above-mentioned complexities and 
uncertainties. It seems that the complexity of the business and operational environment, 
and associated uncertainties in the mining industry, can sometimes overwhelm the ability 
of mining enterprises to efficiently analyse and manage such increasingly complex issues. 

This paper proposes a novel, enhanced approach for a strategic asset management 
decision-making framework for mining companies considering them as CASs, and based 
on the concept of complexity science. This science has emerged and evolved over the 
past several decades in other domains of human activities where complexities generally 
occur. In this regard, this paper depicts a global, high level model describing the 
proposed approach by integrating this concept. 

The mining industry has not yet developed its own original framework for this 
purpose, contrary to some achievements and experience with complexity science 
applications gained in other human activities or industries. This paper indicates that there 
are significant benefits and potential for further studying, understanding and expanding 
this concept to the mining industry. 
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This way, it may assist decision-makers in key decision-making processes and asset 
management by providing more realistic insights. The proposed approach complements 
existing traditional approaches and also intends to integrate them into a holistic process. 

This method is envisioned to maximise the overall performance of a mining 
enterprise. It also enables designing a robust, sustainable and resilient organisation which 
is economically viable. It may be particularly useful to optimise several mining sites 
belonging to the same company. 

This approach will be undoubtedly beneficial for mining companies facing a fierce 
competition on the international scale. It also goes along with modern developments 
worldwide. The ultimate success of such an endeavour requires careful and adequate 
adaptation of the proposed high-level ideas with regard to operational and business 
context of the mining industry. This paper also provides a discussion upon challenges and 
recommended future research and applications of this concept in the mining industry. 

It is also worth emphasising that similar approaches may be developed for other 
industrial branches.  
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Abstract: Cemented carbide is the most commonly used material as the cutting 
head of coal mining tools. In this study, seven specimens resulted from three 
grade cutting picks have been investigated systematically for the compositions 
and the hardness. Composition results shown that all the specimens were  
WC-Co-based cemented carbides. For specimen types A and B, all the 
cemented carbides have high mass ratio of TaC/TiC (2.00–7.50) and Co/Ni 
(10.10–34.34). The addition of TaC in cemented carbide is mainly to improve 
the hardness, while TiC to improve the oxidation resistance at high 
temperature. Hardness measurements indicated that the promoting effect of 
(TaC + TiC) on the hardness of cemented carbide is greatly higher than the 
weakening effect caused by the increment of (Co + Ni). 
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1 Introduction 

It is now common knowledge that WC-Co-based cemented carbide is the most widely 
applied material as the cutter head of tools in coal mining, due to its advantages including 
high hardness, superior wear resistant and good toughness. Complicated working 
conditions require cutter head to endure severe frictions, great impact from coal seams. 
The excellent combination of hardness and toughness has made cemented carbide 
become the focus of study since its emergence in 1923. For cutter head, sufficient 
hardness and wear resistance are particularly important when mining coals. 

The recent studies focusing on the improvement of mechanical properties of graded 
cemented carbide indicated that the graded cemented carbide coated with diamond shown 
superior wear resistance and adhesive strength (Glühmann et al., 2013). The fine-grained 
cemented carbide fabricated by using multiphase powder precursors and reactive nitrogen 
sintering presented higher hardness and slight lower toughness in comparison to the 
conventional hard metals (Janisch et al., 2010). Akhtar et al. (2007) stated that the 
increase of WC grain size could cause the decrease of both hardness and bending strength 
of cemented carbides. In the last several years, the influence of TiC/TaC on the hardness 
of cemented carbide has been discussed a lot, due to the inhibitory action of TiC/TaC on 
the growth of carbide grains (Kim et al., 1997; Soleimanpour et al., 2012; Su et al., 
2015). In this study, the promoting effect of (TaC + TiC) on the hardness of cemented 
carbide is compared with the weakening effect caused by the increment of (Co + Ni). The 
combined effect of (TaC + TiC) and (Co + Ni) on the hardness of different cemented 
carbide has been discussed. 

