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3. Basaligheh F. and Keyhani A. (2016) “ Estimation of a
Distribution Function for Shotcrete Thickness in Tunnel
Support system” Indian Journal of Science and Technology, V.
9, pp.

4. Basaligheh F. and Keyhani A. (2015) “Application of Tests of
Goodness of Fit in Determining the Probability Density
Function for Spacing of Steel Sets in Tunnel Support System”
International Journal of Mining and Geo-Engineering (IJMGE),
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1.Road header
2.tunnel boring machine
3.supporting
4.temporary
5.permanent
6.steel sets
7.Rock bolt
8.Cable bolt
9.shotcrete
10.Lining
11.Segment
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12. Lattic girder
13. Goodness of fit
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14. Monte carlo Analysis
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No. Distribution Kglm.ogorov Anden:son Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.13549 3 0.65976 7 2.2101 7
2 Error 0.14319 5 0.58809 3 0.95679 5
3 Error Function 0.59694 15 23.472 15 24.996 15
4 Exponential 0.22361 12 2.8654 11 4.883 12
5 Exponential (2P) 0.22361 13 2.3273 10 4.883 13
6 Gen. Extreme Value 0.0899 1 0.18547 1 0.46789 2
7 Gumbel Max 0.10409 2 0.19831 2 0.17849 1
8 Hypersecant 0.16468 7 0.64488 6 3.0031 9
9 Laplace 0.18707 8 0.77019 8 3.0506 10
10 Logistic 0.14929 6 0.59798 5 2.9012 8
11 Normal 0.14 4 0.59758 4 0.55356 3
12 Pareto 2 0.23211 14 2.972 12 4.8263 11
13 Pert 0.20342 11 2.0462 9 1.9592 6
14 Phased Bi- 0.19558 | 9 | 3.4906 | 14 | 077648 | 4
Exponential

15 Rice 0.20157 10 2.9815 13 6.3998 14
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No. Distribution Kglm.ogorov Anden:son Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.17163 7 1.31 9 7.3571 12
2 Error 0.18186 9 0.88411 6 2.5522 5
3 Error Function 0.78459 15 62.222 15 226.85 15
4 Exponential 0.31815 13 4.4838 11 13.971 14
5 Exponential (2P) 0.14604 5 4.56 12 0.01626 1
6 Gen. Extreme Value | 0.10002 1 0.29247 1 1.7526 4
7 Gumbel Max 0.11575 4 0.32641 2 2.7509 7
8 Hypersecant 0.1894 10 0.92167 7 2.6248 6
9 Laplace 0.21571 11 1.1892 8 6.1366 11
10 Logistic 0.17423 8 0.83624 4 3.4872 9
11 Normal 0.1537 6 0.85508 5 3.512 10
12 Pareto 2 0.34643 14 5.3203 13 12.536 13
13 Pert 0.11534 3 3.1611 10 0.06494 2
14 Phased Bi- 029206 | 12 | 80877 | 14 | 012183 | 3
Exponential

15 Rice 0.11235 2 0.59208 3 3.1554 8
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No. Distribution Kglmf’g"“’v Anderson Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.17149 8 1.9921 10 6.8441 13
2 Error 0.18981 11 1.4877 7 6.2112 11
3 Error Function 0.64602 15 37.061 15 73.892 15
4 Exponential 0.23777 13 2.648 12 0.53302 1
5 Exponential (2P) 0.13926 3 1.5801 8 3.0758 5
6 Gen. Extreme Value | 0.10204 1 0.27325 1 2.0812 2
7 Gumbel Max 0.11025 2 0.48575 2 3.6247 7
8 Hypersecant 0.18136 10 1.398 6 6.3824 12
9 Laplace 0.20549 12 1.7867 9 8.0439 14
10 Logistic 0.17309 9 1.2617 5 4.51 10
11 Normal 0.16317 6 1.2236 4 3.1118 6
12 Pareto 2 0.24932 14 2.8982 13 3.7558 9
13 Pert 0.15449 4 2.6231 11 3.0588 4
14 Phased Bi- 016012 | 5 | 36378 | 14 | 36762 | 8
Exponential
15 Rice 0.1705 7 1.1679 3 3.0084 3
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No. Distribution Kgl“‘."g"mv Anderson Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.13262 2 0.64845 3 0.87184 1
2 Error 0.1632 7 1.4135 5 4.3633 6
3 Error Function 0.72086 15 52.862 15 168.32 15
4 Exponential 0.28347 12 4.6887 12 25.865 12
5 Exponential (2P) 0.15389 5 1.8183 10 2.2244 3
6 Gen. Extreme Value | 0.10399 1 0.32543 1 1.0476 2
7 Gumbel Max 0.15137 4 0.64222 2 10.198 11
8 Hypersecant 0.18771 9 1.4347 7 3.9078 4
9 Laplace 0.1632 6 1.4135 6 4.3633 7
10 Logistic 0.19993 10 1.5079 8 4.6771 8
11 Normal 0.21528 11 1.766 9 5.0279 9
12 Pareto 2 0.30222 13 5.3678 13 28.806 13
13 Pert 0.14674 3 2.545 11 3.9806 5
14 Phased Bi- 034646 | 14 | 12267 | 14 | 28869 | 14
Exponential

