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Experimental Observation of Failure Processes of Clay Semi-models of the
Tunnel Surrounding Rock at the Plane Going Through the Tunnel Axis

WANG Xuebin'?, CAO Siwen’, DONG Wei*, HOU Wenteng®
(1. Institute of Computational Mechanics, Liaoning Technical University, Fuxin 123000, China;

2. College of Mechanics and Engineering, Liaoning Technical University, Fuxin 123000, China)

Abstract: To observe the evolution of strain localization bands and cracks of the tunnel surrounding
rock at the plane going through the tunnel axis, experimental studies of clay semi-models of the tunnel
surrounding rock in triaxial compression have been conducted. The measured surface of the semi-mod-
el was in a plane strain condition and the tunnel was excavated in stages. Before an excavation step,
the semi-model was unloaded. After an excavation step, the semi-model was reloaded. The maximum
shear strain of the measured surface was obtained by use of the digital image correlation method. The
statistical analysis of percentages of cracking areas with an increase of longitudinal strain was conduct-
ed. The results show that when the longitudinal strain reached a certain value, strain localization bands
originated from both sides of the tunnel or originated from intersection points of two sides of the tun-

nel. In addition, some strain localization bands far away {rom the tunnel surface were observed. There-
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fore, the zonal disintegration of the tunnel surrounding rock at planes orthogonal to the tunnel axis

would emerge. Percentages of cracking areas increased with an increase of longitudinal strain. With an

increase of the threshold value (the minimum identifiable cracking area) , percentages of the cracking

areas decreased, and the decreasing velocity slowed down. Shear cracks were located mainly at both

sides of the tunnel, while tensile cracks were scattered, whose spacing was approximately identical to

some extent.

Keywords: tunnel surrounding rock; tunnel axis; plane strain; zonal disintegration; strain localiza-

tion; digital image correlation method; crack
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Fig.3 Experimental results of semi-models of the tunnel sur-
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Table 1 Basic parameters of semi-models of the tunnel surrounding rock and test conditions

R B X T KRR/ HE/

T B/

EANEVE

KR/

wS (em>XcemXcm) (KNem *) (kgem *) % FERH
1 2 3 4
7 14.0X14.2X11.9 15.77 2.13X10° 21.6 52 54 — —
2 14.0X14.0X12.8 14.41 1.95x10° 19.8 55 83 86 —
“5 13.9X14.2X11.7 15.40 2.01x10° 16.5 52 117 120 —
“4 14.0X13.8X11.9 14.71 1.94X<10° 19.1 55 80 98 80

406



2 KWHERSN

2.1 Gh1E Rz S — 9 1a B 3E 2%

B 4(a~d) 43 45 T 72 74 75 F77 2 R 1 Bl A
RGN B T o, — DA A8 e, 2R 0 "2 F075 20 4
Bl AR 22 77 3 RN, "4 77 2 o T ] 2 A
ORI AR B 2 o # . B o 2R B — o
BWERET WML . hE 40T Lk
W, N — W IN#A o,— e i 2N BEIE & — N #k
LE AT o, — e MTER L0 A, 3K R 5 2 45 T8 [l A A A
B, T A Ak A s 56 AL B4 L 48 R A AR Ak
A K YR S0 AR v AL o e 1
B 0.052 KN/s, (H S i 55 AL i s 09 B 7 fin 488 K i
WAL, 8 —0.061 5~0.184 6 kN/s.

i
B

HogitX

MG X
025) |l e

0.00 . . . . , ().()3 . . . . .
0.00 0.05 0.10 0.15 0.20 0.25 .00 0.05 0.10 0.15 0.20 0.250.30

&, &,
(@) "2 A (&) A E
035 feor DI 020 R msgie
. T

Fod/ LG

b
1
oot 1. . ., oot .
0.00 0.05 0.10 0.5 0.20 025 ~ 0.00 0.05 0.10 0.15 0.20 025
&, &,

(b) "5 FE A LR (d) 73850 P R
4 EBEBABIIZS RN 0, ZR
Fig.4d o,—¢, curves of semi-models of the tunnel surrounding

rock during the excavation process

40 20 40 60
B Ik
(a) £,=0.003 0 (b)=0.038 5

0.02

0.06 0.08
' 10 0.15
0.04 20 0.06 20 :
# # 30 010 ®3
0.04 -
0.02 &40 = 40 0.05 & 4
: 50 : 5
60
20 40 60

