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ABSTRACT

There are three major failure criteria: the Mohmu(@mb, the Bieniawski and

the Hoek and Brown criteria which are widely usedhie stability analysis of

structures in rocks. The subject of special inteireshis paper is to determine
parameters attributing in each of the criteria Hame the results obtained from
laboratory triaxial tests, to discuss some probleassociated with the

application of these criteria and to suggest sopmaaches to determine the
in-situ strength parameters using these criteri@nite element analysis (FEA)

of underground structures. The research was castiedh two distinct parts. In

the first part, a comprehensive laboratory testimg carried out to determine
the mechanical properties of rocks in the straitsumhe second part included
FEA of an underground roadway using the resultsiobt from laboratory

testings.

10 CONVENTIONAL FAILURE CRITERIA

The Mohr-Coulomb criterion defined in Eq. 1 postulates a linear relationship
between confining pressure and compressive stresfgthcks. To date, many
investigations have proved that the internal amgfiefriction decreases by
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increasing the confining pressure and as suchtimeguh a reduction in the
rock strength. Thus, the Mohr-Coulomb criteriondedo an over-estimate of

rock strength. However, constants parameters Q\gndf this criterion can be

easily determined from simple regression analysigiaxial tests carried out
under different confining pressures.

01:C+N(p.03 (1)
where,
01 = major principal stress,
03 = minor principal stress, and

C & No@= constant parameters in the Mohr-Coulomb criterion

The Bieniawski criterion is an empirical failure criterion expressed in Eqg.

— m
O =1+n.(03p) )
where,
O1n = normalised major stress,
O3n = normalised minor stress, and

n&m = constant parameters in the Bieniawskedan.

Since m is usually less than 1.0, the teag§™M will not have a real value if
o3n< 0. Therefore, the application of this criterianthe stability analysis of
underground structures is limited to the conditiartereczn > 0. Moreover,
calculation of n and m parameters based on thgidati¢est data requires an
advance statistical program due to the power fdrtheequation.

The Hoek and Brown criterion is another empirical failure criterion which is
widely used for rock engineering design purposéus Triterion as defined in
Eq. 3 predicts a parabolic Mohr envelope for threkrstrength.

where,

O1n = normalised major stressoz/0¢,

O3n = normalised minor stressog/o.,

m & s = constant parameters in the Hoek and Brositarion, and
Oc = average uniaxial compressive strength of roekerial.

Although a complete discussion on the derivatiorihig failure criterion has
been given by Hoek and Brown (1980), there aré stitertainties about
estimation of m and s parameters. Suggestions fanans values for different
rock groups by Hoek and Brown allocates many rdokene group, i.e. all
argillaceous rocks such as siltstone, mudstonde skt are in a single group
having same values for m and s. This means thaethecks have the same
strength according to this classification. Abowe thlere is also a problem with
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the multi-regression analysis of fitting the culwe using this criterion which
requires an advance statistical program.

20 THE NEW EXPERIMENTAL FAILURE CRITERION
Because of the problems involved in the conventidadure criteria, an

attempt has been made during the course of thearels to establish a new
criterion. This new experimental criterion is exgged in Eq. 4.

on=K +(P+Tx0'3n)o.5 (4)
where,
O1n = normalised major stress,
O3p = normalised minor stress, and

K, P &T = constant parameters in the Experimlesriterion to be determined
for each type of rocks.

The procedure for determining K, P & T parametarsthe Experimental
criterion is as follows:

 obtain the uniaxial compressive and uniaxial tensitengths of the rock

» carry out at least two triaxial compressive tastsler various confining
pressures

» plot the above results in a coordinate system awstin Fig. 1.

()

?n

1n

Fig. 1 - Plot of triaxial test results for the Exipeental failure criterion.