15 Rice 0.1862 8 1.0416 4 5.5446 10
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No. Distribution Kgl“‘."g"“’v Anderson Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.13268 5 1.3314 9 0.49359 1
2 Error 0.14199 8 1.0212 7 5.7643 8
3 Error Function 0.63322 15 51.857 15 139.44 15
4 Exponential 0.22188 13 2.9208 11 11.415 14
5 Exponential (2P) 0.21079 12 3.3033 13 10.131 12
6 Gen. Extreme Value | 0.06467 1 0.18077 1 1.8189 3
7 Gumbel Max 0.07523 2 0.21579 2 0.57258 2
8 Hypersecant 0.14227 9 1.121 8 4.668 7
9 Laplace 0.15766 10 1.508 10 9.1035 11
10 Logistic 0.14117 7 0.97932 5 5.802 9
11 Normal 0.13988 6 0.93717 4 6.6258 10
12 Pareto 2 0.22533 14 3.0248 12 11.41 13
13 Pert 0.08864 3 0.32293 3 3.0557 5
14 Phased Bi- 0.18044 | 11 | 58678 | 14 | 18656 | 4
Exponential
15 Rice 0.13125 4 0.98956 6 4.5534 6
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No. Distribution Kgl“‘."g"mv Anderson Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.14633 2 1.9619 2 6.2173 3
2 Error 0.22872 8 39111 7 9.0055 5
3 Error Function 0.60714 15 32.204 15 64.92 15
4 Exponential 0.25283 12 4.1082 10 29.031 14
5 Exponential (2P) 0.15526 4 2.0216 3 5.4791 2
6 Gen. Extreme Value | 0.08794 1 0.40894 1 4.5446 1
7 Gumbel Max 0.177 6 2.7476 4 24.955 13
8 Hypersecant 0.22701 7 3.9263 9 10.495 8
9 Laplace 0.22872 9 39111 8 9.0055 6
10 Logistic 0.23544 10 4.1127 11 13.605 10
11 Normal 0.24557 11 4.6357 13 19.832 11
12 Pareto 2 0.25746 13 4.198 12 22.013 12
13 Pert 0.15223 3 3.4833 6 9.6778 7
14 Phased Bi- 0.16397 | 5 3.206 5 | 85709 | 4
Exponential

15 Rice 0.27061 14 6.1081 14 11.157 9
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No. Distribution Kglmf’g"“’v Anderson Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.12108 2 1.2452 2 1.0121 1
2 Error 0.27788 12 4.3205 8 15.656 6
3 Error Function 0.61599 15 28.466 15 65.515 15
4 Exponential 0.26924 11 4.3297 10 33.5 13
5 Exponential (2P) 0.16776 3 2.6424 3 11.731 5
6 Gen. Extreme Value 0.1053 1 0.48717 1 4.1903 2
7 Gumbel Max 0.20033 6 3.4176 4 20.018 8
8 Hypersecant 0.25655 9 4.3169 7 31.917 10
9 Laplace 0.27788 13 4.3205 9 15.656 7
10 Logistic 0.2498 8 4.5375 11 32.485 11
11 Normal 0.24499 7 5.1811 13 33.451 12
12 Pareto 2 0.26555 10 4.2776 6 33.91 14
13 Pert 0.18201 4 4.8285 12 11.064 4
14 Phased Bi- 019515 | 5 | 41448 | 5 | 10408 | 3
Exponential
15 Rice 0.33521 14 7.3246 14 28.596 9
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No. Distribution Kglm.ogorov Andel:son Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.12909 2 0.95558 2 1.5871 1
2 Error 0.18292 10 1.9194 4 4.5481 5
3 Error Function 0.57295 15 28.772 15 53.943 15
4 Exponential 0.17943 7 3.8768 11 8.3628 11
5 Exponential (2P) 0.17943 8 2.7368 10 8.3628 12
6 Gen. Extreme Value | 0.09469 1 0.278 1 1.7814 2
7 Gumbel Max 0.13371 4 1.1873 3 6.073 8
8 Hypersecant 0.17836 6 1.9525 6 3.8849 4
9 Laplace 0.18292 11 1.9194 5 4.5481 6
10 Logistic 0.18846 12 2.1148 7 3.3236 3
11 Normal 0.20075 13 2.5826 8 5.1077 7
12 Pareto 2 0.18285 9 3.9501 12 8.3666 13
13 Pert 0.12931 3 2.6147 9 7.75 9
Phased Bi-
14 . 0.17129 5 5.2647 13 7.8174 10
Exponential

15 Rice 0.23191 14 6.6322 14 9.182 14
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No. Distribution Kglm.ogorov Andel:son Chi-Squared
mirnov Darling
Statistic | Rank | Statistic | Rank | Statistic | Rank
1 Cauchy 0.16687 1 0.70267 2 1.2933 7
2 Error 0.37886 11 1.9885 8 3.4596 11
3 Error Function 0.52454 15 7.2578 15 2.1655 9
4 Exponential 0.23717 4 0.73247 4 0.47156 3
5 Exponential (2P) 0.24233 6 2.8964 12 0.81814 6
6 Gen. Extreme Value | 0.19906 2 0.6337 1 0.04734 1
7 Gumbel Max 0.30115 7 1.2412 5 0.0734 2
8 Hypersecant 0.38249 12 2.0335 9 3.8314 13
9 Laplace 0.4051 13 2.3452 10 4.1819 14
10 Logistic 0.37509 10 1.9535 7 3.5107 12
11 Normal 0.36626 9 1.901 6 2.982 10
12 Pareto 2 0.23764 5 0.7283 3 0.47747 4
13 Pert 0.36402 8 6.2319 13 1.7894 8
14 Phased Bi- 022031 | 3 | 25285 | 11 | 051402 | 5
Exponential

