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VARIANCE OF INTACT ROCK STRENGTH DETERMINED BY TRIAXIAL TESTS
ABSTRACT

Given the results of triaixial tests, regressiores@mmonly used to evaluate the parameters of
failure criteria that model intact rock strengthdato perform statistical inferences used to evaluat
characteristic values defined in EC7. Statisticdlustness of these inferences is affected if thecba
hypothesis underlying regression are not met, namm@mnoscedasticity (constant variance of the eyrors
This paper presents analyses of 23 sets of tridgith, starting by the evaluation of the regressio
parameters of the Mohr-Coulomb linear criterion afidhe Hoek-Brown non-linear criterion, followed
by carrying several statistical tests to check Hlmenoscedasticity null hypothesis of independence
between the variance of intact rock strength aecctinfining stress.
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INTRODUCTION

Though rock engineering design is clearly incluiedhe scope of Eurocode 7(EN1997-1), its
implementation raised a wide discussion regarding applicability of structural safety concepts to
geotechnical design of construction works in orronk masses. The basis of the limit state design
philosophy adopted in EC7 is that, for each paldicdesign situation, all the possible limit statesa
structure, or part of it, shall be considered dvad it shall be demonstrated that the likelihoocmf limit
state being exceeded is sufficiently small. ThoE@lY allows the limit states to be verified by area
combination of methods, use of calculations isdntifie most used, and it is often confused withrB6&
itself. It involves using characteristic valuesagctions, ground properties and geometrical datsyedl as
obtaining their design values by the partial fact@thod.

Characteristic value of a given material propestgéfined in Eurocode (EN 1990) as: “value of
a material or product property having a prescripeabability of not being attained in a hypothetical
unlimited test series. This value generally cqrogsls to a specified fractile of the assumed sizdis
distribution of the particular property of the nvéé or product”. As regards the design value of a
material or product property, according to the [Eode it is a “value obtained by dividing the
characteristic value by a partial factor”.

EC7 provides generic rules for obtaining charasterivalues of geotechnical parameters, which
take into consideration that geotechnical desigesdoot deal with manufactured materials, with
relatively well controlled parameter values, buthaa wide diversity of natural materials regardihgir
origin and the conditions in which they are foundniature. EC7 defines how characteristic values of
geotechnical parameters are obtained. Charaatevisiues “shall be selected as a cautious estimfte
the value affecting the occurrence of the limittesta This value depends on the zone of ground
governing the behaviour of the geotechnical stmactisually it is much larger than the volume ctiéel
in an in situ or laboratory test, and the charastiervalue should be “a cautious estimate of tream
value” or of the range of values covering that vehpbne of ground. However, if the behaviour of the
geotechnical structure is governed by the lowesigiiest value of the ground property, the charestie
value should be “a cautious estimate of the lowedtighest value”. If statistical methods are ysbd
characteristic value is “a selection of the meaneaf the limited set of geotechnical parametdues,
with a confidence interval of 95%”, in the firstseq or “a 5% fractile” in the second case.

Also available in EC7 are recommended values ofpidugial factors to use for some specific
ground parameters: angle of shear resistance,tigfecohesion, undrained shear strength, unconfined
strength and weight density. It is easy to recegthat these parameters were chosen having insuihd
properties. Moreover, statistical analyses of recgineering properties, such as intact rock strergint
shear strength, rock mass deformability, are remjfent. These present circumstances accountrfor eb
the justifications forwarded by those that do mink that EC7 is applicable to rock engineeringigies



In order to try to bridge this gap, using the resoff several sets of tests performed by LNEC,
Muralha & Lamas (2014) presented in a previous p#pe statistical study of the parameters of Mohr-
Coulomb and Hoek-Brown strength criteria aimed atwating the characteristic failure envelopes for
intact rock. These parameters are generally eteduasing regression techniques, linear in the oése
the former and non-linear in the case of the latt&kegression can only be applied under several
assumptions, namely homoscedasticity that requhesvariance of the maximum principle stress at
failure o, (dependent variable) to be constant along the evtaige of confining stresses (independent
variable). In this paper, results of several sétgiaxial tests are analysed. Some of the setsfram
tests performed by LNEC, whilst others were obtdifrem a literature survey. The purpose is tofyeri
if the variance of the maximum principle stress agéma constant over the range of applied confining
stresses, and consequently ordinary statisticalysem can be used to calculate characteristic salue
according to EC7 definitions.

