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ABSTRACT

The strength of initially intact rock increases Himearly with increase in the
confining pressure. This paper proposes that thleoelld be a saturation limit to the
incremental gain in the frictional strength dueoincrease in the confining pressure.
Critical state of a rock is said to be reachedhéré is no further increase in deviator
stress or shear stress at failure due to an inefi@asonfining stress or normal stress.
It is suggested that the coefficient of frictionterms of incremental shear strength/
normal stress is negligible beyond a critical coinfy stress, which is about uniaxial
compressive strength of the rock material. Thacalitstate should, therefore, be a
part of the non-linear failure criterion. A simplearabolic failure criterion is
suggested based on this hypothesis. The critenmmohies only one unknown
parameter compared to at least two in most of thercriteria in vogue, and may be
obtained from a single triaxial test. The parametey also be obtained from initial
value of the coefficient of internal frictigm,. As such the friction law is modified and
a simple correlation is found to assess the coefficof internal frictionu at any

confining pressure. The modified friction law withprove our understanding of the
non-linear geodynamics.

Keywords: Critical state rock mechanics, non-linear failurdecion, coefficient of
internal friction
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1. INTRODUCTION

At present our basic understanding of the streoftthe earth’s crust is based on a
simple model that utilizes the friction law of raciByerlee, 1978) in the shallower or
‘brittle’ layer of the crust and the plastic flomw in the deeper or ‘ductile’ layer

(Goetze and Evans, 1979; Sibson, 1982; MeissneSamethlau, 1982). Faulting and

sliding on frictional surface is the primary modé aeformation in the upper

lithosphere. A wide deformation conditions are jjues and these must be

investigated to comprehend earthquake source @eseand factors that control
lithospheric strength.

The Fig. 1 shows a simple model of interaction leetw colliding earth plates.
Nedoma (1997) analysed the state of stresses iealth plates, considering non-
linear elasto-plastic —thermal behaviour of rocksl daults. The lower plate bends
downwards, releasing horizontal tectonic stressdsch become minor principal
stresses near the thrust. Thus there is subsidemteormal faulting in the (lower)
subducting plate. On the contrary, the upper pla¢ads upwards, resulting in
compression and higher tectonic stresses, whiclorbecmajor principal stresses.
Hence this is the region of continuous uplifting (he form of mountainous terrain)
and thrust faulting near the inter-plate bound&iynultaneously, its bottom part also
bends upwards, releasing the tangential stressas. distressed (decompressed)
zones are indicated by the stress analysis of Nadd®97). The temperature of
melting of rocks is reduced by decrease in theinong stresses. The rock melts in
these decompressed zones (Fig. 1). In nature, diemrock may come out on the
ground surface as a pair of volcanoes at some falbtri geological situations. The
critical state Rock Mechanics suggests that thdficamt of friction will tend to be
nearly zero below the brittle crust.
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Fig. 1 - Interaction between boundaries of eardtgsl (Nedoma, 1997)

Coulomb’s linear failure criterion has been usedemrsively to assess the shear
strength of intact rocks. The criterion can be egped as follows:
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i = cruo, ®

Wheret andg, are shear and normal effective stress resolvati@rventual fracture
plane, c is cohesion ang is the coefficient of internal friction (Locknena Beeler,
2002). It is a well accepted fact now, that, linegproximation of the failure
envelope can only be done if variationdp is very small. For large variation, like
those occurring at great depths in the earth cthst,non-linearity of the failure
envelope plays a great role in assessing the &laifectional strength of the rocks.
Bilinear expressions have been suggested by By€rf#&3) and continuously varying
strength with increase in confining pressure hanbmiggested by Lockner (1998).
The coefficient of frictiony, in this case, does not remain constant and varits
increase in the effective normal stress. For anybiam stress condition, the
instantaneous coefficient of frictiqm can be obtained as the gradient of the Mohr's
failure surface i.ep = d1/d0, in T, 0, plane (Fig.2). It is proposed in this paper that
the value ofu should approach zero as the rock reaches a tstage. Beyond this,
there will be no more increase in the frictionaésgth due to an increase in confining
stress or normal stress. The strength will theeefeach a saturation limit. The critical
state in this paper is assumed when confining presgquals the unconfined
compressive strength of the rock. A strength ddters proposed for initially intact
rocks and friction law is modified.
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Fig. 2 - Mohr failure envelope showing relationweeén stresses and failure
parameters (Lockner and Beeler, 2002)
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The non-linear geodynamical analysis is perfornmeteims of the incremental shear
strength A1) and incremental effective normal streAs) along an active fault with
reference to the initial state of stress as foltows

|Ar| =uAc (2)

The effect of cohesion in Eqn. (2) need not, tr@eebe considered. EvidentlLAr|

cannot exceed the shear strength of adjoining wesdek under high confining
stress.

