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A Study on Ground Behavior during Tunnel Excavation
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4 3 B>
Yoo, Tai Sung

ABSTRACT

An extensive program of tunnel instrumentation has been implemented in the construction
of the Seoul Subway Line 3 and 4, in which the NATM was adopted as the main tunnelling
technique.

Among more than ten instrumented sections in the downtwon area, five representative test
sections were selected for analysis in this study, with an emphasis on the surface settlement
and crown settlement.

Variations of the surface and crown settlements with the governing factors, such as ground
conditions, tunnel geometry, and construction conditions are described in this paper. Possible
mechanisms for ground deformations occurring at different stages of tunnel construction are

formulated, based on overall interpretation of the field observations and data obtained.
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Table 1. Five Representative Test Sections

\ T TUNNEL | i
TEST | MEASUREMENT, PROFILE |EXCAVATION e
SECTIONs LOCATION LINES | BV REMARKS
; | Hm) | Alm ) |
1 N T
SECTOR 320 10 | PSI-PS2 GROUND WATER
A (CAPITAL 1516 | 40—4¢| ALLUVIAL DEPOSIT
BLDG.) (Al-A10) | B.C. TWIN TUNNEL
SECTOR 320 6 . PS2
B (ANKUK 14161 41 TWIN TUNNEL
ROTARY) |  (B1-Bé) | BC
6 | psz_pss VARYING PILLAR
c SECTOR 322 18—19 | 38—41 | WIDTH
| C=co | l B.C. TWIN TUNNEL
i | ; w ~
| | 2 | ps3—pse HARD ROCK
D SECTOR 416 | 12—18 | 38—40 VARYING DEPTH
| (DI-D12) BOFRC TWIN TUNNEL
]
‘ ‘ 4 i | PD4
E | SECTOR 414 15—16 | 67 SINGLE TUNNEL
* - E1-Ey } B.C. :
i | 1 {

2. RGEH o A

2-1. BtRIER
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Zhgle NATM T2 T sl 4 Tunnel it
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Table 2. Summary of Engineering Properties of Soils and Rocks

: . RESIDUAL | WEATHE- |
FILL ALLUVIUM | SOIL i RED ROCK‘ SOFT ROCKHARD ROCK

| 2.63-2.68 | 2.66—2.72 | 2.71—2.72 } 2.50—2. 89

g : ; \
Specific gravity T - (266) | (268 @70 (267
, . | _ H i
Water content(%) — ; 28—40 1r(1)9 2} 5 i 9'37 2)27 ‘ — } —
g ! ‘
Total unit weight | 1 1.8—2.0 | 1.9—21 §
(g/em?) I B Loy - Teo o ES 2T
Young’s modulus 50 | 150 76—651 2737—18611 | 0. 2—1. 1% 10° 0. 89—6. 5 10°
(kg/cm?) 1 (200. 1) (8749) (0.5x10% ! (2.3%x10%
o 0.08—0.09 | 0.0—0.36 10—40 | 25—50 |  60—120
Cohesion (kg/em?) 1 01 7 0. 085) (0. 08) (26) | (15 ; (95. 5)

_— ! 24—34 | 20—38 43—57 36—73 | 47—66
Friction angle | 2 o) | GLE (49) Ge) 1 @8
Poisson’s ratio l 0.35 1 0. 33 0.31 0. 1(338’)23 ‘ 0. 1(3—2(6)345
Cansolidation coeffi- } _[
cient (cm/sec) ’ - ‘6' 4-5.4x10 ‘ - ; - J -

**( ) : Average Value
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Table 3. Construction Conditions of Test Sections

‘ NN ! J ‘ - N
| RS DNy PIAMETER TDEPTH | AREA | UCTOIN TuNNEL | CROUND
| | m G | (m) | METHOD LEVEL m)

