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Abstract

The Hoek-Brown failure criterion is a cornerstone of rock mechanics and is widely applied in the design of underground excavations,
slopes, and foundations. However, determining its intact rock constant (m,) conventionally requires multiple triaxial compression tests
under varying confining pressures, which are costly, time-consuming, and often infeasible when core quality or sample availability is
limited. Building upon recent advances in empirical, probabilistic, and elastic-based approaches, this study develops and validates
a practical method for estimating m, from standard uniaxial compressive strength (UCS) tests through analysis of the stress-dependent
Poisson's ratio. The proposed framework establishes a mechanical linkage between m, and the lateral deformation behavior of intact
rock, reflecting the influence of microcrack closure and brittleness. Extensive UCS data for granite, limestone, marl, sandstone, and
rock salt were analyzed to evaluate the method's reliability. The estimated m, values show excellent agreement with triaxial test results
for brittle lithologies and acceptable accuracy for more ductile rocks. Monte Carlo uncertainty analysis confirms the robustness of the
approach, particularly for crystalline and well-cemented formations. The method offers a cost-effective and theoretically grounded

alternative for preliminary design and rock characterization where triaxial testing is impractical, thereby enhancing the applicability of

the Hoek-Brown criterion in routine engineering practice.
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1 Introduction

One of the most commonly used failure criterion in the
rock mechanical and rock engineering practice is the
Hoek—Brown failure criteria, which can be expressed as
follow for intact rock [1]:
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where 0, and o, are the major and minor main stresses,
respectively, o is the uniaxial compressive strength of
the intact rock and m, is the Hoek-Brown (HB) mate-
rial constant, which depends on the type of the rock,
among the others.

The Hoek—Brown failure criterion is widely imple-
mented in numerical models and engineering design
guidelines for underground excavations, tunnels, slopes,
and mining. The parameter m, strongly influences pre-
dicted rock mass strength, deformation, and failure behav-
ior. Therefore, reliable estimation of m, is essential for safe

and economical design. The Hoek—Brown material con-
stant, m, can be determined with triaxial tests. Minimum
5 intact rock specimens are required for these measure-
ments — the laboratory investigations are time-consuming
and expensive. To reduce the number of specimens, Kovari
and Tisa [2] and Kovari et al. [3] proposed a new laboratory
measurement method for determining the failure envelope
on a specimen, which is also included in the proposals of
ISRM [4]. Recently, Narimani et al. [S] presents the advan-
tage and disadvantages of this 50 years-old procedure.

In recent decades, several researchers have proposed
alternative techniques to estimate the Hoek—Brown mate-
rial constant m, using indirect parameters and statistical
correlations. Marinos and Hoek [6] emphasized the empir-
ical relationships between geological strength index (GSI),
lithology, and intact strength parameters. [7, 8] further
developed classification-based estimation charts for m.
More recently, Aladejare and Wang [9] incorporated
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probabilistic regression approaches, while Arshadnejad
and Nick [10] and Tsiambaos and Sabatakakis [11] inves-
tigated empirical correlations between m, and uniaxial
compressive strength (UCS) for various lithologies. These
studies generally agree that m, is not constant even within
a lithological group but varies with microstructural fea-
tures such as grain size, cementation, and degree of frac-
turing. However, these correlations remain largely empir-
ical and often require extensive datasets for calibration,
which limit their universal applicability.

In addition to empirical and probabilistic approaches,
several studies emphasized the fundamental role of tensile
cracking and crack initiation processes in controlling brit-
tle rock failure and the Hoek—Brown material constant.
Diederichs [12] demonstrated that damage initiation, spall-
ing, and brittle failure around deep underground excavations
are strongly governed by the relationship between com-
pressive and tensile strength parameters. Later, Perras and
Diederichs [13] provided a comprehensive review of ten-
sile strength concepts and testing methods for rocks, high-
lighting the importance of tensile cracking in brittle failure
processes. These studies suggest that indirect relationships
between uniaxial compressive strength (UCS), tensile
strength, crack initiation stress, and HB parameter m, may
provide a physically meaningful framework for estimating
rock strength properties from standard laboratory tests.

