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Abstract The uniaxial compressive strength (UCS) of

intact rock, which can be estimated using relatively

straightforward and cost-effective techniques, is one of

the most practical rock properties used in rock engi-

neering. Thus, constitutive laws to represent the strength

and behavior of (intact) rock frequently use it, along with

additional intrinsic rock properties. Although triaxial tests

can be employed to obtain best-fit failure criterion

parameters that provide best strength predictions, they are

more expensive and require time-consuming procedures;

as a consequence, they are often not readily available at

early stages of a project. Based on the analysis of an

extensive triaxial test database for intact rocks, we pro-

pose a simplified empirical failure criterion in which rock

strength at failure is expressed in terms of confining

stress and UCS, with a new parameter which can be

directly estimated from the UCS for a specified rock type

in the absence of triaxial test data. Performance of the

proposed failure criterion is then tested for validation

against experimental data for eight rock types. The

results show that strengths of intact rock estimated by the

proposed failure criterion are in good agreement with

experimental test data, with small discrepancies between

estimated and measurements strengths. Therefore, the

proposed criterion can be useful for preliminary (triaxial)

strength estimation of intact rocks when triaxial tests data

are not available.

Keywords Uniaxial compressive strength � Intact rock �
Failure criterion � Rock strength

1 Introduction

A rock failure criterion represents the strength of rock

under different loading conditions. Several failure criteria

have been proposed during the past decades by many

researchers (see Hoek and Brown 1997, 1980; Sheorey

1997; Singh and Singh 2005; Singh et al. 2011), and a

new working group of the International Society of Rock

Mechanics (ISRM) on ‘‘Suggested Methods for Failure

Criteria’’ was established to ‘‘to standardize the different

failure criteria used in practice and make the ISRM

members aware of new developments’’ (Haimson and

Bobet 2012). Table 1 lists the failure criteria covered by

the working group and the associated references.

Some of these failure criteria utilize the principal

stresses (i.e., the intermediate principal stress, r2, and the

minor principal stress, r3) to find the major principle stress,

r1 at failure. Several failure criteria neglect the influence of

r2 and they are referred to as ‘‘two-dimensional’’ (2D)

criteria; however, in many cases, ‘‘three-dimensional’’ (3D)

criteria that incorporate the influence of r2 could better

represent the behaviour of rock in the field. However, 3D

failure criteria are not yet so commonly employed in

practice; a practical limitation is that ‘‘the use of a true

triaxial testing apparatus’’ is required, even though ‘‘at this

time only a few such devices are available’’ (Chang and

Haimson 2012).
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Triaxial tests can be employed to estimate the criterion

parameters that optimize strength predictions over a wide

range of stress values. However, in addition to specific

equipment requirements, they require time-consuming

setup and testing procedures. The uniaxial compressive

strength of intact rocks (UCS or rci)—which is the most

common parameter for rock failure criteria, as well as a

useful parameter for rock mass behavior and rock mass

classifications (Zare-Naghadehi et al. 2011; Bieniawski

1989; Mark and Molinda 2005)—can be more easily

measured in the laboratory using simpler equipment (Ul-

usay and Hudson 2007); it can also be estimated using the

point load test with unprepared rock cores (ISRM 1985) or

other non-destructive methods such as the sound velocity

test (Karakus et al. 2005).

In many practical rock engineering applications—spe-

cially at early stages of a project or in projects with time

and/or budget constraints—we need to estimate (intact)

rock strength without using advanced tests. Therefore, a

failure criterion that provides good strength predictions

with basic information, such as UCS and rock type, is

useful. We propose one such criterion, and we compare it

with the predictive capabilities of other common rock

failure criteria.

