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Simplified methods for deformation analysis of tunnel structures
considering spatial variability of soil properties
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(1. College of Civil Engineering, Tongji University, Shanghai 200092, China; 2. Department of Civil and Environmental Engineering,

National University of Singapore, 117576, Singapore)

Abstract: The spatial variability of soil properties is widely accepted, and the response of a geo-structure can be significantly
affected by the spatial variability of the surrounding soil mass. The random field theory is a popularly used method to simulate
the spatial variability of soil properties. The stochastic analysis of horizontal convergence of tunnel is carried out using the
random field difference method considering the spatial variability of Young’s modulus. The random field difference method is
combined with the Monte Carlo method and finite difference simulation based on random field theory. A large number of
Monte Carlo simulations are adopted in the proposed random field difference method. Meanwhile, three simple and easy-to-use
methods for the spatial variability of soil are proposed: reduction factor method, amplification factor method and reliability
partial factor calibration method. Based on the statistical analysis of the calculated results, the suggested values of three
simplified analysis methods under different combinations of the horizontal scale of fluctuation, the vertical scale of fluctuation
and the coefficient of variation are given. This study may provide references for the application of spatial variability research to
practical geotechnical engineering.

Key words: tunnel; spatial variability; random field; scale of fluctuation; simplified method

0 35 B

BEE ST — B R, BT BRI K
%, BRERATEG TROEM EREEEXEE, i
KPS ADW 19— /N BT A 5H, 3wk
R RRE IRIZ B 2 Ao, R o B TR 1R
JE TR 1 B 0 B T ) BT LR IT T S I
50, SRTIX LRIk % SR fE R E A, 7E1 £
BB AT H e — AT NRE, B P ST 45
T AETE I R W IE [ BRI, 2 E A T Rt

A HRIRKI DL TIRUER, Bt 225 A 20
AR SFEPERHIED S [FIR, RARSECS AR ARG 11k
T ESHIPEREA B AT R RIRZ IR, Rk, BTk
SR 1A SR R TE S5 R AR T M L AR AT 0 ) o

N T R S s AR 2 B A ) AR R
Tk BN G 25 R AH O bR B0k ) 2

Vanmarckel’lif

EEWmE: ExARR¥E
isEER: 2021 - 06 - 30
*@ S/ (E-mail: huanghw@tongji.edu.cn)

&WH (52130805, 52022070)



%13

KRS, S5 B ESHCE AR R I RIS 25 R AT e B AL T 135

TR LARSHCT A1 R BE LI A AR,
P A2 R AL 5 320 25 () AR S 0 o 4544
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Fig. 1 Finite difference model of tunnel
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Table 1 Parameters of interface in numerical model

. Brhi R P W BTN
o TS . , .
/(GPa'm") /(GPa'm") (GPa'm'!)
2, 3 5.40 0 0
6, 7 5.40 120 10000
1, 4, 5 0.08 0 0
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AT H R BEE 1) AT R R L g 25 kN/m?,
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Fig. 2 Converging trend of ADn statistics
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Table 2 Case design of random field

I‘{EA 5h/m 5V/m 5h/5v 5h/D 6V/D
ANI-1 60 1.5 40.00 9.68 0.24
ANI-2 60 3.1 19.35 9.68 0.50
ANI-3 60 6.2 9.68 9.68 1.00
ANI-4 60 15 4.00 9.68 2.42
ANI-5 60 30 2.00 9.68 4.84
ANI-6 60 60 1.00 9.68 9.68

ANI-7 90 1.5 60.00 14.52 0.24
ANI-8 29.03 1.5 19.35 4.68 0.24
ANI-9 14.52 1.5 9.68 2.34 0.24
ANI-10 6 1.5 4.00 0.97 0.24
ANI-11 3 1.5 2.00 0.48 0.24
ANI-12 1.5 1.5 1.00 0.24 0.24
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H AT AT M

WIE 4 Frzs, KPS A 2K 8 BT R0
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I 2290 70 S0k 35 ST R, RIUAER PAE 4 3108 0.121
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Fig. 4 Comparison of histogram of ADx
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Table 3 Case design and results of deterministic analysis

