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Abstract

Knowledge of the failure behavior of friction materials considering their intermediate principal stress
is related to an understanding of situations where these materials might be used: for example, the
stability of deep-seated boreholes and fault slip analysis. This study designed equipment for physically
implementing true triaxial compression and used it to assess specimens of plaster, a friction material.
The material’s mechanical behaviors are discussed based on the results. The applicability of the 3D
failure criteria are also reviewed. The tested specimens were molded cuboids of width, length, and
height 52, 52, and 104 mm, respectively. A total of 24 true triaxial compression tests were performed
under various combinations of ¢ 3 and ¢, conditions. Conventional uniaxial and triaxial compression
tests were employed to estimate the mechanical properties of the plaster for use as parameters for 3D
failure criteria. Examining the stress-strain relations of the plaster materials showed that a large diffe-
rence between the intermediate principal stress and the minimum principal stress indicated strong
brittle behavior. The mechanical behavior of the plaster used here reflects the change of intermediate
principal stress. Nonlinear multiple regression analysis on the test data in the principal space showed
that the modified Wiebols-Cook failure criterion and the modified Lade failure criterion were the most

suitable 3D failure criteria for the tested plaster.
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Fig. 1. A stress state in the (a) principal stress space and (b) deviatoric plane.
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Fig. 2. Failure surfaces plotted in the octahedral plane.
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Fig. 4. The true triaxial testing equipment developed here: (a) full system, (b) horizontal loading units, and (c) attached
LVDT to horizontal hydraulic cylinders.
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Fig. 5. Results obtained from (a) uniaxial and (b) triaxial compression tests.

Table 1. Summary of mechanical properties of the friction material studied here

Mechanical property Value Remark
Density, o (kg/m’) 1,850
Uniaxial compressive stress, o . (MPa) 19.7 . .
Average of six specimens

Young’s modulus, £ (GPa) 7.8
Poisson’s ratio, v 0.31

Internal friction angle, ¢ (degree 42.6

. gle. ¢(degree) Based on triaxial tests

Cohesion, ¢y (MPa) 43
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Table 2. Results obtained from true triaxial compression tests

03 (MPa) 0, (MPa) 01 (MPa) 03 (MPa) 0, (MPa) 01 (MPa)
0.4 3.0 24.3 1.5 4.5 33.3
0.4 3.0 242 1.5 4.5 334
0.4 3.8 27.8 1.5 5.3 34.3
0.4 3.8 28.1 1.5 5.3 35.8
0.4 4.5 29.3 2.3 3.0 33.7
0.4 4.5 33.8 2.3 3.0 347
0.4 5.3 30.1 2.3 3.8 35.1
0.4 5.3 30.9 2.3 3.8 357
1.5 3.0 28.2 2.3 4.5 33.7
1.5 3.0 30.4 2.3 4.5 37.0
1.5 3.8 30.1 2.3 5.3 37.7
1.5 3.8 34.6 2.3 5.3 38.5
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Fig. 8. Experimental data compared with various 3D failure criteria.
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2=

2 A= AESASAIAS AR AIRHIE AA - sk A (P o &2 ARt nizEf R tiet Ald< &5t
ERE 20| 73 W 'Y EAJS 1SIIT) E3F, Jiang-Pietruszezak, 574 Lade, 5% Wiebols-Cook 5-2] H|41
3 )Rkl Tt HlolE mgS Safsto] Ak w712 o] A-84d-2 Hr kst

2 Aol npEA | R A Aalof tiet S USAIE A S8 9] Sl tet Al m A o] ST S5t
Al W= 0™ A= why| A|9] 3] HieF Mg S8 WRkh T 4538 ko 2 T Wo| sk Ald



ANZUZAIFE S5 0RO YT U W EH W}

609

2 Eo-3 Y AL S-S A3 Mol 348 Aol B sk btk Aol 1)
G| e PARE FTAUSE 2A0] 2RSS no] 2 3o] AaiAIr] Feo] Az 1 Qo] AA HAL: FH)
o}, Yol 7153 2at HAF-S ) A STH10 01> 02 (014 05) /2> 059 e4HT A0 R Ho|A4-E

A a4 ek el mHl S WAt oler, ol 1 o] nhARe] dist mlA s o] £715-g 2o wiste] o

=
WEASAIE AE AFSste] 782 2p3A oA mhaekare] tigh v o523l HeAls a8t At 7 Wie-
bols-Cook ] 7|5 2 479 Lade ] 7|5=of| thgt R* ko] ZFZFR* = 0.8643 2 R = 0.8768 2 A =] o] & A+to] upzka)
Zof thet a2 A8 o] =A| H7HE St o]i= 5+ Wiebols-Cook 2 47 Lade TH|&<=7} Jiang-Pietruszczak
TR’ = 0.6624) Kot 7132 Hisho] o} miztolm W2 37188 HL7tollA] 427 Wiebols-Cook @t 47 Lade i}
b7t A 2 Tkl Frelm] T S8 Eo] A Y ko] miAlE FFEANE
ZBEE Dol AR OFE - QLo B 2 AP w7 |AlE Aol 218517 flsiAe drdmiet anf-o 2] w]
A7 Sk ofof jitt.

2 ArolA =R IS UFAIRY Ak W2 S-82 ol =35 AR TllofElof ZAgH AR glow, o
2 =2 ST Ao A2t eEE|olof A% A-8do] FEE 4 Qlrf. A AT A& AAS 40%
=] o5 Al 2]

ok
)
s
|
g
=
o
52
N
£
Mo
0

o] Jih= I [EH B AT O o2 A A Te] 2]l Wrof =8 A91(2021R1F1A1062585).