2 A New Criterion for Intact Rock Strength

After the analysis of an extensive database of triaxial test

data for intact rock and by a trial and error process that

explores analogies with the non-linear criterion proposed

by (Bieniawski 1974), we propose a new failure criterion

for intact rock. With our new criterion, the maximum

(effective) principal stress at failure, r1, can be computed

as a function of the confining (effective) stress, r3, as:

r1 ¼ r3 þ rci þ Brci

r3

rci

� �0:5

ð1Þ

where rci is the uniaxial compressive strength of intact

rock and B is a dimensionless parameter. If N triaxial tests

are available, the best-fitting estimate of B can be

computed as:

B ¼
PN

j¼1
r1; j�r3; j�rci

rci

� �
PN

j¼1

ffiffiffiffiffiffi
r3; j

rci

q� � ð2Þ

3 Database and Background for Comparison of Results

3.1 Database of Triaxial Testing Results

To check the validity of the new criterion and to estimate

B when triaxial data is not available, we collected an

extensive database of intact rock strengths, which includes

1579 triaxial tests corresponding to 28 rock formations

from projects worldwide. Our database extends the one

originally compiled by Singh et al. (2011) (available as

supplementary material with their publication); including

389 additional sets of triaxial data from RocData 4.0

(RocData 2012).

3.2 Other Failure Criteria Used for Comparison

Sheorey (1997) reviewed failure criteria for intact rock

available in the literature up to 1997. Here, we briefly

present some of the criteria that have gained a wide

acceptance in rock engineering; further below, we will

compare them with our proposed criterion.

3.2.1 The Hoek–Brown Criterion for Intact Rock

The Hoek–Brown (HB) failure criterion for intact rock (see

e.g., Hoek and Brown 1980) is a non-linear criterion

developed by empirical curve-fitting to a large database of

triaxial tests on different rocks. The fit is conducted in

terms of r1/rci and r3/rci, for which a parabolic function

fits naturally as:

r1 ¼ r3 þ rci mi

r3

rci

þ 1

� �0:5

ð3Þ

where mi is the criterion parameter.

Hoek and Brown (1997) provided regression solutions to

estimate mi and rci when triaxial data is available, and they

recommended that only data within a 0 B r3 B 0.5 rci

range should be used for such task. When triaxial data is

not available, Hoek and Brown (1997) also recommended a

table of mi values to produce ‘‘estimates can be used for

preliminary design purposes’’ and Hoek (2007) later

updated such recommendations.

3.2.2 The Parabolic MC Criterion

Another common failure criterion for intact rock is the

Mohr–Coulomb (MC) criterion. The original form of the

Table 1 ISRM suggested methods for rock failure criteria

Failure criteria References

Mohr–Coulomb Labuz and Zang (2012)

Hoek–Brown Eberhardt (2012)

3D Hoek–Brown Priest (2012)

Drucker–Prager Alejano and Bobet (2012)

Lade and modified Lade da Fontoura (2012)

Based on true triaxial testing Chang and Haimson (2012)
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MC criterion is linear—therefore, neglecting the rock

strength is a non-linear function of confining stress. Using

the critical state concept of Barton (1976), Singh and Singh

(2005) extended the original MC criterion to the following

non-linear parabolic criterion:

r1 ¼ Ar2
3 � 2Ar3rci þ rci þ r3; for 0� r3� rci ð4Þ

r1 ¼ r3 þ rci � Ar2
ci; for r3 [ rci ð5Þ

where A is the criterion parameter.

Singh and Singh (2005) provided expressions to com-

pute A for a given set of triaxial data, and suggested that ‘‘If

sufficient number of triaxial test data are available, the

fitting of the experimental data into the strength criterion

may be improved further by treating both A and rci as

unknowns, and determining them through the least square

method.’’ They also indicated that, when no triaxial data is

available, A can be estimated from rci using the following

expression:

A ¼ �3:97r�1:10
ci ð6Þ

where rci is expressed in MPa and falls within a

(7–500) MPa interval.

3.2.3 The Modified Mohr–Coulomb Criterion

Singh et al. (2011) built on the parabolic MC criterion of

Singh and Singh (2005) to propose a ‘‘Modified Mohr–

Coulomb’’ (MMC) criterion. Their MMC criterion can be

expressed as:

r1 ¼ r3 þ rci �
1

rci

sin /0

1� sin /0

r2
3

þ 2
sin /0

1� sin /0

r3; for 0� r3� rci ð7Þ

r1 ¼ r3 þ
rci

1� sin /0

; for r3 [ rci ð8Þ

where the internal friction angle for low confinement

pressures, /0, is the criterion parameter for intact rocks.

