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Development of Artificial Neural Networks for Stability Assessment
of Tunnel Excavation in Discontinuous Rock Masses
and Rock Mass Classification

Hyun Koo Moon and Chul Wook Lee

ABSTRACT

The design of tunnels in rock masses often demands more informations on geologic features and
rock mass properties than acquired by usual field survey and laboratory testings. In practice, the
situation that a perfect set of geological and mechanical input data is given to geomechanics design
engineer is rare, while the engineers are asked to achieve a high level of reliability in their design
products. This study presents an artificial neural network which is developed to resolve the difficulties
encountered in conventional design techniques, particulary the problem of deteriorating the confidence
of existing numerical techniques such as the finite element, boundary element and distinct element
methods due to the incomplete and vague input data. The neural network has inferring capabilities
to identify the possible failure modes, support requirements and its timing for underground openings,
from previous case histories. Use of the neural network has resulted in a better esfimate of the
correlation between systems of rock mass classifications such as the RMR and Q systems. A back-
propagation learning algorithm together with a multi-layer network structure is adopted to enhance
the inferential accuracy and efficiency of the neural network. A series of experiments comparing the
results of the neural network with the actual field observations are performed to demonstrate the
abilities of the artificial neural network as a new tunnel design assistance system.
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(a)} Conventional Computer (b) Neural Network

Fig. 1. Comparison between conventional computer
and neural network.
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(a) Neuron (b) Perceptron

Fig. 2. Neuron and Perceptron.
(from E. Rich, Artificial Intelligence, McGraw-
Hill, Inc, 1991).
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Fig. 3. The stepwise activation function of Percept-
ron, and the Sigmoid activation function of
the back-propagation unit.

(from E. Rich, Artificial Intelligence, McGraw-
Hill, Inc, 1991).
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QUTPUT LAYER

HIDDEN LAYER

INPUT LAYER

INPUT PATTERN

Fig. 4. A schematic depiction of a semilinear feed-
forward connectionist net(from Y. Pao, Adap-
tive Pattern Recognition and Neural Networks,
Addison-Wesley Inc., 1989).
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Fig. 6. The structure of neural network NNET-1.
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Table 1. Neural network experiment 1
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Iput Ouput Stle‘f;f;,s Similar Similar  Similar  Similar
Case 1 Case 2 Case 3 Case 4
Ouput

— OVERBURDEN

1. shallow 0 0.00 0.00 0 0 1 1
2. medium 1 1.00 0.41-1.00 1 1 0 0
3. deep 0 0.00 0.00 0 0 0 0
4. very deep 0 0.00 0.00 0 0 0 0
— INTACT ROCK STRENGTH

5. sound 1 1.00 0.41-1.00 1 1 1 1
6. altered or weathered 0 0.00 0.00 0 0
— ROCK MASS STRUCTURE

7. massive 0 0.00 0.01-0.10 0 0 0 0
8. one set of weak plane 0 0.00 0.00 0 0 0 0
9. two sets 0 0.01 0.00 0 0 1 1
10. three sets 0 0.00 0.11-0.20 1 1 0 0
11. random 0 0.00 0.00 0 0 0 0
12. crushed 0 0.00 0.00 0 0 0 0
13. earth-like 0 0.00 0.00 0 0 0 0
— AVERAGE SPACING/SPAN

14. s/a>1.0 0 0.00 0.00 0 0

15. 0.1<s/a<1.0 0 0.00 0.21-0.30 0 0 0 0
16. s/a<1.0 0 1.00 0.41-1.00 1 1 1 1
— DISCONTINUITY TIGHTNESS

17. very tight 0 0.00 0.00 0 0 0 0
18. tight 0 0.18 0.01-0.10 1 1 1 1
19. moderately open 0 0.00 0.00 0 0 0 0
20. open 0 0.54 0.41-1.00 0 0 0 0
21. very wide 0 0.00 0.00 0 0 0 0
— DISCONTINUITY PERSISTENCY

22. continuous 0 0.95 0.41-1.00 1 1 1 1
23. discontinuous 0 0.51 0.01-0.10 1 1 1 1
— DISCONTINUITY TYPE

24. joint 0 0.98 0.41-1.00 1 1 1 1
25. bedding 0 0.00 0.00 0 0 0 0
26. cleavage or schistosity 0 0.00 0.00 0 0 1 0
27. fault or shear zones 0 0.00 0.41-1.00 0 0 0 0
— DISCONTINUITY FILLINGS

