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ABSTRACT 

One of the major problems confronting designers of engineering structures in rock 

is that of estimating the strength and modulus of the rock mass in pre and post failure 

zones. The rock mass usually made up of an interlocking matrix of discrete blocks 

and failure of such rock mass is due to sliding along joint or rotation of block element. 

The stress conditions near ground surface are usually uniaxial i.e．び2 and び3 are 

negligible or zero whereas rock slopes and deep underground structures are always 

subjected to high conffining pressures. In case of rock slopes, at the surface and in 

tunnel openings near the face, only びi and aZ exist and the third axial,a3 stress is 

negligible or zero, so biaxial stress condition prevails. Further, at deep depths, rock 

slopes, foundations and tunnel openings or caverns experience all the three sets of 

stresses and triaxial or polyaxial condition is prominent. 

The strength and deformational responses of rock mass can be estimated through 

numerical modeling, in-situ and laboratory large scale testing and physical model 

studies. The numerical methods need experimental results for their validity before 

they can be used and the insitu and laboratory methods are practically very diffficult 

and time consuming. So, physical model studies are always preferred in such 

situations. 

Few modest failure criteria are available in literature, which include the influence 

ofjoint geometry and intermediate principal stress. Most basic procedure to describe 

the deformational behaviour is stress strain curves. The available empirical and 

constitutive models in rock mechanics literatures considering the joint configuration 

and true triaxial stress state are not very large. 



The studies on post failure response of rocks are sofar limited to few intact and 

fflactured rocks only. The laboratory physical modeling needs testing equipments but 

most of the triaxial testing equipments available in literature are suitable only for soils 

and smaller size specimens of intact rock and as such their use is limited for testing 

rock mass in multiaxial stress conditions. 

In the present study a high capacity (1 00 ton) true triaxial equipment was designed 

and fabricated with facility to apply, maintain and control the stress independently on 

large size prismatic faces of rock mass specimen during testing. The single joint 

model rock specimens were tested in polyaxial stress states by varying joint 

inclination and aZ/G3 ratios. The models of jointed block mass having three 

orthogonal joint sets were also tested in the same stress states with different o2后3 

ratios. The joint geometry and axes of g2 and c3 were changed to account the 

influence ofjoint configuration and rotation of horizontal stresses. Based on detailed 

testing, the influences of intermediate principal stress on modes of failure and full 

stress-strain response in pre and post peak regions for block mass specimens were 

also investigated. 

Based on extensive test results, a suitable failure criterion for rock mass was 

suggested in triaxial stress state as below: 

o-1=CTcj 十 Bび了 	 (1) 

where,a3 is confining stress and B and a are joint geometry and material parameters 

respectively. The notations of parameters B and a can be replaced by Bm and am in 

case of rock mass and B and aj for single joint rock. The acj is the uniaxial 

compressive strength of jointed rock mass specimen. The acj can be calculated, 

initially by carrying out a joint mapping at site and further using either RMR or Joint 

factor, Jf approaches. 



The following equations are developed for the evaluation ofpararneters Bm and am 

and 島 and a 

r 	, 	'-i-O.51 
B,,,-5・941 cos（竺－ell 

L (9 刀 

a ,,, ＿  。．。。。x  [。．4
，。。  (2exi O.4lcosI -:--- -  o,')1 

-L kg 刀 

05 

(2)  

(3)  

B1=8.18 
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(5)  

where, O is dip inclination of critical joint set in rock mass. The strength criterion 

developed imn polyaxial stress state is as below: 

i. oct=D o- ci <.品t 	 （の 

where，て oct1 S the octahedral shear stress i.e. [(ci-c2)2+(a2_G3)2+(a3_o1)2]1'2/3 at the 

point when c1 attains its peak value び1,peak and aoct is the mean normal stress acting on 

failure plane and is equal to（び1+G2+O3)/3. The D and e are joint material parameters 

and they are function of joint geometry. D and e systematically vary with joint 

conffiguration for both rock mass and single joint rock specimens. The notations of 

parameters D and e can be replaced by Dm and em in case of rock mass and D and e 

for single joint rock respectively. The o' is the uniaxial compressive strength of 

model material. The criteria have been derived based on the assumption that joints 

are smooth（も =36.80) and the extent of interlocking level (s=0.5) is medium. 

The expression for criterion parameters is suggested as following: 
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In this study constitutive and empirical expressions are suggested for evaluation of 

deformation modulus in single joint rock and rock mass. A constitutive model was 

formulated for prediction ofdeformation behaviour ofrock mass as under: 

(7)  

(8)  

(9)  
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ムo-1 

is initial modulus ofelasticity ofintact rock, Pa is atmospheric pressure equal to 0.10 1 

MPa. k, n are parameters and can be determined fflom logarithmic plot OfEi/Pa against 

O3"Pa, S1 i5 spacing ofjoints in i th set,al and a。 are major and minor principal stress, 

ks(j), kn(I) are shear and normal joint stifffliess ofjoints in ith set. 

The expression to predict deformation modulus, Etm5O1 S derived as in Eqn.(1 2), which 

incorporates Janbu coefficients for rock mass,n m Km, intact rock strength,Gc1, 

atmospheric pressure, Pa, conffining stress, O3 and joint geometry parameters P, q. 
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lt was concluded fflom comparison 

(17) 

three methods that the constitutive and 

E1(o-3 ＝の 
E1(cr3) 

E im50= PKmP'〔号〕fl.. 

（こ」、 

(12) 

The expressions to predict Janbu's coeffficients Km, tim 'fld joint geometry parameters, 

p, q were derived as below: 

=9.86 exp[2. i 6 COS(Omin－の」 

互－0.29 exp[_ 0.97 cos(O。。。－O)] 
11m 

P= exp[_ 0.0 190] 

q= 0.l2exp[0.01 80] 

The expressions for the prediction of modulus in UCS conditions are available in 

literature using joint factor concept for different failure patterns. The empirical 

expression for modulus of large block mass under triaxial compression is developed 

which incorporates strength, 。cj and modulus, E of rock mass in UCS and conffining 

stress,C3. 

K 
Km 

Janbu's coeffficients approaches are predicting modulus close to the experimental 

results. The choice of using a method for estimating deformation modulus is solely 

depends upon site conditions and availability of input parameters in the fleld. 
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Based on the extensive polyaxial test results, the expression of E in true-triaxial or 

polyaxial stress states (cr2>c53) was also suggested as below: 

一 

E1与・o3)\ =1、T「ユ 
E1い2=O3） 	く O3 

T and r are material and joint inclination parameters and vary with dip inclination, O 

ofjoint set-I as given in Table i. 

Table I Parameters T and r at Different dip Inclination, O 

O () β(o)  T r r2 

o 90 0.31 0.78 0.59 
20 70 0.07 2.06 0.87 
40 50 0.98 0.55 0.91 
60 30 i .62 0.9 0.82 
80 10 0.29 0.67 0.62 
90 o 0.1 i .05 0.62 

The post failure studies on models are also conducted and the results show the strain 

soifiening, strain hardening and plasticity behaviour in rock mass depending upon joint 

conffiguration and surrounding stress state. The expressions for estimation of post 

peak modulus are being formulated which are very important in longwall mining and 

designing ofmine pillars. Lastly, the post peak behaviour ofrock mass is summarized 

in a zonation table indicating different zones viz. strain soifiening, strain hardening 

and plastic. 
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