2. THE STRENGTH CRITERION

A strength criterion defines the failure surface.present case a two dimensional
form of the criterion is suggested in deviatoriess 6:- 03) andos plane (Singh and
Singh 2003); where@; is the effective major principal stress at failared o3 is the
effective minor principal stress. The effect of theermediate principal stress is not
considered in the present form. A parabola is usedkefine the strength criterion as
follows (Fig. 3).

01-03

ch

Fig. 3 - The proposed parabolic strength criterion

O3

(01 03) =A (03)° + B (02) + C (3)
Substitutingo; = o atos = 0; we get C @g; the criterion is written as:
(0'1- 0'3) =A (0'3)2 +B (0'3) + Ogj (4)

Whereag; is the uniaxial compressive strength (UCS) ofribek material. To obtain
parameter B, the critical state concept is applidte critical state of initially intact
rock is defined as the stress condition under whMbhr envelope of peak shear
strength reaches a point of zero gradient (Barl®@7,6) as shown in Fig. 4. This
represents the maximum possible shear strengthreékaand any further increment
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in confining stress or normal stress will not caasg increase in deviator stress or
shear stress at failure. For critical state, the@n affective confining pressure above
which, the shear strength cannot be made to iner¢Barton, 1976). Also, the
experimental evidence (Hoek, 1983) suggests tleaBiittle-Ductile transition takes
place at a confining pressure approximately eqaathe unconfined compressive
strength (UCS) of the rock material (Fig. 5). Anpeaximate value of the critical
confining pressure may, therefore, be taken equahé UCS of the rock material.
This value may however be modified with more experital experience on a given
rock material.

Differentiating Eq. (4)

901703) . ppgy+B
60'3 3

Fig. 4- Critical state of rock (Barton, 1976)
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. dlo,—-o
For critical statey; — Og; and% =0
03

The strength criterion may therefore be written as

o = A(0,)* +(1-2A0, )0, + 0, 0<o0,<0, ©)
' 20ci _A(O-ci)2 O3 2 O

In addition to the uniaxial compressive strengthtloé rock, which is generally
available for the concerned rock from laboratorstdethe above criterion has only
one criterion parameter A.

The above criterion was applied to 132 data setsiafial test data of intact rocks,
available from Sheorey (1997), and having uniaxi@aipressive strength varying
from =7 to 500. The parameter A was computed for eadk bbgditting experimental
data through least square method andvalue for each confining pressure was
calculated. It is heartening to observe that theffaent of correlation between the
experimental and the calculated valuewpfs as high as 0.98 (Fig. 6). It proves the
applicability of the strength criterion proposed aiso the critical state of rocks@t
=0¢. The non-linearity is due to mechanics of theicalt state (or the law of
saturation). It would be interesting to study tiffea of critical state on seismic wave
velocities in the rocks.
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100
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Experimental =, (MPaj}

Fig.6 - Comparison of experimental major princigtéss values with those
calculated through the proposed criterion

Theoretically, only single triaxial test is requdreo assess the parameter A; however
at least three tests are suggested for reliablesas®ent of the parameter. The
parameter A, when plotted against the UCS of tloé,rexhibits a strong correlation

with the UCS (Fig. 7). In the absence of triax@dttresults, a rough estimation of the
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parameter may be made through the correlation {Bigs follows (Singh and Singh,
2005):

A= -3.97 ;) for o¢ =7 - 500 MPa (7)

or B=7.946) " (8)

0 200 400
O, MPa
Fig. 7 - Variation of parameter A with UCS

3. FRICTIONAL RESISTANCE OF INTACT ROCKS

The fracture and failure of rocks is important iudies related to earthquakes
(Lockner and Beeler, 2002) and plate tectonics iigtaet al., 2000). The coefficient
of internal friction is defined as the gradienttbé failure surface i.q1 = 0t/0o, at
given o, (Fig. 1). With increase in the depth of rocks artequake or plate tectonic
studies, the overburden pressure increases. Thssassent of the incremental shear
strength through linear equation like Mohr-Coulogriierion will overestimate the
prediction of shear strength. Instead, a non-liresaration should be used to closely
predict the shear strength within the brittle criste peak shear strength parameters c
and @ should vary according to the level of normal straed can be obtained by
drawing tangent to the failure surface at the @esitormal stress. Balmer (1952) has
given expressions, using which, the instantaneowna@ may be computed as
follows:

01—-0

Op = Og+—5 3 (9)
1+ L
60'3

. = 0170 0o, (10)
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tarp = | 9% (11)
00,

@ = D-90C, U = tan*(28 - 90"
C = T,-Optang (12)

wherea, is the normal stress anglis the corresponding shear stress on Mohr failure
envelope.

