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Analysis of cylindrical cavity expansion based
on extended SMP criterion and stress path approach
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(1. School of Civil Engineering and Architecture, Northeast Dianli University, Jilin, Jilin 132012, China;
2. Key Laboratory of Urban Security and Disaster Engineering, Ministry of Education, Beijing University of Technology, Beijing 100124, China)

Abstract: The theory of cylindrical cavity expansion has been widely used in many geotechnical engineering, such as analysis of
pressure meter testing and effect of pile driving. Extended spatial mobilization plane (SMP) theory, which can display the effects of
intermediate principal stress, in combination of finite strain theory, is used to analyze cylindrical cavity expansion problem in
homogeneous soil. An analytical procedure to determine average volumetric strain of plastic zone is developed according to stress
path hypothesis. Accordingly, “nondimensional” plastic zone radius and factors of cylindrical cavity expansion are estimated for
varied rigidity index 7, , Poisson ratio v and frictional angle ¢. It is concluded that average volumetric strain decreases and
“nondimensional” plastic zone radius and factors of cylindrical cavity expansion increase with the increase of 7, . v . ¢ . Variation
of ¢ has significant effects on factors of cylindrical cavity expansion in the case of greater /, . Furthermore, a comparative study of
the solutions based on extended SMP and those based on Mohr-Coulomb is made to examine the effects of intermediate principal
stress on cylindrical cavity expansion for various soils. The values of factors of cylindrical cavity expansion considering the effects of
intermediate principal stress presented in this paper are of great significance for analyzing in-situ tests and estimating ultimate lateral
friction of piles.
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Table 1 Cylindrical cavity expansion factors based on extended SMP criterion
1] I v=0.2 v=03 v=04
) A nin K F A n/n, E F A n/n, E F
5 10 0.04802  2.562 1.307 3.509 0.03391 2.665 1.316 3.617 0.019 20 2.791 1.328 3.744
10 10 0.046 06  2.588 1.647 3.669 0.032 71 2.689 1.668 3.789 0.018 80 2.810 1.693 3.928
20 10 0.04176 2.671 2.411 3.878 0.029 91 2.771 2.462 4.015 0.017 50 2.891 2.521 4.178
30 10 0.03703  2.805 3.275 3.941 0.026 64 2.908 3.361 4.090 0.015 80 3.031 3.463 4.265
40 10 0.03192  3.004 4.242 3.864 0.022 96 3.116 4372 4.019 0.013 60 3.250 4.527 4.204
50 10 0.02647  3.300 5.351 3.651 0.018 96 3.427 5.537 3.807 0.011 15 3.579 5.757 3.992
5 25 0.02237 3.883 1.410 4.688 0.015 34 4.087 1.423 4.840 0.008 10 4339 1.439 5.018
10 25 0.02154 3.924 1.892 5.058 0.014 82 4.125 1.924 5.238 0.007 89 4372 1.961 5.451
20 25 0.01958  4.057 3.048 5.628 0.013 53 4.258 3.132 5.858 0.007 30 4.501 3.231 6.130
30 25 0.01732  4.270 4.430 5.941 0.012 01 4.477 4.583 6.206 0.006 53 4.728 4.766 6.523
40 25 0.01485 4.587 6.022 5.984 0.010 31 4.808 6.262 6.270 0.005 62 5.076 6.548 6.612
50 25 0.01222  5.054 7.861 5.757 0.008 47 5.302 8.208 6.049 0.004 60 5.600 8.624 6.397
5 50 0.01207 5.383 1.497 5.680 0.03391 2.665 1.316 3.617 0.004 22 6.091 1.531 6.070
10 50 0.01167 5.438 2.109 6.290 0.007 93 5.751 2.149 6.516 0.004 11 6.139 2.196 6.783
20 50 0.01067 5.623 3.661 7.310 0.007 27 5.937 3.774 7.622 0.003 79 6.325 3.910 7.996
30 50 0.00945 5922 5.603 7.973 0.006 46 6.247 5.823 8.353 0.003 39 6.645 6.087 8.811
40 50 0.00810  6.368 7.901 8.224 0.005 54 6.715 8.256 8.647 0.002 91 7.139 8.685 9.159
50 50 0.006 64 7.027  10.584 8.042 0.004 54 7.412 11.106 8.480 0.002 38 7.883 11.740 9.012
5 100 0.00635 7.517 1.591 6.756 0.004 28 7.989 1.609 6.960 0.002 17 8.574 1.630 7.198
10 100 0.00617  7.589 2.357 7.695 0.004 16 8.059 2.404 7.965 0.002 12 8.641 2.461 8.285
20 100 0.00567 7.842 4412 9.373 0.003 84 8.316 4.559 9.779 0.001 96 8.902 4.737 10.266
30 100 0.00504 8.259 7.117 10.595  0.003 42 8.750 7.418 11.117  0.001 76 9.355 7.783 11.749
40 100 0.00432 8.886 10411 11.215  0.00293 9.410 10916 11.818  0.001 51 10.054 11.532 12.551
50 100 0.00353 9.815 14308 11.166  0.00239 10394 15.067 11.804  0.001 23 11.105 15.995 12.582
5 250  0.00264 11.772  1.727 8.310 0.00177  12.547 1.747 8.541 0.00089  13.508 1.771 8.812
10 250  0.00258 11.875  2.736 9.844 0.00173  12.650  2.794 10.175  0.00087  13.612 2.863 10.566
20 250  0.00239 12257  5.667 12.823  0.001 61 13.045 5.869 13377 0.000 81 14.015 6.110 14.039
30 250  0.00214 12903  9.807 15254  0.00144 13721 10.250 16.021  0.000 73 14.710 10.775 16.931
40 250  0.00183 13.884 15.063 16.760  0.00123  14.757 15.844 17.689  0.000 63 15.843 16.803 18.833
50 250  0.00150 15343 21412 17.128  0.00101 16307  22.622 18.143  0.000 51 17.489 24.097 19.381
5 500  0.00134 16.581 1.839 9.585 0.00090  17.695 1.861 9.836 0.000 45 19.078 1.886 10.130
10 500 0.00132 16.718  3.066 11.717  0.00088 17.835  3.133 12.095  0.00044  19.219 3.212 12.544
20 500 0.00123 17242  6.863 16.108  0.00082 18380  7.113 16.796  0.000 41 19.790 7.414 17.623
30 500 0.00110 18.142 12528 19967  0.00074 19327 13.111 20976  0.00037  20.794 13.818 22202
40 500  0.00094 19.518 19970 22.608  0.00063  20.784  21.037 23879  0.00032  22.349 22.340 25432
50 500 0.00077 21.573 29.121 23596  0.00052 22969 30.816 25.018  0.00026  24.692 32.894 26.762
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T®1 ZFtMEEA, @1 ZFHmaEEERE I 4
16.42 kPa, #®3-2 “FHE/MRZ, HUHIZ AT
BT R ©3-2 JEHE B BE ) fe /M i /N
L. FH T ASREAERR 73 2R S 1) ST
NJPIRAS, TR RSP EA T R —
TR IE AL e BERE, RSB RO, TS0
A FAS 25 R CORE R, (HLL BRI, %
B 5 FAT DL 1020 Ak A O BEL ) sROpE ) FEE BE
e