22 RARHAVIETHAHREL

5 FIEL 6 43 B 28 174 FI7T7 2 4 50 [l 5 5 71
TEHZ it B T AS TR e, B f5 KB U0 AR ., 1 53 A3 o )
FH B R 56 7 ik Bk St R A T X
3IX3IBEE b s H FRH 318 R, 118 F=0.09
mm. 4T &R A2 5 B B0 o SR I A 5]
BORATHL, 45 F I o A A Xkt R A E . B 5(a~d)
FE 6 (a~d) 45l 5 K 4(b) FTE 4(d) H a~d 55 A1
X B o

& 5Ca) AT LA & B, 7255 1o 8 ft vp 74 2
18 R A ARy, B AR RIS FE T T
J5 H A8 FUA AL S A XEARE A B T 1 4%
BT R Yo 0 B X o H B S(h) AT RL & B, 765 2
PO AR, B R . (X AR SE K R 5 TE]
B, 6 2 5 Pl A R b oty 1 ROy R T o
B 5Ce) AT DL B, 72565 3 k£ v, b > 45 36 [
AR AR PR A R R T A TS W A
AR JRy FB AR AT, AT R AR Ry Ak A I B A A R T A
TE 5 b AN, 2 T [ SRR L i 1T B S BT A
T2 S B YD (AR AR JR A ) o

i & 6 (a~d) n] LA & B, % 77 2 4% 1 [ 5
RYTESE L OOt B,y RIS ) AN 5 B A
W ZTE LT A TN R A o b A R AR SR
HR AL AT B B OX N 2 AR T R A AR R 0 B AR
KA AR R AR A, B E
BT AE AL KR O 3 5 s S T R A T Y B
VIREIRAT OG0 I 248 5 A 00 28 Jay FR Ak 7 B 15 4%
TH 2 1H A0

N T EREH T . 000 A BB LR RS
A 6 A A BT — SR AN, AL b5 s 1Y S a5 A T
MR ny 22 s . b TR SRR 6 M, AFE I 5(d)
FE6(d)H o T IRy E . "4 F77 2 1
FRERUI £ 1y, s 2% 00 43 AT K Ak B AR 43 )

03
0 .
0 0.2
—pr———s
0o s
0 0.1
0
20 40 60

% %
(¢) £=0.068 4 (d) £=0.083 2

32 13 AT P S
LA R ALY

1
2

(IS S8 31 N AR ) BITD A AR u R b N CTSNEE A< s o (E L R 2

Fig.5 Distributions of y,,, in the "4 semi-model of the tunnel surrounding rock during the excavation process for different ¢, and

the position of the monitoring line

407



1 003 o 0.06
20 0.02 ., 20 0.04
% 30 fﬁ 30
<40 0.01 ™ 40 0.02
50 50
20 60 20 40 60

0
71k
(b) £=0.009 8

40
H%
(a) £=0.003 9

328 12 A T 7 A
LA Jo ALY

04 -
: e
20 03 9
= o o —
40 o1 40
50 50
20 40 60 20 40 60
B2k bk
(©) £=0.029 5 (d) £=0.0315

P67 2030 Fla AR TT 2 3 AR P AN [ € B 0 B89 20 A B 26 A7

Fig.6 Distributions of y,,, in the *7 semi-model of the tunnel surrounding rock during the excavation process for different ¢, and

the position of the monitoring line

WLE 7(a) FIE 7(b) o

B 7Ca) AT LA KB, 2 e, AR (6,<0.038 5),
Vo AT EE 345 ,0.001 7<7,,,<<0.065 9; 24 ¢, 8 5
B (6,20.068 4) , 7, 19 5310 Hh B T WEAE, 491 4n , >4
£, =0.083 2 I , y,... 1Y Jy FB WA 53 537 T s=155.403
FI1 08548 K Ab , Xt 1 1 7,53 5124 0.131 8.,0.322 2
F10.268 4, 3 S U {E 7 & 1F J2 & 5 e n A8 ey 48 Ak
B A 7 8 . B 7(b) AT LR R, 2 e, BRI (e, <<
0.003 9) , Yoo B 20 A B2 5], 0.001 1<y,
0.021 654 &, B B I (6,20.029 5) , v o3 A T
AR, (90, 24 €, =0.031 5], 7,0 (49 J53 3 W AR 43 5911 7
T A8 H5 558,806,992 1 1 271 14 K b , % B B 7,0 53
W9 0.137 1,0.146 4.0.146 8 F1 0.196 1, 33 L& I {f