28. none 0 0.77 0.41-1.00 1 1 1 1
29. none-softening clay 0 0.00 0.00 0 0 0 0
30. softening clay 0 0.00 0.01-0.10 0 0 0 0
31. other low friction material 0 0.00 0.00 0 0 0 0
32. sandy or gravelly material 0 0.00 0.00 0 0 0 0
— DISCONTINUITY PLANENESS
33. plane 0 0.96 0.41-1.00 1 1 1 1
34. curved 0 0.00 0.00 0 0 0 0
35. irregular 0 0.00 0.00 0 0 0 0
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Table 1. Continued

Lee&

. Similar ~ Similar Similar  Similar
Input Ouput  Sterling
Case 1 Case 2 Case 3 Case 4
Ouput
— DISCONTINUITY ROUGHNESS
36 slickensided 0 0.00 0.01-0.10 0 0
37 smooth 0 0.17 0.41-1.00 1 1 1 1
38. rough 0 0.06 0.00 0 0 0
— DISCONTINUITY DIP
39. within 30 0 0.00 0.00 0 0
40. within 60 1 1.00 0.41-1.00 1 1 1 1
41. within 90 1 1.00 0.41-1.00 1 1 1 1
— DISCONTINUITY STRIKE
42. in 30 deg 0 0.99 0.41-1.00 1 1 1
43. in 60 deg 0 0.86 0.41-1.00 1 1 1 1
44. in 90 deg 0 0.24 0.00 0 0 0
— SHEAR ZONING OR FAULTING**
45, category A 0 0.00 0.00 0 0 0 0
46. category B 0 0.00 0.21-0.30 0 0 0 0
47. category C 0 0.00 0.00 0 0 0 0
48. category D 0 0.00 0.01-0.10 0 0 0 0
49, category E 0 1.00 0.00 1 1 1 1
— RQD
50. excellent (90%) 0 0.02 0.00 0 0 0 0
51. good (75%) 0 0.00 0.00 0 0 1 1
52. fair (50%) 0 0.00 0.00 1 1 0 0
53. poor (25%) 0 0.00 0.00 0 0 0 0
54. very poor (<25) 0 0.01 0.00 0 0 0 0
— GROUND WATER CONDITION
55. dry or minor inflow(<5//min) 0 0.99 0.01-0.10 1 1 1 1
56. medium inflow 0 0.00 0.41-1.00 0 0 0 0
57. large inflow or high inflow 0 0.00 0.00 0 0 0 0
58. exceptionally high inflow 0 0.00 0.00 0 0 0 0
— MODE OF INSTABILITY
— LOCATION
59. roof 0 0.01 0.41-1.00 0 0 1 1
60. face 0 0.00 0.00 0 0 0 0
61. wall 0 0.00 0.00 1 1 0 1
62. crown 0 0.00 0.00 0 0 0 0
63. intrados 0 0.00 0.00 0 0 0 0
64. above springline 0 0.00 0.00 0 0 0 0
65. entire section 0 0.00 0.00 0 0 0 0
— VOLUME OF FALL OUT
66. small 0 0.00 0.00 1 0 0
67. moderate(mid) 0 0.00 0.00 0 0 0 0
68. large(heavy) 0 0.00 0.00 0 0 1 1
— MODES
69. stable 0 0.02 0.00 0 0 0 0




Table 1. Continued

Bl Ae1gzt 71

Input Ouput Stle‘fl‘:f;,s Similar Similar Similar  Similar
Case 1 Case 2 Case 3 Case 4
Ouput
70. collapse 0 0.00 0.01-0.10 0 0 0 0
71. overbreak 0 0.01 0.00 1 1 1 1
72. small block fall 0 0.00 0.00 0 1 0 1
73. large block slip 0 0.00 0.00 0 0 0 0
74. wedge shaped fall 0 0.00 0.00 0 0 0 0
75. earth-like fall 0 0.00 0.00 0 0 0 0
76. dome-/vault-shaped formation 0 0.02 0.41-1.00 0 0 0 0
77. slabby 0 0.00 0.00 0 0 0 0
78. drummy 0 0.00 0.00 0 0 0 0
79. slabbing 0 0.00 0.00 0 0 0 0
80. popping 0 0.00 0.00 0 0 0 0
81. bumping. 0 0.00 0.00 0 0 0 0
82. rock burst 0 0.00 0.00 0 0 0 0
83. squeezing 0 0.00 0.00 0 0 0 0
84. swelling 0 0.00 0.00 0 0 0 0
85. disintegration 0 0.00 0.00 0 0 0 0
86. progressive loosening 0 0.00 0.00 0 1 0 0