STATISTICAL ANALYSISOF TRIAXIAL TESTSRESULTS

The prevalent strength criteria used to describe dtrength of intact rock under triaxial
conditions are the well-known Mohr-Coulomb and Hdikwn criteria. The Mohr-Coulomb criterion
can appropriately model the relation between tlecjpal stresses at failure using a linear relatigith
the parameters and ¢ (cohesion and internal friction angle), as longreatively small ranges of the
confining stresses are involved. Hoek & Brown (@P8eveloped a nonlinear relationship between the
principal stresses at failure characterized byphmmetersn and g;; (uniaxial compressive strength),
where the index stands for intact rock. Though strength parameéstinates are available in the
literature for a variety of rock types, importambjects require specific triaxial tests to be parfed to
evaluate the actual values. For this purposeatisstally significant set of triaxial tests shdube
performed, under confining stresses that coveeMpected range of confining stresses. In ordessess
parameter variability, the rock specimens to b&etksinder all the confining stresses should begresh
from a homogeneous sample of rock cores. Restdtsepted in this paper come from tests performed
according to ASTM D7012-07 (ASTM, 2007) or to tharslard “type I” test of the ISRM Suggested
Method (ISRM, 2007).

In this section, an example of the statistical gsialof the results of a chosen set of triaxiaistes
will be presented. This particular set comprisgésr&ults of medium-grained granite that were teste
under the following confining stressesg: 0, 2, 5, 10 and 15 MPa. To estimate the parameitthe
Mohr-Coulomb criteriond and ¢, it is firstly necessary to perform a linear reggion of the maximum
principal stressy; versus the confining stregg (and also minimum principal stress). Figure Ipldigs
the results of the triaxial tests (dots) and thest fit straight line in ther, =0z plane of the principal
stress space. Then, from the slope of the stréight(tanf) and the y-axis intercept, that in this case is
the uniaxial compressive strength of the intackrgg it is possible to calculate the internal frictiangle
and the cohesion for the mean Mohr-Coulomb failemgelope. Any kind of regression in the Mohr
diagram is very difficult since it means evaluatthg “best” tangent straight line to a set of Mohicles
each representing a triaxial test result. As asequence, all variability analyses have to be pexdd in
terms ofa; versusos, which are the direct results of the triaxial $est
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Figure 1. Mohr-Coulomb and Hoek-Brown failure atieein the o, =03 plane of principal stress space.



Test results displayed in Figure 1 show that a edirfunction may yield a better relation
betweeng; and g;. To consider this negative curvature several gypkrocks often display, Hoek-
Brown’s (1980) non-linear criterion is also repmsel in Figure 1 (dashed line). The criterion
parametergr; andm have to be determined from triaxial tests redwtson-linear regression.

For both failure criteria, regression was used atcudate the criterion parameters. It is a
common statistical procedure for fitting data ty aelected equation by minimizing the residual saifm
squareRSS In addition, several statistical methods can $eduo quantify goodness of fit. Generally,
all take into accours’, an unbiased estimator of the variance of theluads, also known as the residual
mean square, given by:
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wherer; are the residualss; are the test results ar@|, are the corresponding model predicted values,
is the number of experimental values, gnd the number of parameters in the model (twoath lzases).
In sequence, standard errors of the regressiaa be easily calculated. In linear regressidmshg-
Coulomb criterion), this estimator and appropriaafues of the Sudenttsdistribution, allow predicting,
for a given confining stresg, 95% confidence limits for the true mean valughaf maximum principal
stressd, , and 5% fractiles:
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In non-linear regression, exact definition of cdefice intervals is seldom possible. So, to
determine the 95% confidence limits and the 5%tifexc for the Hoek-Brown criterion the bootstrap
method (Efron 1979) was used. This procedure densithe sample as the population, and performs
draws with replacement samples with the samersizA sufficiently large number of draws will allow
the bootstrap estimates to asymptotically tench® dorrect values, and almost all statistical erfiee
calculations can be carried out.

Evaluating equations (2) and (3) and using theditagt method for any required value within
the range of applied confining stresses, 95% cenfid intervals for the fitted values and 5% failure
envelopes were determined. They are displayedigar& 2 for the Mohr-Coulomb and Hoek-Brown
criteria, respectively.
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Figure 2. 95% confidence intervals and 5% failureetopes for both failure criteria.