041 ——&,=0.0030
e 5=00385
e £=0.0684
03k 1 —o—¢,=0.0832
FHEEEHER
J FERIFRER
A oo02t | i

s/B&
(a) "4 BB R AR
0.20r——¢,=0.0039 ki

“’ - 500 1 ()IOO
s/BE
(b) "7 A AR
Bl 7 AT e, BF 2045 38 B A BB 28 1y, 19 5310
Fig.7 Distributions of y,,, at the monitoring lines of the semi-

models of the tunnel surrounding rock for different e,

408

V7 IE 2 PR 6 R R AR ey 3 AR T T A 7 R R A% 0
(B A28, T AR A5 Ry #8 Ak 1) B] BE , ] B A 22 )
MR N - 248 186 A1 279 1% &, Bl Jsy 3 Ak A7 HoAA —
S 1) S () HE M

ZE L PTIR Y e B B AR T4 P AR [ R Y
W2 L, oy A 28 00 G S kR T 3 SR X R Y 1 AR R
AT MAET7 2 A A BRI £k b, R R Y
N7 A% JRy Ak A B B AE R EE R L A A N AR R
by B A T8 e A, b mT DUME L iR T A
T 2 OF- T g B R RO 1 AR SR SR AR AT .
N7 AR Jay FB Ak A A BN R R R 2 X, HE N AR R R Ak
A E AR X, Ik, T AR AR T i
W B4 DX 44k

23 REERBAILSEIT D

A% 3CR 0 BT RO 6 O 38 T e
22w KW R AN AR S R R T T R
U R BGOL, T SO0 2 46 18 ] A 158 2L a0 AR A
Gy HOBE e WAL LA B AT T 4001, ook B T e
MRS A A BT B GO I L b RSk R O
HYUE T I iy ER % BRI B 7 ) i RO 7E 2
ESiER oy SRS - FUN LR I NP S A TN
SERS /N TR T A R Y FE 2 B R
A5 TE B A B AEKSF ] B o R BT IR R
PRI AT 2 2 5 T 11 25 B R 00 00 6 g P14 1 — 38 4
(SRR NG £ S VA = A - K ) =R U5 i
P25 DX 350 A 4 BB A XS 8 s B 1 i A
Ay s RS . T AT (E (T U Y 24 8 AR
(4 Foe /ME ) 45 1 (6 280X /N . B (E K
U A (0 28 B Bk R, Al /DN 1) 24 80K 1 22 i
(E18). #RJG ,THF MBI R R EH 5 ik £
FIRBR R B H Z L, B 24 i A 43 L

K945 772,74 75 77 2 48 5l Rl 5 4 18R )
5 (I 28 2501 B A BL B e, 1Y T AL B A . BT LU



(c) BIfE=400

(d) B{E=500

P8 NIAI B2 18 A i R 73T (€ =0.226 9)

Fig.8 Distributions of cracks in the "2 semi-model of the tun-

9
Fig.9

nel surrounding rock (¢=0.2269) for different thresh-

old values

0.141

0.12

0.04
0.02
0.00

HYESL /%

0.15

0.10

0.05

Roaate /%

010
0.08
0.06

~ B{E=200
- HRI{E=300
~ =400
~ B{E=500
— [ {E=600

0.00 005 0.10 0.15 020 025

P AR
(a) 2 ATE FE A AL
[ = ®1E=200
- BJ{E=300
~ BI{E=400
[~ B{E=500

W

0.00 1 1 1 )
0.00 0.05 0.10 0.15 0.20

0.161

0.14

R\t /%

0.06
0.04
0.02

0.