**category A.
structure.

. single shear zone in clay free rock.
. no shear or fault.

moOw

and likely loss of intrados and roof if unsupported”.
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multiple occurences of weakness zones containing clay or chemically disintegrated rock, very loose

. single weakness zone containing clay or chemically disintegrated rock.
multiple shear zones in clay free rock, loose surrounding rock.
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Table 2. Neural network input for experiment 2

Case 87 Case 87-1 Case 87-2 Case 87-3

~ OVERBURDEN

1. depth (m) 50 50 50 50
— INTACT ROCK STRENGTH

2. sound 1 1 1 1
3. altered 0 0 0 0
~ ROCK MASS STRUCTURE

4. number of discontinuity sets 0 1 2 3
5. random discontinuity 0 0 0 0
6. crushed discontinuity 0 0 0 0
7. earth-like. discontinuity 0 0 0 0
— SPECIFICATION OF OPENING

8. spacing (m) / span (m) 0.2655 0.2655 0.2655 0.2655
9. spacing (m) / height(m) 0.3614 0.3614 0.3614 0.3614
— DISCONTINUITY TIGHTNESS

10. tight 1 1 1 1
11. open

— DISCONTINUITY PERSISTENCY

12. continuous 0 0 0

13. discontinuous 1 1 1 1
— DISCONTINUITY PERSISTENCY

14. joint 1 1 1 1
15. bedding plane 0 0 0 0
16. cleavage or schistosity 0 0 0 0
17. fault or shear zone 0 0 U] 0
— DISCONTINUITY FILLING OR COATING

18. none 1 1 1 1
19. none-softéning clay 0 0 0 0
20. softening clay 0 0 0 0
21. other low frictional material 0 0 0 0
22. sandy or gravelly material 0 0 0 0
23. alteration along joint 0 0 0 0
— DISCONTINUITY PLANENESS (INTERMEDIATE SCALE)

24. plane 1 1 1 1
25. curved 0 0 0 0
26. irregular 0 0 0 0
— DISCONTINUITY ROUGHNESS

27. slickensided 0 0 0 0
28. smooth 0 0 0

29. routh 1 1 1 1
— DISCONTINUITY DIP

30. 0° - 30° 0 0 0 0
31. 30° -60°

32. 60° -90° 1 1 1 1
— DISCONTINUITY STRIKE

33. 0°-30° 0 0 0 0
34. 30° - 60°

35. 60° - 90° 1 1 1 1

— ROCK MASS PROPERTY
36. primary RQD 100 50 30 20




Table 2. Continued
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Case 87 Case 87-1 Case 87-2 Case 87-3
— GROUND WATER PROPERTY
37. dry or minor inflows (<5//min) 1 1 1 1
38. medium inflows (<100 //min) 0 0
39. large inflows (>100//min) 0 0 0 0
Table 3. Neural network output from experiment 2
Case 87 Case 87-1 Case 87-2 Case 87-3

— LOCATION OF INSTABILITY

- roof 0.00 0.00 0.06 0.88

- wall 0.00 0.00 0.00 0.00
— TIME-STABILITY-SUPPORT CLASSIFICATION
A. stable at blasting, no anticipated falls, 1.00 0.99 0.58 0.02

no support
B. minor falls or overbreak at blasting, 0.00 0.00 0.00 0.00

support not considered necessary for

prevention of loosening
C. stable at blasting, 0.00 0.00 0.00 0.00

support in anticipation of loosening
D. stable at blasting, unsupported, gradual 0.00 0.00 0.00 0.00

deterioration and subsequent support
E. falls at blasting, support in 0.00 0.00 0.00 0.00

anticipation of progressive loosening
F. falls st blasting, no support immediately after

blasting, progressive loosening, support 0.00 0.00 0.00 0.00

applied to prevent further loosening
G. falls at blasting, support shortly after 0.00 0.00 0.00 0.00

blasting to prevent or stop

progressive loosening
H. support shortly after blasting, failure of 0.00 0.00 0.00 0.00

support thereafter, additional support

involving multiple discontinuity sets are most often
associated with support. Single sets of discontinui-
ties are frequently of no concern to the stability
of an opening”.
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Table 4. Neural network input for experiment 3