These plots show that, in this particular case,Hbek-Brown criterion provides a better fit to
the test results, since its 95% confidence inteisatlearly narrower. This conclusion can also be



recognized by the regression standard error vatug®.4 MPa and 18.2 MPa, for the Mohr-Coulomb and

Hoek-Brown models, respectively. The plots alseead that the 95% confidence limits and the 5%

envelope are neither straight lines in the cagdeMohr-Coulomb criterion, nor parabolas in theecaf

the Hoek-Brown criterion. However, both criteriautd still provide good approximations to these

curves. As could be expected from the analysisgefations (2) and (3), the curves are closer to the
models when the confining stress is equal to iesaye valueg, (6.57 MPa in this example).

For the Mohr-Coulomb (linear) criterion, resultsglayed in Figure 2 can be easily transferred
to the space of the estimated parametersftan) by evaluating the tangents to each curve forgimgn
o3 value (Muralha & Lamas, 2014). In Figure 3, ted ellipse corresponds to all tangents to the 95%
confidence limits. The black dot represents thamiglohr-Coulomb envelope determined by the linear
regression (tayf = 8.34 andg,; = 101.5 MPa), and therefore defines the centrihefllipse. The green
ellipse segment represents the 5% fractiles foitigesos; values. The remaining part of this ellipse
corresponds to the 95% fractile, and thereforeass wot plotted.
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Figure 3. Confidence limits and 5% fractile for faandg;.

Though the failure criterion is linear, the 95% fidence limits and the 5% fractiles are not
(Figure 2). So, in order to assess the reductiom the mean value they lead to, linear approxionsti
were calculated within the range of the triaxiatse(0-15 MPa, thicker parts of the ellipses). Sehe
averaged values are (tAr8.14; 0, = 90.9 MPa) and (tai= 8.29; ¢ = 65.2 MPa), respectively, and are
also represented in Figure 3. Studehsobability distributions of the mean values als alotted for
both parameters showing, that the horizontal anticaé tangents to the 95% confidence limits ekips
define 2.5% tail areas of the independent proltgildistributions of each parameter.

Though tang and g are the intrinsic regression parameters, theyjatreommonly used. So, it
is essential to define the same results in termatefnal friction angle (taf) and cohesiow. It should
be noted that 95% confidence limits no longer yi@idellipse and the mean values are not in theeent
meaning that the joint distribution of t@#andc is skewed.

For the Hoek-Brown criterion, a similar approach ba followed. In this case, since it is a non-
linear criterion, the 95% confidence limits for theean values of the parametegs, and m, do not
produce an ellipse but an elongated closed curéb@sn by Muralha & Lamas (2014).

VARIANCE ANALYSISOF TRIAXIAL TESTSRESULTS

As already mentioned, all these statistical analyssd particularly inferences, are strongly
influenced by the assumptions underlying regressionSo, it seems appropriate to discuss the
applicability of these assumptions to the caséefanalysis of triaxial tests results. Classiegkession
assumes the following hypotheses are fulfilled: el@tiequacy, no linear dependence, strict exoggneit
homoscedasticity and uncorrelated errors (Drap8&ndth, 1998; Weisberg, 2005).

Regarding homoscedasticity, which means that ther éerm has the same variance in each
observation, or that variability of the resultsiiscorrelated with the independent variables, iypla key



role in ordinary least squares regressions. Tkisumption implies that every observation of the
dependent variable contains the same amount ofniafiion and, consequently, the same weight.
Heterogeneous variance is commonly associated amtincrease or decrease of the variability with an
increase of a given independent variable. In #ee oof triaxial tests, it could be foreseen thahkee
samples would displays smaller values of both ualaoompression strength and internal friction if®y
than stronger ones. This would lead to an increasgaximum stress variance with increasing confini
stress, implying that the homoscedasticity hypathesuld not hold and that regressions would not
provide consistent variance estimates, thus disallp usual inference procedures withndF tests and
statistics.

