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Triple-shear Unified Solutions of Plastic Displacement for a
Deep Circular Hydraulic Tunnel

ZHAO Jun-hai, LU Mei-tong, ZHANG Chang-guang, JIANG Zhi-lin
(School of Civil Engineering, Chang’an University, Xi'an 710061, Shaanxi., China)

Abstract: Based on the triple-shear unified failure criterion and the elastic-brittle-plastic model,
taking the integrated influences of intermediate principal stress, seepage, shear dilation,
softening, elastic modulus of plastic zone into account, the analytical solution of plastic zone
displacement of hydraulic tunnel with 5 factors was deduced. Through example analysis, the
influence law of each parameter on the plastic zone displacement of tunnel was obtained. The
results show that the analytical solution has wide applicability and can be degenerated into a series
of solutions when the parameters are different, the parameter values can be rationally chosen
according to the specific project. The shear dilation characteristics of surrounding rock have
significant influence on the displacement of plastic zone in tunnel, without considering the
influences, the deformation of tunnel will be underestimated obviously, so that the engineering
design will be dangerous. Considering the influences of intermediate principal stress, the
potential strength of surrounding rock can be brought into play, the support can be reduced. and
the engineering cost can be saved. Considering the influence of seepage and softening

characteristics on the radius of plastic zone, the plastic zone can be closer to the true deformation
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range of surrounding rock. The elastic modulus of plastic zone can be fully considered by the

expression of radius power function, the stress redistribution and blasting damage can be fully

considered after the disturbed degradation of surrounding rock, and the results are more in line

with the true deformation of tunnel. The displacement solution provides a theoretical basis for the

displacement calculation of the plastic zone in the tunnel, and has a certain reference value for the

engineering design.

Key words: deep circular hydraulic tunnel; intermediate principal stress; radius-dependent elastic

modulus;brittle softening; shear dilation characteristic
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Fig.5 Influence of Intermediate Principal Stress

m & 5 0T LUE H . #2800 XS L 8 Y 42
r B HE KIS - 0=0 B Bl 5 38 M X % fe K, Bl
b WBG AN o L 3B X ASE A% AN W 0 /) & R D3] 2 A ok TR
T EELL . O0=0. 1 WA X AL A5 R 15. 925 X 10 °
m, [t b=0 B Y 18. 855X 10 * m W/ T 15. 5%,
B2 B IEANEW O (E X [ S X AL o A A
B3 A 3 R A 5 R S A R ER A = = v
KB RL I 5 B2 W RE L AT 9D A 9

4.2 BEMEHK

FELE R YR X B AR B R ) o AR AR K T o Ak
WEEHEE S @, NI MR R B AR A AL/ il A SC H %
& o XY X AL RS, R EF b=0.05,8=1,
E,=E,=20 GPa.,n=0 AZE 4750 #r ., th X (26) 7]
AL S HL oo XEIVE X R A R, 115 Y
¢, B 350,250,150 kPa B} iz 17 #9242, 43
M 5.02,5.54,6.21 m. MEtEEALE S0 LA 6.,

9 -
N
AN ¢, =350 MPa
. \\\ -==- ¢,=250 MPa
y 6[ N ——- ¢,=150MPa
= .
N §
=
0 . . . )
1.0 1.4 1.8 2.2 2.6

E o6 MeMHmussm
Fig. 6 Influence of Brittle Softening
HiP 6 AT BEE o BB/ w 2 W IR, 3
B o, Xz 4T WA AR XL RS AT B0 ., = 350
kPa i B J ) B 4k 98 1 X AR X 2 #6 13, 717 X
10" m, b ¢, =150 kPa By 22. 05510 m J />
T 37.8% . BKULHIAN T IR i N AR Bk, B
(E R 2 /0N - BT T FE B 3 I T e A =l i K
B8 » O 7 it T B T 5 BE 2 AL 1R
4.3 BURK%FE
Bl 28 P e R I £ 4 Al S B U Bl vk ) nl o



18 AEHAFE TRFIR

2017 #

STRREES R R B BT K Y R R . R B
O 12,2, 77 Cl SCHRL21 DB A5 19 B fe RAED - fR 5
b=0.05,c,=250 kPa,E,=E,=20 GPa,n=0 7%
Ko Hria A7 3 BRI BB X AE AL s BY K 45 P 1 52 1
LUNES PN