3.1 Coefficient of Internal Friction under Unconfined State

The coefficient of internal frictiop,, is easily available for different rock materidts.
is shown here, that this value jof may also be used to obtain the criterion pararseter
A and B; and the entire range of non-linear striemgivelope may be generated.

Differentiating Eqn. (6)

§9£:2A03+1-2Acci for 0<0z<0y (13)
O3

Substitutingos — 0; 01 - Og;

Also, substituting B for — 2 Ay

99, _ 148 (14)
00,

Using Eqgn. (11)
tarf6=1+B
Pmm@e=45+g

g=_25N¢ (15)
1-Sing

If, the coefficient of internal friction in uncomed state is denoted as, the
parameter B and A may be obtained as

Bz 2Ho (16)

V@) -,
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Az Mo 1 (17)

V@+ud) —p, %

Thus the advantage of the proposed criterion it dlahe parameters A, B and C
have conceptual meaning. It is applicable to weaks also §.;>7 MPa).

3.2 Cosfficient of Internal Friction under Confined State

The coefficient of internal frictiop, is not a constant value, rather it goes on redyci
with the increase in effective confining pressud@. evidence of this is given by
Shankar et al. (2000), who have back-analysedctdni angle (tarp = u) of only 5°
beyond a depth of 40 km below the ground surfaoacathe plate boundary in the
Tibet Himalayan plate. It is interesting to noteatthesser the frictional resistance
along colliding inter-plate boundaries, lesser Wwél the locked up strain energy in the
large earth plates and so lesser are the chanogeaif earthquakes in that area. In
fact highest earthquake of only M7 on Richter'dest@ad taken place in the Tibetan
pleatue. Thus there is balancing mechanism in dtere to avoid too high intensity of
earthquakes.

To observe howu varies with confining pressure, a rock haviog = 50 MPa is
assumed. A value @i, say 0.7 is assumed and the parameters A and &arputed.
Now o3 is varied from 0 tao, andp is computed for each confining pressure. The
computations are repeated for sevarglvalues. The variation ofi for different
values ofp,, is presented in Fig. 8, wherp,is plotted against non-dimensional
parameteps/ag. It is interesting to see that if any otlwgris taken, the same plots are
obtained. These unique plots can, therefore, bd tmegetting they value at any
effective confining pressure. The following sim@errelation, obtained by trial and
error, has been found adequate to assegs fileany initial y, (<2) and UCSd; >7
MPa).

%
h=p, 1—[3j (18)

Gci

=0 forosz=0g.

It may be seen in Fig. 9, that there is reasonabteement between the valuesuof
that are derived from the Mohr's envelope and thiosen Eqn. 18. Further, the
density of (hard) rocks is likely to increase stighwith the increasing confining
stresses within the lithosphere. There may bela gain in the strength aftes>og;;
as suchp in Egn. 18 may be a small quantity and not zenodg = og. This
hypothesis along with the effect of temperaturedsdarther experimental studies for
specific rock materials.
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Fig. 9 - Comparison of coefficient of friction deed from Mohr’s envelope with that
obtained from Eq. 18

3.3 Maximum Shear Strength of a Rock
The critical state mechanics suggests that ther@nisipper limit to the deviator

strength of rock materials. The maximum shear gtfemand corresponding normal
stress of a rock may be obtained as follows:
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o,-0, 1
T,,= —+——2== [A (0,) -2A0, 063+0d]
2 2
For maximum shear strengtli; = og;

1 o. B
TmaXZE [A Gé -ZAO'Ei +0 :%{14_5}

or

T, = 1+“—°2 (19)

_%d|g Ho 20
(Gn)max 2 [ +M—“O:l ( )

Wheretmax and On)max are the maximum shear strength and corresponding effective
normal stress on a fault plane in the rock. It is suggestdthb incremental shear
strength, in analysis of plate tectonics, may be taken neartyif the normal stress
acting on the rock equals or exceeds the above critical \@ingh( et al., 2004).

4. CONCLUDING REMARKS

It is well recognized that the failure envelope for rocksnot straight line but
curvilinear and concave towards the normal stress axis.dtaposed in this paper
that the critical state of rock should be a part of the nwality of the strength
criterion. A simple parabolic strength criterion is proposed &edctitical state is
assumed at the confining pressure equal to the UCS of the raekahar as found
experimentally. The coefficient of internal frictign which is the gradient of the
failure surface, is observed to be varying non-linearly fronvalue of Y, in
unconfined state, to about zero in the critical state. Rlote been presented to assess
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i at any given confining pressur@sz). The plots are drawn against the non-
dimensional parameteo4/o.) and are found to be independent of the UCS of the
rock, therefore may be used for all rock types in the non-ligeadynamical or any
other analysis. A simple mathematical expression hasdalkso suggested to compute
W accurately, at any confining pressure (Eq. 18).
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