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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. o, and o3 are
negligible or zero whereas rock slopes and deep underground structures are always
subjected to high confining pressures. In case of rock slopes, at the surface and in
tunnel openings near the face, only o*ll and o, exist and the third axial, o3 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 difficult
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
of joint 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
fractured 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 (100 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 o»/c3 ratios. The models of jointed block mass having three
orthogonal joint sets were alsc tested in the same stress states with different ca/03
ratios. The joint geometry and axes of o, and o3 were changed to account the
influence of joint 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 failﬁre ‘criterion for rock mass was

suggested in triaxial stress state as below:
— a
oc,=0,+Bo; ey,

where, o3 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 By, and an, in
case of rock mass and B; and a; for single joint rock. The o is the uniaxial
compressive strength of jointed rock mass specimen. The o can be calculated,
initially by carrying out a joint mapping at site and further using either RMR or Joint

factor, Jr approaches.

ii



The following equations are developed for the evaluation of parameters By, and ap,

and B; and g;

5 -0.51
T
B"l ] 594[005(—9——9}] (2)
= 0.55exp| 0.41co8 2% -6
a,, =L €X . 0S§; 9 (3)
1.05
27
Bj :8.18|:cos (-—5——0)] 4)
;= 0.38 exp| 0.49 cos 372—8

where, 0 is dip inclination of critical joint set in rock mass. The strength criterion

developed iin polyaxial stress state is as below:

Toct =D0cioou 6)

where, 1T ot is the octahedral shear stress i.e. [(0'1.0'2)2 + (0'2-03)2+(03-01)2]”2/3 at the
point when o attains its peak value 6 peax and o is the mean normal stress acting on
failure plane and is equal to (61+0,+063)/3. The D and e are joint material parameters
and they are function of joint geometry. D and e systematically vary with joint
configuration for both rock mass and single joint rock specimens. The notations of
parameters D and e can be replaced by D, and er, in case of rock mass and D; and ¢;
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 (¢; =36.8°) and the extent of interlocking level (s = 0.5) is medium.

The expression for criterion parameters is suggested as following:
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2 -0.8
D,, = 0.08[cos[——9ﬁ——¢9)] %)

,

ey =0.59 cxp[OAO cos \2—9”— - BJ:I (8)
5 -0.58

D= 0.09[cos [—9’5 -0 ] )

ej =046 exp[O.SS cos (-2?”—9)] (10)

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 of deformation behaviour of rock mass as under:

cosd, sin6, [

— 1+ K)+(1-K)cos26,]+ (1~ K)sin 26, ]

S As 1 (1 20K) _ZN cos® 6,
A ) =t Snkn(l) Sik‘(i)

E
g kP(
P

a

1mn

o,
where, K = ratio of principal stresses = ——A—— vis Poisson’s ratio of intact matenal E;
o, o

is initial modulus of elasticity of intact rock, P, is atmospheric pressure equal to 0.101
MPa. k, n are parameters and can be determined from logarithmic plot of Ei/P, against
03/P,, Si is spacing of joints ini" set, 5| and 3 are major and minor principal stress,
Ks(iy» Kngiy are shear and normal joint stiffness of joints in i" set.

The expression to predict deformation modulus, Enyso is derived as in Eqn. (12), which

incorporates Janbu coefficients for rock mass, n, Kp, intact rock strength,c,

atmospheric pressure, P,, confining stress, 63 and joint geometry parameters P, q.
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(12)

The expressions to predict Janbu’s coefficients Km, nm and joint geometry parameters,

P, q were derived as below:

% = 9.86exp[2.16cos(8,,, — 6)] (13
M _ 0.29 eXp[— 0.97cos(6,;, — 9)] (14)
n,

P = exp[-0.0196] as)
g = 0.12exp[0.0186)] (10)

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, o; and modulus, E; of rock mass in UCS and confining

stress, C3.
E. =0 o
E0,=9) | o3 exp {—0.087 (-LJ] (17)
E, (o) G

It was concluded from comparison of all three methods that the constitutive and
Janbu’s coefficients 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 field.



Based on the extensive polyaxial test results, the cxpression of E; in true-triaxial or

polyaxial stress states (o3 > o3) was also suggested as below:

Eilcy >0 g
(2 3)=1+T[°’—2-1J
Ejlo; =03 o3

(18)

T and r are material and joint inclination parameters and vary with dip inclination, 8
of joint set-I as given in Table 1.

Table 1 Parameters T and r at Different dip Inclination, 6

0 () B® T r r
0 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 1.62 0.9 0.82
80 10 0.29 0.67 0.62
90 0 0.1 1.05 0.62

The post failure studies on models are also conducted and the results show the strain
softening, strain hardening and plasticity behaviour in rock mass depending upon joint
configuration and surrounding stress state. The expressions for estimation of post
peak modulus are being formulated which are very important in longwall mining and
designing of mine pillars. Lastly, the post peak behaviour of rock mass is summarized
in a zonation table indicating different zones viz. strain softening, strain hardening

and plastic.
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