15 Rice 0.50989 14 6.316 14 13.864 15
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o3l
Chi-Squared Anderson-Darling Kolmogorov-Smirnov
sl ad, | oblel g | ol ad, | ol g | ol ad) | oljlel o &9 &y
) 4y L)
2 46 3 46 2 32 Cauchy
7 62 4 55 10 81 Error
15 129 15 135 15 135 Error Function
13 94 12 92 13 97 Exponential
5 59 9 81 5 59 Exponential (2P)
1 19 1 9 1 10 Gen. Extreme Value
5 59 2 26 3 37 Gumbel Max
8 73 6 65 8 79 Hypersecant
11 86 8 73 12 93 Laplace
10 80 5 63 9 80 Logistic
9 78 7 66 7 73 Normal
14 102 13 96 14 106 Pareto 2
3 50 10 84 4 42 Pert
4 55 14 104 6 69 Phased Bi-
Exponential
12 88 11 85 11 87 Rice
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(V-FHJse
Caxbao yialyly ool yol,yly S pelyly b
B c 5
20.59558831 16.52125582 0.050636535 Y
31.96534751 1496138473 0.0742432488 Y
29.24288344 18.00947334 0.1708417209 ¥
32.72673083 15.53385141 0.1789331572 o
28.34144627 19.50085218 0.0499962104 4
30.61615401 15.70707647 0.3841922009 4
28.45972259 13.53816469 0.4299261374 A
26.3902323 19.07357213 0.2395227454 !
2241667165 21.65067452 0.3679890281 \E
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No Frame Metrage Frames No Frame Metrage Frames
number from to Distances number from to Distances
1 1 0.00 0.70 70 42 42 36.36 37.36 100
2 2 0.70 1.40 70 43 43 37.36 38.40 104
3 3 1.40 2.22 82 44 44 38.40 39.40 100
4 4 2.22 3.02 80 45 45 39.40 40.40 100
5 5 3.02 3.84 82 46 46 40.40 41.40 100
6 6 3.84 4.67 83 47 47 41.40 42.40 100
7 7 4.67 5.49 82 48 48 42.40 43.38 98
8 8 5.49 6.31 82 49 49 43.38 44.41 103
9 9 6.31 7.13 82 50 50 44.41 45.43 102
10 10 7.13 7.95 82 51 51 45.43 46.45 102
11 11 7.95 8.77 82 52 52 46.45 47.40 95
12 12 8.77 9.60 83 53 53 47.40 48.40 100
13 13 9.60 10.42 82 54 54 48.40 49.40 100
14 14 10.42 11.25 83 55 55 49.40 50.41 101
15 15 11.25 12.05 80 56 56 50.41 51.43 102
16 16 12.05 12.90 85 57 57 51.43 52.41 98
17 17 12.90 13.71 81 58 58 52.41 53.40 99
18 18 13.71 14.52 81 59 59 53.40 54.43 103
19 19 14.52 15.53 101 60 60 54.43 55.25 82
20 20 15.53 16.15 62 61 61 55.25 56.25 100
21 21 16.15 16.98 83 62 62 56.25 57.23 98
22 22 16.98 17.80 82 63 63 57.23 58.22 99
23 23 18.80 18.60 80 64 64 58.22 59.22 100
24 24 18.60 19.44 84 65 65 59.22 60.25 103
25 25 19.44 20.24 80 66 66 60.25 61.22 97
26 26 20.24 21.32 108 67 67 61.22 62.23 101
27 27 21.32 22.33 101 68 68 62.23 63.25 102
28 28 22.33 23.33 100 69 69 63.25 64.23 98
29 29 23.33 24.35 102 70 70 64.23 65.26 103
30 30 24.35 25.37 102 71 71 65.26 66.27 101
31 31 25.37 26.41 104 72 72 66.27 67.26 99
32 32 26.41 2742 101 73 73 67.26 68.30 104
33 33 27.42 28.44 102 74 74 68.30 69.30 100
34 34 28.44 29.44 100 75 75 69.30 70.30 100
35 35 29.44 30.48 104 76 76 70.30 71.31 101
36 36 30.48 31.44 96 77 77 71.31 72.03 72
37 37 31.44 32.39 95 78 78 72.03 73.05 102
38 38 32.39 33.38 99 79 79 73.05 74.00 95
39 39 33.38 34.33 95 80 80 74.00 75.00 100
40 40 34.33 35.35 102 81 81 75.00 76.00 100
41 41 35.35 36.36 101 82 82 76.00 77.18 118
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Frame Metrage Frames Frame Metrage Frames Frame Metrage Frames
number | from | to Distances number | from | to Distances number | from | to Distances
1 4.00 442 42 37 33.80 | 34.80 100 73 7042 | 71.45 103
2 4.42 4.87 45 38 34.80 | 35.80 100 74 71.45 72.47 102
3 4.87 5.30 43 39 35.80 | 36.83 103 75 72.47 | 73.50 103
4 5.30 6.03 73 40 36.83 37.85 102 76 73.50 | 74.52 102
5 6.03 6.75 72 41 37.85 38.91 106 77 74.52 | 75.53 101
6 6.75 7.35 60 42 38.91 39.90 99 78 75.53 76.54 101
7 7.35 7.85 50 43 39.90 | 40.90 100 79 76.54 | 77.55 101
8 7.85 8.64 79 44 40.90 | 41.88 98 80 77.55 | 78.38 83
9 8.64 9.44 80 45 41.88 | 42.90 102 81 78.38 79.21 83
10 9.44 10.25 81 46 42.90 | 43.91 101 82 79.21 80.03 82
11 10.25 11.07 82 47 4391 | 44.90 99 83 80.03 | 80.83 80
12 11.07 11.87 80 48 4490 | 4592 102 84 80.83 81.70 87
13 11.87 12.96 109 49 4592 | 46.94 102 85 81.70 | 82.50 80
14 12.96 13.49 53 50 46.94 | 48.00 106 86 82.50 | 83.30 80