X2 LTEYBENFHRSH
Table 2 Physico-mechanical parameters of soils
e . CPTU L 2B KRTERE, R fgmg li% —#h CD [53L) fii] 45 BBl
o TEAK /m 7 N S W‘Jlﬂj P Ey ¢ 0 ¢ 0 ¢ 0
3 c13 " A¥Ke /MPa  /kpa /(°) /kPa /(") /kPa /(°)
1 i+ 1.1 12 17.0
@1  BmELkEmm L 14 1.5 18.5 96 0.47 5.95 17 235
@3 WA+ 2.7 5.8 18.7 96 0.38 9.45 0 33.0 30.5
@1 AR TOR T T 43 0.9 17.6 97 0.49 3.64 4 339 11 23.0
@2 ok + 2.5 22 18.7 95 0.38 9.32 0 33.0 6 30.0
@ WAV TR 1 5.9 5.9 16.8 97 0.57 2.58 5 26.6 14 11.5
®1 it 9.3 114 17.4 96 0.52 3.39 5 30.0 17 14.0
®3-2 #Fuh st 102 8.5 182 94 0.42 6.99 315 6 29.0
@ ks 20.6 20.6 18.8 94 0.37 12.54 35.0 2 320
® byiaJE 6.6 8.3 18.4 95 0.40 5.93 2 312 22 20.0
©® g 238 5.7 19.4 95 0.35 15.80 0 33.0
x3 AHESER SN
Table 3 Comparisons between theoretical and measured values
e b 30| LK WEKT WYL 4t i MIBEEERH ) £ S2iiiE
;E AHRREI M who, a0 g TR gﬁi g R oy /kPa
C3  Cl3 /kPa /kPa /kPa ! /kPa RE /kPa P WO BoME
@1 1.5 26.1 0.6 12.0 0.33 68.0 213.0 0.116 2471 24.77 4327 19.46
31 9.5 170.8 354 66.3 0.41 14.4 288.3 0.088 2540 11.58 19.32 9.77
@2 10 183.7 110 28.0 0.33 130.1 263.1 0.172  49.00  34.00 7221 24.80
®3-2 285 502.1 393.1 458 0.33 632 3111 0.172 5350  82.05  223.83 61.35
@ 50 890.7 329.2 207.7 0.33 219 107838 0200 21580 19636  347.08  137.42
® 62 11147 427.4 274.9 0.38 5.9 863.2 0.116  100.10 7027  105.78 57.47
O] 70 12656 4723 277.6 0.33 222 13628 0.200 272.60 20570  339.06 15839