0.14
0.12

0.06
0.04
0.02

HAHM /%

0.12F
0.10
0.08

0.10
0.08

EAnIvE
(b) *4H5 78 Bl AR
= ®J{E=200
-~ B{E=300
~ B{E=400
~ =500
— [ {E=600

00 0.05 010 015 020 025
YA R
() "s¥ABERE AT
[ = B1E=200
B {E=300
~ B{E=400
~ [ {E=500
— B {E=600

0.00 1 1 1 1 )
0.00 005 010 015 020 025

Y B
(d) "7 B AR

A ] 10 L P 2 480 T R TT 73 L i A 1 3 288 ) 1 W

Evolution of percentages of cracking areas with an in-

crease of longitudinal strain for different threshold val-

ues

K

(1) 80w BUE 5 L B e, B 38 0 i 338 in o

(2) 58 1 B8 AN 25 5% Wi 24 20 T B 43 LU B e,
B ke, b S E RGN, RS0 R 4
Pl B3 ARR L 38 0K 1) T B o 1 . ST R 4 L
Rip A1 17 R 2 R fC b 1 A BT 4 /N 2 0 1) B L
FLR M) £, Hog A R R 80 K.

(3) Bt & e, W98 i, AS [ 5 o) 24 50w AU 4%
w—@%%Mﬁ%%%mﬁ‘i%%%ﬁgﬁmm
R AN B B AR R AN ORI
%mmﬁ&ﬁk%iﬁﬁ%%ﬁ$%mmﬁﬁu%
A RCHL R 280, 5 I R s B A 40 /N 4 80 A
NGB R A T B A T A R

ARG HAE G T 2 S0 B, AR X B
FAL, B 10 FE 1145 T AN [ e, B 2 45 3 [l 25 A

=0.1827 @e.
F 10 "2 4% 38 [l A A 15 28 2 il 2 ) o7 7% 7 1 £k R0 7

Fig.10 Evolution of cracks in the "2 semi-model of the tun-

nel surrounding rock with an increase of longitudinal

strain

(b)a—01043

(©e=01713  (d)e=02165 A
11 77 2 A% 38 [ A A 5 28 0 Bl 9 m) o7 A% 1 16 £k R0 7

Fig.11 Evolution of cracks in the *7 semi-model of the tun-

nel surrounding rock with an increase of longitudinal

strain

409



TSI o3 A i 00, Herp 3 2 2R G E bR id
W, minl LUK

(1) 2 50 32 % 4 455 15084 A9 5 28 S0MT 3 B AY $ir
2.

(2) By o0 32 27 T B 38 ] A 150 0 A 38 1 Y
i B0 A A AL 52— 1 S TR B

3 & it

T WL sk s Tl P T b AR R A K
G e S AL R, TF R T 2 Ak T Tl A R =
FEAR 5200 BF 9T . 2F A5 8 1 5 5 AR A 08 0 5% 1 Ak T
ST AR RES B A TR AR L 7R R A T T4
ZH R A A A A . AR T
Jei PR 2 PR A o SR FH R IR OR 6
55 0L T I e T A B K BT WY AR b, O ST T
24 20T ARUE Sy BeRE DN R AR B T AR R A . 58
mF .

(1) 24 2 1) o A8 4 v ) 7 2 A% 3 PR A A R A
BRI g T s VT & e 5 (= S e s R e T
32 AL K R A R AR TR AR 5 S A iR BT B
5 3 T 4R OE Y N A SR AR AT o H T DUAE
1T A R T o B K AL

(2) 24 gr i AL E 43 L Bl 9 1) 5 AE B9 386 i i 44
T s bt 2 1 (AT SR Y 2 T BB f /N (ED) Y 3
I, ZESCTH ARE 43 L R AT L R AU 1% 3 R ok i 4
S0 TR 43 B R R B T R R R 0 A D 4
INFEEC B R K 2B 2, HL T AR LR R Y
K

(3) Y 2420 32 B 2 H 3 Bl 5 A58 780 A5 38 1Y) 17
5P L S0 A 45 A B — Y A R B

S E R

[1] Adams G R, Jager A J. Petroscopic observations of
rock fracturing ahead of stope faces in deep-level gold
mines[J]. Journal of the South African Institute of Min-
ing and Metallurgy, 1980, 80(6): 204-209.