« fit a polynomial equation like [ Y = a?¢+ b x + ¢ ] to the obtained data, and
determine a, b and c parameters. This can be dpngsibg very simple
programs such as Cricket Graph on PC or MAC commpute

e calculate K, P and T parameters as follows:

___b _2_C -1
K=" 2a P=K-= =3
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Sensitivity analysis on the Experimental critergltowed that this criterion is
sensitive to the K value and not much to P and l[liesm The author believes
that this criterion is useful for the laboratoryudies as well as full scale
stability analysis of underground structures beeawd the following
advantages:

(i) it presents a mathematical equation which wmers non-linear
relationship between triaxial strength and confinomessure,

(ii) itis applicable for all ranges of the corifig pressureso(g),

(i) its constant parameters can be easily deteechiby using a simple
program, and

(iv) it gives a good agreement with measured vahge# is indicated by the
mean square values given in the corresponding $able

3.0 COMPARISON OF FAILURE CRITERIA DURING STABILITY
ANALY SIS OF UNDERGROUND STRUCTURES

During the present research, six major rock typesewencountered in the
stability analysis of roadways and intersectionaratinderground coal mine in
NSW, Australia. In order to determine various pagtars of described failure
criteria, appreciable number of samples were pegpand tested under various
confining pressures. In this research, number ofpdas, preparation and
testing procedure, and interpretation of the reswbnformed the ISRM
standards. The statistical code, SAS, was useckfpession analyses of fitting
the Bieniawski, and the Hoek and Brown equationshto measured values.
Results of this investigation are summarised inl§saf to 4.

Table 1 - Constant parameters after the Mohr-Cohloriterion

Rock Type uUT$ UCS§ N Mean Squat
(MPa) (MPa) (MPa)
Sandstone (m.g.) 4.66 65.5 3.179 0.01
sand f.g. + mud| 5.40 44.3 4.115 1.66
sand c.g. + shal¢ 3.60 53.0 4.295 1.11
Coal 1.27 23.0 4.766 3.55
Mudstone 6.80 30.0 5.371 3.30
Sandstone (c.g.) 4.66 75.0 4.228 0.34
Sandstone (m.g.) 4.56 65.5 3.179 0.01

The "mean of square value", which is a statisiicdéx parameter showing the
accuracy of fitting curve, was reasonably closez&wo when fitting the
Bieniawski and the proposed Experimental critenmves to the measured
values.
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Table 2 - Constant parameters after the Bieniawarsidarion
(010 =1*n.(o3n )m)

Rock Type n m Mean Squaré
(MPa)
Sandstone (m.g.) 3.278 1.018 0.00
sand f.g. + mud 3.360 0.766 0.12
sand c.g. + shale| 2.631 0.591 0.01
Coal 4.058 0.585 0.13
Mudstone 4112 0.591 0.23
Sandstone (c.g.) 1.932 0.571 0.00
Sandstone (m.g.) 3.278 1.018 0.00

Table 3 - Constant parameters after the Hoek and/B criterion

(O1n = O3nt4mOz,+ S)

Rock Type m S Mean of Square (MPa)
Sandstone (m.g.)| 5.25 1.0 0.20
sand f.g. + mud 11.81 1.0 0.36
sand c.g. + shale| 10.52 1.0 0.34
Coal 17.63 1.0 0.60
Mudstone 19.15 1.0 0.70
Sandstone (c.g.) 8.33 1.0 0.28
Sandstone (m.g.)| 5.25 1.0 0.20

Table 4 - Constant parameters after the Experirheritarion
(0w =K+(P+Txgu)*)

Rock Type K P T Mean Square
(MPa)
Sandstone (m.g.)| 0.190 0.577 7.610 0.07
sand f.g. + mud | -0.137 1.786 |18.316 0.48
sand c.g. + shale| 0.089 0.938 |16.258 0.16
Coal 0.128 1.109 |23.256 0.28
Mudstone -0.530 3.069 |30.303 0.65
Sandstone (c.g.)| 0.185 0.766 9.259 0.11
Sandstone (m.g.)| 0.190 0.577 7.610 0.07

5

The results obtained from different criteria wesed in the stability analysis of
a 2-D model of roadway. The strata column and dsienof the model are
shown in Fig. 2 and mechanical properties of roakes tabulated in Table 5.
The model was analysed under 10.0 MPa verticakstmith the ratio of
horizontal to vertical stress equal to 2.5. The anand minor principal
stressesyq andog, were obtained for all elements and a safety fg@6) was
then calculated based on each of the failure @it expressed in Egs. 5 to 8:
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24.0
Sandstone m.g.

18.0
Sandstone f.g. + Mudstone

15.0
Sandstone c.g. + Shale

13.0
Coal

10.0

9.0 Mudstone
Sandstone c.g.

5.0

Sandstone m.g.