When N triaxial tests conducted at 0 B r3 B rci are

available, /0 can be computed as (Singh et al. 2011):

B
0 ¼ �2rci

PN
j¼1 r1;j � r3;j � rci

� �
PN

j¼1 r2
3;j � 2rcir3;j

� � ð9Þ

sin /0 ¼
B
0

2þ B
0 ð10Þ

3.3 Criteria for Comparison of Performance

We use three different error measurements to assess the

validity of predictions computed with different criteria: the

regression R-square value (R2); the discrepancy percentage

or relative difference (Dp); and the average absolute

relative error percentage (AAREP) (AAREP is preferably

used below because it is a simple estimator that provides a

direct indication of the absolute size of the error in the

prediction). Their definitions are:

R2 ¼ 1�
PN

i¼1 robs
1;i � rpred

1;i

� �2

PN
i¼1 robs

1;i � E½robs
1 �

� �2
ð11Þ

Dp;i ½%� ¼
rpred

1;i � robs
1;i

� �
robs

1;i

� 100 % ð12Þ

AAREP ½%� ¼

PN
i¼1

rpred

1;i
�robs

1;i

robs
1;i

				
				

N
� 100 % ¼

PN
i¼1 Dp;i

		 		
N

ð13Þ

where N is the number of available observations, r1
obs

indicates observed test results, r1
pred indicates values pre-

dicted by the criteria, and E½�� denotes the expectation (or

statistical mean) operator.

Based on the definitions above, it is clear that, the

smaller the AAREP, the more reliable the model. On the

other hand, R2 increases with the quality of the predictions,

so that higher R2 values correspond to models with lower

AAREP values. Dp,i, that is needed to compute AAREP, is

the relative difference between predicted and observed

values for the i-th test.

4 Results and Discussion

4.1 Sensitivity of Parameters to Stress Range of Fitting

Dataset

A robust estimation of criterion parameters [i.e., B in

Eq. (1); mi in Eq. (3); A in Eq. (4); and /0 in Eq. (7)] is

critical for users employing a failure criterion in practice.

Rock engineers commonly use regression methods to

derive criterion parameters, so that their estimated val-

ues—and their associated uncertainties—will depend on

the number and quality of available data. Similarly, when

available data correspond to low-stress regimes only, the

reliability of the predictions may be reduced if the ‘‘shape’’

of the criterion mathematical expression does not ‘‘cap-

ture’’ the real curvature of the failure criterion for that

specific rock. In that sense, Singh et al. (2011) emphasized

the importance of having criteria which are insensitive to

the range of confining stress used for fitting; otherwise,

they state that ‘‘to get true behaviour of rock at high con-

fining pressure, it will be necessary to conduct triaxial tests

at higher confining pressure’’—and these tests are more

difficult and expensive.
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As an example, Table 2 compares the criterion param-

eters fitted, for increasing confining stresses, with a

well-known dataset of triaxial tests conducted on marble

(Schwartz 1964). To illustrate the variability of estimated

parameters with confining stress, we employ T = pmax/

pmin that represents the ratio between the maximum and the

minimum (in absolute value) of the estimated parameters,

pmax and pmin. Of course, T values close to one indicate that

the estimation of criterion parameters is ‘robust’ (i.e., it is

insensitive to the range of stresses employed for fitting);

whereas higher T values indicate that criteria are more

sensitive to the range of confining stresses employed for

fitting.

The illustrative example of Table 2, of course, needs to

be extended to other rock types and other sets of testing

results. Figures 1 and 2 show histograms of T values for a

complete analysis of the database. Since some authors

recommend fitting the criteria for low-stress regimes (with

r3 values lower than 0.5rci or rci), we conduct two

comparisons: first, considering only data points with

r3 B rci (Fig. 1); and second, considering all data points

in the database (i.e., also including those for r3 [ rci;

Fig. 2).