References

Al-Ajmi, A.M., Zimmerman, R.W., 2005, Relation between the Mogi and the Coulomb failure criteria, International Journal
of Rock Mechanics and Mining Sciences, 42, 431-439.

Chang, C., Haimson, B., 2000, True triaxial strength and deformability of the German Continental Deep Drilling Program
(KTB) deep hole amphibolite, Journal of Geophysical Research: Solid Earth, 105, 18999-19013.

Colmenares, L.B., Zoback, M.D., 2002, A statistical evaluation of intact rock failure criteria constrained by polyaxial test
data for five different rocks, International Journal of Rock Mechanics and Mining Sciences, 39, 695-729.

Drucker, D.C., Prager, W., 1952, Soil mechanics and plastic analysis or limit design, Quarterly of Applied Mathematics,
10, 157-165.
Ewy, R.T., 1999, Wellbore-stability predictions by use of a modified Lade criterion, SPE Drilling & Completion, 14, 85-91.

Haimson, B., Chang, C., 2000, A new true triaxial cell for testing mechanical properties of rock, and its use to determine
rock strength and deformability of Westerly granite, International Journal of Rock Mechanics and Mining Sciences,
37, 285-296.

Handin, J., Hager, R.V., Friedman, M., Feather, J.N., 1963, Experimental deformation of sedimentary rocks under confining
pressure: Pore pressure tests, Bulletin of American Association of Petroleum Geologists, 47, 717-755.

Handin, J., Heard, H.A., Magouirk, J.N., 1967, Effects of the intermediate principal stress on the failure of limestone,
dolomite, and glass at different temperatures and strain rates, Journal of Geophysical Research, 72, 611-640.



610

£
AN
ol
02
oX
N
ox
fol
08

Jiang, J., Pietruszczak, S., 1988, Convexity of yield loci for pressure sensitive materials, Computers and Geotechnics, 5,
51-63.

Lade, P.V., 1977, Elasto-plastic stress-strain theory for cohesionless soil with curved yield surfaces, International Journal
of Solids and Structures, 13, 1019-1035.

Lee, Y.K., 2011, Study on a 3-dimensional rock failure criterion approximating to Mohr-Coulomb surface, Tunnel and
Underground Space, 21, 93-102 (in Korean with English abstract).

Lee, Y.K., Pietruszczak, S., Choi, B.H., 2012, Failure criteria for rocks based on smooth approximations to Mohr-Coulomb
and Hoek-Brown failure functions, International Journal of Rock Mechanics and Mining Sciences, 56, 146-160.

Li, H., Guo, T., Nan, Y., Han, B., 2021, A simplified three-dimensional extension of Hoek-Brown strength criterion, Journal
of Rock Mechanics and Geotechnical Engineering, 13, 568-578.

Melkoumian, N., Priest, S.D., Hunt, S.P., 2009, Further development of the three-dimensional Hoek-Brown yield criterion,
Rock Mechanics and Rock Engineering, 42, 835-847.

Mogi, K., 1967, Effect of the intermediate principal stress on rock failure, Journal of Geophysical Research, 72, 5117-5131.

Mogi, K., 1971, Fracture and flow of rocks under high triaxial compression, Journal of Geophysical Research, 76, 1255-1269.

Priest, S.D., 2005, Determination of shear strength and three-dimensional yield strength for the Hoek-Brown criterion,
Rock Mechanics and Rock Engineering, 38, 299-327.

Singh, M., Raj, A., Singh, B., 2011, Modified Mohr-Coulomb criterion for non-linear triaxial and polyaxial strength of intact
rocks, International Journal of Rock Mechanics and Mining Sciences, 48, 546-555.

Singh, M., Singh, B., 2012, Modified Mohr-Coulomb criterion for non-linear triaxial and polyaxial strength of jointed rocks,
International Journal of Rock Mechanics and Mining Sciences, 51, 43-52.

Single, B., Goel, R.K., Mehrotra, V.K., Garg, S.K., Allu, M.R., 1998, Effect of intermediate principal stress on strength of
anisotropic rock mass, Tunnelling and Underground Space Technology, 13, 71-79.

Takahashi, M., Koide, H., 1989, Effect of the intermediate principal stress on strength and deformation behavior of
sedimentary rocks at the depth shallower than 2000 m, Proceedings of the ISRM International Symposium, Pau, France,
19-26.

Vachaparampil, A., Ghassemi, A., 2017, Failure characteristics of three shales under true-triaxial compression, International
Journal of Rock Mechanics and Mining Sciences, 100, 151-159.

Wiebols, G.A., Cook, N.G.W., 1968, An energy criterion for the strength of rock in polyaxial compression, International
Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts, 5, 529-549.

Wu, S., Zhang, S., Zhang, G., 2018, Three-dimensional strength estimation of intact rocks using a modified Hoek-Brown
criterion based on a new deviatoric function, International Journal of Rock Mechanics and Mining Sciences, 107,
181-190.

Zhang, L., Zhu, H., 2007, Three-dimensional Hoek-Brown strength criterion for rocks, Journal of Geotechnical and Geo-
environmental Engineering, 133, 1128-1135.

Zhou, S., 1994, A program to model the initial shape and extent of borehole breakout, Computers & Geosciences, 20, 1143-
1160.