0.0 .

0.0 3.0 15.0

Fig. 2 - Strata column and dimension of the 2-D elad the roadway

Mohr-Coulomb

C+N_ .0,
If 03>Tp Then SF= ¢ - 5)
O1
If 03<To Then SF=0
Bieniawski
+n. m
If  03>00  Then sp= 11 n(05,)" (6)
O1n
If 03<0.0 Then SF=0

Hoek and Brown

+4m. +S
I 03>%C-(m—\/m2+4s) Then SF=23 V0 @

O1n
If 0'3S%C.(m—\[m2+43) SF=0
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Proposed Experimental

If  63>To Then gp= K+ VP+T-On

Otn (8)

If  o3<To Then SF=0

Table 5 - Mechanical properties of strata unitslusestability
analysis of a roadway

Strata units Elastic Modulus| Poisson's Ratio (--)
(GPa)
sandstone (m.q) 10.0 0.20
sand. f.g. + 7.0 0.25
mudstone
sand. c.g. + shale 5.0 0.20
coal 3.5 0.30
mudstone 8.0 0.25
sandstone (c.g) 12.5 0.20
sandstone (m.q) 10.0 0.20

Results of this study are presented in Figs. 3.tlm @hese figures, the safety
contour lines calculated after different failuratemia are plotted around the
roadway.

Comparing the safety contour lines in Figs. 3 tit @an be seen that there is
not much difference between the results obtainedgdplying different failure
criteria as far as the laboratory tests resultsacinparameters, are used.
However, there are minor variations for locatioesyvclose to the opening.

40 SCALE EFFECT ON THE STRENGTH PROPERTIES OF
LABORATORY RESULTS

There is always some concern that to what extentetst on small size samples
is representative of large in-situ rock masses.ofdiagly, this aspect of Rock

Mechanic is reviewed here briefly to help makingnsocorrelations between

the laboratory measured strength parameters arid-giei values.

Literatures on this issue indicate that, althoubh tize effect and in-situ
properties have been the centre of the intereshgmuning engineers for last
30 years, there is not a standard approach todpdunction of scale effect. It
is believed that the engineering judgement and lexperiences are still basic
considerations in selecting scale factors. Theeeaanumber of investigations
on this issue. A summary of them is given below.



8 J. OF ROCK MECHANICS & TUNNELLING TECH. VoL.8 No.1, 2002

24.0 24.0

18.0- 18.0- —— 4.5 ————
‘ ,—/\N\
AR i < )

<97 N

_J
)

% 4.0 —
g;\\‘:__a______,_ﬂ

— [¢
9.0 > —__
‘/ / d— |
L/
5.0 35 —
//— //
safety factor contour lines safety factor contour lines
using Mohr-Coulumb criterion using Bieniawski criterion
0.0 T 0.0 T
0.0 3.0 15.0 0.0 3.0 15.0
24.0 24.0
—

18.0— 18.0
f—"-_P’—‘
15.0- 15.0 N
13.0— 13.0- I_,_—
CM___/
10.0 10.0 s
9.0 9.0
5.0 5.0
safety factor contour lines safety factor contour lines \L
using Hoek and Brown criterion using Experimental criterion
0.0 T 0.0 T
0.0 3.0 15.0 0.0 3.0 15.0

Figs. 3 to 6 - Safety factor contour lines caltedabased on the Mohr-
coulomb, Bieniawski, Hoek and Brown and Experimenta
criteria, respectively

The size and scale effect is generally consideyeapiplying a reduction factor
to the measured parameters such as uniaxial cosipmestrength, cohesion,
angle of internal friction, Young's Modulus and $xmin's ratio. The strength
reduction from laboratory measured data to insitalues has received
considerable attention in the past, particularlyedated to mine pillar designs
(Bieniawski, 1984). Many attempts have been madexpdain this relationship
by means of empirical relationships. Four of the@eeks are pointed out here.
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Protodyakonov (1964) expressed the relationship between the strength of
specimen and the strength of in-situ rock massueEon 9.

d, .
Og

9

om0 9)
b

where,

04 = strength of cubic specimen with side length ,of d

Oy = in-situ strength of the rock mass,

b = distance between discontinuities in the rocksna

d = side length of the specimen, and

m = strength reduction factor, given in Table 6.