15 13.49 14.32 83 51 48.00 | 49.00 100 87 83.30 | 84.14 84
16 14.32 15.24 92 52 49.00 | 49.97 97 88 84.14 | 84.93 79
17 15.24 16.14 90 53 49.97 | 51.00 103 89 84.93 85.76 83
18 16.14 17.02 88 54 51.00 | 52.03 103 90 85.76 | 86.65 89
19 17.02 17.75 73 55 52.03 53.05 102 91 86.65 87.56 91
20 17.75 18.37 62 56 53.05 | 54.06 101 92 87.56 | 88.47 91
21 18.37 19.12 75 57 54.06 | 55.05 99 93 88.47 | 89.48 101
22 19.12 19.90 78 58 55.05 56.05 100 94 89.48 90.50 102
23 19.90 | 20.74 84 59 56.05 | 57.05 100 95 90.50 | 91.55 105
24 20.74 | 21.57 83 60 57.05 58.11 106 96 91.55 92.42 87
25 21.57 22.42 85 61 58.11 59.11 100 97 92.42 93.23 81
26 22.42 | 23.40 98 62 59.11 60.20 109 98 93.23 94.08 85
27 23.40 | 24.48 108 63 60.20 | 61.30 110 99 94.08 94.88 80
28 24.48 25.50 102 64 61.30 | 62.28 98 100 94.88 95.70 82
29 25.50 | 26.50 100 65 62.28 | 63.28 100 101 95.70 | 96.54 84
30 26.50 | 27.55 105 66 63.28 64.33 105 102 96.54 | 97.39 85
31 27.55 28.53 98 67 64.33 65.30 97 103 97.39 | 98.20 81
32 28.53 | 29.57 104 68 65.30 | 66.36 106 104 98.20 | 99.04 84
33 29.57 30.58 101 69 66.36 | 67.36 100 105 99.04 | 99.86 82
34 30.58 31.77 119 70 67.36 | 68.37 101 106 99.86 | 100.66 80
35 31.77 | 32.75 98 71 68.37 | 69.42 105 107 100.66 | 101.48 82
36 32.75 33.80 105 72 69.42 | 70.42 100 108 101.48 | 102.32 84
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No Distribution Kglmmi(:.ﬁ(())l;’ov Anderson Darling Chi-Squared
Statistic Rank Statistic Rank Statistic Rank
1 Beta 0.21754 8 4.9794 6 43.841 30
2 Burr 0.22023 9 5.2994 8 47.975 35
3 Burr (4P) 0.20889 5 4.7874 3 46.794 33
4 Cauchy 0.25584 19 11.036 41 31.318 6
5 Chi-Squared 0.24138 11 6.237 11 21.377 2
6 Chi-Squared (2P) 0.27695 35 6.8867 30 39.714 25
7 Erlang 0.26923 32 6.9436 31 33.815 16
8 Erlang (3P) 0.26197 22 6.4184 18 33.524 13
9 Error 0.25443 16 6.3292 14 34.18 19
10 Exponential 0.52379 47 30.352 48 49.771 39
11 Exponential (2P) 0.38022 44 18.437 44 88.751 43
12 Fatigue Life 0.26456 25 6.7096 24 32.733 10
13 Fatigue Life (3P) 0.25448 17 6.3491 15 34.333 22
14 Frechet 0.29525 38 8.3367 37 137.98 46
15 Frechet (3P) 0.24817 12 6.7646 25 32.399 7
16 Gamma 0.26478 26 6.8443 29 33.755 15
17 Gamma (3P) 0.26773 31 6.5688 19 26.85 5
18 Gen. Gamma 0.26138 21 6.5998 20 33.385 11
19 Gen. Gamma (4P) 0.25873 20 6.404 17 34.105 18
20 Gumbel Max 0.3138 41 11.373 42 143.21 47
21 Gumbel Min 0.20251 1 4.6156 2 46.507 32
22 Hypersecant 0.28363 36 8.0657 36 117.19 45
23 Inv. Gaussian 0.25001 13 6.8371 28 49.406 38
24 Inv. Gaussian (3P) 0.25116 14 6.2409 12 34.186 20
25 Kumaraswamy 0.20293 2 4.5911 1 42.932 27
26 Laplace 0.31198 40 9.8101 40 56.076 42
27 Levy 0.63386 49 37.923 49 158.16 48
28 Levy (2P) 0.53103 48 23.903 47 180.01 49
29 Log-Gamma 0.26576 28 6.7841 26 32.46 8
30 Log-Logistic 0.26528 27 6.6069 21 37.081 23
31 Log-Logistic (3P) 0.21021 6 5.6965 10 48.387 36
32 Logistic 0.27007 33 7.1974 35 92.302 44
33 Lognormal 0.26392 24 6.701 23 32.711 9
34 Lognormal (3P) 0.25582 18 6.393 16 34.028 17
35 Nakagami 0.26375 23 7.0364 33 50.64 40
36 Normal 0.25275 15 6.2615 13 34.259 21
37 Pareto 0.41362 46 22.447 46 23.583 3
38 Pareto 2 0.64274 50 46.559 50 183.29 50
39 Pearson 5 0.26697 30 6.8315 27 24.976 4
40 Pearson 5 (3P) 0.26678 29 6.6461 22 33.557 14
41 Pearson 6 0.27577 34 7.0125 32 33.493 12
42 Pearson 6 (4P) 0.28471 37 7.1106 34 38.747 24
43 Pert 0.22378 10 5.338 9 55.147 41
44 Power Function 0.33431 42 9.0577 38 3.473 1
45 Rayleigh 0.38422 45 20.397 45 47.301 34
46 | Rayleigh (2P) 0.29835 39 9.7672 39 43.749 29
47 Reciprocal 0.34729 43 16.882 43 41.553 26
48 Student's t 0.99987 51 709.06 51 1.2367E+6 51
49 Triangular 0.20564 3 4.9889 7 45.901 31
50 Weibull 0.21481 7 4.9002 5 48.479 37
51 Weibull (3P) 0.20825 4 4.7932 4 43.445 28
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No Distribution Kglmmi(:.ﬁ(())l;’ov Anderson Darling Chi-Squared
Statistic Rank Statistic Rank Statistic Rank
1 Beta 0.16695 6 2.7185 2 29.952 12