In the present work, chemical compositions of different cutter heads were 
investigated systematically by using X-ray photoelectron spectroscopy (XPS), due to its 
excellent mechanical behaviours shown in the coal mining process. Composition results 
shown that all the cutter heads were WC-Co-based cemented carbides. The replacement 
of some WC by TiC/TaC caused the decrease of carbide grain size and hence the increase 
of hardness of cemented carbides, due to the inhibitory action of TiC/TaC on the growth 
of carbide grains. As a consequence, the distributions of carbide grains tend to be more 
homogeneous (Hashe et al., 2007). The oxidation resistance of cemented carbide could be 
still improved by TiC even at 800°C (Barbatti et al., 2009), while the wear resistance and  
the plastic deformation resistance could be improved by the addition of TaC (Östberg  
et al., 2006; van der Merwe and Sacks, 2013). Specifically, the effect of the replacement 
of WC by some TiC/TaC on the hardness of cemented carbides was investigated in detail 
in the work.  

2 Experiments 

2.1 Sample preparation 

The cutter heads used in this study were taken from the conical picks. Three cemented 
carbide grades were investigated in the work, all of the cutter heads were numbered from 
1 to 7. To fabricate the plate-like samples, wire electrical discharge machining (WEDM) 
was applied to cut the cutting picks. For the purpose of removing the dent caused by 
electrical erosion during the WEDM process, the plate-like samples were ground to the 
desirable thickness of about 3 mm by using white fused alumina wheel. Alcohol and 
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dilute nitric acid solution were further used to wipe off oil stains and alumina particles on 
the ground surface of samples brought by grinding. After the drying process, the 
fabrication of the final specimens used for the following experiments was completed 
successfully, as shown in Figure. 1. The cutter head indicated in Figure 1 is the cemented 
carbide studied in the experiments.  

Figure 1 Image of the specimens used in the experiments. Cutter head is brazed in the grooves of 
the matrix of cutting pick (see online version for colours) 

 

2.2 Experiments 

All the three grade specimens were named as types A, B and C respectively. All the 
specimens were examined for chemical compositions by using the XPS instrument 
produced by Bruker Corporation. Hardness measurements of specimens were carried out  
by Rockwell Hardness Tester with the indentation load of 60 kg. To obtain the accurate 
hardness of cemented carbides, an average of three measurements was taken as the 
reported hardness value of each corresponding specimen. 

3 Results 

3.1 Chemical compositions 

Analysis diagrams of specimens obtained by XPS are presented successively in Figure 2. 
And the corresponding composition results of specimens are summarised in Table 1. The 
main compositions of all the three grade cutter heads are WC and Co. For the specimen 
type C only WC and Co are contained in cemented carbide. While in the case of 
specimen types A and B, some other compositions including Ni, TiC and TaC are 
additionally contained besides the main WC and Co. The total content of WC and Co 
exceeds 95 wt.% for all the studied specimens. 
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Figure 2 X-ray photoelectron spectroscopy analysis diagrams of all the specimens, diagram 
results (a)–(g) respond to the specimens 1–7 respectively (see online version  
for colours) 
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Table 1 Material composition of the investigated samples in mass% 
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The results suggest that (TiC + TaC) content of specimens 1–6 distributes in the range 
2.20–3.30 wt.%, wherein the maximum TiC content is less than 1.00 wt.% and the 
minimum TaC content is more than 1.60 wt.%, except for specimen 6. Hence, each mass 
ratio of TaC/TiC of specimens 1–6 exceeds 2/1. The least TiC content is 0.280 wt.% and 
the corresponding mass ratio of TaC/TiC even reaches up to 7.5/1. While (Ni + Co) 
content of specimens 1–6 ranges from 6.89 wt.% to 7.81 wt.%, with the major fraction of 
the Ni content being around 0.50 wt.% and the Co content exceeding 6.80 wt.%. Ni 
content is much less than Co content in all the studied specimens, as shown in Table 1. 
For the specimen type C, only 3.20 wt.% Co and 96.75 wt.% WC are contained in 
cemented carbide. 

3.2 Hardness measurement 

Hardness results of all the specimens are summarised in Table 2. An average of three 
measurements of hardness was taken as the accurate value of each corresponding 
specimen, as listed in the results. For the specimen type A, the hardness arranges  
from 86.30 to 87.00 HRA, the hardness of specimen type B distributes in the range 
87.33–88.33 HRA. And the hardness of specimen 7 is 84.67 HRA that is the minimum  
of all the studied specimens. 

In terms of the hardness results of all the specimens, the hardness of specimens 1–6 is 
obviously higher than that of specimen 7, while the hardness of specimen type A is 
slightly lower than that of specimen type B as a whole.  

