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- Fatigue Failure

- Creep or Rupture Failure

- Bending Failure

- Metallurgical Failure

- Instability Failure

- Shear loading Failure

- Material Flaw Failure

- Compressive Failure

- Bearing Failure

10 _ stress Concentration Failure
11 Ultimate Tensile-Strength Failure
12_ Tensile-Yield-Strength Failure
13 Time Between Failures

14 _Time To Failures

>_ Time Between Maintenance
*_Time To Repair

" Time To Delivery

'8 Complete failure data

19 Suspended data

20 Censored data

1 Truncated data
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- Frailty Function

- Homogeneous Poisson Process

- Renewal Process

- Non-Homogeneous Poisson Process

- Superimposed Renewal Process

- Branching Renewal Process

- Branching Poisson Process

- Markov Process

- Semi-Markov Process
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- Primary Events

- Subsidiary Events
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Code System Bucket Shift Failure | TBF Rock Tempture | Rel.Humidity
Code Teeth Status | (Hr) Type © (%)
470-2 5 N F 408 1 22 53
470-2 5 N F 422 19 28
470-2 5 D F 447 6 8 57
1 470-2 5 D F 212 6 14 32
470-2 5 D F 866 6 27 43
470-2 5 D F 602 1 16 40
470-2 5 D F 267 6 11 58
470-3 5 N F 749 6 29 37
470-3 5 D F 475 6 28 31
470-3 1 N S 21 5 27 40
470-3 1 D S 9 1 16 60
2 470-3 5 D F 667 6 6 77
470-3 5 D F 335 5 1 61
470-3 5 D F 645 1 22 21
470-3 2 N S 392 6 17 51
470-3 5 D F 14 6 3 54
470-4 1 D S 46 6 2 52
470-4 4 D S 10 1 4 56
470-4 5 D F 328 6 10 43
470-4 5 D F 10 4 21 33
3 470-4 1 D S 25 6 22 34
470-4 2 D S 562 6 29 25
470-4 5 D F 56 6 22 27
470-4 5 D F 192 6 3 55
470-4 5 D F 239 6 1 45
470-5 5 D F 104 6 10 56
470-5 5 N F 299 6 23 40
470-5 5 D F 236 6 29 32
’ 470-5 2 N S 459 5 10 52
470-5 5 D F 7 5 15 41
470-5 5 D F 169 6 7 59
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TBF | status | shift | Tempreature | Humidity E'QE team Mg%rélge TTF
59.80 | 0.00 | 3.00 6.74 20.90 1.00 3.00 1.00 59.80
14.28 0.00 1.00 2.59 11.07 2.00 2.00 1.00 74.08
26.19 1.00 2.00 11.24 19.13 1.00 1.00 1.00 100.27
26.68 1.00 3.00 12.45 18.18 1.00 1.00 1.00 126.95
21.82 1.00 1.00 10.36 17.33 1.00 2.00 1.00 148.77
53.60 1.00 2.00 8.09 15.20 1.00 4.00 1.00 202.37
93.29 1.00 2.00 3.88 31.37 2.00 2.00 1.00 295.66
5.81 1.00 3.00 3.88 31.37 2.00 3.00 1.00 301.48
8.33 1.00 | 1.00 2.47 30.85 2.00 4.00 1.00 309.81
73.68 1.00 2.00 9.14 28.47 2.00 4.00 1.00 383.49
271.01 1.00 1.00 9.94 37.36 1.00 2.00 1.00 654.50
73.11 1.00 2.00 9.82 36.20 1.00 3.00 1.00 727.61
17.50 1.00 2.00 12.94 35.03 2.00 2.00 1.00 745.12
38.75 1.00 3.00 11.55 30.27 2.00 1.00 1.00 783.87
5.40 1.00 1.00 11.55 30.27 2.00 3.00 1.00 789.27
8.66 1.00 3.00 11.55 30.27 2.00 1.00 1.00 797.92
20.58 1.00 3.00 11.29 28.25 2.00 4.00 1.00 818.50
3.81 1.00 3.00 12.44 27.51 2.00 3.00 1.00 822.31
1.06 0.00 1.00 12.44 27.51 2.00 2.00 1.00 823.37
165.39 | 1.00 | 1.00 10.04 36.53 2.00 1.00 1.00 988.75
47.07 1.00 2.00 13.13 38.69 2.00 1.00 1.00 1035.83
14.67 1.00 1.00 11.32 37.50 2.00 3.00 1.00 1050.50
5.22 1.00 2.00 11.32 37.50 2.00 4.00 1.00 1055.72
2.98 1.00 3.00 11.32 37.50 2.00 1.00 1.00 1058.71
39.76 1.00 3.00 7.98 21.53 2.00 4.00 1.00 1098.47
4.10 1.00 1.00 7.98 21.53 2.00 2.00 1.00 1102.57