E/MPa 2.5 5 7.5 10 15 20
ADn/mm  86.18 52.82 3849 3043 21.75 17.24
E/MPa 25 30 35 40 45 50
ADn/mm 1431 12.17 10.76 971 873 7.97
E/MPa 55 60 65 70 80 90
ADy /mm 731 676 625 580 5.09 4.49
E/MPa 100 110 120 130
ADy /mm 4.03 3.63 329 3.01
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Fig. 5 Relationship between Young's modulus and ADn
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LA 1% F AL S5 RE T 358 FE A BRAR 1 s i A
TEVESE R, B FORAE 251 T B — 12 Sl
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82 FR)AE R AR R, EMTARE 2K (5) AT DA 3 A 57
A ORGSR AR R AT R R B, SRR 4, 5
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Table 4 Reduction factors of £ with & (=60 m)

BfS  ov ¢ () HH R FE S 6v/m

X [i] 1.5 3.1 6.2 15 30 60

0.1 088 086 085 083 0.79 0.80
95% 0.3 0.73 0.68 065 059 053 0.55
0.5 0.60 055 054 042 036 034

0.1 08 084 084 080 0.75 0.77
99% 0.3 0.69 0.62 055 052 048 046
0.5 054 049 045 036 031 0.29

R5 KFHEXESTUTHEMEENREAR (6=1.5m)
Table 5 Reduction factors of £ with & (6=1.5 m)

B REIE A TYSIUED AT AN [RIFE FE ORI 3
a4k 25 FE 2 (AR S ROR . 78 AR AH SR IR AE 52 mT
LER, HEFRBREAHNT, HHESRAME
TE—E R LR s RS LR 13, AR R
FREF AT DUR I M [ WX AN TBOR RN . Rk, AR SCHE
RETHE MR B, FFERH 95%A1 99% & 15 X 1) |
BRAE NV Fa AR, XK REGEAT & X+
Lup = ﬂLde ’ (6)

K, Lo ABEE KIS HAS 2 1) B A4S X A FIR,
Lae NBEE WS € 1 73 A 45 R PRI 1) L AR B gkt
ANHA B PR A T HOR REUIHUE, 1EAL Gutf e it
Fetih b, @RS R AT AN R RR EE R OR SR S B
Xof 75 ) 7% S 1 () TR 40 5 E

6,7 g T 2 R IR A A KSP AR DGR B AR L
TR IEISIR R 5. B 7 451 T AR =2 A AR
TR RESAE. B 7 (a), (b) /& COV N
0.1 15 Nk 95%F1 99% & 15 X 8] R 1E I T 152
ISR R B, B 7 AT %0, UK REURRHL
HRA 125 £4, BIFE COV LLE/NITEN T, BEiE
PSR IRIOR R B RN, COV RTTBUR R B 45
BRI .
< 6 BEBXEETHTHBEWSMARE (6=60 m)

BiE COV IK - AE S BE B Si/m Table 6 Amplification factors of ADy with & (=60 m)
X[ 15 3 6 14.52.29.03 60 90 N , o
= BEES 6/
0.1 091 089 0.89 0.88 0.87 0.88 0.88 ET covV B DRI 2 8/m
95% 0.3 0.81 0.77 0.74 0.75 074 0.73 0.72 (X 1] 1.5 3.1 6.2 15 30 60

05 072 0.68 0.62 0.59 0.58 0.60 0.59
0.1 090 0.89 0.87 086 0.86 0.86 0.87
99% 03 079 072 0.66 0.72 0.70 0.69 0.69
0.5 069 0.62 0.58 0.53 046 0.54 0.54

NT BRI G0 4H B AR R TE A [R] K A B [ A
JRPH B H A T A T U R U, AR
PR BT HER, S TAFRAS Tt E
FITR R =K, WE 6 s, B 6 (a), (¢) Al (e)
FORIIRIE 95%EE X A FHtEiE COV 73l
0.1, 0.3, 0.5 A=K, Ee6 (b), (d, (D
N 99%EAS XA N TR R E =B . HIE 6 Ik,
PERIE COV XTI ARTA BEMEm. COV K 0.1
i, P RS KZN 0.75; COV A 0.3 F10.5 i,
P R B RAE 518 0.5 F100.30 AN T B A X 1A 1)
ST, COV HISEME T K — 5o [FI, A3 K
SRR L (14T Dk 2R 0 A BT S B TR — e
AR, W LA (8 TR T A PR 25 R 2 B ) AR e 1
iopA
3.2 MKRE¥E