Graphical analyses of the residuals are usuallieqasy to do, especially in regressions with a
single independent variable as in this case, aedvary revealing when assumptions are infringed,
because residuals can be looked as model erronageti. Plots of the residualsversus the fitted values
of the dependent variable, are particularly useful (Figure 4, left). If assptions are satisfied, a
random scattering of the points above and belovitlesa; = O with nearly all the data points being within
the band defined by, = +2s is expected. Any pattern in the magnitude of digpersion about zero
associated with changing, suggests heterogeneous varianceas dParticularly, fan-shaped patterns are
the typical pattern when variance increases (ore@ses) with the mean of the dependent variabley A
asymmetry of the distribution of the residuals abmero suggests a problem with the model or thé&cbas
assumptions. A majority of relatively small negatiresiduals and fewer but larger positive resislual
would suggest a positively skewed distribution e$iduals instead of the assumed symmetric normal
distribution. A preponderance of negative resisifaf some regions o, and positive residuals in
other regions suggests a systematic error in ti® oiamodel inadequacy with an important variable
missing from the model. An outlier residual woalgpear in any of the plots gfas a point well outside
the band containing most of the residuals. Howearrutlier ing, will not necessarily have an outlier
residual. Plots of the residuals against the inddeet variableo; (Figure 4, right) have interpretations
similar to plots againgt,. Differences in magnitude of dispersion aboubzdso suggest heterogeneous
variances. In this kind of plots, missing highegtee polynomial terms for the independent variabig
outlier should residuals will be evident. Moreovehey enable to detect potentially influential
observations, that appear as isolated points attremes of thex scale, though they will tend to have
small residuals due to their high leverage.
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Figure 4. Example of relations between residuatstha predicted variabled( ) and the independent
variable @), for a set of triaxial test on granitic rock sde®

These simple plots allow a qualitative appraisattaf variability of the regression residuals.
However, they do not enable any robust decisionvbather the variance remains constant and enables
predictions with the model results. For this pwgoseveral statistical tests for the presence of
heteroscedasticity are available. Some heterosteitia tests address the null hypothesis thatether
variances are all equal versus the alternative tt@terror variances are a function of one or more
variables. Since error variances are unknown,stigared residuals are used as estimates. Breusch-
Pagan (1979) test will detect linear forms of heteedasticity, White (1980) test allows for nondiriges
by using squares and cross-products of the vasalaed the simplest type of the Park (1966) test
considers a logarithmic relation. For grouped datmjlar to the triaxial tests results displayedtlie



previous section, regular homoscedasticity testh s1s Bartlett's test and Levene’s test check data

for homogeneity of variances (NIST, 2012). The ém test is an alternative to the Bartlett tesft s
less sensitive to departures from normality. Levemriginal test is aconventional one-way analydis
variance of a transformed response variable defaseabsolute the deviations from the mean of eatd d
group. Brown and Forsythe (1974) extended Levetessto use either the median or the trimmed mean
in addition to the mean. Although primarily dessdras an outlier test for variances, the Cochr@rasd

G tests can also be used as a simple alternativa,(R813). The Cochra@ test is a one-sided outlier
test that will identify deviant standard deviation$ only applies to data sets of equal size. L@013)
transformed the& test into a more gener@ test, deriving expressions to calculate uppertlasiwell as
lower limit critical values for data sets of eqaald unequal size at any significance level.

To establish whether the variance of triaxial testilts remains constant or not as the confining
stress increases, statistical tests were appliedrte sets of results. These sets of triaxiad restults can
be divided in two main groups: tests performed HELC, where tests were done at given confining
stresses, and tests obtained from literature, wihereonfining stresses take up different values@la
given range. The former are considered tests gvibuped data, while the latter are not, and so soime
the above described statistical tests cannot bkedpp them.

For all 12 sets of LNEC tests, Table 1 includes gbereference, the rock type, the confining

stresses used for the tests, the number of thstsnéan parameters calculated for the Mohr-Coulantb
the Hoek-Brown criteria, and the standard deviatiohboth regressions.

Table 1. Mean regression parameters of LNEC tests

Mohr-Coulomb Hoek-Brown

Set It?ock tConfininlap n O S p c O S
ype  stresses (MPa) " tanf \ipaymMPa) (°) (MPa) ™ (MPa)(MPa)

Gie Grante 0.5, 1,2,5 21 10.80 638 153 562 9.7 295 60.6 15.2
o Granite 0:1:2:5.10 25 12.30110.4 22.1 58.2 157 34.2 106.7 22.7
Ga Granite 0-1.2:5 10 24 944 119.0 16.0 53.9 19.4 23.7 1156 15.4
Guws Granite 0 1.2-5 10 22 478 811 12.4 40.8 185 94 802 12.4
Geer Granite 0:2:5:10: 15 22 6.69 139.9 27.9 47.7 27.0 151 137.3 27.8
G Granite 02 5 10 16 21 8.34 1015 20.4 51.8 17.6 24.0 93.6 18.2
Gyow Granite 0.2 5 10 17 20 12.98129.2 19.1 59.0 17.9 41.6 120.6 19.9
P, Pegmatite 0; 2. 5 10; 18 20 7.80 88.4 39.3 50.6 15.8 24.3 80.1 38.1
Goror Granite 0:0.5:1:2:5 30 859 52.6 17.6 52.3 9.0 22.6 50.2 17.4
MomMigmatite 0:0.5. 1. 2:5 34 453 38.4 14.8 397 9.0 12.6 343 150
S Schist  0-1:2:5:10 23 410 20.2 195 37.4 50 161 154 188
Ghia,Greywacke 0: 1: 2: 5. 10 28 3.33 59.6 17.3 32.6 163 5.8 59.0 17.2

