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Abstract

There is a growing need to apply TBM tunnelling method for the construction of
underground facilities such as subways and utility tunnels in urban areas. Due to the
variability and uncertainty of the ground, tunnelling in urban areas has various safety
hazards which could cause damage to people and properties and it is very costly to
recover from accidents. Therefore, it is very important to identify hazards from the
planning and design phase and to establish risk mitigation measures. In this study, a
total of 31 hazards affecting the stability of TBM tunnelling works in urban areas were
listed from both the technical literature and correspondence with experts in tunnelling
area. The importance and priorities of the hazards were analyzed by conducting Delphi
technique, which is a decision-making method by consensus among experts. Finally,
12 hazards that satisfy the content validity criteria were settled and could be used as
major control factors for accident prevention during TBM tunnelling works.
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Accidents Causes

Internal External
+Planning and design errors + Unpredicted geology
+ Calculation or numerical errors | +Presence of water
+ Construction errors + Unpredicted man
+ Management and control errors| made structures
+ Failure of machines +Earthquakes

+Fires
+Presence of gas

Fig. 1. Main causes for tunnel accidents during construction (Sousa, 2010)
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Table 1. Evaluation Items for the Delphi survey

Round of the Delphi survey
No. Items

Ist 2nd 3rd
1 Instability in TBM launch / break-through locations O O O
2 General Instability of tunnel face O @) O
3 Tunnelling in high water pressure and excessive water ingress O O O
4 Tunnelling in blocky rock O O O
5 Tunnelling in strong and abrasive rock O O O
6 Tunnelling in mixed face conditions and encounter of corestones O O O
7 Tunnelling in weak zone O O O
8 Tunnelling through unpredicted previous borehole locations - O O
9 Tunnelling with tight turning radius O O O
10 | Groundwater drawdown - O O
11 | General settlement and ground movement O @) O
12 | Damage of adjacent building and utility O @) O
13 | Cutter-head interventions O O O
14 | Crack and damage of segment lining O O O
15 | TBM failure / gets stuck O O O
16 Ground support installation including access, ring build, void filling O O O

Items not considered in the second and third Delphi survey: [17] Fires, [18] Earthquakes, [19] Access restrictions, [20] TBM
Delivery/Lowering/Assembly, [21] Electricity, [22] Irrespirable atmoshphere including toxic fumes, [23] Gas accumulation, [24] Dust,
[25] Chemical exposure, [26] Heat exposure, [27] Noise exposure, [28] Pressurised hydraulic systems, [29] Crush areas around grippers
(Open TBM), [30] Working with compressed air (Shield TBM), [31] Working with high pressure slurry (Slurry Shield TBM)
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‘ Round one

+ Gathering items by relevant literature review

+Panel selection and 1st open-ended questions
- =

‘ Round two

+ Consists of closed-ended questions from round one
» Calculation of Median, quartile{IQR} and CVR

E=I=—
‘ Round three

+Revaluation of the items in Round two
+ Reviewing results for CVR and agreement

Fig. 2. Delphi technique process in this study
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14, 2|50 5t e e WA, AE eko] s o] 7helo] £ 127] R0 2 WAL, £ 3% ZAelA
427 S R go] S7181T, TR GHEoA] S0 Hoe] gl 4e AoR ehirh