2788 ESI . 2013 4
. [6] HAO Dong-xue, LUAN Mao-tian, LI Bo, et al

S éﬂﬂ: I//t\‘ Numerical analysis of cylindrical cavity expansion in

(1) BEE v K, P KRB A, v=02~ sand considering particle crushing and intermediate
0.4, XTAJH I Fi ?, Fq' B2y 1.6%~13%, Fc' principal stress[J]. Transactions of Tianjin University,
HAINZ 6.7%~13.4%: 2010, 16(1): 68—74.

(2) SBMERPRIARNAS A 52 1 B0k, 1 [7]1  XUWHRS, s, FHEME 5T SMP AENA:FLY 5Kk
10 K] 500, A WMEZ IHRAE A, LM 0.05 BUAIBUARL). 2%, 2012, 33(5): 1375—1380.
JHZE 0.000 3; I ok, @ AR b LY 5K R 52 LIU Shi-peng, SHI Jian-yong, LEI Guo-hui. Similarity
Rk, I 1E 10 3] 500 22 [ 454k,, »=50° 0] Fq' . solutions of cylindrical cavity expansion based on SMP
F;'ﬁ%u%(p=5° ) 4.1~17.4 £5F01 1.12~2.64 criterion[J]. Rock and Soil Mechanics, 2012, 33(5):
s 1375—1380.

(3) I\ 10 5] 500 2 Jij 254y, $£F7" X SMP  [8] MATSUOKA H, NAKAI T. Stress-deformation and
YE 4531 1) Fq' VF 239 L 3EF Mohr-Coulomb 7 | strength characteristics of soil under three difference
IR 2.0%~12%F1 7%~19%. I Fi (pﬁj(, 3 principal stresses[J]. Proceedings of Japan Society of
TR TLY TR RAASE, v R Civil Engineers, 1974, 232: 5970,
B AR [9] MATSUOKA H, SUN D A. Extension of spatially

(4) A3CERAT LURIRALD A AR B sk
O REREL 1y 4%, E ORI R o P 9 B A o S AT
LTI ER AT SR ENIE .