A1 320-17k-435 I o748 | 158 43.9 B.C. PS-1 J 5.0
A 320-17k-440 | 78 15.7 43.9 B.C. PS-1 5.0
A3 320-17k-450 | 748 15.6 43,9 B.C. PS-1 I 7.5
Ag 320-17k-465 | on48 155 Ry B.C. PS-1 | 4.7
As 320-17k-470 748 | 15 ) 43.8 B.C. PS-1 | 4.7
A6 20-17k-475 | 748 | 155 | 43.9 B.C. PS-1 | 6.8
A7 320-17k-480 748 155 | 43.9 B.C. PS-1 | 6.8
A8 320-17k-195 . 748 | 155 43.9 B.C PS-1 6.7
Ag 320-17k-525 720 © 15,5 40.7 B.C. PS-2 6.8
Al0 320-17k 540 | 7.2 15.5 40.7 B.C, PS-2 | 63
B1 320-17k-800 ‘ 720 161 07 | BC | PSe o
B2 320-17k-905 | 72 i 155 | 407 | BC | PS2 | 50
B3 320-17k-922 i 720 | 1.1 | 407 i B.C. PS-2 i

Be | 320-17k-997 720 149 | 407 B.C. PS-2 | -
B5 | 320-15k-027 I It f 407 | BC | Ps2 | 25
Bs | sw0arkotz | za | w8 | 407 | sC | pse 26
Cl | 322-19k-992 ’ 720 | 185 | 4.7 | BC | PSe 7.3
c2 | s22-20k-007 720 | 1.7 | 407 | BC | PS=2 A
cs  szacko225 | 720 | 19.0 . 40.7 1 B.C. | PS-2 7.0
ce | szasko3ns | 720 | w0 | 407 | BC | PS2 | 38
Cs 322-20k-160 | 7o ez 1 | BC | PSS | 36
Cé 322-20k-180 | 700 | 197 | 381 [BLASTING' PS-3 | 35
D1 416-19k-315 | 7.00 18.0 | 381 FC. | PS4 | 35
D2 416-19k-330 | 7.00 176 | 381 FC | PS4 | a4
D3 416-18k-345 ' 7.00 17.4 38.1 FC | P 3.0
D4 416-19k-360 700 | 166 38. 1 F.C. PS-4 3.0
D5 416-19k-375 | 7.00 16.0 38.1 F.C. | PS4 3. 4
Dé 416-19k-390 { 7.00 15.8 38.1 B.C. PS4 | 3.4
D7 416-19%-405 700 ' 15.6 38.1 BC.  PS-3 3.3
Dg 416-19k-435 l 7.00 149 1 381 BC. ,  PS3 3.3
D9 416-19k-465 | 720 15.5 | 407 BC | PS2 3.3
D10 416-19k-480 720 133 407 BC. | Ps-z | 33
D11 416-16k-165 o700 | 135 381 BC. . PS3 | 3.3
Diz | 416-19k-520 L onoo | ze | s BC | PS3 | 30
D13 | a16-10k-53 L7000 124 | 381 BC. ' psss | a0
B | auemens ’ 9.20 ! 162 | 665 BC. | Pp4 | 27
E2 i’ 414-17k-130 9. 20 I 16.1 \‘ 66. 5 B.C. | PD-4 { 3.6
B3 | 41417kl ' 9.20 f 5.5 | 665 BC | PD4 a6
E4 JJ 414-17k-205 ) 020 | 154 66.5 BC. | PD-y |87

|

**B.C. : Bench Cut
** F.C. : Full face Cut
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Table 4. Results of Instrumentation