30

(1).0 1.4 1.8 2.2 2.6
rryt

7 BURKERMER R0
Fig.7 Influence of Shear Dilation Characteristic
Hi &7 Al DL M p o B X B8 5 1 3 HL

I L T E A BT S R B R p= 1 L [ 2

P XA B SR/ Bl A B 3G 0 Bl 5 38 M XA, A S L 4
K.p=2. 77 Wiz 47 W % I ) BE AH KT F8 67. 767 X
10" m e =1 W@y 18. 753 X 10" m # K T
72.3 %% 3K UL EA A 2% 18 Rl BY Ak 25 B S A A B T
A AE B, TARE e T fE K .
4.4 BHRXRBEMEES

B T B P DX X B M AR 2 [ B R R R
3R T VEHEAT AL . 7 vk 1, Ik X PR AR RN R
Al AR gE X — 8, B E = E, =20 GPa fil
n=0;J7 % 2, SPE X AT 6 S 2 AR T8 OC HL LBk
X NG — % &, B E. =10 GPa<<E, =20 GPa I
n=0; 7715 3, 88 1 X1 LR A5 6 Oy o AR Y SR R B
Bl E,=10 GPa<<E,=20 GPa fll n=>0, B 8 AH T
3 AN R4k B 75 3k B BB XA B8 v 5 ) 32 6
HBHE b By IRFRESE R AL R & .

M8 W LAE ik 145 80 7 S8 PR X
NEFS B /N s ik 2 A5 B A A 17 30 Bk XA A% e ks

— 7
TN S Hik2
D -—- 3
] S
Sl
™
2.5 1.5 2.0 2.5
rri !
(b) b=0,=1.5 (¢) 5=0.05,8=1.0
— Tl — Tkl
N T . - k2 v - k2
2 2 L. -—- 73 - -—- 3
T
3 3 N 3 N,
SCN \N"\
2.5 1.5 2.0 2.5 1.5 2.0 2.5
rri rry!
(d) 5=0.05,=1.5 (e) 5=0.1,=1.0 ) b=0.1,=1.5
B8 HHRBEEEHHIN
Fig. 8 Influence of Elastic Modulus in Plastic Zone

AR R A A AR I R R B U i 3 A5 B
ST OvE 1,2 Z0H), 5y % R T BUE S Z i
FACHIFE M, 71 3 TR AR T AR P A SR L .
MIEL 8 3B 0] LUF H 23 oy vk A5 i Bl 2 4
PEX AL BE b 101G KB /N, BB R 3 T B R
Mo=0,p=1.5 B, ik 2 G5 R 3 m 7.06%,
FE ST 1 & 32.3%, T 2 45 R T ik
1/ 37. 1%, BUH 3 Rl B 05 35 F 32 47 309 Bk 31 JIe) B
A7 B I 2 % 22 (HAH 22 e K5 24 b=10. 1.5=1.0
Wk 2 25 Rk 3w 6. 220, ik 3 4R 1
Jrik 1l | o32.61%, ik 2 8RR LA

36. 8026 My 3 FAbHE T P AR 22 e/, HoAy 4 Fhoo
B B[R A SRS BTG 45 R Ab T 3% Z ), 1
AR B TR OO . 45 BEUEAT 2R 5

5 & i&

(IR SCR =09 58— 5 B8 i 0], 2% & 1 ) 32
IV 3 B ERA B K RN 9 P DXV A e A DR Y
SER A5 B T K TR B R B8 DA g — i L XS
R T T 5 Bl R R A L[R5 e L 2 8OO [R A A
A — BRIV ES . o E N 28 0=0 i,
R4k Mohr-Coulomb Ji iz #E W f# 5 32 AR A



% 64

AR L ORI K TR Y R AR A = 5 S — 19

RO S =0 B 15 B % 185 3 R B ) i 5 4K
CEFES R co=c. . o=, B, 45 5] AR 550 98 4 455 7Y
fift s BY IR AR S50 p=1 B, 15 B 5 JE 1B 5 8 K AR
BPERE E.=E, fl n=0 [}, 15 F 35 P X 01 88 1 X
ST A R () . A AT A v iR T OB S — i R B
VO FE L B TR AT A9 T R T 28 AR [R)

(2) ) 5 B 3 %) [l A 98 1 XA B B A Y
M, o=0. 1 B3z 17 30 28 1 X3 BE LS L 0 =0 B 9
A>T 1505 Y6 3 ik BH 2 e R] 3 N g %06 RE B AR A
RAEMEHIE RE 8D S P 2 L BRI TR A .
A 20 R 5 ik AR 1 T B e B M XA RS R S
¢, =350 kPa [ [ i BE 88 % X A 7% Lt ¢, =150 kPa
WL T 37, 8%, =2, 77 Wiz 17 ) 4% i I BE 4 A% L
B=1W3E K T 72. 3% . A% Ak A B9 Ak 8 1 &
FECURR B TG R R AR FE A AR T
B BB B S BOR BT IR R S8