Case 29 Case 29-1 Case 29-2 Case 29-3 Case 29-4 Case 29-5

— OVERBURDEN

1. depth(m) 80 80 80 80 80 80
— INTACT ROCK STRENGTH

2. sound 1 0 1 1 1 1
3. altered 0 1 0 0 0 0
— ROCK MASS STRUCTURE

4. number of discontinuity sets 1 1 1 1 1 1
5. random discontinuity 0 0 0 0 0 0
6. crushed discontinuity 0 0 0 0 0 0
7. earth-like discontinuity 0 0 0 0 0 0
— SPECIFICATION OF OPENING

8. spacing (m)/span (m) 0.1600 0.1600 0.1600 0.1600 0.1600 0.1600
9. spacing (m)/height (m) 0.3077 0.3077 0.3077 0.3077 0.3077 0.3077
— DISCONTINUITY TIGHTNESS

10. tight 1 1 0 1 1 1
11. open 0 0 1 0 0 0
— DISCONTINUITY PERSISTENCY

12. continuous 0 0 0 0 0 0
13. discontinuous 1 1 1 1 1 1
— DISCONTINUITY TYPE

14. joint 0 0 0 0 0 0
15. bedding plane 0 0 0 0 0 0
16. cleavage or schistosity 1 1 1 1 1 1
17. fault or shear zone 0 0 0 0 0 0
— DISCONTINUITY FILLING OR COATING

18. none 1 1 1 0 1 1
19. none-softening clay 0 0 0 1 0 0
20. softening clay 0 0 0 0 0 0
21. other low frictional material 0 0 0 0 0 0
22, sandy or gravelly material 0 0 0 0 0 0
23. alteration along joint 0 0 0 0 0 0
— DISCONTINUITY PLAENESS (INTERMEDIATE SCALE)

24. plane 0 0 0 0 0 0
25. curved 0 0 0 0 0 0
26. irregular 1 1 1 1 1 1
— DISCONTINUITY ROUGHNESS

27. slickensided 0 0 0 1 0 0
28. smooth 0 0

29. rough 1 1 1 0 1 1
— DISCONTINUITY DIP
30. 0°-30° 0 0
31. 30° -60° 1 1 1 1 1 1
32. 60° -90° 0

— DISCONTINUITY STRIKE

33, 0°-30° 0 0 0 0 1

34. 30° -60° 1 1 1 1 1
35. 60° - 90° 0 0 0 0 0 0
— ROCK MASS PROPERTY

36. primary RQD 90 90 90 90 90 90
— GROUND WATER PROPERTY

37. dry or minor inflows (<5!/min) 1 1 1 1 1 0
38. medium inflows (<100 !/min) 0

39. large inflows (>100!/min) 0 0 0 0 0 1




Table 5. Neural network ouput from experiment 3
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Case 29 Case 29-1 Case 29-2 Case 29-3 Case 29-4 Case 29-5

— LOCATION OF INSTABILITY

. roof 0.00
. wall 0.00
— TIME-STABILITY-SUPPORT CLASSIFICATION
A. stable at- blasting, 0.00
no anticipated falls, no support
B. minor falls or overbreak at blasting 1.00

support not considerded necessary
for prevention of loosening
C. stable at blasting, 0.00
support in anticipation of loosening
D. stable at blasting, unsupported, gradual 0.00
deterioration and subsequent support
E. falls at blasting, support in
anticipation of progressive loosening 0.00
F. falls at blasting, no support 0.00
immediately after blasting,
progressive loosening, support
applied to prevent further loosening
G. falls at blasting, support shortly 0.00
after blasting to prevent or stop
progressive loosening
H. support shortly after blasting, 0.00
failure of support thereafter,
additional support

0.00 1.00 0.00 0.94 0.99
0.98 0.00 0.37 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.18 045 0.46 0.90 0.94
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.02 0.00 0.00
0.00 0.07 0.00 0.89 0.28
0.98 0.00 0.04 0.00 0.00
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Cecile] @Ae] WAATNA 715 WEL2 33
Zcl, —“Low intact rock strength may affect tunnel
stability by leading to failure of intact rock material
during or after blasting. Such behavior is believed
to be at least partly responsible for the wall fall
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ded discontinuities are consistently related to sup-
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Table 6. Correlations between the RMR and the Q-index
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