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ABSTRACT

In this paper development artificial neural networks (ANN) for preliminary design and prediction of urban tunnelling and
deep excavation—induced ground settlement was presented. In order to form training and validation data sets for the ANN
development, field design and measured data were collected for various tunnelling and deep—excavation sites. The field data
were then used as a database for the ANN training. The developed ANN was validated against a testing set and the unused
field data in terms of statistical parameters such as R%, RMSE, and MAE. The practical use of ANN was demonstrated
by applying the developed ANN to hypothetical conditions. It was shown that the developed ANN can be effectively used
as a tool for preliminary excavation design and ground settlement prediction for urban excavation problems.
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Table 1., Typical database for deep excavation (field data)

. Average vertical Max, horizontal Max, ground
Excavation i System '
Case Type of wall | Support system spacing of : displacement of wall, settlement,
depth, H,, (m) stiffness, K
SUDDOFTS’ S (m) 6u'h,max (mm) 6gu7max (mm>
1 85 SCW Strut 2.2 377 10 7
2 8 H-Pile Strut 2.2 66 10 7
3 25 H—Pile Strut 2.0 4l 1015 1
L [ ] L [ ] L [ ] [ ] [ ]
L [ ] L [ ] L [ ] [ ] [ ]
L [ ] L [ ] L [ ] [ ] [ ]
75 15,05 Sheet Pile Strut 2.0 297 16 1.2
76 19.55 Sheet Pile Strut 2.0 297 22 15.4
77 11.15 Sheet Pile Strut 1.9 364 10 7

Table 2, Range of parameters for deep excavation database (field data)

Parameters

Range of parameters

Excavation depth, A, (m)

42~350

Type of wall

Sheet Pile, H-Pile, CIP, SCW, Slurry wall

Support system

Strut, Earth anchor

Average vertical spacing of supports, S (m) 1.45~3,00
System stiffness, K 5~1506
Max, horizontal displacement of wall, d,, ..« (mm) 4~139
Max, ground settlement, d,, ;.. (mm) 2.8~973
139mm, Ho] Z|PFASHFS 2.8mm~97.3mm2] H{l= e ?)
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Table 3. Range of parameters for deep excavation database (numerical analysis)
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Parameters

Range of parameters

Excavation depth, H (m)

15~35

Type of wall H-Pile, CIP, SCW, Slurry wall
Support system Strut
Average vertical spacing of supports, s (m) 15
System stiffness, K 376~68,852
Thickness of sail layer (m) 11.9~26.9
Max, ground settlement (mm) 1.4~48 1

Table 4, Typical database for deep excavation (numerical analysis)

: Average vertical Thickness of | Max. horizontal Max, ground
Excavation ) System i )
Case Type of wall |Support system|  spacing of : soil layers displacement of settlement,
depth, A, (m) stiffness, K

SUppOHS, S (m) (m) Wa” 6u h,max (mm) gu,max (mm>
1 15 H—Pile Strut 1.5 564 1.3 9.2 6.4
2 25 H-Pile Strut 15 564 18.8 213 14.9
3 35 H-Pile Strut 15 564 26.3 379 26.5
[ [ [ [ (] [ (] (] (
[ [ [ [ (] [ (] (] (]
[ [ [ [ ([ [ (] (] (]
46 35 CS—H Strut 1.5 59,435 26.3 56 39
47 35 CS—H Strut 1.5 58,326 26.3 5.6 39
48 35 CS—H Strut 1.5 9,855 26.3 9.9 6.9
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Table 5. Field and numerical analysis combined database (deep excavation)

Case Excavation depth, Type of wall | Support system szr;lag;(:ein\ée(r)t;cal .System M?x_ horizontal wall| Max, ground
H (m) supports, s (m) stiffness, K displacement (mm) | settlement (mm)
1 229 H-Pile Earth Anchor 3.0 35 24 215
2 15.0 H-Pile Earth Anchor 32 27 30 26.9
3 20.6 H-Pile Earth Anchor 2.8 49 46 M2
4 12.6 H-Pile Earth Anchor 3.0 35 9 8.0
5 13.1 H-Pile Earth Anchor 1.8 272 12 10.7
[ L L L [ [ ] L [ ]
[ L L L [ [ ] L [ ]
[ L L L [ [ ] L [ ]
91 35.0 Slurry wall Strut 15 59,249 5.564 14,3
92 35.0 Slurry wall Strut 1.5 59,435 5.560 14.3
93 35.0 Slurry wall Strut 1.5 58,326 5582 14.4
94 35.0 Slurry wall Strut 1.5 9,855 9.893 20.8