ST RE S B R R TR R B R E S
e AR SRR IR, TROK RBGE B X

01 1.07 109 1.10 1.13 118 1.16
95% 03 126 134 138 152 164 1.59
05 150 1.61 1.64 200 231 241
01 109 1.11 1.12 117 123 120
99% 03 132 144 161 167 181 1.88
05 1.64 176 1.89 230 265 277
R 7 KEHEXEBTUTHREEW S A ZH (6~1.5m)
Table 7 Amplification factor of ADn with & (&=1.5 m)
AfE K AE ORI 2 Gh/m
X [] cov 1.5 3 6 1452 29.03 60 90
0.1 1.04 1.06 1.06 1.08 1.08 1.07 1.08
95% 0.3 1.15 1.20 124 123 125 126 127
05 1.28 134 145 1.50 153 150 1.50
0.1 1.05 1.07 1.08 1.09 1.09 1.09 1.08
99% 0.3 118 1.27 137 127 130 132 132
0.5 132 144 154 1.64 185 164 1.62
Kl 7 (¢), (e) N COV HL 0.3 F10.5 KM T ik H
95% B A5 X A RS R K. BB %, Bi#E COV
IR, WK RBMBUERAERHERE K. /£ CoOV
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Fig. 6 Reduction factors incorporating different randomness levels
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T 1.0~1.4, BAAEXEDN, FULTER 8 st R
COV = 0.1 (IZEH ., 7ER 8 Fent b, TR A LIRS
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4 [FEERAYE N

N T AR IR TRERE M, ARV 55 E bR
TEHE (BT R R R R, P RIR L 3 Fp
W, SR 3 FhfEif ik T % e . 4 Huang 5122
TS, VRIEEPEEE LR 7 m, IR E
ARIYR 16 m, AIREL 25 m, FXGRIK) 3 PR
MR S5REE B AR EAE A 113, 2.58, 4.03. [F
i) b BRI RTE FE AE 3~30 ml®, 3 RhHERVE A
16 B b i P TE SR S PR L

3 PR ERE TR, BIASR . LS
. BRESEE SIS BRISBUR—3, (UpEE
HRAE . TERfE R b el B, BEIE I3 PRIk
HEREWm, FEHEEIE KPS 13.60 mm, ¥
4 35.93 mm. HTFE LS RATRTG, FRIEATRIEE
NBEIE KPS S 95% BAS X I8) BRI 17.14,

* 8 BEMEXEBTUTARESMARBIRE (6=60 m)
Table 8 Partial factors of reliability with & (=60 m)

LARKIPS COV=0.1 COV=0.3 COV=0.5
PE 5 /m p=2.7 p=32 p=37 p=2.7 p=32 p=37 p=2.7 p=32 p=37
1.5 1.11 1.13 1.15 1.34 1.41 1.47 1.69 1.82 1.97
3.1 1.13 1.15 1.18 1.50 1.60 1.72 1.88 2.07 2.29
6.2 1.14 1.17 1.20 1.62 1.76 1.92 2.03 2.28 2.56
15 1.19 1.23 1.26 1.76 1.94 2.14 2.52 2.94 3.43
30 1.26 1.31 1.36 1.99 2.24 2.53 3.02 3.64 4.40
60 1.27 1.32 1.38 2.01 2.27 2.57 3.32 4.08 5.00
R9 KFEHEXESTUTARESABITE (6=1.5m)
Table 9 Partial factors of reliability with ¢ (&=1.5 m)
IL3EViiES COV=0.1 COV=0.3 COV=0.5
FHES/m p=27 p=32 p=37 p=2.7 p=32 p=37 p=2.7 p=32 p=37
1.5 1.06 1.07 1.08 1.19 1.22 1.26 1.37 1.43 1.49
3 1.08 1.09 1.10 1.28 1.33 1.38 1.45 1.53 1.61
6 1.09 1.11 1.12 1.34 1.40 1.46 1.59 1.70 1.82
14.5 1.10 1.12 1.14 1.35 1.41 1.48 1.70 1.85 2.00
29 1.11 1.13 1.15 1.34 1.41 1.47 1.73 1.88 2.04
60 1.11 1.13 1.15 1.34 1.41 1.47 1.69 1.82 1.97
90 1.11 1.13 1.15 1.36 1.42 1.50 1.67 1.81 1.95
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Fig. 8 Values of partial factors of reliability incorporating different randomness levels
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Fig. 9 Effects of tunnel depth on horizontal convergence
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R 10 REHERT 3 M ELRITEE(6=60 m, §=1.5 m)
Table 10 Comparison of results of three methods at different %% Iﬁk :

depths (=60 m, &=1.5 m)
BiE HWHHR RN
Jrik W I R
(X 1] EI%  E/%
ZHATEE 076 0.73 0.77  4.10 5.48
K BBk 126 126 125 0 0.79