Results suggest that the HB criterion parameter, mi, is

the most sensitive to the range of stresses employed for

fitting; whereas the /0 parameter of the MMC criterion is

the least sensitive to such stress range. The B parameter of

our proposed criterion, as well as the A parameter of the SS

criterion, have an intermediate (and very similar) vari-

ability as a function of the fitting stress range.

4.2 Predictive Capabilities with Triaxial Data

Available

Next, we compare the predictive capabilities of the dif-

ferent strength criteria when triaxial data, from which their

parameters can be fitted, are available. To identify the

stress conditions of different tests, we use ‘open’ plotting

symbols for tests in the ‘low’ stress range (i.e., with

r3 B rci), and ‘filled’ symbols for tests in the ‘high’ stress

range (i.e., with r3 [ rci). The stress ranges employed for

fitting in each case, as well as the associated prediction

errors (as expressed by their AAREPs), are discussed

below.

Using Eq. (2) to compute the B parameter for each set of

triaxial tests, we can compare the predictions of our cri-

terion [r1,proposed, computed with Eq. (1)] with the testing

results (r1,obs, see Fig. 3). The best results, with AAREP

values of 5.49 % for ‘low’ stresses and 4.49 % for ‘high’

stresses, are obtained when the B parameter is fitted con-

sidering the full range of r3 values (i.e., 0 B r3; see

Fig. 3), although very good results are also obtained when

more limited stress ranges are employed for fitting. In

particular, AAREP values become 5.28 and 8.79 %,

respectively, for data in ‘low’ and ‘high’ stress regimes

when B is fitted using 0 B r3 B rci data only; and 5.53 and

10.74 % when B is fitted using r3 B 0.5 rci.

Similarly, we compare observed and predicted strengths

for the other criteria considered. Figure 4 presents the

results for the HB criterion when mi is fitted using Hoek

and Brown’s recommended expressions and stress ranges

(i.e., for 0 B r3 B 0.5 rci), providing AAREP values of

7.91 and 9.58 %, respectively, for ‘low’ and ‘high’ stress

values (when the stress range is extended to 0 B r3 B rci,

the AAREP becomes 9.60 % for ‘low’ stress data and

9.44 % for ‘high’ stress data; for 0 B r3, the AAREP

becomes 11.36 % for ‘low’ stress data and 27.31 % for

‘high’ stress data).

Finally, Fig. 5 compares observed strengths and those

predicted with the SS/MMC criteria (they are presented

together because they provide very similar results). Fol-

lowing the authors’ original recommendations, the criteria

were fitted using Eq. (10) with data for ‘low’ stress regimes

(i.e., 0 B r3 B rci), providing AAREP values of 5.08 %

for ‘low’ stresses and 20.23 % for ‘high’ stresses (fitting

for 0 B r3 B 0.5rci, AAREP values become 5.57 % for

‘low’ stress data and 20.40 % for ‘high’ stress data; fitting

for r3 C 0, they become, respectively, 12.49 and 98.95 %.)

It can be observed that our proposed criterion has very

good predictive capabilities and, in particular, that it pro-

vides adequate predictions of rock strength even in the

Table 2 Evolution of estimated criterion parameters as testing data

corresponding to increasing stress are employed for the regression

Data used

for fitting

r3

(MPa)

r1 (MPa) HB SS MMC Proposed

mi A /0 B

1 0 28.9

2 6.89 75.8

3 13.79 104.1 17.50 -0.11 48.91 2.98

4 20.68 124.8 14.41 -0.10 48.37 3.02

5a 27.58 142.7 12.06 -0.10 48.42 3.03

6 34.48 160.0 10.68 -0.11 49.07 3.04

7 41.37 175.2 9.50 -0.11 50.22 3.04

8 48.27 189.6 8.56 -0.13 51.94 3.03

9 55.17 202.7 7.70 -0.15 54.31 3.02

10 62.07 215.2 6.97 -0.19 57.55 3.01

11 68.96 229.6 6.56 -0.26 62.11 3.00

T valuesb 2.67 2.60 1.28 1.02

T valuesc 1.45 1.10 1.01 1.02

HB Hoek and Brown (1980), SS Singh and Singh (2005), MMC Singh

et al. (2011)
a Last test for which r3 \rci

b Using fitted values for all data points
c Using only data with r3 \rci
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‘high’ stress range of r3 C rci. Those predictive capabili-

ties are particularly good when B is fitted using data for all

stress ranges, and they also outperform other methods

when B is fitted using data for ‘low’ stress regimes only.