(3) B I 958 P DX 5 PR B 1 SR 1T 3 A 2F A2 5% 1R 4K
(12238 20, 75 30 (10 45 2R A8 78 40 14 B0 % i) T 425 ) 48 %2
E7 Rk =R N ARG S TR AL S S =N <5 7 T P
e

(4 % ] 4 Tt T 300 B 22 338 Bsp 3 A7 S 4P FRE D kit
B % TR it T A A A DR A A R i T R R 2
PR SRR L BRI N - AR O R s AR L K
iz A AR IR N AN fig B S hn e 3 gk A A T
K 1A BR 20 A8 A7 Bp 9 125 1 o, BAR AT i — 20
HoE.

B % 3k
References:
(1] F BE.E W00 &bk 2% et 45 fs o i 3

JK TR 3 g AT i [T, 5 £ J1 2%, 2012, 33 (1) 2 209-
214,219.

BIAN Kang, XIAO Ming, LIU Hui-bo. Analytical So-
lutions of Circular Hydraulic Tunnel Considering
Brittle Damage and Seepagel J]. Rock and Soil Me-
chanics,2012,33(1) :209-214,219.

AT A i A RS S S U N AR B A
1) 1 B S S 0 4 B ) . 3 R R 2 4k, 2014, 87
(1):96-101.

GAO Zhao-ning, MENG Xiang-rui, FU Zhi-liang.
Elasto-plastic Analysis on Surrounding Rock of Road-
ways Based on Seepage.,Strain Softening and Dilatan-
cy[J]. Journal of Chongqing University,2014,37(1) :
96-101.

BRI, 8% 5 7. K T Jy B iR 25 4 vz g 1ML b
50 KR K L AR S 2004,

[3]

[4]

L6]

[8]

[10]

CAI Xiao-hong, CAI Yong-ping. Structure Stress Cal-
culation for Hydraulic Pressure Tunnel[ M]. Beijing:
China Water & Power Press.2004.

5K B KM A [ R I A A AR Ak
PG ATLI] a J1 % 5 TR %4410, 2010,29(5) - 1031-
1035.

ZHANG Qiang, WANG Shui-lin,GE Xiu-run, Elasto-
plastic Analysis of Circular Openings in Strain-soften-
ing Rock Masses[]]. Chinese Journal of Rock Me-
chanics and Engineering,2010,29(5):1031-1035.
WANG S L, WU Z J,GUO M W, et al. Theoretical
Solutions of a Circular Tunnel with the Influence of
Axial in Situ Stress in Elastic-brittle-plastic Rock[]].
Tunnelling and Underground Space Technology,
2012,30:155-168.

AP A e b, BT Levy-Mises A H# 5¢ 5 M Hoek-
Brown Ja i #E U] 14 il %5 Bk 150 4% 2AR 30008 PR A (). A
A% 5 TR ,.2010,29(4) . 765-777.

HOU Gong-yu, NIU Xiao-song. Perfect Elastoplastic
Solution of Axisymmetric Cylindrical Cavity Based on
Levy-Mises Constitutive Relation and Hoek-Brown
Failure Criterion[ ] ]. Chinese Journal of Rock Me-
chanics and Engineering,2010,29(4) ;765-777.
WL /AL B IR BE ) AR IR Hoek-Brown J
I o D) s [ R 3R 2= e BT AR LD DL & - J1 4%, 2010, 31
(5):1627-1632.

HUANG Fu, YANG Xiao-li. Analytical Solution of
Circular Openings Subjected to Seepage in Hoek-
Brown Media[ J]. Rock and Soil Mechanics, 2010, 31
(5):1627-1632.

XU S Q, YU M H. The Effect of the Intermediate
Principal Stress on the Ground Response of Circular
Openings in Rock Mass[J]. Rock Mechanics and Rock
Engineering,2006,39(2) :169-181.
WXL AT I TR AR IS T Y ik AN b ]
JO7 77 (1 & 3 R A v e T L ). vh B 2 2R 2 4R
2016,26(2) :139-145.

FAN Hao,LIU Wan-rong,FU Teng-fei, et al. Stabili-
ty Analysis of Surrounding Rock of Tunnel Consider-
ing Seepage,Shear Dilation and Intermediate Principal
Stress[ J ]. China Safety Science Journal,2016,26(2):
139-145.

KOG SRR BT L X . 25 I8 N AR AR A B ik FB
4 7K T B IR i AT A L. A TR SRR . 2009, 31(12)
1941-1946.