Table 2 comprises a similar description of the #&fs of triaxial tests results gathered from
various references found in the literature. Numaertests come from the fundamental paper from
Franklin and Hoek (1970). The limestone | testshatted to Schwartz (1964) were reported by Singh,
Raj & Singh (2011), and the granite LdB tests wanesented by Suorineni, Chinnasane & Kaiser (2009)
but refer to Martin’s (1993) tests. Some adjustraéatthe results were introduced prior to the eatadun
of the regression results presented in Table 2neSautliers were removed. Tests were performedgalo
a wide range of confining stresses, but some smttaimed various tests under null confining stress
(uniaxial tests). In these cases, in order natviersample that specific valugs€0), just a single average
value was considered. On the other hand, the #adests, which could also be considered as gupe
data, included a large quantity of results fromanial tests. In this particular case, nine res(itiean
value of tests of each data group) were randonaleai and included in the regressions.

Residuals of the Mohr-Coulomb and Hoek-Brown cigtdrom the triaxial tests results with
grouped data (LNEC) were checked for heteroskezistising the following statistical tests: Levene
(using the mean), Brown-Forsythe (using the mediBaytlett, White (both thé and LM statistics),
Breusch-Pagan (both tieandLM statistics), and Cochran. Mostly, the statistteats accepted the null
hypothesis that the variances are equal, excepthidrpegmatite set,R, and the schist set;», as
displayed in Tables 3 and 4'fheaning the null hypothesis is accepted, anthat it is rejected). It is
interesting to note that the pegmatite set exhileiggession standard deviations s much largerdhahe
rest.

Table 2. Mean regression parameters of literatstst



Rock grange gghr-csoulorr;)b _ HoeI;—Erowg
Cl Cl

type  (MP2) " tang ipaympa) () (MPa) ™ (MPa)(MPa)
Franklin & Hoek (1970) Dolerite 0-44.1 24 5.97298.8 22.7 455 61.2 2889 13.8 21.7
Franklin & Hoek (1970) Granite 0-38.1 32 7.96225.3 25.7 51.0 39.9 2166 19.9 26.4
Franklin & Hoek (1970)Limestone 1 0 —46.6 29 3.24100.9 18.9 31.9 28.0 925 7.4 182
Franklin & Hoek (1970)Limestone 22.9 — 36.633 2.86 60.2 16.0 28.8 17.8 514 7.0 15.6
Franklin & Hoek (1970) Marble 0-51.7 12 3.54 96.3 9.2 34.0 25.6 90.6 8.4 11.7
Franklin & Hoek (1970)Sandstone 10 —51.7 21 4.06 84.0 19.3 37.2 20.8 61.8 15.9 14.8
Franklin & Hoek (1970)Sandstone 20 — 52.8 22 4.45102.0 12.6 39.3 24.2 78.1 16.6 8.4
Franklin & Hoek (1970)Sandstone 30 —50.1 27 5.00219.4 15.1 41.8 49.1 2058 12.4 11.3
Sari (2012) Andesite 0-25 128 4.04 77.9 13.8 37.1 194 77.0 89 14.2
Schwartz (1964) Limestonel 0-68.4 11 152 59.7 7.9 12.0 24.2 565 15 7.1
Suorineni et al (2009) Granite LdB0.5 — 29.428 11.35215.9 32.7 56.9 32.0 2007 33.7 28.5

Reference

Table 3. Statistical tests for the Mohr-Coulomhtezion of LNEC results
Brown- Breusch- Breusch-

Set I,?OCek I(_ri\éZTS Forsythe Bartlett WE'te V\Il_r,l}lte Pagan Pagan Cochran
yp (median) F LM
Guic  Granite v v v v v v v v
Gos Granite v v v v v v v v
Gawt Granite v v v v v v v v
G4W2/3 Granite v v v v v v v v
Gspey  Granite v v v v v v v v
Gepres  Granite v v v v v v v v
Grpar Granite v v v v v v v v
Pipar  Pegmatite X X X v v v X X
Ggpem  Granite v v v v v v v v
Mipem Migmatite v v v v v v v v
Siaw Schist v v X v v X X X
Griyy  Greywacke v v v v v v v v