Table 2 Hardness results of all the specimens with the indentation load of 60 kg, (HRA) 

Type Sample a b c Average value 
A 1 86 87 88 87.00 
 2 86 86 87 86.30 
 3 87 86 87 86.60 
B 4 89 86 87 87.33 
 5 87 89 87 87.67 
 6 87 89 89 88.33 
C 7 84 85 85 84.67 

4 Discussions 

4.1 Chemical compositions 

WC-Co-based cemented carbide is the most commonly used material as cutter head of 
coal mining tools, due to the unique combination of hardness provided by carbide phase 
and toughness provided by cobalt binder. Tungsten carbide has extremely high hardness 
as well as wear resistance, but the toughness is exactly on the contrary. Cobalt has good 
toughness, but bad hardness. Both high hardness and good toughness are expected for 
cutter head due to the severe working conditions. This excellent mechanical property 
could be achieved by the perfect combination of tungsten carbide and cobalt due to the 
great wettability of cobalt. 
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As cobalt provides enough toughness for cemented carbide, it decreases the hardness 
of the material greatly with the increasing content of cobalt (Saito et al., 2006). This is 
the main reason that Co content in cemented carbide is usually controlled at low level, so 
as to maintain enough hardness as well as some toughness of the material. As displayed 
by the composition results of specimen type C in Table 1, only 3.20 wt.% cobalt is 
contained in cemented carbide. From the results of hardness measurement, it can be 
known that the hardness of specimen type C is 84.67 HRA. Although it is the smallest 
value of all specimens, it is still high enough to endure the impact loads and frictions 
from coal seams. 

Nickel plays a similar role with cobalt in cemented carbide, but offers better 
toughness and induces a greater decrease in hardness (Daoush et al., 2009; Guo et al., 
2008). Therefore, to improve the toughness of cemented carbide, a small quantity of 
nickel is usually added into cobalt and used as binder for the hard carbide phase. The 
content of nickel in cemented carbide is very low relative to that of cobalt, as shown in 
Table 1. But some studies (Rong et al., 2012; Shi et al., 2014) focusing on the 
improvement of mechanical properties of WC-Ni cemented carbide have been conducted 
recently, because of the inferior properties of hexagonal close-packed structure and the 
market price fluctuation of cobalt. The total content of nickel and cobalt of specimen 
types A and B is under the range of 6.80–8.00 wt.%, which is much higher than the 
cobalt content of specimen type C. However, from the results in Table 2, the hardness of 
specimens 1–6 is obviously higher than that of specimen 7. This is due to the positive 
effect brought by TiC/TaC on the hardness of cemented carbide. 

TaC and TiC are the commonly used hard carbides to improve the mechanical 
properties of cemented carbide. The addition of TaC improves the hardness and strength 
at high temperature, and the oxidation resistance of cemented carbide. But the toughness 
and strength at room temperature decrease slightly with the increasing content of TaC. 
TiC is mainly used to offer prior oxidation resistance for cemented carbide, especially at 
high temperature. The TiC content in cemented carbide should be controlled at low level 
due to its great weakening effect on the toughness and flexure strength of the material. 
On the other hand, for cemented carbide, when decreasing the proportion of TiC in 
certain mixtures of TiC and TaC, the toughness and flexure strength can be improved 
while the hardness remains constant. Hence, TiC content is usually much lower than TaC 
content relatively when the two carbides are used as mixtures in cemented carbide. This 
can be seen in Table 2.  

4.2 Hardness measurement 

To show the dependence of hardness on compositions of cemented carbide more 
explicitly, Figures 3–5 based on Tables 1 and 2 are displayed below. Specimen 7 has very 
high content of WC hard phase and low content of Co binder in comparison to specimens 
1–6, this can be seen in Figures 4 and 5. However, Figure 3 indicates that specimen 7 has 
the lowest hardness in all the specimens. This result reveals that the great improvement 
on the hardness of cemented carbide brought by small amount of (TaC + TiC) exceeds 
the weakening effect caused by a similar increment of (Co + Ni) significantly. The 
combined effect of the addition of (TaC + TiC) and the increase of (Co + Ni) content 
leads to the overall enhancement of the hardness of cemented carbide.  