4.3 Predictive Capabilities Without Available Triaxial

Data

To estimate rock strength with the proposed criterion when

triaxial data is not available, we need to be able to infer the

B parameter from other available information. To that end,

we will assume that the uniaxial compressive strength of

the intact rock is known, since rci can be easily measured

in the laboratory or estimated in the field—using, for

instance, correlations with point load test results. We first

consider predictions based on rci only (for a ‘general’ rock

type), and then, we showed that they improve significantly

using rock type specific predictions.

4.3.1 Predictions Using rci Only

First and despite the conceptual drawbacks discussed

below, we proceed without incorporating ‘rock type’ into

the analysis. The reason is that this allows us to compare

our results with predictions obtained with the criterion by

Singh and Singh (2005) and their proposed general

expression to estimate A (Eq. 6).

Our analyses of the database suggest that B can be

estimated, with a relatively small error, when rci of the

intact rock is known (B values are computed using Eq. (2)
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and the existing triaxial tests from the database). Figure 6

shows that there is a clear relationship between B/rci and

rci; fitting a regression curve, we obtain that, given rci

(MPa) and for a ‘general rock’, we can estimate B as:

B ¼ arbþ1
ci ; with rci in MPa ð14Þ

where the best-fit for a ‘general’—or unspecified—rock

type is obtained for a = 2.0 and b = -0.97.

B values estimated from rci using Eq. (14) can be

employed, using the criterion proposed in Eq. (1), to esti-

mate the strength of a ‘general’ intact rock at different

confining stresses. Figure 7 compares strength values

estimated using such procedure with experimental results,

and we can compare our results with results provided by

the SS criterion with their general predictive relationship

given by Eq. (6) (see Fig. 8).
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As expected, the predictive capabilities of both criteria

decrease when triaxial data is not available, with AAREP

values that are significantly greater than those presented in

Sect. 4.2. The predictive capabilities of both methods are

similar: although the SS criterion provides slightly better

estimates for ‘low’ stresses (AAREPs of 13.40 % for SS

vs. 14.04 % for the proposed method), our method per-

forms slightly better than SS for ‘high’ stresses (AAREPs

of 31.12 vs. 27.16 %) (we do not compare with the HB

criterion because recommended mi values are only avail-

able for specific rock types; see below for additional

discussion).

The conceptual drawback with this ‘general’ relation-

ship between UCS and B is that although supported by

statistics, it is not strictly correct. The reason is that, based

on Coulomb’s failure theory, 2D rock strength criteria

should define two independent parameters: (1) a reference

point (e.g., UCS) and (2) a dependency on confining

pressure, which is expressed by internal friction (B in our

criterion, as well as mi, A, and /0 in the other criteria

considered herein, are related to internal friction). The two

parameters (e.g., UCS and internal friction) are indepen-

dent and that is why most criteria require at least two

material constants. With Eq. (14), we correlate these two

parameters, which is a much more reasonable assumption

for a specific rock type than for a ‘general’ rock. That

explains why ‘rock specific’ relationships, that incorporate

information about rci and rock type, perform better and

why, if possible, they should be preferred in practice.

4.3.2 Predictions Using rci and Rock Type

Next, we try to improve the predictions of the proposed

criterion, when triaxial data is not available, using infor-

mation of the rock type for which rci is known. To that end,

we consider eight rock types from the database for which

there are, at least, four groups of data and 27 tests avail-

able—i.e., at least four projects with a total of 27 tests.

Then, for each rock type and following the same procedure

discussed above, we develop specific B - rci correlations,

obtaining the a and b parameters that provide best-fit

regression results using Eq. (14).

