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SYNOPSIS

This study investigated the applicability of the Artificial Neural Network (ANN) technique for
prediction of tunnel behavior. For training data collection, a series of finite element analyses
were conducted for actual tunnel project site. Using the data, optimimzed ANNs were
developed through a sensitivity study on internal parameters. The developed ANNs can make
tunneling related predictions such as tunnel crown settlement, shotcrete lining stress, ground
surface settlement, and groundwater inflow rate. The results indicated that the developed
ANNs can be used as an effective and efficient tool for tunnelling related prediction in
practical tunneling situations.
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Large-diameter pipe Roofing (D=114mm, L=12m)
Longitudinal C.T.C 5.6m (every 7 drift)
Transverse C.T.C 0.5m
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Class ) ) _ v i
9% HFIY gRopRz AMAYASF =adA45 BEFRASF
I 26 1000 45 12000 1.2 1.9x10° Hard Rock
I 25 500 40 8000 1.0 6.7x10°® Normal Rock
I 24 200 35 4000 0.8 1.8x1077 Soft Rock
I\ 23 150 33 2500 0.6 5.0x107"  Weathered Rock
Y 22 50 30 100 0.5 1.0x107° Alluvium
VI 19 20 28 20 0.5 1.0x107° Fill
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2. A& ArApd

Rock Quality Shotcrete Rock bolt Excavation

Remarks

Support : C

uf: . RMR? Q Thickness Length Spacing Type Adv.
rm

patte (mm) (m) (m) rate (m)

PD-1 81~100  >40 50 4.0 random T/B¢ 1.5
PD-2 61~800 10~40 80 4.0 1.5/2.0° T/B 1.5
PD-3  41~60 1~10 120 4.0 1.2/2.0° T/B¢ 1.2

PD-4  21~40 0.1~1 160 40 1.0/1.5° T/B 1.0
PD-5 <20 0.01~0.1 200 4.0 0.8/1.2° T/B 0.8
PDS-5 <20 0.01~0.1 200 40 0.8/1.2° R/C® 0.8
PDS-5-1 <20 0.01~0.1 200 40 0.8/1.2° R/ 0.8

PDS-6 <20 0.01~0.1 200 40 0.8/1.2° MD' 0.8

Blasting
Blasting
Blasting
Forepolling
drilling
A-type pipe roofing®
Drilling
A-type pipe roofing®
Drilling
B-type pipe roofingh
Drilling
B-type pipe roofingh

Drilling

Note: *RMR=Rock mass rateing; "Q=Q-system; °Adv.=advance; °L/T=longitudinal/transverse; “T/B=top heading

and bench excavation; °R/C=ring cut excavation; MDf=mu1tiple drift; ®A-type pipe
pipes; and "B-type pipe roofing=100 mm diameter grouted steel pipes
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¥ 3. ANN =29 Input Parameter

Model input L.
. Description
u ) variable
= - H (m) Cover Depth
B _H - — === Hy (m) Distance from groundwater table to tunnel to crown
' | H, SP Support pattern
GT. T GTosp Ground Type at 0.5D upper part from crown
fﬁ - GT Ground Type at tunnel face
GT. ~— GT; Ground Type at tunnel invert
- Hr: (m) Layer 1 thickness of fill
Hiz (m) Layer 2 thickness of alluvium
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o] st5S 93k ARFE vlolg 2 AE-E ™ Validation set2 5% ANN Rdlo] Al 5ol A&
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3.3 ANN Internal Parameter 93¢ (Training & Testing)
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100 30 30
| (a) Crown settlement (b) Convergence (c) Shot'c compr.stress
ol * ANN ¢ ANN - e ANN
) E 20 g0
E 60 E =
: E el
3 2 5
2 40 e 5
& £ 10 £ 10
20 |
0 TR W S R S — 0 ) ] ) ] ) 0 ) ] ) ] .
0 20 40 60 80 100 0 10 20 30 0 10 20 30
Computed by FEM (mm) Computed by FEM (mm) Computed by FEM (MPa)
a) crown settlement b) convergence c) shot'c compr.stress
a9 7. HEAEH 7} sk A
50 5 - 40
| (a) max. surface settlement | (b) water inflow rate (c) max. drawdown
40+ e ANN —~ 4 e ANN e ANN
& 30}
g = [ g
£ St Zof
2 20 g 2 g
£ 3 £ T
=Y = L
10 ~ 1
| -
0 | ) | ) 0 1 1 1 1 1 1 1 1 1 0 ) | ) | ) | )
0 10 20 30 40 50 0 1 2 3 4 5 0 10 20 30 40
Computed by FEM (mm) Computed by FEM (I/min/100m) Computed by FEM (m)
a) max. surface settlement b) water inflow rate ¢) maximum drawdown
Iy 8. ARkAE 2 At GdFEU I A3
100 30 30
| (a) Crown settlement (b) Convergence (c) Shot'c compr.stress
[ ]
g0 * ANN * ANN [ * ANN
L ]
2 0 20 g 201
E 60 £ =)
T | 3 T |
3 3 5
T 40 - 3
& | & 10 £ 101
20 |
Testing & Validation ‘Testing & Validation‘ ‘Testing & Validation
0 N S S S NN S E— 0 ] : ] : 0 : ] : ] :
0 20 40 60 80 100 0 10 20 30 0 10 20 30
Computed by FEM (mm) Computed by FEM (mm) Computed by FEM (MPa)
a) crown settlement b) convergence c) shot'c compr.stress
a9 9. HeAsH A5 A9