Table 2. Results of 2nd and 3rd Delphi surveys

2nd Delphi survey 3rd Delphi survey
No. Items

M+£SD CVR M+£SD CVR
1 | Instability in TBM launch / break-through locations 4.09+1.08 | 0.636 [4.36+0.64| 0.818
2 | General Instability of tunnel face 445+0.66 | 0.818 [4.73+0.45| 1.000
3 | Tunnelling in high water pressure and excessive water ingress 427+086 | 0.818 |4.36+0.48| 1.000
4 | Tunnelling in blocky rock 3.82+0.39 | 0.636 |3.82+0.39| 0.636
5 | Tunnelling in strong and abrasive rock 2.82+0.83 | -0.455 |3.00+0.43| -0.818
6 | Tunnelling in mixed face conditions and encounter of corestones 391+£0.67 | 0455 |3.82+0.39| 0.636
7 | Tunnelling in weak zone 4.09+0.67 | 0.636 |4.18+0.57| 0.818
8 | Tunnelling through unpredicted previous borehole locations 2.64+098 | -0.455 |3.09+0.79 | -0.636
9 | Tunnelling with tight turning radius 3.45+£0.66 | 0.091 |3.82+0.72| 0.636
10 | Groundwater drawdown 3.64+0.88 | 0.455 [3.91+0.51| 0.636
11 | General settlement and ground movement 3.82+£0.57 | 0.455 |4.00+0.60| 0.636
12 | Damage of adjacent building and utility 4.09+0.67 | 0.636 [4.18+0.57| 0.818
13 | Cutter-head interventions 3.82+0.57 | 0.455 |3.91+0.51| 0.636
14 | Crack and damage of segment lining 3.64+048 | 0273 |3.73+£0.45| 0.455
15 | TBM failure / gets stuck 427+0.86 | 0.818 |4.45+0.50| 1.000
16 | Ground support installation including access, ring build, void filling | 2.82 +£0.83 | -0.455 |3.00+0.43 | -0.818

22} 9 32} dlio] ZAf Aatto]| tfsf ZF2E = X (Convergence), 22| (Agreement)E Al4t51e Table 301 L
Ebglet. SR dufo] 2412 o] Qoil $YATIE S FL YT 1S Lheh 2|50l Al ) 18
So] WL, SREA A 24E ARSI AR S ofnfshn 2 EsLe] ofzdo] Sk eS I 4
Ok, T A (3)2 ol 85te] Bohs A ARLHSIe] Hatwh Suatel 7o) SRS Sl 2 B
HSIE Uehe] 2 ke 1848 2Ak0] o] ol 20 E Weke 4 olrt.

Convergence= % (2)

Agreement=1— % 3)

d
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APVA, Q= IAEIE, Q- /4RSI, M= FRloI,
Sl ghe 33} Hjo] ZARATIIA B 0.162] S LERI R M, 27 2ALATHe] 3t 0 426] H]s}o] 2
A451o] RIS ojdo] Kt 4 AL & 4 9lek. ol 27 Wnto] ZAFATA B 0.759] G 7
A 74 SOl 0925 ol 3716161 249 Befe ek ol 22 2 S ol 3 kel 30
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& 147 4 eto 2 B

Table 3. Results of stability evaluation for 2nd and 3rd Delphi surveys

Convergence | Agreement |Rank by CVR
No. Items
2nd | 3rd | 2nd | 3rd | 2nd | 3rd
1 | Instability in TBM launch / break-through locations 0.50 | 0.50 | 0.75 | 0.75 4 4
2 | General Instability of tunnel face 0.50 | 0.25 | 0.80 | 0.90 1 1
3 | Tunnelling in high water pressure and excessive water ingress 0.50 | 0.50 | 0.75 | 0.75 1 1
4 | Tunnelling in blocky rock 0.00 | 0.00 | 1.00 | 1.00 4 7
5 | Tunnelling in strong and abrasive rock 0.75 | 0.00 | 0.50 | 1.00 | 14 15
6 | Tunnelling in mixed face conditions and encounter of corestones 0.25 | 0.00 | 0.88 | 1.00
7 | Tunnelling in weak zone 0.25 | 0.25 | 0.88 | 0.88 4 4
8 | Tunnelling through unpredicted previous borehole locations 0.75 | 0.00 | 0.25 | 1.00 | 14 14
9 | Tunnelling with tight turning radius 0.50 | 0.00 | 0.75 | 1.00 | 13 7
10 | Groundwater drawdown 0.25 | 0.00 | 0.88 | 1.00 8 7
11 | General settlement and ground movement 0.25 | 0.00 | 0.88 | 1.00 7
12 | Damage of adjacent building and utility 0.25 | 0.25 | 0.88 | 0.88 4 4
13 | Cutter-head interventions 0.25 | 0.00 | 0.88 | 1.00 7
14 | Crack and damage of segment lining 0.50 | 0.25 | 0.75 | 0.88 | 12 13
15 | TBM failure / gets stuck 0.50 | 0.50 | 0.75 | 0.75 1 1
16 | Ground support installation including access, ring build, void filling | 0.75 | 0.00 | 0.50 | 1.00 | 14 15
Average 042 | 0.16 | 0.75 | 0.92 - -
3.3 20t U 9fd e wor
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