Table 6 - Strength reduction factor, m, in Eq. 9

Rock Stress state
Strength(MPa) Compression Tension

>75 2<m<5 5<m<15

<75 5<m<10 15<m <30

Wilson (1980) suggested that to obtain the in-situ strengthoock rmass, the
unconfined laboratory strengthy®e divided by a factor f where

f =1 for strong massive unjointed rock (includicwncrete),
= 2 for widely-spaced joints or bedding planestiong rocks,
= 3 for more jointed, but still massive rocks,
= 4 for well-jointed and weaker rocks,
= 5 for unstable seat earth and closely-cleatekd sach as coal, and
= 6 and 7 for weak rock in the neighbourhood aftfaone.

Hoek and Brown (1980) expressed the correlation between laboratory gtinen
measuredgg, and in-situ strength in the form of empiricalldae criterion
which was presented in Eq. 3 earlier in this papbe parameters m and s in
Eq. 3 are constants which are depending on theepiep of the rock and the
extent to which the rock mass has been fracturadnge of values for m and s
has been given for different rock types as wefoashe insitu situations (Hoek
and Brown, 1980). Priest and Brown (1983) propdbedfollowing equations
for estimation of insitu parametersand s;

m = mi.exp(—RMR _QSJ (10)
13.4
S = ex{RMR-lOO} (11)
6.3

For the intact rock m = ms determined from a fit of Eq. 3 to triaxial tekstta
from laboratory specimens, taking s =1 for rockenat.
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Weakening Coefficient is a classification system for coal measure foionat
proposed by Singh (1986). This system was develtpeatkfine a reduction
factor, WC (weakening coefficient), to be appliedtihe intact sample values
for acquisition of the rock mass properties. Thystem includes following
parameters;

- Rock quality designation, RQD,
- Joint spacing index, K

- Joint surface index, K

- Joint filling index, K3, and

- Joint aperture index, K

The overall joint coefficient K and weakening cagéint WC are calculated by
Egs. 12 and 13.

K=K1xKoxKzxKgy (12)
WC =K x RQD (13)

Where WC is weakening coefficient of rock mass BRQD (%) is rock quality
designation. A correlation was made between RMRngatvalues and
corresponding weakening coefficient by Gahrooe89)l%s expressed in Eg.
14.

WC = 0.018 x 03 RMR) (14)
The weakening coefficient is suggested to be usedetermine the in-situ

constants m and s in the Hoek and Brown criteripihie following empirical
equations:

log (K1) =0.118 + 1.827 x log (WC) (15)
log (K2) =0.047 + 4.052 x log (WC) (16)
m=m x K1 )
0 =0j X K2 (18)

where,

wC = weakening coefficient of the rock mass,

mé&s = constant parameters for rock mashenHoek and Brown criterion,

and

mj & sj = constant parameters for intact rock in the Haek Brown
criterion.
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50 APPLICATION OF ROCK MASS CLASSIFICATION TO
DETERMINE THE IN-SITU STRENGTH OF ROCKS

For the purpose of this study, the South Africaru@al for Scientific and
Industrial Research (CSIR) classification systetdRRrating system, was used
to evaluate the strata units behaviour. Assessnoénthe geotechnical
parameters for different strata units including:ianial strength of intact
samples (UCS), rock quality designation (RQD), j@ipacing, joint condition,
ground water condition and the effect of jointlgtrand dip orientations in the
roadways were carried out according to the follgviescriptions and results
are summarised in Table 7.

Table 7 - Geotechnical parameters used to deterRiutie
rating of the strata units

Strata Unit | UCS | RQD | spacing of|conditioff water RMR RMR
(MPa) | (%) |joints (mm))| of joints|condition (adjusted)
sandstone | 65 55.3 103 class Il| class | 50
(m.g) M | (13 (10) (20) | (10) | 60
sand.f.g.+| 40 78.5 165 class ll| class I 51
mudstone (7) (17) (10) (20) (7) 61
sand.c.g. +| 31 44.1 107 class lll| class Il 31
shale (4) (8) (10) (12) (7) 41
coal 23 |25-50f 50-120 |(classlll| class | 32
2) 8) (10) (12) | (10) |42
mudstone 30 [ <25| 60-100 |classll| class| 37
4) 3) (10) (20) | (10) |47
sandstone | 75 78 175 class Il| class | 54
(c.9) @ QA7) (10) (200 | (10) |64
sandstone | 65 55 120 class ll| class| 50
(m.g) @ | (13 (10) (200 | (10) | 60