2 Limitations of triaxial testing
Triaxial testing has long been regarded as a standard
approach for estimating intact rock strength parameters,
including the Hoek—Brown constant m,, because it subjects
specimens to controlled confining pressures that better
resemble in situ stress states than uniaxial tests. However,
despite this advantage, conventional triaxial testing has
several practical and methodological limitations that can
constrain its routine application in engineering practice.
First, triaxial tests are time-consuming and costly.
Preparing high-quality cylindrical specimens, applying
multiple confining pressure levels, and conducting full
strength envelopes require significant laboratory time and
resources. For a meaningful estimation of intact strength
parameters such as o, and m,, a series of triaxial tests at
different confining pressures often must be performed,
which increases both testing time and variability in results
due to specimen heterogeneity and sampling errors [9, 14].
Second, sample preparation and quality control present
challenges. Triaxial specimens must meet strict geometric
tolerances and surface finishes to ensure uniform stress

transmission and avoid eccentric loading, which can dis-
tort results. In practice, especially for poorer quality or
fractured rocks, obtaining enough intact cores that satisfy
these requirements is difficult, leading to weak statistical
confidence in the derived strength envelope.

Third, conventional triaxial tests ignore three-dimen-
sional stress states. Most laboratory triaxial cells apply
an equal confining pressure in the two minor principal
stress directions (o, = o,), whereas in the field the inter-
mediate principal stress o, can differ significantly from ..
True triaxial tests that vary all three principal stresses
more realistically are still uncommon due to the complex-
ity and cost of the apparatus, which limits the understand-
ing of stress path effects on rock strength [15, 16].

Fourth, variability and scale effects can influence test
outcomes. Rock mechanical properties, including strength
parameters, may depend on specimen size and inher-
ent heterogeneity, resulting in scale effects that make
the extrapolation of laboratory results to field conditions
uncertain. Smaller cores can exhibit higher variability
compared to larger blocks, affecting regression fits to fail-
ure criteria like Hoek—Brown [17].

Fifth, completing a full triaxial test program for each
rock type is not always feasible during early project
phases. Many engineering projects begin with only rou-
tine uniaxial compressive strength (UCS) data available,
while triaxial testing may be deferred due to budgetary
or schedule constraints. Moreover, tensile strength tests,
which are also relevant for Hoek—Brown parameter esti-
mation, are rarely conducted as standard laboratory proce-
dures because of specimen preparation challenges.

Taken together, these limitations create a practical need
for alternative or complementary approaches that can reli-
ably estimate key Hoek-Brown parameters such as m,
using more readily available laboratory data. The present
study addresses this gap by proposing a method to infer m,
from stress-dependent Poisson's ratio and standard UCS
results, offering a cost-effective and time-efficient alterna-
tive to extensive triaxial testing.

3 Theoretical frameworks: relationship between m,,
UCS, tensile strength, and Poisson's ratio

Several studies have attempted to relate the Hoek—Brown
constant to measurable elastic parameters. Hoek and
Diederichs [18] proposed that Poisson's ratio and Young's
modulus could serve as proxies for estimating rock deform-
ability and, indirectly, m,. Singh and Goel [19] explored
the use of elastic constants for empirical estimation of the



Hoek—Brown parameters, emphasizing their dependence
on lithology and confinement. More recently, Wang and
Shen [20] and He et al. [15] studied the coupling between
triaxial strength, brittleness, and deformation parameters,
suggesting that Poisson's ratio captures essential informa-
tion on microcrack evolution. Despite these advancements,
a generalized and practical model that directly links m, to
the stress-dependent Poisson's ratio from standard UCS
tests remains lacking. This motivates the present study.

The Hoek—Brown material constant m, is widely recog-
nized as a key parameter describing the intrinsic strength
and brittleness of intact rock [1]. Physically, m, reflects
how rapidly rock strength increases with confining pres-
sure and is therefore closely related to the rock's inter-
nal microstructure, crack density, grain interlocking, and
frictional resistance along potential failure planes. Despite
its importance, m, is traditionally determined from mul-
tiple triaxial compression tests, which are labor-inten-
sive, costly, and often impractical in routine engineering
investigations. This has motivated several researchers to
explore indirect relationships between m, and more easily
measurable rock properties.