For specimen type A, specimen 2 has the lowest hardness which is much lower than 
that of specimen 1 and slightly lower than that of specimen 3. Much more (TiC + TaC) 
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contained in specimen 1 than that in specimen 2 is the main reason that results in the 
decrease of hardness, despite the small increment of (Co + Ni) in specimen 1. Specimens 
2 and 3 have similar content of (TiC + TaC) and (Co + Ni). But specimen 2 has relatively 
more Ni (0.60 wt.%) than specimen 3 (0.38 wt.%), which leads to the lower hardness of 
specimen 2 due to the more serious weakening effect of Ni than Co on the hardness of 
cemented carbide, as discussed above. 

Figure 3 Hardness of all the specimens 

 

Figure 4 Compositions’ mass ratio of WC, (TiC + TaC) and (Co + Ni) of all the specimens 
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Figure 5 Compositions’ mass ratio of (TiC + TaC), TaC, (Co + Ni) and Co and the comparison 
between them of all the specimens (see online version for colours) 

 

For specimen type B, hardness increases from specimens 4 to 6 with the increase  
of WC content and the decrease of (TiC + TaC) and (Co + Ni) contents in sequence.  
But Figures 4 and 5 show a small fluctuation on the content of (TiC + TaC). Therefore, 
the enhancement of hardness is mainly attributed to the increase of WC content and the 
decrease of (Co + Ni) content. 

As a whole, the hardness of specimen type B is obviously higher than that of 
specimen type C. However, the content of each composition changes little or in the 
undesired trend. This might be due to the change of other factors that affect the 
mechanical properties of cemented carbide, the WC grain size for example.  

5 Conclusions 

In the present work, seven specimens of three grade cemented carbide have been 
investigated for its compositions and hardness by XPS and hardness tester, respectively. 
The main results and conclusions are summarised as follows: 

• The main compositions of all the studied specimens are WC and Co.  
In specimen types A and B, some (TiC + TaC) and more (Co + Ni) are added into 
cemented carbides. TiC is mainly used to improve the oxidation resistance of 
cemented carbide at high temperature, while TaC to improve the hardness. The 
addition of small amount of Ni is mainly used to provide better toughness for 
cemented carbide. 

• TiC content in the mixture of (TiC + TaC) is much less than TaC, because TiC in 
cemented carbide induces great decrease of flexure strength and toughness.  
Ni content in (Co + Ni) is much less than Co, due to its more serious weakening 
effect on the hardness. 

• The hardness of specimen types A and B is visibly higher than that of specimen type 
C, although specimen type C has much less binders and more WC hard phase than 
specimen types A and B. This is due to that the improvement on hardness brought by 
the addition of (TaC + TiC) (2.20–3.25 wt.%) significantly exceeds the degradation 
caused by the increment of (Co+Ni) (3.69–4.62 wt.%). The combined effect of 
(TaC + TiC) and the increment of (Co + Ni) leads to the overall enhancement of the 
hardness of cemented carbide.  
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Abstract: Current developments in numerical modelling techniques are 
presented to investigate the load transfer between the steel bolt surface and 
grout. Underground measurements of steel bolt performance indicate that 
amongst many parameters bolt profile configuration play an important role in 
load transfer capacity between the bolt and grout. This study proposes a new 
numerical solution to predict displacement, shear stress and shear strain of a 
fully grouted rock bolt intersected by single rock joint. The main characteristics 
of the numerical solution, consider the bolt profile and joint movement under 
pull test condition. In this paper, five types of rock bolts are used with different 
profiles. The rock bolts are modelled by ANSYS software. Profile rock bolt  
T3 and T4 with load capacity 180 kN and 195 kN in the jointed rocks, were 
choices as the optimum profiles. The results showed that there is a promising 
agreement between numerical and experimental methods. 
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1 Introduction 