2 Burr 0.18907 8 3.4526 5 48.294 26
3 Burr (4P) 0.24652 38 6.951 34 61.609 28
4 Cauchy 0.22896 33 9.9515 39 90.588 41
5 Chi-Squared 0.22916 34 5.9372 27 14.388 3
6 Chi-Squared (2P) 0.20316 23 5.5468 25 45.063 24
7 Erlang 0.22068 31 5.7262 26 15.592 4
8 Erlang (3P) 0.20386 25 4.9525 18 64.749 29
9 Error 0.2417 36 5.3593 20 31.334 15
10 Exponential 0.48174 46 35.705 47 520.73 49
11 Exponential (2P) 0.41866 44 25.484 44 42.446 21
12 Fatigue Life 0.20113 19 6.5355 31 106.24 42
13 Fatigue Life (3P) 0.19633 12 4.2818 10 66.017 32
14 Frechet 0.24595 37 12.684 41 82.851 39
15 Frechet (3P) 0.21035 26 8.1372 37 42.542 22
16 Gamma 0.21317 27 5.4334 22 13.718 2
17 Gamma (3P) 0.20174 20 4.827 16 67.938 36
18 Gen. Gamma 0.2018 21 5.5434 24 30.18 13
19 Gen. Gamma (4P) 0.20093 17 4.191 8 65.302 30
20 Gumbel Max 0.25283 40 10.978 40 12.878 1
21 Gumbel Min 0.1582 2 2.585 1 38.057 18
22 | Hypersecant 0.23315 35 4.9463 17 19.794 7
23 Inv. Gaussian 0.19188 9 5.4256 21 68.031 37
24 Inv. Gaussian (3P) 0.19409 10 4.2467 9 66.162 33
25 Kumaraswamy 0.16621 5 2.7641 4 28.513 11
26 Laplace 0.25987 41 6.3674 30 17.325 5
27 Levy 0.61876 50 46.011 49 703.55 50
28 Levy (2P) 0.52459 48 31.503 45 38.947 19
29 Log-Gamma 0.20189 22 6.6463 33 33.235 16
30 Log-Logistic 0.19429 11 6.5374 32 41.547 20
31 Log-Logistic (3P) 0.17756 7 3.8033 6 69.704 38
32 Logistic 0.21811 30 4.4279 13 20.992 9
33 Lognormal 0.19865 15 6.3035 29 114.75 45
34 Lognormal (3P) 0.20098 18 4.535 14 66.377 34
35 Nakagami 0.21773 29 5.1817 19 20.133 8
36 Normal 0.19794 13 4.3282 11 65.998 31
37 Pareto 0.45667 45 32.188 46 115.39 46
38 Pareto 2 0.58835 49 53.366 50 344.61 48
39 Pearson 5 0.19835 14 7.3541 35 42.835 23
40 Pearson 5 (3P) 0.21628 28 5.4897 23 18.496 6
41 Pearson 6 0.22171 32 7.8747 36 30.239 14
42 Pearson 6 (4P) 0.20358 24 4.7466 15 67.39 35
43 Pert 0.16006 3 4.0332 7 37.88 17
44 Power Function 0.25049 39 8.1503 38 83.49 40
45 Rayleigh 0.33632 43 21.103 43 269.31 47
46 Rayleigh (2P) 0.30056 42 13.901 42 113.17 43
47 Reciprocal 0.49552 47 39.45 48 114.67 44
48 Student's t 0.99972 51 917.45 51 7.2400E+5 51
49 Triangular 0.1998 16 6.2101 28 49.583 27
50 Weibull 0.15709 1 4.3586 12 47.57 25
51 Weibull (3P) 0.16521 4 2.7592 3 28.51 10
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Additional
No Distribution Function Rank Average Ranking
1 Beta 14 7 7
2 Burr 17 8.5 8
3 Burr (4P) 43 21.5 20
4 Cauchy 52 26 27
5 Chi-Squared 45 22.5 23
6 Chi-Squared (2P) 58 29 32
7 Erlang 63 315 34
8 Erlang (3P) 47 23.5 24
9 Error 52 26 27
10 Exponential 93 46.5 47
11 Exponential (2P) 88 44 43
12 Fatigue Life 44 22 21
13 Fatigue Life (3P) 29 14.5 13
14 Frechet 75 37.5 38
15 Frechet (3P) 38 19 16
16 Gamma 53 26.5 30
17 Gamma (3P) 51 25.5 26
18 Gen. Gamma 42 21 19
19 Gen. Gamma (4P) 37 18.5 15
20 Gumbel Max 81 40.5 39
21 Gumbel Min 3 1.5 1
22 Hypersecant 71 35.5 37
23 Inv. Gaussian 22 11 10
24 Inv. Gaussian (3P) 24 12 11
25 Kumaraswamy 7 3.5 2
26 Laplace 81 40.5 39
27 Levy 99 49.5 49
28 Levy (2P) 96 48 48
29 Log-Gamma 50 25 25
30 Log-Logistic 38 19 16
31 Log-Logistic (3P) 13 6.5 5
32 Logistic 63 31.5 34
33 Lognormal 39 19.5 18
34 Lognormal (3P) 36 18 14
35 Nakagami 52 26 27
36 Normal 28 14 12
37 Pareto 91 45.5 46
38 Pareto 2 99 495 49
39 Pearson 5 44 22 21
40 Pearson 5 (3P) 57 28.5 31
41 Pearson 6 66 33 36
42 Pearson 6 (4P) 61 30.5 33
43 Pert 13 6.5 5
44 Power Function 81 40.5 39
45 Rayleigh 88 44 43
46 Rayleigh (2P) 81 40.5 39
47 Reciprocal 90 45 45
48 Student's t 102 51 51
49 Triangular 19 9.5
50 Weibull 8 4
51 Weibull (3P) 8 4
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Additional
No Distribution Function Rank Average Ranking
1 Beta 8 4 4
2 Burr 13 6.5 5
3 Burr (4P) 37 18.5 18
4 Cauchy 80 40 40
5 Chi-Squared 38 19 19
6 Chi-Squared (2P) 55 27.5 30
7 Erlang 57 28.5 32
8 Erlang (3P) 36 18 17
9 Error 34 17 14
10 Exponential 95 47.5 48
11 Exponential (2P) 88 44 43
12 Fatigue Life 55 27.5 30
13 Fatigue Life (3P) 25 12.5 11
14 Frechet 78 39 39