Figure 9 shows the best-fit regression curve [based on

Eq. (14)] for each specific rock type and compares exper-

imental values with those predicted using rci and the

computed best-fit a and b parameters for each rock type.

Table 3 lists the best-fit estimates of a and b that can be

employed [together with Eq. (14)] to estimate B using rci

for a given rock type. It also includes information, for each

rock type, about (1) their performance, as indicated by the

R2 coefficient and by AAREP [%]; (2) the number of

groups and of triaxial tests available; and (3) ranges of

rci, r3, and r1 of tests (note that relationships with reduced

number of data should be employed with care).

4.4 Discussion of Results

First, we should mention that comparisons between pre-

dicted and measured strengths presented above (see

Figs. 3, 4, 5, 7, 8) are presented in a log–log scale.

Although this allows us to present data covering several
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orders of magnitude, readers should be aware that these

plots may give an impression of a better fit than it is. This

can be observed when two plots with the same level of

AAREP—such as Fig. 4 (in log–log scale) and Fig. 9c (in

standard scale)—are compared.

In addition, although our criterion provides good

agreement with triaxial data conducted at high confinement

stresses, it should be emphasized that r2 plays a relevant

role on rock failure, so that a 3D failure criterion could

preferred in such cases. However, given that true-triaxial

testing devices are not easily available (Chang and Haim-

son 2012), the use of true-triaxial tests to fit such criteria at

early stages of a project is even more unusual than with

conventional triaxial tests. Similarly, currently available

true triaxial data are limited, so that it would be unfeasible

to derive reliable predictive equations. For those reasons

and since neglecting r2 simplifies the criterion and is

usually conservative, we decided to focus our efforts on

developing predictive relationships for a conventional

(triaxial) failure criterion.

The results presented above are fitted using mathemat-

ical formulas proposed by the original authors of each

criterion. Those formulas, however, are not guaranteed to

provide minimum AAREP values. Therefore, we may use

Table 3 Best-fit a and b parameters to estimate B using rci for specific rock types

Rock type Data groups Data points rci (MPa) r3,max
a (MPa) r1,max

b (MPa) a b R2 AAREP (%)

(min) (max)

Coal 30 200 5.3 52.0 71.4 242.0 13.0 -1.50 0.95 8.06

Dolomitec 4 27 148.0 507.0 273.0 1,373.0 2.0 -1.02 0.99 3.59

Gneissc 5 25 44.7 326.8 50.0 516.0 5.0 -1.15 0.94 7.08

Granite 19 163 82.9 363.0 700.0 2,700.0 75.0 -1.60 0.87 11.74

Limestone 31 204 44.0 331.6 103.5 566.32 5.0 -1.2 0.90 10.64

Marble 19 166 15.8 137.8 165.0 399.3 22.0 -1.6 0.92 7.71

Quartzdioritec 5 43 76 268 50.0 600.0 6.0 -1.2 0.95 6.04

Sandstone 63 456 24.3 266.5 386.2 909.4 5.0 -1.16 0.92 10.79

Generald 158 1,190 5.3 507.0 3,100.0 7,610.0 2.0 -0.97 0.87 15.35

a r3,min = 0 in all cases.
b r1,min = rci,min in all cases.
c To be used with care due to more limited data
d To be used when rock type is unknown or not specified. Includes rock types not listed above.

Table 4 Comparison of best-fit solutions that minimize the AAREP for the N = 5 tests with r3 \rci in the marble database example (Schwartz

1964)

r3 (MPa) r1
obs (MPa) HB

mi = 16.732

SS

A = -0.101

MMC

/0 = 48.166

Proposed

B = 3.076

r1
est (MPa) Dp (%) r1

est (MPa) Dp (%) r1
est (MPa) Dp (%) r1

est (MPa) Dp (%)