During mining, stresses and displacements of strata are constantly changing. Stress 
conditions in strata just ahead of the coal face typically exceed the rock strength and 
initiate fractures that lead to strata displacements and typically need steel bolt 
reinforcement. Over the past two decades, there has been a growing interest on the 
application of numerical modelling to bolt/grout/rock interaction with the aim of better 
understanding of the load transfer mechanisms for effective strata reinforcement around 
underground excavations. Blumel et al. (1997) was the first to report the influence of 
profile spacing on load transfer capacity of the bolt. They are carried out numerical 
simulation of the bolt load transfer characteristics, the main aspect of the analysis being 
investigation of the difference in the bolt behaviour vs. the rib geometry and in  
particular the spacing between the ribs. The numerical simulation was based on using 
finite element mesh to study the load transfer mechanisms which were aimed to be 
incorporated in future interface modelling. Aziz and Jalalifar (2007) extended the work to 
include modelling of bolt profile configuration under axial- and lateral-loading 
conditions. They simulated short encapsulation pull and push tests and compared the 
results with the laboratory and field tests. Their findings outlined the refined techniques 
available to conduct sensitivity studies on various bolt rib profiles and their spacing to 
enable the selection of the optimum bolt profile geometry. Cao et al. (2010) presented 
advanced numerical modelling methods of rock bolt performance in underground mines. 
Cao et al. (2011) rock bolt profiles using analytical and numerical methods have 
improvement methods. Aminaipor (2012) geometric parameters affecting the load 
transfer mechanism was studied. A typical steel bolt profile configuration is shown in 
Figure 1. The work presented here extended the numerical model fully grouted rock bolt 
based on bolt profile and movement joint. The numerical model was validated by 
experimental method. 
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Figure 1 Steel bolt rib profile configuration (see online version for colours) 

 

Figure 2 There dimensional image numerical model (see online version for colours) 

 

2 Numerical modelling of bolt profiles 

2.1 Three interfaces 

A three-dimensional finite element model of the reinforced structure subjected to the 
tension loading was used to examine the behaviour of the bolted rock joint. Three 
governing materials (steel, grout and rock) with three interfaces (bolt–grout, grout–rock 
and joint–joint) were considered for the 3D numerical simulation. A general purpose  
of finite element program (ANSYS, version 12), specifically for advanced structural 
analysis, was for 3D simulation of elasto-plastic materials and contact interfaces, 
behaviour. Owing to the symmetry of the problem, only one fourth of the system was 
considered here. The outer and the end side of the concrete surfaces are fixed in all three 
directions (all degrees of freedom are zero). The interface behaviour of grout–rock as a 
perfect contact was determined from the test results. However, a lower value of cohesion 
(150 kPa) was adopted for the grout–steel contact. 3D solid elements (solid 65 and  
solid 95) that have 8 and 20 nodes, respectively, were used for the rock–grout and  
steel–grout, respectively, each node having three translation degrees of freedom, 
tolerating shapes without significant loss in accuracy. 3D surface to surface contact 
elements (contact 174) were used to represent the contact between 3D target surfaces 
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(steel–grout and rock–grout). This element is applicable to 3D structural contact analysis 
and is located on the surface of 3D solid elements with midsize nodes. The numerical 
modelling was carried out at several sub-steps, and the middle block of the model was 
gradually loaded in the direction of shear (ANSYS Finite Element Software, Version 12). 

Figure 2 shows the three dimensional model. 

3 Effect of bolt profile on load transfer mechanism 

To select the optimum bolt profile and its effect on load transfer mechanism, it is 
necessary to examine the different profiles and check parameters, such as  

• bolt, grout and joint rocks displacement 

• bolt, grout and joint rocks shear stress  

• bolt, grout and joint rocks shear strain. 

The rock bolt characteristics, material properties and joint properties are shown in  
Tables 1–3, respectively. 

Table 1 Bolts characteristic 

Parameter 
Bolt type 

T1 T2 T3 T4 T5 
Bond length (mm) 75.0 75.0 75.0 75.0 75.0 
Rock bolt diameter (mm) 22.0 22.0 22.0 22.0 22.0 
Grout diameter (mm) 27.0 27.0 27.0 32.0 27.0 
Rib height (mm) 1.00 1.75 1.00 1.00 1.00 
Rib spacing (mm) 12.0 12.00 24.0 12.0 12.0 
Profile top width (mm) 1.50 1.50 1.50 1.50 2.00 
Profile down width (mm) 3.00 3.00 3.00 3.00 3.00 
Max tensile stress (MPa) 330 330 330 330 330 

Table 2 Material properties 

Material Rock Grout Steel 
E (GPa) 20.0 12 200 
Poisson’s ratio 0.25 0.2 0.30 

Table 3 Joint properties 

Element Parameter Value 
Joint Lj (mm) 37.5 
 x (mm) 75 
 C (MPa) 0.2 
 φ (degree) 30 
 f 1 
 P0 (MPa) 20 
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The maximum tensile load of the elements, as load capacity is considered. Table 4 shows 
the results of different profiles. Rock bolts T3 and T4 with a capacity of 180 kN and 
195 kN; in this paper were selected as candidate, and their performance is analysed in 
Tabas Coal Mine. Figures 3–8 show the displacement, shear stress and shear strain 
contours for rock bolts T3 and T4. 