[2] Shemyakin E I, Fisenko G L, Kurlenya M V, et al.
Zonal disintegration of rocks around underground work-
ings, part I: data of in situ observations[J]. Journal of
Mining Science, 1986, 22(3): 157-168.

[3] Shemyakin E I, Fisenko G L, Kurlenya M V, et al.

Zonal disintegration of rocks around underground work-

410

[4]

[5]

(6]

(7]

[9]

[10]

ings, part II: rock fracture simulated in equivalent mate-
rials [J]. Journal of Mining Science, 1986, 22 (4) :
223-232.

Shemyakin E I, Fisenko G L, Kurlenya M V, et al.
Zonal disintegration of rocks around underground
mines, part II1: theoretical concepts[J]. Journal of Min-
ing Science, 1988, 23(1): 1-6.

Shemyakin E I, Kurlenya M V, Oparin V N, et al.
Zonal disintegration of rocks around underground work-
ings, part IV: practical applications[J]. Journal of Min-
ing Science, 1990, 25(4): 297-302.

R, EIRE . FIIE = A 85 X 24k ry R
o s o A L], AE AR R Tl 2 B 27 4k, 2008, 18
(2): 14.

Song Y M, Wang Zh W. Mechanics study on zonal dis-
integration of deep rock mass[J]. Journal of North Chi-
na Institute of Aerospace Engineering, 2008, 18(2): 1-
4. (in Chinese)

EAEE, W 1, SRR ER R T e R R o A A 1 4y
DX AL A0 A0 40 K 23 (B] JRy BB AL ML BR [T ] oL 7 TR 4
ARREEAMCAAREM) , 2012, 31(1): 17,

Wang X B, Pan Y Sh, Zhang Zh H. Preliminary nu-
merical simulation of zonal disintegration phenomenon
based on loading and unloading models and the mecha-
nism of spatial strain localization [J]. Journal of Liaon-
ing Technical University (Natural Science) , 2012, 31
(1): 1-7. (in Chinese)

PRIESE, SRER DT, R A, 45 . BT A7 BRIC i R
R X AL R ) 2 B E B T]. A R T,
2013, 34(11): 3291-3 298.

Chen X G, Zhang Q Y, Li Sh C, et al. Preliminary nu-
merical simulation of zonal disintegration phenomenon
in deep surrounding rock mass based on extended finite
elements[J]. Rock and Soil Mechanics, 2013, 34(11):
3291-3 298. (in Chinese)

FAAEE, KRB, W, BF L E S X DR A
TE LA IR K e o B 5 ) 1) (S —— iR T 8
L5 KW R AR 0 220 [T]. By FCI R TR~ 4,
2013, 33(1): 11-17.

Wang X B, Zhang Zh H, Pan Y Sh, et al. Numerical
simulation of the influence of post-peak brittleness on
the failure and energy liberation in the surrounding rock
of a circular tunnel discussion on the difference be-
tween slip lines and zonal disintegration[J]. Journal of
Disaster Prevention and Mitigation Engineering, 2013,
33(1): 11-17. (in Chinese)

SRR, BB R TR L DO Ak B
BERLOE 72 (7). BB TR % % i, 2014, 36(2) -



[11]

[12]

[16]

89-94.

Shu Zh J, Qian Q H. Numerical simulation research on
zonal disintegration phenomenon of rock mass around
deep grotto[J]. Journal of Wuhan University of Tech-
nology, 2014, 36(2): 89-94. (in Chinese)

KRV, TR BT, T SO, AF RN AR A R R B 4y
WP o A F s [T]. A e 5 TR e,
2016, 35(4): 724-734.

Zhang X T, Zhang Q Y, Xiang W, et al. Zonal disinte-
gration mechanism based on strain gradient theory [J].
Chinese Journal of Rock Mechanics and Engineering,
2016, 35(4): 724-734. (in Chinese)

WRSLAE, MR, 280, 55 TR A T8 M A 40 X 2R
1Y Ak 26 P S A AL Y [T]. A 1%, 2017, 38
(4): 1032-1040.

Chen H X, Qi Ch Zh, Li K R, et al. Nonlinear continu-
ous phase transition model for zonal disintegration of
rock masses around deep tunnels[J]. Rock and Soil Me-
chanics, 2017, 38(4): 1032-1 040. (in Chinese)
BRITE, BB R, ks, A R BOE T E R S S
LWL a0 7] G 15 TR R, 2009, 28
(10): 2 104-2 112.