Table 4. Statistical tests for the Hoek-Brown crite of LNEC results

Brown- . . Breusch- Breusch-
Set I,?OCek I(_r?w\ézrrls Forsythe Bartlett WE'te V\Il_r,l}lte Pagan Pagan Cochran
yp (median) F LM
Guic  Granite 4 v v v v v v v
Gy Granite v v v v v v v v
Gawt Granite v v v v v v v v
G4W2/3 Granite v v v v v v v v
Gspey  Granite v v v v v v v v
Genes  Granite 4 v v v v v v v
Grpar Granite v v v v v v v v
Pipar  Pegmatite X X X v v v X X
Ggpem  Granite 4 v v v v v v v
Mipem Migmatite v v v v v v v v
Siav Schist v v X X v X X X
Griyy  Greywacke v v v v v v v v

For the triaxial tests results taken from literattive statistical tests used were: White (bothHthe
and LM statistics), Breusch-Pagan (both fheand LM statistics), and Park 6tatistic). For the latter,
uniaxial tests results were not considered. Al boe statistical test accepted the null hypothesss
displayed in Tables 5 and 6.

DISCUSSION AND CONCLUSIONS

The analysis of the statistical tests shows thatititact rock strength derived from results of
triaxial tests does not display any evidence oéfweskedasticity. Subsequently, the ordinary resipes
(linear and non-linear) performed to determine tiean parameters of the Mohr-Coulomb and Hoek-
Brown criteria can be used; moreover, the variata#stics that they provide are statistically rstband
allow to infer 95% confidence intervals and 5% filas, as defined in EC7. If this conclusion was



precisely the opposite, the mean parameters dfitite-Coulomb and Hoek-Brown criteria could still be
evaluated using common regressions, but standardtides would require different statistical appbes.
Beforehand, it could be anticipated that the vamawf the results would increase with increasing
confining stresses: a harder specimen of rock wadigglay both higher internal cohesion and friction
angle than a weaker rock, thus increasing dispersitowever, possibly due to the relatively smafige

of applied confining stresses, this assumption measconfirmed.

Table 5. Statistical tests for the Mohr-Coulombierion of literature results
Rock White  White Breusch- Breusch- Park
type LM PagarF PaganM
Franklin & Hoek (1970) Dolerite
Franklin & Hoek (1970) Granite
Franklin & Hoek (1970)Limestone 1
Franklin & Hoek (1970)Limestone 2
Franklin & Hoek (1970) Marble
Franklin & Hoek (1970)Sandstone 1
Franklin & Hoek (1970)Sandstone 2
Franklin & Hoek (1970)Sandstone 3
Schwartz (1964) Andesite
Sari (2012) Limestone |
Suorineni et al (2009) Granite LdB

Reference

AV N NN N N N NN NN |
AN N NN N N N Y N NN
AR N NA NN N Y N N NN
AN N NN N N N Y N NN
KA X |~

Table 6. Statistical tests for the Hoek-Brown ciite of literature results
Rock White ~ White Breusch- Breusch- Park
type LM PagarF PaganM
Franklin & Hoek (1970) Dolerite
Franklin & Hoek (1970) Granite
Franklin & Hoek (1970)Limestone 1
Franklin & Hoek (1970)Limestone 2
Franklin & Hoek (1970) Marble
Franklin & Hoek (1970)Sandstone 1
Franklin & Hoek (1970)Sandstone 2
Franklin & Hoek (1970)Sandstone 3
Schwartz (1964) Andesite
Sari (2012) Limestone |
Suorineni et al (2009) Granite LdB

Reference

N N N N N N NN
NN N N N NN NN
NN N NN NN NN
NN N N N NN NN
N N N N N N N

Considering the standard deviations of the regoessithere is no clear difference in the fits
from both strength criteria to the tests resultswiver, in some cases, the Hoek-Brown criteriowsho
better estimates.

These conclusions were derived considering bothpgd and scattered data. To date, just these
23 sets of results were analysed, and it is reteiaremind that the number of tests of some setaufnd
20) can be judged small in the statistical cont&xt, this type of analysis should continue in orgber
confirm the main conclusion about homoskedastieityd, for now, it seems more appropriate to perform
triaxial tests under 4 or 5 confining stresses thatler grouped data, that allows easier waysstotle
hypothesis that variance does not change wgth
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