50 40
| (a) max. surface settlement | (b) water inflow rate (¢) max. drawdown
40| * ANN % 24 * ANN e ANN
2 § i ° 30+
E 30 2 3F E r
b= £ 3
z = 7 £ 20
S 20 g 2o g |
= 2 A~
&~ 5 L
10 =k 2
Testing & Validation L Testing & Validation ‘ r ‘Testing & Validation
0 L ob——1 111 0 N B T
0 10 20 30 40 50 0 1 2 3 4 5 0 10 20 30 40
Computed by FEM (mm) Computed by FEM (I/min/100m) Computed by FEM (m)
a) max. surface settlement b) water inflow rate ¢) maximum drawdown
a9 10, AWAE B Aeke JFE7E A 23

F 4. ANN 29 st gl A5 Ay
Crown Shot'c compr. | Max. surface | Water inflow Max.
Category Convergence
settlement stress settlement rate drawdown
Training 0.99 0.99 0.99 0.99 0.99 0.99
R? |Testing 0.99 0.97 0.96 0.96 0.90 0.87
Validation 0.99 0.99 0.96 0.98 0.95 0.93
Training 0.68 (mm) 0.21 (mm) 0.21 (MPa) 0.15 (mm) | 0.4 (min/100m) | 0.28 (m)
RMSE |Testing 2.54 (mm) 0.84 (mm) 1.23 (MPa) 1.94 (mm) | 0.38 Wmin/1I00m) | 2.06 (m)
Validation | 3.45 (mm) 0.94 (mm) 1.45 (MPa) 2.06 (mm) | 046 Wmin/100m | 3.27 (m)
Training 0.58 (mm) 0.31 (mm) 0.37 (MPa) 0.33 (mm) | 0.13 Wmin/100m) | 0.31 (m)
MAE |Testing 1.15 (mm) 0.75 (mm) 0.93 (MPa) 0.99 (mm) | 052 Wmin/100m) | 1.54 (m)
Validation | 1.47 (mm) 0.76 (mm) 0.99 (MPa) 1.13 (mm) | 0.51 Wmin/1I00m) | 1.38 (m)
% 5. 97k dolH 2849
Crown Shot'c compr. | Max. surface | Water inflow Max.
Data range Convergence
settlement stress settlement rate drawdown

Maximum | 115.52 (mm) | 29.11 (mm) | 27.37 (MPa) 45.1 (mm) |4.92@/min/100m)| 36.59 (m)

Minimum 1.06 (mm) 0.13 (mm) 0.86 (MPa) 0.27 (mm) |0.28@min/100m)| 4.73 (m)
3.4 HEIXL HIIAT (Sensitivity Analysis)