The uniaxial compressive strength of intact rocksestaken from Table 1. The
RQD and joint spacing were calculated from undergdoborehole drillings at
the site of investigation. The ground water cowditwas surveyed in the gate
entries. The general water condition was dry to, \wat it was not a serious
problem in the stability of structures; therefockass | and class 1l were taken
into account for different strata units in this aed) Since all roadways were
driven within the coal seam (parallel to the beddutanes), the effect of joint
strike and dip orientation in roadways fell in tinrd category: "Dip 0 - 20°P
irrespective of strike" which is "unfavourable" chimon. As a result, an
adjustment factor of -10 was considered on theadBMR rating.

In addition to CSIR classification system (RMR irjlethe Norwegian
Geotechnical Institute (NGI) system (Q index) arute tCentral Mining
Research Station (CMRS) system (R index) were alamined. The NGI
tunnelling quality index (Q) developed by Bartonakt(1974) is based on the
evaluation of a large number of case histories mdenground excavation
stability, particularly civil engineering cases. €fa are three suggestions to
correlate RMR and Q indexes denoted in Equatiorsntio21.
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RMR =19 Ln (Q) + 26 (Singh, 1986) (19)
RMR =9 Ln (Q) + 44 (Bieniawski, 1989) (20)
RMR = 18.79 Ln (Q) + 13.48 (Sunu, 1988) (21)

The CMRI classification is a new system developgdvienkateshwarlu and

Raju (1987). This system is proposed for coal measacks and is based on
the evaluation of 52 collieries in India, some lvége included more than one
case study. The method has five basic parametéofi@ass:

- Layer thickness (approximately equivalent to RQD

- Structural features (faults, slips, slickensjgemt sets, structural
irregularities),

- Slake durability,

- Intact rock strength, and

- Ground water.

Besides the above factors, the stress state (iimgudepth of cover and
horizontal stresses) and proximity of other exdawvet are taken into account
in the CMRS for calculation of the R index. Basad 44 case studies by
Sheorey (1991), the following correlation has bese between R (CMRI
system) and Q (NGI system);

R=46+12x log (Q) (22)

In the present research, the Q and R indices wste determined by using
RMR values and Egs. 20 and 22. The Q and R valeesrdined for various
strata units encountered in this investigationiarie range of those given by
Sheorey (1991). The results for the strata unistapbulated in Table 8. These
values can be used to estimate rock load or megposuload density (MLD)
in roadways and intersections.

Table 8 - Rock mass classification index valuessfaata units, RMR, Q and R

Strata units RMR (CSIR) Q (NGI) R (CMRI)
Sandstone (m.qg) 50 1.948 49.47
sand. f.g. + mudstong 51 2177 50.05
sand. C.g. + shale 31 0.236 38.47
coal 32 0.264 39.05
mudstone 37 0.459 41.95
sandstone (c.q) 54 3.038 51.79
sandstone (m.q) 50 1.948 49.47

The weakening coefficient, WC, and constant pararseif strata units, m and
s, in the Hoek and Brown criterion are determingdapplying the estimated
RMR values into Eqgs.14 to 18. These values werepeoed with those
calculated by using Eqs.10 and 11 proposed by tPaed Brown (1983).
Although both methods gave very low values for nd &n the weakening
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coefficient method seemed to be more conservaResults of the study are
tabulated in Table 9.