15 Frechet (3P) 62 31 34
16 Gamma 51 25.5 25
17 Gamma (3P) 35 17.5 15
18 Gen. Gamma 44 22 20
19 Gen. Gamma (4P) 25 12.5 11
20 Gumbel Max 82 41 42
21 Gumbel Min 3 1.5 1
22 Hypersecant 53 26.5 28
23 Inv. Gaussian 49 24.5 23
24 Inv. Gaussian (3P) 21 10.5 9
25 Kumaraswamy 5 2.5 2
26 Laplace 70 35 37
27 Levy 98 49 49
28 Levy (2P) 92 46 46
29 Log-Gamma 59 29.5 33
30 Log-Logistic 53 26.5 28
31 Log-Logistic (3P) 16 8 6
32 Logistic 48 24 22
33 Lognormal 52 26 26
34 Lognormal (3P) 30 15 13
35 Nakagami 52 26 26
36 Normal 24 12 10
37 Pareto 92 46 46
38 Pareto 2 100 50 50
39 Pearson 5 62 31 34
40 Pearson 5 (3P) 45 22.5 21
41 Pearson 6 68 34 36
42 Pearson 6 (4P) 49 24.5 23
43 Pert 16 8 6
44 Power Function 76 38 38
45 Rayleigh 88 44 43
46 Rayleigh (2P) 81 40.5 41
47 Reciprocal 91 455 45
48 Student's t 102 51 51
49 Triangular 35 17.5 15
50 Weibull 17 8.5 8
51 Weibull (3P) 7 3.5 3
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Additional
No Distribution Function Rank Average Ranking
1 Beta 42 21 15
2 Burr 61 30.5 37
3 Burr (4P) 61 30.5 37
4 Cauchy 47 235 18
5 Chi-Squared 5 2.5 1
6 Chi-Squared (2P) 49 24.5 23
7 Erlang 20 10 3
8 Erlang (3P) 42 21 15
9 Error 34 17 10
10 Exponential 88 44 48
11 Exponential (2P) 64 32 40
12 Fatigue Life 52 26 27
13 Fatigue Life (3P) 54 27 32
14 Frechet 85 425 47
15 Frechet (3P) 29 14.5 9
16 Gamma 17 8.5 2
17 Gamma (3P) 41 20.5 13
18 Gen. Gamma 24 12 5
19 Gen. Gamma (4P) 48 24 20
20 Gumbel Max 48 24 20
21 Gumbel Min 50 25 25
22 Hypersecant 52 26 27
23 Inv. Gaussian 75 37.5 45
24 Inv. Gaussian (3P) 53 26.5 30
25 Kumaraswamy 38 19 11
26 Laplace 47 235 18
27 Levy 98 49 49
28 Levy (2P) 68 34 41
29 Log-Gamma 24 12 5
30 Log-Logistic 43 21.5 17
31 Log-Logistic (3P) 74 37 44
32 Logistic 53 26.5 30
33 Lognormal 54 27 32
34 Lognormal (3P) 51 25.5 26
35 Nakagami 48 24 20
36 Normal 52 26 27
37 Pareto 49 24.5 23
38 Pareto 2 98 49 49
39 Pearson 5 27 13.5
40 Pearson 5 (3P) 20 10
41 Pearson 6 26 13
42 Pearson 6 (4P) 59 29.5 36
43 Pert 58 29 34
44 Power Function 41 20.5 13
45 Rayleigh 81 40.5 46
46 Rayleigh (2P) 72 36 43
47 Reciprocal 70 35 42
48 Student's t 102 51 51
49 Triangular 58 29 34
50 Weibull 62 31 39
51 Weibull (3P) 38 19 11
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No Distribution Kglmmi(:‘%::;,ov Anderson Darling Chi-Squared
Statistic Rank Statistic Rank Statistic Rank
1 Beta 0.59703 32 12.444 32 1.528 16
2 Cauchy 0.22061 2 1.0596 2 1.7305 24
3 Chi-Squared 0.40103 30 4.6 29 1.6645 22
4 Chi-Squared (2P) 0.38767 28 3.8098 26 5.6276 27
5 Erlang 0.36026 25 3.4525 24 1.515 12
6 Erlang (3P) 0.33775 19 3.2912 15 1.5122 11
7 Error 0.28749 5 2.446 4 5.963 30
8 Fatigue Life 0.33902 21 3.3452 20 1.54 17
9 Fatigue Life (3P) 0.32065 10 3.2015 8 1.4999 5
10 | Frechet 0.43752 31 4.6834 30 8.5242 31
11 | Frechet (3P) 0.36591 26 3.8488 27 4.6539 25
12 | Gamma 0.33308 17 3.2892 13 1.5239 14
13 | Gamma (3P) 0.33593 18 3.2899 14 1.5167 13
14 | Gumbel Max 0.38869 29 4.7556 31 5.6253 26
15 | Gumbel Min 0.31483 8 3.8652 28 1.7102 23
16 | Hypersecant 0.30828 6 2.7547 6 1.511 9
17 | Inv. Gaussian 0.32215 11 3.2914 16 1.544 19
18 | Inv. Gaussian (3P) 0.32035 9 3.2035 9 1.5013 6
19 | Laplace 0.28749 4 2.446 3 5.963 29
20 | Log-Gamma 0.34189 23 3.3731 21 1.5551 20
21 | Log-Logistic 0.38319 27 3.6705 25 5.6739 28
22 | Log-Logistic (3P) 0.24813 3 2.5858 5 9.0273 32
23 | Logistic 0.31478 7 2.926 7 1.5063 7
24 | Lognormal 0.33854 20 3.3406 19 1.5401 18
25 | Lognormal (3P) 0.3273 13 3.2419 11 1.5111 10
26 | Nakagami 0.32784 14 3.2465 12 1.5099 8
27 | Normal 0.32249 12 3.213 10 1.4977 4
28 | Pearson 5 0.34459 24 3.4031 22 1.5622 21
29 | Pearson 5 (3P) 0.34036 22 3.3224 17 1.5255 15
30 | Wakeby 0.19716 1 0.74762 1 1.3338 2
31 | Weibull 0.32828 15 3.4233 23 1.3069 1
32 | Weibull (3P) 0.32884 16 3.3289 18 1.4717 3
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Kolmogoroy Anderson Darling Chi-Squared
No Distribution Smirnov
Statistic Rank Statistic Rank Statistic Rank