ANN 7]5& &&ste] Haz7s H7ke gk G303 Ad5E Garson(1991)¢] AAE 7 WS
ol-gste] w3 1 HFor QFAAT T HolHE 5] As FHutdd 9SS FE o
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Q1o AFFES APHLE A AASAL JETet FHME A5 A4 THEAE o] &%
WS T8l s A8E d=Eaetrg e AoE FadS ddste]l HA e ANN XS 55
Aste] GEgiat HrrE s Hrh dhd oz ANN AlFA ASo] 85 od F AFE7) 52
S FEste] Hrlel A&sit ol A HEA A A S 2] e Ao AE=E
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Relative Importanc for Input Variables (%)
Category
H 1By SP GTosp GTs GT; Hi1 Hiso
6cr 13.97 - 15.43 19.60 18.96 11.56 7.25 13.23
Sco 12.30 - 13.60 18.93 20.29 10.83 8.29 15.76
Omax & Omin| 17.14 - 10.36 19.05 24.37 9.39 4.61 15.08
Sv.max 14.45 - 6.91 22.82 22.88 7.83 8.34 16.77
q - 14.16 12.21 17.43 28.27 6.00 8.91 13.02
Hp - 18.71 10.24 9.37 14.96 9.89 13.99 22.84
A= lolH el FE oy ete] s A TteXE FIl AAHEHE A 3 Ade 48 gy
gholE AAe FeEE 100%% ste] Zhzhe] dEsenEel digh A4 Fors WESS o] &5t
YERH AL 100%00 7H7heS i 857t & AR 0%l 7S SaE7F we 1At
th & 694 B Aol A S ntFoRg Ha = mE HYAE o] HAR(6r) B
WA (6c0)e] A5 HY #eAST 2 HIdG 4 0.5DA T 9ol & Ao YEwt A
E A 4589 (Omax & Omin)® A% AW L WY s AE Hola oy #EH A
o TOEVF duid e o A verwth 28a AR HAH(Shm S A5 BHE AT 2 HEA
9 AR 0.5DAFI gEo] FHFY AF29 FoEI B2 Aow et o3 Hr Axte g
FAS AN T F e olfrEe AEAY HEY AS Ui AT AS 59 LAY AF
45 et 9o A Eavt AAE 10molA IAE 50mYe 28 w FH5 FAV FAL
T5 HE #AeATo] AT FHsTE AS & 7 AT HEAT g AR FHE EY
2 A% s 19 o YA HA G MeE 0.5DE HHE BS HY #HEAT oY
HEATHT Adhzdo] QF £ A FFAF 7t T8 HAEANSIS & 5 Aok =3 Bd
Al e AvAFAA AR HerE FE HrE edolng HYE SRAFHU ARATe] 9% 2
As & 7 Atk AFANS vFoR 3 Astr dAAE b= HIW FHFe A5 HE ¢
F BEATY TRV P & FS FeH Adkas AskHe A HEAT As 1,29 Aol
7 2 Ao® yeiwn. B 23] dQlew Xpke] wE FFAH[Y ApolE & AL A
el BT daE FEATT 2 AS 19d u AR EARASF o] Askg Akl T8 HEA|
g ¢ F Ak
olgjgh WIZtE A4S 3 FFUA HrHAH F8 AAES ov BHY Ao 7 A Fa
fQlom AEHI Qo] 7 Are] B§dAds detalal of#d Ay ANN Bd 7155 93 $a3
FEF 9l dEdelHE AEHA 1 A= AA He dAelA HAA H ATA T8 HEAES
2 48" F v s ¢ 7 Ao
4. 4=

2 dTdAME E 2 ARE
I

AE g Fopl M el AFH ANN/IWS A% HY AF 3
g Fstel Mg AR5 ‘

[e]
SAS AHEa erkE ANN A TFS 98] ANN W4 <14
Ao e s

1333



[e)
AFE Bahel HH o ANNAAS 58 HY A% B2 Fastgn
[e]

L 352, A9F, AAF, Hdx, #45(2003), “GIS 7|vke] B Algo] wpe FHA/mMAd &4

)

H7MA 2"l - W K8 2003 SR uErerd EelaulE 3] = F, pp.233~240

2. 752, A1 ,(2004), “AFAAY 7R o] &3 HE AA/ANF JPE HIF A7, 2004 ) FEE S

5 994

Fe, g9, A9E, AAEQ000), “AFAAFE ol 8T FH GAM Fuo] WA Huwg
= 2

L1997, ¥ Aes o8 HE dF Fx2E T AxE

4. Wi+, AFE, AFA,
N 19970 EE S = F pp.141~149

5. Kim, C.Y., Bae, G.J., Hong, S.W., Park, C.H., Moon, H.K., and Shin, H.S.(2001), " Neural
network based prediction of ground surface settlement due to tunnelling." Computers and
Geotechnics, 28(6-7), 517~547

6. Hagan, M.T and Demuth, H.B,(1996), "Neural Network Design", PWS Publishing Co, Boston

7. Garson, G.D. (1991). "Interpreting neural-network connection weights." A/ Expert, 6(7),
47-51

8. Goh, A. T. C (1994). "Neural-network modeling of CPT seisimic liquefaction data." J of
Geotech. Eng., 122(1), 70-73

9. Jingsheng Shi, J.A.R. Ortigao and Junli Bai., 1998. Modular Neural Networks for Predicting

Settlements during Tunneling, Journal of Geotechnical and Geoenvironmental Engineering,
389-391.

1334



	Main
	Contents
	Print
	Return


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