9% e FRT 136 134133149 073
DEAL;
- 143 141 140 142 071

=32
e ($FR
p=3.7 150 147 146 204  0.68

5 &% 1
AR DA B AR 2 ]2 5 A F S

wA“,ﬂ%%Mﬁm%ﬁﬁﬁﬁﬁﬁ%Lm¥Wﬁ

HAT TRENL AT, RIS ERE T 3 P E S5 )
BRMEE, RS EATRE. TBOR REUET] 5
B o TSR E bR e . (R RETHE R B, X 3 Moy
IR S RBOHAT ThrsE, DT T2
RiFH, 19BILLF 4 fidhit.

(1) A s AR 5 (1% 7 () A8 S 0 B W SO o
HEMRZM, COV [RIR2 0 AR T AH 5 FE 55 1 52 e 22
Ko A 95%8% 99% B 15 X 8] b FRAE Ay fliy & b 2% (1] A%
SRS T X BETE S /N B FE bR, ARECTIE AT B
T 1) S PR R SEE WA S P e A 45

u)%ﬁﬁﬁiwhiﬁiiw
2, HERRERSBEAR R R R, RS ER%
HFEFXNE ER, RORSGERGEESEE, SR
PR 5 0 5 T 2 TR PR AR R 1 B AE B O AT R R
. COV NO0.1, 0.3 F10.5 10T, g AL/
H(®)0.75, 0.4 F10.2,

(3) JBUK R B A S i 5 1 o W 45 b AT A
[ R B2 (R TBOR RS B fi A 2% e 2 ) AR e At I RO . B
13 X 1) PR 25 S5 1 o A P o WA S AP ) LUABLA
NILKZEL. COV N 0.5, H R REEUEL
M 3.00

(4) WIHEFE 53 0 R H0br 8 Va8 A8 e 2% 1
NS ST G i S AN R AT SR RR AR R
B8 S SICRFIEARL, P AEME S5 e PR 45 SR I LU R A 4y
T AFAREH. 75 COV N 0.5, FIEEETRs 3.7 Mt
BN, IR ER E RN 5.5 Kt

ATC 3 FT A V2 bR o (B il I T R TE U S
RENEY,  PAGE A T8 S b 2 H g B i S ) R
R ALV RS 2 T Dod T oAty L TR, R
5 B0 AH R 7] AT AR RIS

ROt

[1] HUANG H W, SHAO H, ZHANG D M, et al. Deformational
responses of operated shield tunnel to extreme surcharge: a
case study[J]. Structure and Infrastructure Engineering, 2017,
13(3): 345 - 360.

[2] HUANG H W, XIAO L, ZHANG D M, et al. Influence of
spatial variability of soil Young's modulus on tunnel
convergence in soft soils[J]. Engineering Geology, 2017, 228:
357 - 370.

[3] PHOON K K, KULHAWY F H. Characterization of
geotechnical variability[J]. Canadian Geotechnical Journal,
1999, 36(4): 612 - 624.

[4] ZHANG J Z, HUANG H W, ZHANG D M, et al. Quantitative
evaluation of geological uncertainty and its influence on
tunnel structural performance using improved coupled
Markov chain[J]. Acta Geotechnica, 2021, 16: 3709 - 3724.

[5] B4R, FhEAE, 53580, R DU et 2 Sl 7
D & TR, 2021, 43(1): 1878 - 1886. (TAO
Yuan-qin, SUN Hong-lei, CAI Yuan-qiang. Bayesian back
analysis considering constraints[J]. Chinese Journal of Rock
Mechanics and Engineering, 2021, 43(1): 1878 - 1886. (in
Chinese))

[6] ZHANG W G HAN L, GU X, et al. Tunneling and deep
excavations in spatially variable soil and rock masses: a short
review[J/OL]. Underground Space, 2020: [2020-12-07]. http:
//doi.org/10.1016/j.undsp.2020.03.003.

[7] VANMARCKE E H. Probabilistic modeling of soil profiles[J].
Journal of the Geotechnical Engineering Division, 1977,
103(11): 1227 - 1246.

[8] LI D Q, JIANG S H, CAO Z J, et al. A multiple
response-surface method for slope reliability analysis
considering spatial variability of soil properties[J].
Engineering Geology, 2015, 187: 60 - 72.