2 % 3 MR

[1] VESIC A S. Expansion of cavities in infinite soil mass[J].
Journal of Soil Mechanics and Foundations Division,
1972, 98(3): 265—290.

[2] GUPTA R C. Finite strain analysis for expansion of
granular soils[J]. Seils and Foundations, 2002, 42(6):
105—115.

[31 YU H S. In situ soil testing: From mechanics to
interpretation[J]. Geomechanics and Geoengineering,
2006, 1(3): 165—195.

[4] &G, A T X SMP BAHEI ALY 5K

] JER S A BT (3], A5 2 J1%%, 2006, 27(12): 2105 —
2110.
LUAN Mao-tian, LI Bo. Theoretical analysis of
cylindrical cavity expansion based on extended SMP
criterion[J]. Rock and Seil Mechanics, 2006, 27(12):
2105—2110.

[5]1 A, J%M, B, &5 T SCSMP HEN 2t
BACKETE ALY 5K BT [9]. K& BT OR2% 2% 4], 2010,
50(1): 103—110.

HAO Dong-xue, LUAN Mao-tian, CHEN Rong, et al.
Analysis of cylindrical expansion with Linear softening
behavior based on Extended SMP Criterion[J]. Journal of
Dalian University of Technology, 2010, 50(1): 103—

110.

[10]

(11]

[12]

[13]

[14]

[13]

mobilized plane (SMP) to friction and cohesive materials
and its application to cemented sands[J]. Seils and
Foundations, 1995, 35(4): 63—72.

R, VRO, )b, AE BN DA
BB S HART]. KT K254, 2004, 44(2):
271—276.

LUAN Mao-tian, XU Cheng-shun, LIU Zhan-ge, et al.
Study of shear strength parameters of soils under general
stress conditions[J]. Journal of Dalian University of
Technology, 2004, 44(2): 271 —276.

GUPTA R C. Finite strain analysis for deep cone
penetration[J]. Journal of Geotechnical Engineering,
1991, 117(10): 1610—1630.

LAMBE T W, WHITMAN R V. Soil Mechanics[M]. New
York: John Wiley and Sons, 1969.

VESIC A S, CLOUGH G W. Behavior of granular
materials under high stresses[J]. Journal of Soil Mecha-
nics and Foundations Division, 1968, 94(3): 661 —688.
AT, Brks, 2%, & A5 IR ik Lok
SRS RELT]. V5572, 2011, 28(3): 453 —
460.

HAO Dong-xue, CHEN Rong, LUAN Mao-tian, et al.
Research development of estimation for soil properties
from SBPT[J]. Chinese Journal of Computational
Mechanics, 2011, 28(3): 453 —460.

SALGADO R, MITCHELL J K, JAMIOLKOWSKI M.
Cavity expansion and penetration resistance in sand[J].
Journal of Geotechnical and Geoenvironmental Engi-

neering, ASCE, 1997, 123(4): 344—354.



10 #

AT T 3 SMP HEN K Ny B ARTE KIAE AL 5K 7 BT

2789

[16]

[17]

WAL, Wi H, R ERE, SE. T POE AL
I VF SR P AR I AR AR R AR B (0], TR
¥4k, 2012, 34(1): 51—57.

CAO Quan, SHI lJian-yong, LEI Guo-hui, et al
Calculation of ultimate bearing capacity of jacked-in piles
in soft soil based on seismic piezocone penetration
tests[J]. Chinese Journal of Geotechnical Engineering,
2012, 34(1): 51—57.

R, 5, T, A TS ) il

EEFE 2762 T

(]

[10]

(11]

[12]

[13]

[14]

VICTORIA V M, JULIO A, FERNANDO H. Selection
and characterization of a reference sealing material: The
Spanish case[J]. Chinese Journal of Rock Mechanics
and Engineering, 2006, 25(4): 768—780.