: i 1 |

oitme | omax | T |y | Mmax | VD[ YR | oF | Scrown
AL 1 0.40 ‘36 | 36 | 224 [ 00010 | 191 6.0 | L7 {
A2 0.40 | 39 : 39 1 156 | 0.0015 IR t2 | 17|
A3 0.39 38 ‘ 38 19.0 | 0.0012 | 130 5.1 ] 1.6 I
A4 0.38 43(L15)‘3 19.2 | 0.0010 } 1.60 5.1 ] 1.7 |
A5 0.38 | 49 ; 49 | 2.4 | 0.0014 | 277 5.7 ‘ L7
A6 0.37 ;\69 | 69 | 15.2 { 0.0028 2.29 41 | 1.7 !
AT 0.37 | 90 ; 9 | 20.5 | 0.0027 ’ 3.93 5.5 | 17 |
AS 0.36 (136 l 136 | 14.5 | 0.0057 5. 02 39 LT |
A9 | 0.35 124(RT.5) 173 | o004 | 6.87 48 | L7 ;
AT0 | 0.3¢ 160 160 } - - - - =
BI | 0.42 ’33 | 33 ' — — - - n7
B2 ‘ 0.39 | 41 | 4| 211 00012 2,20 59 | 17 1
B3 0.39 | 64 | 64 | 10.4 | 0.0038 1.72 2.9 i 1.7
B4 \ 0.39 | 71 [ 71| 165 | 0.002 3.00 46 | L7 |
B5 0.26 |160 L 160 15.3 | 0.0064 6. 23 43 L7 ‘
B6 0.26 112 12 —~ | - - — | ~ |
C1 0.47 | 42 | 42 | 145 | 0.0018 1.45 f 4.0 ’ 1.7 |
ce 0.47 ‘45 ! 45 — — - | — 1.7 ‘
c3 0.46 | 30 ] 30 | 150 | 0.0012 0. 49 % g2 | L7 l
ct 0.34 ‘26(L4) ; ' 1.4 | 0.0014 0.50 | 3.2 1.7
cs 0.50 | 22(L4) | 11.4 | 0.0006 0.52 3.3 L7
ce | 052 ]24<L4> | 25.1 | 0.0006 0. 94 7.2 1.7
D1 13.28 | 8(L3) | 1.0 | 0.0004 0.12 | 31 0.7 ‘ —
D2 16.91 | 9(L3 | - — — — 0.7 | 14
D3 16.88 | 5(L3) - - —_ — — 0.8 11
D4 14.91 | 9(L®) | 13.2 | 0.0007 \ 0.08 58 | o8 12
D5 12.07 | 5(L6) | — — - — 0.8 12
D6 11.87 | 5(L3) . 21.4 | 0.0004 4 0.10 6.1 0.9 12
D7 7.62 | 6(L3) ;- - - — 1 09 14
D8 3.93 | 11(L3) | 1.2 | 0.0008 | 0.17 29 | 12 14
D9 .91 |15 i 15 16.2 | 0.0008 ., 0.32 46 1.4 -
D10 160 | 16(R3) | 224 | 00007 | 0.61 6.4 1.4 24
D11 2.38 | 15(L6) - | 160 | 0.0007 ) 0.44 | 4.6 1.3 o4
D12 2.18 | 15(L6) 15 | 00007 | 0.57 3.9 1.3 27
D13 | 072 16(L6) | 11| 180 | 00005 051 |, 5.1 L7 | —
El 2.10 ‘ 8 j 8 | — - ; — ' _ —
E2 2.20 | 12 : 12 — — — - -
E3 1.19 iso . 30 14.9 | 0.0012 y L. 01 } 3.2 —
E4 474 {29 | 29 13.5 | 0.0013 | 0.9 | 29 -

**Eave =Y Ei *Hi/IZ Hi
**QF : Over load Factor
**V1: Lost Volume at the Surface
**j : Location of max. Inclination
**Imax : max. Inclination

**( ) : Distance from the Center Line(m)
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A : Tunnel Area
-a : Tunnel Radius
Cu : Undrained Shear Strength

D : Tunnel Diameter

Eave : Average Elastic Modulus

H:

Tunnel Depth

i: Location of Maximum Inclination
R : Tunnel Radius

rt : Total Unit Weight

Scenter : Settlement at the Centerline

Scrown : Crown Settlement (Maximum)

Smax : Maximum Surface Settlement

Ss : Surface Settlement at the Tunnel Crown
T,t: Time
U : Crown Settlement

U,
v,

: Corrected Crown Settlement

: Tunnel Area (Unit Tunnel Volume)

V1: Lost Volume at the Surface

X, x : Distance from Centerline

Y, y : Distance from Measuring Point

Z,

: Tunnel Depth

«a,a’ : Constant
B8, B’ : Constant
7,7, : Constant

1.

2 € X W

(F)A & al =8, MEXI5HE 3-45M4 NATM
ZlgMdal #DM, AL5HA AEAEF4A4, AE,
1983.

Thompson, D.E., Edgers, L., Mooney, ].S.,
Young Jr, L.W. and Wall, C.F., “Field Eval-
uation of Advanced Methods of Geotechnical
Instrumentation for Transit Tunneling”, Final
Report by the U.S. Department of Transpor-
tation, No. DOT-TSC-UMTA-82-52, 1983.
Johnston, P.R., Clough, G.W., et al., “Develo-
pment of a Design Technology for Ground Su-

10.