Table 6. Tunneling conditions

Parameters Range of parameters

Tunnel depth, Z (m) 13~31

Tunnel diameter, D (m) 8~19
Thickness of shotcrete (m) 0.2~0.3
Length of rockbolt (m) 4~5
Spacing of rockbolt (m) 0.8~1.2
Thickness of soil layer (m) 3~32

Ground type of 05D above tunnel crown Weathering soil ~ Weathering rock

Max, crown settlement (mm) 4~62
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Table 7. Details of tunneling field database

Ground |Permeabil—| Young's
Tunnel Tunnel Thickness |Length of|Spacing of| Thickne Permeab.ili type of ity of 0.50modulus of Max, crown
Case depth, | diameter, Support of shotcrete| rockbolt | rockbolt |ss of soil ty of sail | 0.5D above 0.8D above settlement
Z (m) D (m) pattern (m) (m) (m layer (m) layer above tunnel tunnel (mm)
(cm/s) | tunnel crown crown
crown (cm/s) (MPa)
1 8.0 175 3.0 0.25 40 0.8 27.0 0.0150 DCG 35.0 0.0150 62
2 8.0 15,0 3.0 0.25 40 0.8 32.0 0.0150 DCG 35.0 0.0150 39
3 8.0 20.0 3.0 0.25 40 0.8 200 0.0150 DCG 35.0 0.0150 27
4 9.6 25.0 40 0.20 40 1.0 7.0 0.0100 DCG 100.0 0.0003 4
5 9.6 225 5.0 0.20 40 1.0 30 0.0100 | W.Rock 100.0 0.0003 5
[ [ ] { L [ ] L [ ] { L [ ] { [ ] [ ]
[ ( [ [ (] [ (] [ [ (] [ (] (]
[ ( [ [ (] [ ( [ [ (] [ (] (]
34 13.0 27.0 3.0 0.20 4.0 1.0 14.0 0.0150 CDG 350 0.0150 49
35 13.0 28.0 3.0 0.20 4.0 1.0 14.0 0.0150 CDG 350 0.0150 57
36 13.0 27.0 40 0.25 40 1.0 10.0 0.0150 CDG 350 0.0150 35
37 19.0 26.0 5.0 0.30 4.0 1.0 7.0 0.0100 | W.Rock 100.0 0.0003 23
Note: DCG=decomposed granite sail
Table 8. Range of parameters for tunnelling database (numerical analysis)
Parameters Range of parameters
Tunnel depth, Z (m) 21.0~38.9
Tunnel diameter, D (m) 7.88~18
Thickness of sail layer (m) 0~21
Young’s modulus of soil layer (MPa) 20~65
Permeability of soil layer (cm/s) 0.00027~0,00060
Young's modulus of 05D above tunnel crown (MPa) 100~4000
Permeability of 0,5D above tunnel crown (cm/s) 0.0000066~0.00002
Max_ ground settlement (mm) 2~38

slo] X35 ASIeAE ashe A0 ekt A3}

Fin SO qsE Qs AnaskE nels] gl itk Table 8

e g | 7 Weathered 2 B ze] digh 2+ =] Wele Holz HAE uh
Soil o} Zro] zF Al 3| gisiA] BlY AlEL 21.0m~38.9m,

H=25.5m — GL-109 HY A2 7.88m~18m, EAEY] F7l= 0m~21m &

- Eo| Wele] WHE oo siolch 7 A3 sy

287 EAoz B0 BhAAZ 20MPa~65MPa,

» oLne EAJE0] B2t 0.00027cm/s ~0.00060cm/s2] ]

Rock 7h AgEgick g B Aek 4Rane M7 0.5

_— GL-27.6 ]Z‘]Oﬂ A8t 29 B A= 100MPa~4,000MPa,

: :z::( ZA4E= 0.00000066cm/s ~0.00002cm/s HYS A&
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gefata 9lek

Fig. 3. Typical tunnelling section analyzed
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Table 9. Typical database for tunnelling (numerical analysis)