1 Beta 0.2074 4 48111 8 34.266 8
2 Cauchy 0.15086 2 0.81021 1 0.95324 1
3 Chi-Squared 0.36983 32 12.251 31 130.31 32
4 Chi-Squared (2P) 0.2955 28 8.8653 28 65.408 30
5 Erlang 0.24217 19 5.6122 18 59.634 17
6 Erlang (3P) 0.23443 17 5.8147 19 59.735 21
7 Error 0.23232 14 3.1364 5 5.207 3
8 Fatigue Life 0.24751 23 6.0574 23 59.805 24
9 Fatigue Life (3P) 0.22843 10 5.301 12 59.59 15
10 | Frechet 0.35595 31 11.288 30 62.76 28
11 | Frechet (3P) 0.3208 30 9.9406 29 94.606 31
12 | Gamma 0.2345 18 5.4993 17 59.641 18
13 | Gamma (3P) 0.24592 21 5.8719 20 59.689 20
14 | Gumbel Max 0.2973 29 13.146 32 38.731 11
15 | Gumbel Min 0.22871 12 49164 9 20.844 6
16 | Hypersecant 0.22862 11 3.8525 6 22.108 7
17 | Inv. Gaussian 0.22696 6 5.4727 16 59.686 19
18 | Inv. Gaussian (3P) 0.23236 16 5.3572 14 59.59 14
19 | Laplace 0.23232 15 3.1364 4 5.207 4
20 | Log-Gamma 0.24906 24 6.1295 24 59.851 26
21 | Log-Logistic 0.28051 27 7.3507 27 62.917 29
22 | Log-Logistic (3P) 0.17945 3 2.1616 3 15.542 5
23 | Logistic 0.22776 7 4.3658 7 59.839 25
24 | Lognormal 0.24653 22 6.0286 22 59.803 23
25 | Lognormal (3P) 0.21409 5 5.2976 11 34.346 10
26 | Nakagami 0.22961 13 5.0416 10 59.572 13
27 | Normal 0.22818 9 5.3229 13 59.594 16
28 | Pearson 5 0.2536 25 6.3294 25 60.963 27
29 | Pearson 5 (3P) 0.2452 20 5.9466 21 59.747 22
30 | Wakeby 0.14792 1 0.98525 2 1.2573 2
31 | Weibull 0.25526 26 6.4967 26 46.281 12
32 | Weibull (3P) 0.22812 8 5.4545 15 34.276 9
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No Distribution Kglmmi(:‘%::;,ov Anderson Darling Chi-Squared
Statistic Rank Statistic Rank Statistic Rank
1 Beta 0.21199 6 2.8112 8 11.887 10
2 Cauchy 0.07607 2 0.53788 2 2.1722 6
3 Chi-Squared 0.29894 29 5.1518 26 31.632 17
4 Chi-Squared (2P) 0.28843 25 4.52 21 48.678 21
5 Erlang 0.28241 22 4.5923 23 49.836 22
6 Erlang (3P) 0.26405 20 3.8826 18 51.219 28
7 Error 0.24156 8 2.7296 7 24.41 15
8 Fatigue Life 0.29247 26 5.0929 25 0.3688 2
9 Fatigue Life (3P) 0.24479 11 3.4882 11 50.842 24
10 | Frechet 0.35623 32 8.4124 32 86.158 32
11 | Frechet (3P) 0.28254 23 5.6972 30 0.66478 4
12 | Gamma 0.27184 21 4.4063 20 49.965 23
13 | Gamma (3P) 0.25932 19 3.8438 16 51.505 29
14 | Gumbel Max 0.31812 31 8.4001 31 12.216 13
15 | Gumbel Min 0.18491 4 2.6527 5 9.4236 8
16 | Hypersecant 0.242 10 2.8445 9 38.078 18
17 | Inv. Gaussian 0.24902 13 4.5891 22 52.185 31
18 | Inv. Gaussian (3P) 0.25228 17 3.5832 13 50.933 26
19 | Laplace 0.2417 9 2.6242 4 23.138 14
20 | Log-Gamma 0.29409 27 5.2505 28 0.36155 1
21 | Log-Logistic 0.29863 28 5.185 27 10.664 9
22 | Log-Logistic (3P) 0.17615 3 2.4925 3 12.115 12
23 | Logistic 0.2453 12 3.0722 10 39.536 20
24 | Lognormal 0.28812 24 4.9858 24 2.9995 7
25 | Lognormal (3P) 0.25558 18 3.6985 14 50.942 27
26 | Nakagami 0.25039 15 3.9165 19 38.496 19
27 | Normal 0.24919 14 3.5302 12 50.863 25
28 | Pearson 5 0.30139 30 5.6013 29 0.37492 3
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17 Inv. Gaussian 53 13.25 11
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20 Log-Gamma 90 22.5 27