16.28 1.00 3.00 14.02 39.05 2.00 4.00 1.00 1118.84
104.69 | 1.00 2.00 22.10 19.73 2.00 2.00 1.00 1223.53
95.38 1.00 1.00 21.46 17.72 2.00 1.00 1.00 1318.91
87.87 1.00 2.00 22,51 16.10 2.00 2.00 1.00 1406.78
14.77 1.00 1.00 23.05 16.44 2.00 1.00 1.00 1421.55
249.94 | 1.00 1.00 2.55 3.54 2.00 1.00 1.00 1671.49
89.87 1.00 3.00 26.06 12.83 2.00 4.00 1.00 1761.36
86.92 1.00 3.00 28.20 21.87 2.00 1.00 1.00 1848.28
3.24 1.00 1.00 28.20 21.87 2.00 3.00 1.00 1851.52
64.70 1.00 1.00 27.18 17.15 2.00 2.00 1.00 1916.22
5.09 1.00 2.00 27.18 17.15 2.00 4.00 1.00 1921.31
14.97 1.00 3.00 27.58 17.64 2.00 1.00 1.00 1936.28
6.79 1.00 2.00 27.58 17.64 2.00 3.00 1.00 1943.07
88.87 1.00 2.00 30.64 15.41 2.00 3.00 1.00 2031.94
260.00 | 1.00 2.00 31.51 18.03 2.00 2.00 1.00 2291.94
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TBF status | shift | Tempreature | Humidity FO'QE team Mg((:)f(]jlge TTF
24.85 1.00 3.00 30.03 17.35 2.00 2.00 1.00 2316.79
7.97 1.00 2.00 30.03 17.35 2.00 1.00 1.00 2324.76
5.43 1.00 3.00 29.64 16.91 2.00 2.00 1.00 2330.19
25.46 1.00 2.00 30.11 16.71 2.00 4.00 1.00 2355.65
9.22 1.00 3.00 7.32 5.03 2.00 1.00 1.00 2364.87
30.65 1.00 3.00 21.55 9.45 2.00 3.00 1.00 2395.52
3.50 1.00 1.00 21.55 9.45 2.00 1.00 1.00 2399.01
35.16 1.00 1.00 31.36 15.30 2.00 4.00 1.00 2434.18
4.71 0.00 1.00 29.88 15.12 1.00 1.00 1.00 2438.89
301.84 | 1.00 2.00 27.63 21.35 2.00 2.00 1.00 2740.72
6.70 1.00 3.00 27.79 18.33 2.00 1.00 1.00 2747.42
66.87 1.00 1.00 28.79 17.06 2.00 3.00 1.00 2814.29
262.61 | 1.00 3.00 26.70 20.92 1.00 4.00 1.00 3076.91
19.66 1.00 1.00 25.50 17.49 2.00 1.00 1.00 3096.56
8.54 1.00 2.00 25.50 17.49 2.00 2.00 1.00 3105.11
27.58 1.00 3.00 24.81 17.01 2.00 3.00 1.00 3132.69
14473 | 1.00 2.00 24.48 10.00 1.00 1.00 1.00 3277.42
9.22 1.00 3.00 14.67 17.08 1.00 2.00 1.00 3286.64
60.45 1.00 3.00 27.60 25.10 1.00 1.00 1.00 3347.09
267.43 | 1.00 2.00 20.92 24.64 1.00 3.00 1.00 3614.52
11.53 1.00 3.00 21.36 21.87 1.00 2.00 1.00 3626.05
169.64 | 1.00 2.00 24.35 16.84 2.00 2.00 1.00 3795.69
263.18 | 0.00 2.00 18.79 24.82 2.00 3.00 1.00 4058.86
69.97 1.00 1.00 18.74 7.40 2.00 4.00 1.00 4128.84
36.44 1.00 1.00 13.86 21.35 2.00 2.00 1.00 4165.28
35.79 0.00 1.00 19.44 32.23 2.00 1.00 1.00 4201.07
1.40 1.00 2.00 19.44 32.23 2.00 1.00 1.00 4202.47
4.27 1.00 3.00 18.62 30.68 2.00 3.00 1.00 4206.74
4.82 1.00 1.00 18.62 30.68 2.00 1.00 1.00 4211.56
4.23 1.00 1.00 18.62 30.68 2.00 1.00 1.00 4215.79
6.05 1.00 2.00 18.62 30.68 2.00 2.00 1.00 4221.83
129.61 | 1.00 1.00 16.60 21.46 2.00 1.00 1.00 4351.45
322.66 | 1.00 2.00 9.89 26.13 1.00 3.00 1.00 4674.11
48.70 1.00 2.00 7.66 39.47 2.00 1.00 1.00 4722.81
5.00 1.00 2.00 7.66 39.47 2.00 1.00 1.00 4727.81
14.07 1.00 2.00 7.15 38.87 2.00 2.00 1.00 4741.88
36.78 0.00 1.00 5.95 38.12 2.00 3.00 1.00 4778.65
2.29 1.00 1.00 8.10 37.21 2.00 2.00 1.00 4780.94
55.84 1.00 3.00 8.09 37.18 2.00 2.00 1.00 4836.78
33.99 1.00 1.00 10.27 39.19 2.00 3.00 1.00 4870.78
77.48 1.00 3.00 8.20 33.07 2.00 1.00 1.00 4948.26
225.29 | 1.00 3.00 14.61 34.04 1.00 3.00 1.00 5173.55
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TBF TBF | TBF TBF TBF TBF TBF TBF TBF
215.01 | 1.00 1.00 19.81 27.21 1.00 4.00 1.00 5388.55
277.58 | 1.00 1.00 16.49 29.07 1.00 3.00 1.00 5666.14