LiSh Ch, Qian Q H, Zhang D F, et al. Analysis of dy-
namic and fractured phenomena for excavation process
of deep tunnel [J]. Chinese Journal of Rock Mechanics
and Engineering, 2009, 20(10): 2 104-2 112. (in Chi-
nese)

TR, BN, W, S5 B B R 2
WL 3 9 AF 52 [T ). K B IR 5 K TR 2 4, 2010, 21
(5): 1-5.

Zhang Zh H, Wang X B, Pan Y Sh, et al. Experiment
on layered observation of zonal disintegration of split
similar material[J]. Journal of Water Resources &. Wa-
ter Engineering, 2010, 21(5): 1-5. (in Chinese)

Jo A, AR, MR, A TR ITAZ R & FLE 0 2
Wi R B PL R B e (T]. 5 A e 5 L%
iz, 2008, 27(3): 433-438.

GuJC, GuL Y, Chen A M, et al. Model test study
on mechanism of layered fracture within surrounding
rock of tunnel in deep stratum [J]. Chinese Journal of
Rock Mechanics and Engineering, 2008, 27(3) : 433-
438. (in Chinese)

TREE, AR, W R 2 RO AR RS Sy
Xl 2 B0 5 30 I o [T ). KRR 55K TR A 4l
2011, 22(3): 22-24.

Zhang Zh H, Wang X B, Pan Y Sh. Experiment on uti-

[17]

[18]

[19]

[20]

[21]

[22]

lizing multi-kinds of similar materials to simulate zonal
disintegration phenomenon [J]. Journal of Water Re-
sources & Water Engineering, 2011, 22(3) : 22-24.
(in Chinese)
KU TS, k&R, ) 3C, AR R RNRDE 5 05 2Ok
TR A O3 D R ) B R LR 9 LT ). A A T2
5T R4R, 2013, 32(8): 1564-1 571.
Zhang Q Y, Zhang X T, Xiang W, et al. Model test
study of zonal disintegration in deep rock mass under dif-
ferent cavern shapes and loading conditions[J]. Chinese
Journal of Rock Mechanics and Engineering, 2013, 32
(8):1564-1571. (in Chinese)
TR OB, a0 BE L RENEAT T TR S DO R A
R [I]. A A e 5 TR, 2015, 34 (4 2)
3 844-3 851.
Xu Y, Yuan P. Model test of zonal disintegration in
deep rock under blasting load [J]. Chinese Journal of
Rock Mechanics and Engineering, 2015, 34 (Sup 2) :
3 844-3 851. (in Chinese)
Geiser F, Laloui L, Vulliet L. Elasto-plasticity of un-
saturated soils: laboratory test results on a remoulded
silt[ J]. Soils and Foundations, 2006, 46(5): 545-556.
ErE, R, W10 AR R T DICH -4 R 7 ik
FA R 1] TS 45 A 00 1] AR TR M AT S (7). ARy,
2013, 30(4): 184-190.
Wang X B, Du Y Zh, Pan Y Sh, et al. Lateral defor-
mation measurements for soil specimens under uniaxial
compression based on digital image correlation with
coarse-fine search method[J]. Engineering Mechanics,
2013, 30(4): 184-190. (in Chinese)
FAEE, TR, FRWAE, S5 BRI 4R A ST )T b
A il A A £ 10 43 AT MR GE T[T ] B S K T AR
“#4R, 2016, 36(6) : 853-860.
Wang X B, Feng W W, Du Y Zh, et al. Distributions
of principal strain axis rotational angles at shear bands of
soil specimens in uniaxial compression and statistical
analyses[J]. Journal of Disaster Prevention and Mitiga-
tion Engineering, 2016, 36(6): 853-860. (in Chinese)
VR, F 23 . 3T Newton-Raphson 485 PSO &
FEAGMRI LI AL TR S M, 2012, 48
(34): 184-189.
Du Y Zh, Wang X B. Digital image correlation method
based on Newton-Raphson method and particle swarm
optimization algorithm [J]. Computer Engineering and
Applications, 2012, 48(34): 184-189. (in Chinese)
(AT % W B B

411