21 Log-Logistic 88 22 25

22 Log-Logistic (3P) 11 2.75 2

23 Logistic 50 12.5 7

24 Lognormal 83 20.75 22

25 Lognormal (3P) 41 10.25 5

26 Nakagami 63 15.75 17

27 Normal 57 14.25 15

28 Pearson 5 94 23.5 28

29 Pearson 5 (3P) 62 15.5 16

30 Wakeby 4 1 1

31 Weibull 76 19 19
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ABSTRACT

Construction of tunnels has been increasing in recent years due to
development of infrastructures such as highways, underground, railways and passive
defense facilities. Traditional Drilling and blasting methods, as well as modern
techniques like using TBM (Tunnel Boring Machine) are common methods to
excavate tunnels. After excavation process, support systems need to be applied to
make the tunnel stable. There are several approaches to support tunnels. Using steel
frames coupled with shotcrete is usually used as primary support system in loose
ground conditions, which is the case in this research. Several experimental and
numerical methods have been proposed for analysis and design of such composite
structures. The equivalent section can be named as the most applicable approach to

analyze these composite primary support systems.

Quick installations of steel frames and rough boundaries of the tunnel due to
excavation circumstances lead to different shotcrete thickness and different spacing
between steel sets. As a result the thickness of shotcrete and spacing between steel
sets can considered as Random variables. In this research, an appropriate distribution
functions for spacing of steel frames and shotcrete thicknesses in tunnels are obtained
according to statistical data collected from a recent tunnel project in north of Iran. To
achieve this, different distribution functions are utilized to fit the data and each
function is evaluated by three well known methods called Chi-Squared, Kolmogorov-
Smirnov and Anderson-Darling. According to the results obtained from all three
methods, the Generalized Extreme Value (GEV) distribution function is
recommended for thickness of shotcrete and the Wakeby distribution function is

suggested for spacing of the steel sets.

The above distribution functions are then utilized to simulate the real
thickness and spacing of steel sets using monte carlo technique. The monte carlo
technique was used as tool to evaluate the possibility of failure in various
circumstances and the results were presented. The results indicates that effect of

imperfections and deviations of shotcrete thickness should be considered in



determining safety factor for design of composite sections of steel sets and shotcrete.
In order to have optimum design of a horse shoe tunnel, it is recommended that two
different safety factors are used in design of the tunnel wall and tunnel arch.
Eventually, safety factors of design are determined to reach several certain amounts

of failure probabilities.

Keywords: tunnel, temporary support, reliability, shotcrete, steel sets,
goodness of fit test, monte carlo analysis, probability density function, safety factor.
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