(9] #KSE, X W, SR, S BIER SRR AL R
mkéwﬁ%%ME&ﬂiﬁﬁﬁm.aiIh%ﬁ,
2020, 42(5): 900-907. (JIANG Shui-hua, LIU Xian,
HUANG Fa-ming, et al. Failure mechanism and reliability
analysis of soil slopes under rainfall infiltration considering
spatial variability of multiple soil parameters[J]. Chinese
Journal of Geotechnical Engineering, 2020, 42(5): 900 - 907.
(in Chinese))

[10] CHING J, HU Y G, PHOON K K. Effective Young's modulus

of a spatially variable soil mass under a footing[J]. Structural



318

KRS, S5 B ESHCE AR R I RIS 25 R AT e B AL T 143

Safety, 2018, 73: 99 - 113.

[11] LIJ H, ZHOU Y, ZHANG L L, et al. Random finite element
method for spudcan foundations in spatially variable soils[J].
Engineering Geology, 2016, 205: 146 - 155.

[12] LUO Z, LI Y X, ZHOU S H, et al. Effects of vertical spatial
variability on supported excavations in sands considering
multiple geotechnical and structural failure modes[J].
Computers and Geotechnics, 2018, 95: 16 - 29.

[13] CHEN F Y, WANG L, ZHANG W G. Reliability assessment
on stability of tunnelling perpendicularly beneath an existing
tunnel considering spatial variabilities of rock mass
properties[J]. Tunnelling and Underground Space Technology,
2019, 88:276 - 289.

[14] ZHANG J Z, HUANG H W, ZHANG D M, et al. Effect of
ground surface surcharge on deformational performance of
tunnel in soil[J].
Geotechnics, 2021, 136: 104229.

(15] RELLk, B fif, W1, 55 B ESHCE A R Rk
R A AN, A L TR, 2017, 3904
FiJ 2): 75-78. (CHENG Hong-zhan, CHEN Jian, HU

spatially variable Computers and

Zhi-feng, et al. Evaluation of safety of buildings above
tunnels accounting for spatial variability of soil properties[J].
Chinese Journal of Geotechnical Engineering, 2017, 39(S2):
75 - 78. (in Chinese))

[16] EKIL, KEHE, RT), 5. FHEELSHCE R FIE
()G A B M R TR D). A L TAEZAR, 2018, 40(2):
270 - 277. (WANG Chang-hong, ZHU He-hua, XU Zi-chuan,
et al. Ground surface settlement of shield tunnels considering
spatial variability of multiple geotechnical parameters[J].
Chinese Journal of Geotechnical Engineering, 2018, 40(2):
270 - 277. (in Chinese))

(17] EBE, #ANE, WPUE, 55 2T KLRIFH S
TR RILRIAII]. A TR, 2020, 42(5): 808 - 816.
(TAN Xiao-hui, DONG Xiao-le, FEI Suo-zhu, et al.
Reliability analysis method based on KL expansion and its
application[J]. Chinese Journal of Geotechnical Engineering,
2020, 42(5): 808 - 816. (in Chinese))

[18] CHING J, HU Y G Effect of element size in random finite
element analysis for effective Young's modulus[J].
Mathematical Problems in Engineering, 2016, 2016: 1 - 10.

[19] ZHANG D M, LIU Z S, WANG R L, et al. Influence of
grouting on rehabilitation of an over-deformed operating
shield tunnel lining in soft clay[J]. Acta Geotechnica, 2019,
14(4): 1227 - 1247.

[20] GONG W P, LUO Z, JUANG C H, et al. Optimization of site
exploration program for improved prediction of
tunneling-induced ground settlement in clays[J]. Computers
and Geotechnics, 2014, 56: 69 - 79.

[21TJIN D L, SHEN Z C, YUAN D J. Effect of spatial variability
on disc cutters failure during TBM tunneling in hard rock[J].
Rock Mechanics and Rock Engineering, 2020, 53(10):
4609 - 4621.

[22] HUANG Z K, PITILAKIS K, TSINIDIS G, et al. Seismic
vulnerability of circular tunnels in soft soil deposits: The case
of Shanghai
Underground Space Technology, 2020, 98: 103341.

(23] Af M. Lk R R AR TR L N TG e Ak T VR
L [D]. _EifF: F¥FA%, 2018, (SHAO Hua. Analysis of

metropolitan  system[J]. Tunnelling and

Deformation Mechanism and Wireless Sensing Method of
Shield Tunnel for Shanghai Metro[D]. Shanghai: Tongji
University, 2018. (in Chinese))