72.25 0.00 1.00 17.00 29.44 1.00 1.00 1.00 5738.39
924.40 | 1.00 2.00 31.24 17.47 1.00 3.00 1.00 6662.79

14.95 1.00 1.00 31.70 16.94 2.00 2.00 1.00 6677.74
106.57 | 1.00 3.00 3171 28.30 2.00 1.00 1.00 6784.31
270.80 | 1.00 3.00 30.83 23.47 2.00 1.00 1.00 7055.11

52.58 1.00 3.00 30.66 16.53 1.00 3.00 1.00 7107.68
249.37 | 1.00 2.00 26.73 30.81 2.00 4.00 1.00 7357.05

28.30 1.00 1.00 27.73 26.24 1.00 2.00 1.00 7385.35

66.05 1.00 3.00 29.14 29.29 1.00 2.00 1.00 7451.41

24.55 1.00 2.00 28.45 32.01 1.00 3.00 1.00 7475.96

29.03 1.00 1.00 27.01 25.22 1.00 1.00 1.00 7504.99

0.96 1.00 1.00 27.01 25.22 1.00 1.00 1.00 7505.94
185.88 | 1.00 2.00 23.34 35.77 2.00 4.00 1.00 7691.83

18.36 1.00 2.00 22.94 34.03 2.00 3.00 1.00 7710.19

41.60 1.00 3.00 22.79 33.93 2.00 4.00 1.00 7751.79

40.63 1.00 1.00 22.57 34.98 1.00 3.00 1.00 7792.42

40.81 1.00 1.00 24.04 31.72 2.00 2.00 1.00 7833.23

20.14 1.00 1.00 23.57 29.31 1.00 3.00 1.00 7853.37

9.66 1.00 2.00 23.57 29.31 2.00 4.00 1.00 7863.03
257.52 | 1.00 3.00 17.89 11.19 2.00 3.00 1.00 8120.55

22.11 1.00 3.00 19.06 12.01 2.00 2.00 1.00 8142.66

57.13 1.00 3.00 18.11 11.62 2.00 1.00 1.00 8199.80

56.55 1.00 1.00 19.84 5.05 2.00 1.00 1.00 8256.35

86.67 1.00 1.00 12.95 5.00 1.00 3.00 1.00 8343.02
111.60 | 1.00 2.00 14.36 7.96 1.00 1.00 1.00 8454.62