Table 4 Results of displacement, shear stress and shear strain (tension 330 MPa) 

Element Parameter 
Bolt type 

T1 T2 T3 T4 T5 
Bolt Displacement (mm) 0.1382 0.1256 0.1601 0.13390 0.1254 
 Shear stress (MPa) 172.89 183.00 256.83 149.360 215.21 
 Shear strain  0.0022 0.0022 0.0003 0.00190 0.0027 
Grout Displacement (mm) 0.0620 0.0391 0.0748 0.02410 0.0542 
 Shear stress (MPa) 27.820 9.9300 33.218 8.37000 11.850 
 Shear strain  0.0057 0.0020 0.0069 0.00170 0.0024 
Joint rock Displacement (mm) 0.0263 0.0129 0.0332 0.00630 0.0169 
 Shear stress (MPa) 7.0000 0.875e-11 9.0810 0.37750 0.8954 
 Shear strain  0.0008 0.999e-15 0.0010 0.00004 0.0001 
Load capacity (kN) 160 170 180 195 125 

Figure 3 Displacement, shear stress and shear strain contours along the bolt T3:  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online  
version for colours) 
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Figure 4 Displacement, shear stress and shear strain contours along the grout (bolt T3):  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online version 
for colours) 

 

Figure 5 Displacement, shear stress and shear strain contours along the joint rocks (bolt T3):  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online version 
for colours) 
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Figure 6 Displacement, shear stress and shear strain contours along the bolt T4:  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online  
version for colours) 

 

Figure 7 Displacement, shear stress and shear strain contours along the grout (bolt T4):  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online version 
for colours) 
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Figure 8 Displacement, shear stress and shear strain contours along the joint rocks (bolt T4):  
(a) displacement (mm); (b) shear stress (MPa) and (c) shear strain (see online version 
for colours) 

 

Figure 9 Load vs. displacement values of bolt (see online version for colours) 
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4 Verification of the numerical solution using experimental method 

Tabas underground coal mine is located about 85 km on the south of Tabas town, Birjand 
Province, Iran. The East 2 long wall panel had a face width of 180 m and panel length  
of 1200 m. The East 2 long wall immediate roof stratification sequence consisted of 
siltstone and sandstone above the roof (Sahebi et al., 2010). Bolt and bond characteristics 
of the pull-out tests in Tabas coal mine are presented in Table 1. Experimental results 
(Figure 9) issued from five-examined bolts (bolt T4) in situ pull-out tests have been 
compared with the predictions of the numerical solution, and the results are very 
satisfactory. The results showed that the load transfer capacity bolts (bolt T4) 195 kN. 

5 Conclusions 

This study shows how the numerical modelling methods can be successfully used  
to optimise the load transfer between the bolt and the surrounding strata. The study 
indicates that the standard rock bolt reinforcing elements commonly used in the 
numerical simulation of the supported underground and the surrounding rock excavations 
cannot be used to optimise the load transfer capabilities of the bolt. A detailed model of 
the bolt profile must be constructed, loaded to failure and compared with other profiles to 
find the optimum bolt profile with maximum load transfer capabilities between the bolt 
and host strata. Numerical modelling is an extremely versatile, useful, cheap, fast and 
accurate tool to enable decision making regarding to the choice of the best reinforcement 
for a particular application. This method is becoming more accepted in the mining 
industry and further studies are desirable to provide the industry with cheap and reliable 
tools that can be used in future on the routine basis. 

• Bolt profile configuration is an important parameter in load transfer capacity of bolt. 
Both profile height and profile spacing have important and distinct role for bolt 
integrity. Profile spacing dictates the level of peak load displacement, which intern 
accommodates a relatively greater level of strata movement. 

• Bolt–grout interface failure occurred by initially shearing of the grout at the profile 
tip in contact with the grout. Naturally, the load failure of the grout–bolt surface 
contact is dependent on the profile height as well as spacing. 

• Profile rock bolt T3 and T4 with load capacity 180 kN and 195 kN in the jointed 
rocks, were choices as the optimum profiles. 

• The results showed that there is a promising agreement between numerical and 
experimental methods. 
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