Young's Young's Permeability of
Tunnel Tunnel | Thickness| Permeability ) ) g Permeability | modulus of Y Max, ground
: ) Void ratio of| modulus of ) 0.5D above
No, depth, diameter, of soil | of shotcrete ) ) of sail layer| 05D above settlement
soil layer soil layer tunnel crown
Z (m) D (m) layer (m) (cm/s) (cm/s) tunnel crown (mm)
(MPa) (cm/s)
(MPa)
1 388 18,7 0 0.000002 1 20 0.00027 4000 0.000014 53
2 388 18,7 37 0.000002 1 20 0.00027 4000 0.000014 314
3 30.3 1.5 0 0.000002 1 20 0.00027 1025 0.0000066 1.8
4 30.3 1.5 9.0 0.000002 1 20 0.00027 1025 0.0000066 27.0
[ (] [ (] [ [ () (] () [ (]
[ (] [ (] [ [ () (] () [ (]
[ (] [ (] [ [ () (] () [ (]
177 38.9 79 7.1 0.000001 0.60 65 0.00060 2100 0.00002 16.1
178 35.6 79 19.4 0.000001 0.60 65 0.00060 2100 0.00002 515
179 35.6 79 40 0.000001 0.60 65 0.00060 2100 0.00002 221
Table 10. Range of parameters for field and numerical analysis combined ttunnel database
Parameters Range of parameters
Tunnel depth, Z (m) 15.0~70.0
Tunnel diameter, D (m) 7.9~18
Thickness of sail layer (m) 0~30
Young's modulus of sail layer (MPa) 20~65
Permeability of soil layer (cm/s) 0.00027~0.015
Young's modulus of 0.5D above tunnel crown (MPa) 35~4000
Permeability of 0.5D above tunnel crown (cm/s) 0.00000003~0.0015
Max_ ground settlement (mm) 2~50
Table 11, Field and numerical analysis combined database (Tunnelling)
Young's Young's Permeability of
Tunnel Tunnel | Thickness| Permeability ) ) g Permeability | modulus of y Max, ground
) , Void ratio of| modulus of ) 0.5D above
Case | depth, diameter, of soil | of shotcrete ) ) of sail layer| 0.5D above settlement
soil layer soil layer tunnel crown
Z (m) D (m) layer (m) (cm/s) (cm/s) tunnel crown (mm)
(MPa) (cm/s)
(MPa)
1 175 10 27 0.00002 1.0 35 0.015 35 0.0015 50.0
2 15 10 32 0.00002 1.0 35 0.015 35 0.0015 355
3 20 10 20 0.00002 1.0 35 0.015 35 0.0015 19.5
4 25 88 7 0.00002 1.0 35 0.01 100 0.0003 22
[ (] [ (] [ [ () (] ([ [ (]
[ (] [ (] [ [ () (] () [ (]
[ (] [ (] [ [ () (] () [ (]
214 70 10 30 0.0000002 1.0 50 0.0058 4000 0.0000003 4.4
215 70 10 30 0.0000002 1.0 50 0.0058 4000 0.0000003 4.4
216 70 10 30 0.0000002 1.0 50 0.0058 4000 0.0000003 4.4
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Table 12, Input output parameters for deep excavation
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Type of wall

Input Parameters - -
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Fig. 5. Training results of max, ground settlement prediction ANN for deep excavation

Table 13. Validation of ground settlement ANN for excavation

Classification R RMSE MAE
(Coefficient of determination) (Root Mean Square Error) (Mean Absolute Error)
Max, ground settlement (mm) 0.922941 0.20 0.13

Table 14. Input and output parameters for tunnelling

Thickness of soil layer

QOutput Parameters

Max, ground settlement

Soil type of 0.5D over tunnel

Input Parameters
Initial ground water level

Properties of soil layer
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Fig. 6. Training results of max. ground settlement prediction ANN for tunnelling
Table 15, Validation of ground settlement ANN for tunnel
- R RMSE MAE
Classification . -
(Coefficient of determination) (Root Mean Square Error) (Mean Absolute Error)
Max_ ground settlement (mm) 0.98 17.8 10.0

Table 16. Input and output parameters for preliminary deep excavation design

Excavation Depth
Excavation Width
1* Layer Thickness
2" Layer Thickness
39 Layer Thickness
Ground Water Level
Young's Modulus of 1st Layer
Young's Modulus of 2nd Layer
Young's Modulus of 3rd Layer
Cohesion of 1 Layer
Cohesion of 2™ Layer
Cohesion of 3¢ Layer
Friction Angle of 1* Layer
Friction Angle of 2™ Layer
Friction Angle of 3¢ Layer

Input Parameters
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-p Output Parameters

Vertical Spacing of Strut

Stiffness of Wall

Embedment depth of wall
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Fig. 7. Input parameters and output parameters for optimized excavation design

Table 17. Input and output parameters for preliminary tunnel design

Depth of tunnel

Diameter of tunnel

0.5D Crown Young's modulus

Input Parameters —
0.5D Crown Permeability

Thickness of soil layer

Average permeability of soil layer
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Fig. 8. Training results of ANN for deep excavation preliminary design
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