8.38 1.00 3.00 15.50 8.94 1.00 4.00 1.00 8463.00

2.56 1.00 3.00 15.50 8.94 1.00 4.00 1.00 8465.56

54.53 1.00 1.00 14.31 12.24 2.00 1.00 1.00 8520.09

25.25 1.00 2.00 12.99 12.33 2.00 2.00 1.00 8545.34

28.03 1.00 3.00 14.40 8.44 2.00 2.00 1.00 8573.37

29.97 1.00 1.00 15.19 9.20 2.00 2.00 1.00 8603.35

68.86 1.00 1.00 12.20 8.11 2.00 2.00 1.00 8672.20
43.97 1.00 3.00 13.02 7.44 2.00 3.00 1.00 8716.17

12.65 1.00 1.00 11.93 5.66 2.00 1.00 1.00 8728.82

24.99 1.00 3.00 9.69 8.42 2.00 3.00 1.00 8840.86
12512 | 1.00 2.00 10.35 9.30 1.00 2.00 1.00 8965.98
119.02 | 1.00 3.00 11.34 7.83 2.00 4.00 1.00 9085.00

81.93 0.00 3.00 11.34 7.83 2.00 4.00 1.00 9166.93
176.03 | 0.00 3.00 7.23 27.35 1.00 3.00 2.00 9342.96

88.58 1.00 3.00 9.36 36.40 2.00 1.00 2.00 9431.54
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Abstract

Open-pit mining with high production rate requires large machineries. Deployment and
maintenance of these machineries require huge investment. Unit operations of mining
involve drilling, blasting, loading and hauling which loading occupies a crucial role in
production rate and if it stops, the whole operation will stop. Unforeseen stops will
increase maintenance and repair expenses, decrease profit, delay fulfiling the orders,
and ultimately reduce the company's credit and will lead to customer dissatisfaction.
Spare parts management is part of product support and is very effective in product's life
cycle cost. Availability of spare parts could decrease the system downtime and increase
its efficiency which result in improvement of project profitability. In this thesis, the
reliability index is used for unloading spare parts. On completion of this approach, the
impact of environmental conditions added to this analysis as "observed risk factors™” to
make the results as close as possible to reality. If we miss considering the harsh working
conditions in mines, there will be a major defect in our analysis. however we know that
it is impossible to determine and import all the observed risk factors in the analysis
because some risk factors such as managerial decision-making, difference of brands, or
the skill of operators, despite being observable, have not been recorded or correctly
categorized and remained unknown due to various reasons including impossibility of
quantification, lack of both information and accuracy, lack of expertise and shortage of
time in data collection interval. These risk factors also added to the analysis as
"unobserved risk factors”. To give more consideration to the effect of observed and
unobserved risk factors on reliability function (estimation of related parameters) and
ultimately the spare parts provision based on resultant reliability function, we suggest a
five-step algorithm. For this purpose the expansions based on Cox regression models
have been used, because these models are able to simultaneously analyze the
performance data (time data) and effective environmental conditions (observed and
unobserved risk factors). Thereafter, in order to validate the suggested algorithm for
spare parts provision based on observed and unobserved risk factors, a case study of the
loading fleet (Caterpillar 390DL bucket nail excavator, Golgohar Sirjan Iron Mine No.
1) was selected. After establishing the database within 24 months for 4 excavators, the
required data collected in two formats: time data including time to failures (TTFs), and
observed risk factors including working shift (Z;), rock type (Z), operation team (Z3),
temperature (Z4), precipitation (Zs) and Excavator code (Zs). The value of maximum
likelihood ratio equals 23.56, which confirm the existence of unobserved risk factors.
Therefore, the exponential mixed proportional hazard model (MPHM) with 0.297 as the
frailty value used for the reliability function. The results of spare parts management
with the mixed proportional hazard model in one year for the existing scenarios are 76,
129 and 222 respectively, and the classical exponential function predicted to be 112.
Finding of this study shows the significant effect of unobserved risk factors on spare
parts analysi.

Keywords: Reliabilty, Spare parts, Observed and Unobserved Covariates, Operating
environment, Mining machinery
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