BEEZ, BRI o 0 stk 8 b TR B it o
HRERE). AA S TR, 2006, 25(4): 842—
847.

CUI Yu-jun, CHEN Bao. Recent advances in research on
engineered barrier for geological disposal of high-level
radioactive nuclear waste[J]. Chinese Journal of Rock
Mechanics and Engineering, 2006, 25(4): 842 —847.

X T, #RG0e, T8, mBURPIACE G MR T H
PEREWETT[]. A A 0 2e 5 TR AR, 2007, (B 2):
3891—3896.

LIU Yue-miao, CAI Mei-feng, WANG Ju. Thermal
properties of buffer material for high-level radioactive
waste disposal repository[J]. Chinese Journal of Rock
Mechanics and Engineering, 2007, (Supp. 2): 3891—
3896.

KT, B0, T8, m ORISR B R TR DR
PR A0 PERERE T[], B0 MU, 2007, 23(2): 91—95.
LIU Yue-miao, CAI Mei-feng, WANG Ju. Research on
compressibility of buffer material for high-level
radioactive waste disposal[J]. Uranium Geology, 2007,
23(2):91—095.

IRER. TR T 8 2R [CL/ER 260
OO LR 27 2 UL — o 7K TBUSR PR P 4 Ak 38 SR
[S. L]: [s. n.], 2005, (9): 23 —133.

43500, MRS2003 $E4 M Fi it Aspd Hh R S236 =M [J].

HHEFUZ TR, 2004, 21(1): 59—62.
CHEN Zhang-ru. Brief introduction on MRS 2003 and
“Aspd” underground laboratory, Sweden[J]. World

Nuclear Geoscience, 2004, 21(1): 59—62.

[18]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

BRI b AR RE N AR B N, e s
TRE2ER, 2011, 30(7): 1482—1487.

CAO Quan, SHI Jian-yong, LEI Guo-hui, et al. Prediction
of excess pore water pressure caused by installing piles in
soft clay based on piezocone penetration tests[J]. Journal
of Hohai University (Natural Sciences), 2011, 30(7):
1482—1487.

WRIR. L 7 S /A U At 18 5 VA 52 ol B8 44 75 [R].
Rty RifEA T TRBSENITTBA R A, 2008.

LI Xiang-ling, BERNIER F, BEL J. The Belgian HLW
repository design and associated R&D on the THM
behavior of the host rock and EBS[J]. Chinese Journal
of Rock Mechanics and Engineering, 2006, 25(4): 681
—692.

ROMERO E, LI Xiang-ling. Thermo-hydro-mechanical
characterization of OPHELIE backfill mixture[J].
Chinese Journal of Rock Mechanics and Engineering,
2006, 25(4): 733 —740.

PACOVSKY J. The use of the Mock-Up-CZ physical
model for the design of a geotechnical barrier for the deep
repository[C]//Proceedings of 15th Southeast Asian
Geotechnical Society Conference. Thailand: [s. n.], 2004:
669—674.

CAO S F, QIAO L, LIU Y M, et al. Coupled
thermo-hydro-mechanical study on GMZ bentonite[C]//
Proceedings of 2nd ISRM International Young Scholars,
Symposium on Rock Mechanics. [S. 1.]: [s. n.], 2012, 593
—596.

K, IR, s, A BB LK RS
PEREIR AT T [CY/ 55 VY e PR M N AL B 2 RPN 2518
SCEE. bRt PR REHARAE, 2012.

LIU Y M, WANG J, ZHAO X G, et al. Design and
development of a large-scale THMC experiment of
compacted bentonite for geological disposal of high level
radioactive waste in China[C]//Proceedings of Harmoni-
sing Rock Engineering and the Environment, 12th ISRM
international Congress on Rock Mechanics. 2011, [S. 1.]:
A A Balkema, 1415—1419.

JNC. H12: Project to establish the scientific and technical
basis for HLW disposal in Japan—Supporting report 2,
repository design and engineering technology[R]. Japan:

[s. n.], 2000.