0.00 28.90 28.90 0.00 28.90 0.00 28.90 0.00 28.90 0.00

6.89 75.80 71.44 -5.75 71.32 -5.92 71.26 -5.98 79.20 4.48

13.79 104.10 100.41 -3.54 104.16 0.06 104.07 -0.03 104.10 0.00

20.68 124.80 124.77 -0.02 127.33 2.03 127.21 1.93 124.78 -0.02

27.58 142.70 146.63 2.75 140.89 -1.27 140.77 -1.35 143.32 0.44

34.48 160.00 166.80 4.25 147.97 -7.52 147.85 -7.59 160.48 0.30

41.37 175.20 185.73 6.01 154.86 -11.61 154.74 -11.68 176.63 0.82

48.27 189.60 203.76 7.47 161.76 -14.68 161.64 -14.75 192.06 1.30

55.17 202.70 221.04 9.05 168.66 -16.79 168.54 -16.85 206.90 2.07

62.07 215.20 237.71 10.46 175.56 -18.42 175.44 -18.48 221.25 2.81

68.96 229.60 253.84 10.56 182.45 -20.54 182.33 -20.59 235.18 2.43

AAREP (N = 5) 2.41 % 1.85 % 1.86 % 0.99 %

AAREP (N = 11) 5.44 % 8.39 % 9.02 % 1.33 %
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optimization procedures readily available in common

spreadsheet or mathematical software to analyze the ‘best’

predictive capabilities that each criterion can achieve. In

other words, we find the criterion parameter that minimizes

AAREP for a specific triaxial dataset.

Table 4 presents an example of such an analysis. In

particular, it compares the quality of the fit—or, in other

words, the predictive capabilities of each criterion—for the

marble test results employed above. To compare results,

we select the parameters that minimize the AAREP of the

N = 5 tests for which r3 \ rci, although we also provide

the AAREP for the total number of tests (N = 11).

Figure 10a compares the original test results with the

estimations provided by all failure criteria using their

optimally fitted parameters that minimize AAREP.

Figure 10b shows the predictions that different criteria

would provide had only rci and rock type been known at

the time of prediction. For our criterion, we use two

B values computed for rci = 28.9 MPa: B = 2.21, cor-

responding to ‘general rock’ a and b parameters (see

Table 3) in Eq. (14) and B = 2.92, obtained using specific

a and b parameters for marble (Table 3). Respectively, this

gives values of AAREP (N = 11) at 14.03 and 1.73 %.

Similarly, we use the SS criterion with A = -0.098, as

obtained by introducing rci into Eq. (6); as well as the HB

criterion with the recommended value for marble of mi = 9

(Hoek and Brown 1997). This gives values of AAREP

(N = 11) at 10.05 % (for SS) and 14.75 % (for HB). These

results illustrate that our proposed criterion can provide

good estimates of (intact) rock strength, for a wide range of

confining stresses, using only its uniaxial compressive

strength. It also emphasizes that such estimates can

improve with type-specific relationships.

Results presented in Fig. 10 and Table 4, however,

provide only one example for a specific type of rock

(marble). To compare the predictive capabilities of the

different criteria, we need to go beyond and compare the

criteria with additional datasets and additional types of

rocks. Figure 11 presents the results of such an analysis, in

which we use the (empirical) cumulative distribution

functions (CDF’s) of AAREP values to assess the quality

of the fits provided by different criteria; i.e., for each cri-

terion and each AAREP value, the CDF indicates the

‘probability’ that the prediction error is less than such

threshold (probabilities are obtained by dividing the num-

ber of cases where the AAREP is smaller than the threshold

by the total number of cases considered). With this defi-

nition, curves with a ‘higher’ position in the plot indicate

criteria that provide a better fit to the available data.

Figure 11a shows the results obtained using all available

data (i.e., for the full range of r3 values), where criteria are

‘optimally’ fitted for their parameters to minimize AAREP

(note that an optimization problem is solved to minimize

AAREP in each case). Results indicate that, on average, the

HB criterion has the greatest flexibility, as it can be fitted to

provide the minimum AAREP, hence providing a CDF line

that is above the others. Our criterion and critical-state

based criteria (SS and MMC) provide similar flexibility in

their estimations, although their CDF values are slightly

smaller than for the HB criterion (the maximum difference

with our criterion is approximately 10 %).
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Fig. 10 Comparison of testing data and values estimated with