Table 9 - Constants m and s calculated based onghkening coefficient and
the Priest and Brown suggested equations (UCS) £ [§5] x UCSI)

Index wC Priest and Brown
Strata RMR| WC m S m S ucs
(MPQ)

sandstone (m.| 50 |[0.127| 0.158 0.0002560.183 | 0.00035[7 1.24
sand.f.g.+ | 51 |0.132| 0.381] 0.0003000.449 | 0.00041P0.91
mudstone
sand.c.g.+ | 31 |[0.060| 0.082 0.0000130.089 | 0.0000180.22
shale
coal 32 | 0.063 0.147 0.00001%.160 | 0.000021 0.10
mudstone 37 | 0.076 0.228 0.000038.253 | 0.000045 0.20
sandstone (c.g) 54 |[0.148| 0.333 0.0004820.391 | 0.00067¢4 1.95

The in-situ values for m and s in Hoek and Browitufa criteria given in
Table 9, were used to calculate the in-situ safatyor around the roadway.
Figure 7 shows the safety factor contour lines adaihe roadway based on the
in-situ values of m and s. It can be seen thateakalts are extremely far from
reality. The author believes that the purposed @gugires for estimation of in-
situ values of m and s by Priest and Brown and l®akening coefficient
method are an appreciable underestimate of insitength of rock mass.
These values should not be used for stability @amalyf underground structures
in the FE method.

An attempt was made to solve the foregoing probt#niinding the insitu
values of rock mass strength. The reduction caeffts for m and s in

Equations 17 and 18, ag, :exp{%jas} andrg :ex;{%;ooj, were

plotted against the RMR (Fig. 7). It can be seat the reduction factor is
significant when RMR > 50. Many different equationsre tested but when
the results were utilised to calculate the in-siédety factor of the elements
around the roadway, unrealistic results were obthirt was then decided to
develop a new method in which the reduction fatsoapplied to the safety
factor rather than to the individual constants rd anThe following is a new
approach for estimation of the in-situ strengtlstofita units based on the RMR
index. In the Experimental failure criterion, thedety factor is calculated using
parameters obtained from laboratory tests. Theativexduction coefficient of
the safety factor,qf, is then calculated based on the RMR values faowa
rock types as shown in Fig. 7.
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Fig. 7 - Reduction factor of constants m anchsand g, based on the
Priest and Brown equations, and the safety faaduoation

coefficient, kf, in the Experimental criterion.

Reduction Factor

rs« = 0.1WRMR (23)
SFinsitu = I'st X SFintac ) (24)
where,
rsf = reduction coefficient to safety factor,
SFin-situ = safety factor calculated for the in-situ cormfitiand
SFintact = safety factor calculated based of the laboratesying results.
24.0 24.0

5.0

safety factor contour lines based on in-situ safety factor contour lines based dn

00 the in-situ Hoek and Brown failure criteridn 00 the Experimental failure criterion
: T : i

0.0 3.0 15.0 0.0 3.0 15.0
Figs. 8 and 9 - Safety factor contour lines arothmdroadway based on:
the in-situ values of m and s after the Hoek andwBr
criterion, the in-situ values of safety factor aftthe
Experimental criterion

The result of this approach is presented in Fign&ig. 8, the in-situ safety
factor contour lines around the roadway are caledlebased on the new
approach expressed in Egs. 23 and 24.



HEMANTIAN,PORTER & SINGH — STABILITY ANALYSIS OF UNDERGROUND STRUCTURES 15

It can be seen in Fig. 8 that the Experimentaledoh gives more realistic
prediction of failure zone around the roadway wisitene modification to the
reduction coefficient on the safety factor, presdnin Eq. 24, may make this
approach more realistic.

6.0 CONCLUSION

An extensive laboratory testing was carried ousbnrocks type. Mechanical
properties of these rocks including complete ststissn curve, tangent Young'
Modulus, Poisson's ratio, compressive and tensiength were obtained. In
addition, the theoretical and empirical failureteria were examined against
the triaxial compressive test results. Some problemcountering with the
conventional criteria were discussed and as a tresuhew experimental
criterion was established. Fitting different faducriteria equations to the
measured data, it was shown that the BieniawskitbadExperimental criteria
were more closely matched to the data.

Attention was also drawn on the scale factor (rédndactor) for mechanical

properties of rock masses (strata units). An attehgs been made to use
available techniques and methods to predict thatinproperties of strata units
from laboratory results. It was shown that previomsthods for determining

the in-situ parameters of the Hoek and Brown ddtemere too conservative
to be applied to stability analysis of undergrowtdictures. Therefore, a new
approach was proposed to estimate the in-situysédetor of rocks around an

excavation based on the RMR index. The resultscaidd that the new

approach was more realistic.
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