ZHANG Chang-guang,ZHANG Qing-he,ZHAO Jun-
hai. Analytical Solutions of Hydraulic Tunnels Con-

sidering Strain Softening, Shear Dilation and Seepage



20

EAMFE TRFIR

2017 #

[11]

[12]

[13]

[14]

[15]

[J]. Chinese Journal of Geotechnical Engineering,
2009,31(12):1941-1946.

SKEIG R TG IRIREE L GEL S A R L RS T
(] B4 J1 2 5 TR % 4, 2011, 30 (4 2) . 3551-
3556.

ZHANG Chang-guang. XU Fei, ZHANG Qing-he.
et al. New Plastic Solution for Displacement of Rock
Tunnels[ ] ]. Chinese Journal of Rock Mechanics and
Engineering,2011,30(S2) :3551-3556.

SKEOG. I S0 R R R A A A X
B KRR WG i S 8o i L . 5 £ J1 %%, 2016,
37(1).:12-24,32.

ZHANG Chang-guang, FAN Wen, ZHAO Jun-hai.
New Solutions of Rock Plastic Displacement and
Ground Response Curve for a Deep Circular Tunnel
and Parametric Analysis[J]. Rock and Soil Mechan-
ics,2016,37(1) :12-24,32.

W e B e B TR, A SR T R S 0 A AT A
Fe TR AL BSR4 ,2011,36(5) 752755,
ZENG Kai-hua, JU Hai-yan. SHENG Guo-jun. et al.
Elastic-plastic Analytical Solutions for Surrounding
Rocks of Tunnels and Its Engineering Applications
[J]. Journal of China Coal Society,2011,36(5):752-
755.

BN AT R . = B iR B ol D) B HCAE A [ A T
P BT rh B9 LT . 8 ok 2 4z, 2003, 28 (4) 2 389-
393.

HU Xiao-rong, YU Mao-hong. New Tri-shear Failure
Criterion and Its Application in Elasto-plastic Analy-
sis for the Wall Rock of Tunnel[J]. Journal of China
Coal Society,2003,28(4) :389-393.

KO X B L P I R T L S 5 -9 M R g i
=4 — L] B A1 % 4R, 2012, 29 (5) £ 530-
534.

ZHANG Chang-guang, ZHAO Jun-hai, SUN Shan-
shan. An Analytical Solution for Tunnel Stress in an
Elastic-brittle-plastic Rock Based on the Triple-shear
Unified Strength Criterion[ J]. Chinese Journal of Ap-

[16]

[17]

(18]

[19]

[20]

[21]

[22]

plied Mechanics,2012,29(5) :530-534.

BROWN E T,BRAY J] W,SANTARELLI F J. Influ-
ence of Stress-dependent Elastic Moduli on Stresses
and Strains Around Axisymmetric Boreholes[ J]. Rock
Mechanics and Rock Engineering, 1989, 22 (3) . 189-
203.

NAWROCKI P A,DUSSEAULT M B. Modelling of
Damaged Zones Around Openings Using Radius-de-
pendent Young’s Modulus [J]. Rock Mechanics and
Rock Engineering,1995,28(4) ;:227-239.

SHARAN S K. Analytical Solutions for Stresses and
Displacements Around a Circular Opening in a Gener-
alized Hoek-Brown Rock[J]. International Journal of
Rock Mechanics and Mining Sciences, 2008, 45 (1)
78-85.

ZHANG C G,ZHAO J H,ZHANG Q H,et al. A
New Closed-form Solution for Circular Openings
Modeled by the Unified Strength Theory and Radius-
dependent Young’s Modulus [ J ]. Computers and
Geotechnics,2012,42:118-128.

W A 5 ik AR . 5 I A AS 1 PR E Y r
REHEE TR ] R RE M AR,
1995,35(2) :22-27.

SHEN Xin-pu, CEN Zhang-zhi, XU Bing-ye. The
Characteristics of Elasto-brittle-plastic Softening Con-
stitutive Theory and Its Numerical Calculation[] ].
Journal of Tsinghua University: Science and Technol-
0gy,1995,35(2) :22-27.

P I BRTL. A LR A R R ALY sk & —
fif ) AR ]. A 3% . 1996,17(1) < 1-8.

JIANG Ming-jing, SHEN Zhu-jiang. Unified Solution
to Expansion of Cylindrical Cavity for Geomaterials
with Strain-softening Behaviour [ ] ]. Rock and Soil
Mechanics,1996,17(1) :1-8.

X 5 e e L TR N T CMOL b 5 B R
#1:,2003.

ZHAO Jun-hai. Strength Theory and Its Engineering
Application[ M]. Beijing : Science Press,2003.