11.

12.

pport for Tunnels in Soil”, Final Report Pre-
pared by the Stanford University for the U.S.
Department of Transportation, No. DOT-TSC
-UMTA-82-54, Vol 1,2 and 3, 1983.

Peck, R.B., “Deep Excavations and Tunneling
in Soft Ground”, State-of-the-Art Report, Sev-
enth International Conference of Soil Mechan-
ics and Foundation Engineering, Mexico City,
State-of-the-Art Volume, 1969, pp.225~281.
Butler, R.A. and Hampton, D., “Subsidence
Over Soft Ground Tunnel”, Journal of the Ge-
otechnical Engineering Div., ASEC, Vol. 101,
No. GT1, 1975, pp.35~49.
Clough, G.W. and Schmidt,

Performance of Excavations and Tunnels in

B., “Design and

Soft clay”, Soft clay Engineering, Elsevier,
Amsterdam, 1981, pp. 569-634.
Attewell, P.B. ILW., “Ground

Deformations Resulting from shield Tunneling

and Farmer,

in London clay,” Caradian Geotechnical Jour-
nal, Vol. 11, 1974, pp. 380~395.

Eisenstein, Z. and Thomson, 8., “Geotechnical
Performance of a Tunnel in Till?, Canadian
Geotechnical Journal, Vol. 15, 1978, pp. 332~
345,

Wataru Yoshikoshi, Osamu Watanabe and No-
buo Takagi, “Prediction of Ground Settlement
Associated with Shield Tunneling”, Soils and
Foundations, JSSMFE, Vol 18, No.4, 1976,
pp. 44~59.

Atkinson, J.H. and Potts, D.M., “Subsidence
Abave Shallow Tunnels in Soft Ground”, Jou-
rnal of the Geotechnical Enginnering Div.,
ASCE, Vol 103, No.GT4, 1977, pp. 307~325.
Hong, S.W., “Ground Movement Around Model
Tunnels in Sand”, phD Thesis, Univ. of lllinois
at Urbana-Champaign, 1984.
Rowe, R.K. and Kack, G.T,,
Examination of the Settlements Induced by

“A Theoretical

Canadian
pp. 299~

Case Histories”,
1983,

Tunneling Four
Geotechnical Journal, Vol, 20,
314.

Rowe, R.K., K.Y. Lo and G.J. Kack, “A Me-
thod of Estimating Surface Settlement Above

Tunnels Constructed in Soft Ground”, Canad-

KegEHTRGIE 45



14.

15.

16.

17.

ian Geotechnical Journal, Vol 20, 1983, pp. 11
~22,

Broms, B.B. and Hans Bennermark, “Stability
of Clay at Vertical Openings”, Journal of the
Soil Mechanics and Foundations Div., Vol. 93,
No. SMi, 1967, pp.71~94.

Eriction, H.B., “Strengthening Rock by Injec-
tion of Chemical Grout”, Journal of the Soil
Mechanics and Foundations Div., ASCE, Vol
94, No,SMI, 1968, pp.159~173.

Peck, R.B., “Advantages and Limitations of
the Observational Method in Applied Soil Me-
chanics”, Geotechnique, 19, No.2, 1969, pp.
171~187.

Thomas H. Hanna, “Foundation Instrumenta-

46 AIFIER - 1985%F 63

18.

19.

20.

21.

tion”, Trans Tech Publications, Ohio, First
Edition, 1972,

DiBiagio, E., and Myrvoll, F., “Field Instrum-
entation for Soft Clay”, Soft Clay Engineer-
ing, Elsevier, Amsterdam, 1981, pp. 699~736.

TEEAs, “NATM Tk wis v s #ifilc
BB BT, MARKMAEEEFRER No
1, 1979, pp. 229~236.

PlE,  RELR,
WSk T o B,
W, 1983, pp. 7~18.

RIS, RBOERL, TFdE v R AT
Ed 7 s N S o BT, MERE, 20%, 3%,
1979, pp.11~18.

SO Y - KD

PR eHT,

(1985.6.1 M=)