different failure criteria for the marble dataset (Schwartz 1964)
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Finally, Fig. 11b shows strength predictions based on rci

and rock type only (for the HB criterion, we use mi values

recommended in Table 3 of Hoek (2007), and we use an

intermediate mi value for coal as suggested in Table 2 of

Hoek and Brown (1997). In this case, we include two CDF

lines representative of our method: one for ‘general’ a and

b parameters and one for ‘specific’ parameters for each

rock type. Results indicate that, when no rock type specific

information is included, our criterion provides very similar

predictions to those of the SS/MMC criteria (note that,

although predictions with the HB criterion are better, it

uses information about rock types to select mi values for

the prediction). However, when rock specific information is

included, our criterion provides the best predictive capa-

bilities with an AAREP CDF curve clearly above the

others.

Therefore, the newly proposed criterion can be

employed, together with the proposed rock type specific

relationships, to develop good estimates of intact rock

strength when only rci and rock type are known.

5 Conclusions

Rock failure criteria express the strength of (intact) rock as

a function of confining stress and of additional parameters.

Although conventional triaxial or true triaxial tests can be

employed to obtain best-fit failure criterion parameters—a

set of conventional triaxial tests should indeed be consid-

ered as a minimum requirement to define a rock strength

criterion for relevant rock engineering projects—they are

more time-consuming and expensive, and therefore not

always readily available at early stages of a project. For

that reason, there is an interest to develop failure criteria

that provide good (intact, triaxial) rock strength estimates,

even in the absence of triaxial data, based on information

about the UCS of intact rock and of rock type.

We propose one such criterion and compare its predic-

tive capabilities—as measured by the AAREP, of predic-

tions conducted with an extensive database of triaxial tests

compiled from the literature—with those of other failure

criteria commonly employed in rock engineering: the

Hoek–Brown (HB), the Singh–Singh (SS) and Modified

Mohr–Coulomb (MMC) criteria.

When triaxial data over a wide stress range are avail-

able, results show that our proposed criterion has good

predictive capabilities, providing adequate predictions of

rock strength even in the ‘high’ stress range of r3 C rci.

Those predictive capabilities are particularly good when

the criterion is fitted using data for all stress ranges, and

they continue to outperform the predictions of other

methods (fitted using their traditional formulas) when B is

fitted using data for ‘low’ stress regimes only. If parameters

are fitted to minimize AAREP values over a wide stress

range, the HB is the most flexible criterion, although it is

more heavily influenced by the fitting stress range than our

criterion and, with a greater difference, than the MMC

criterion, hence suggesting that the availability of high-

stress data is more important for the HB criterion than for

the proposed criterion and the SS/MMC criteria.

In many practical applications, we need to estimate rock

strength without available triaxial data. Then, at the
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expense of a reduced accuracy, we can estimate rock

strength with simpler methods (e.g., based on rock type and

UCS): Hoek and Brown (1997) recommend mi values for

different rock types, whereas Singh and Singh (2005)

recommend a formula to estimate their A parameter (Eq. 6)

for a ‘general’ rock; similarly, we present a ‘general’

relationship between B and rci as well as ‘rock specific’

relationships (see Table 3).

When triaxial data are not considered and UCS is the

only information available, of course, the predictive

capabilities of all methods decrease. Our method provides

very similar results to the SS criterion when information

about rock type is not included and a ‘general’ rock type is

considered; however, when rock type is considered in

addition to UCS, strength predictions with our method

outperform predictions of the other criteria (SS criterion, or

the HB criterion with mi values estimated using rock-type

information). Since rock type is usually known in practice

and measuring—or estimating—rci is fast and inexpensive,

this leads to an improved method for estimating intact rock

strength, at early stages of a project, and with tools that are

readily available in rock engineering applications.

Finally, it should be noted that the proposed B vs. rci

relationships for different rock types are based on the

analysis of existing triaxial test data, so that their reliabil-

ity, and the corresponding level of accuracy of the

approach, depends on the quality and quantity of triaxial

test data. Therefore, the proposed relations are open for

further improvements as more triaxial test data become

available.
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