One of the earliest and most practical links between m,
and basic strength properties was proposed by Cai [21],
who demonstrated that for brittle rocks the ratio between
uniaxial compressive strength ¢, and tensile strength o,
correlates closely with the Hoek—Brown constant when this
ratio exceeds approximately 8. This observation suggests
that m, is fundamentally related to rock brittleness, since
a high o /o, ratio typically characterizes brittle materials,
whereas lower ratios indicate more ductile behavior. Rocks
with higher brittleness tend to exhibit higher m, values,
reflecting a steeper increase in strength with confinement.

The relationship between compressive strength, tensile
strength, and the Hoek—Brown constant has also been dis-
cussed in the context of brittle crack initiation and spall-
ing phenomena. Following the concepts summarized
by [12, 13], the Hoek—Brown material constant may be
approximated from the ratio between uniaxial compres-
sive strength and tensile strength:

m; ~ UCS/a,, @

where UCS is the uniaxial compressive strength and o, is
the tensile strength of the intact rock. This relationship
reflects the brittle character of the rock material because
highly brittle rocks generally exhibit high UCS/s, ratios
and correspondingly high m, values.
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The reviewer also highlighted the relationship between
tensile strength and crack initiation stress (CI), expressed as:

o, ~Cl/B, 3

where £ is commonly taken as 8 according to Griffith [22]
and approximately 12 according to Murrell [23]. Combin-
ing these relations yields:

m, ~(UCSx B)/CI. )

These formulations further support the interpretation
that the Hoek—Brown constant is fundamentally linked to
brittle crack initiation and tensile failure mechanisms.

At the same time, Poisson's ratio (v) is a key elastic
parameter that describes the ratio between lateral and axial
deformation under loading. Physically, Poisson's ratio is
sensitive to the internal crack structure of the rock [24]:

» Atlow stress levels, pre-existing microcracks remain
open, leading to lower lateral deformation and thus
lower Poisson's ratio.

* As axial stress increases, microcracks progres-
sively close, resulting in higher lateral strain and an
increase in Poisson's ratio.

This stress-dependent evolution of Poisson's ratio
implies that v is not merely an elastic constant but also
an indicator of damage and crack closure processes within
the rock matrix.

Log6 and Vasarhelyi [25] showed that Poisson's ratio is
systematically related to the ¢ /o, ratio, meaning that rocks
with higher compressive-to-tensile strength ratios tend to
exhibit different lateral deformation characteristics than
more ductile rocks. Since both m, and v are influenced by
rock brittleness and microcrack behavior, a mechanical
link between these parameters is physically plausible.

By combining the empirical relationship proposed by
Cai [21] between m, and o /o, with the formulation of L6go6
and Vasarhelyi [25] linking v to ¢ /o, it becomes possible
to express m, as an implicit function of Poisson's ratio. This
establishes a theoretical basis for estimating the Hoek—
Brown constant from standard uniaxial compression tests
that include lateral strain measurements.

From a mechanical perspective, this relationship can be
interpreted as follows:

* Rocks with low Poisson's ratio generally possess

more open or compliant microcrack networks, which
also correspond to higher brittleness and higher m..
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* Rocks with higher Poisson's ratio tend to be more
ductile or crack-resistant, typically associated with
lower m, values.

Consequently, Poisson's ratio measured during a uniaxial
compressive strength test contains embedded information
about the rock's failure behavior under confinement, even
though the test itself is performed without lateral pressure.

The present study builds upon this theoretical frame-
work by analyzing stress-dependent Poisson's ratio
obtained from conventional UCS tests and using it to esti-
mate the Hoek—Brown constant m.. This approach pro-
vides a practical alternative to full triaxial testing while
retaining a sound mechanical interpretation rooted in rock
microstructure and deformation behavior.

In Eq. (1), accurate knowledge of m, is important,
as even a small deviation can cause significant differences
in design in the rock environment.

Cai [21] provided that the ratio of uniaxial compressive
strength (¢,) and tensile strength (o,) corresponds within
the error limit to its Hoek—Brown material constant if its
value is greater than 8, i.e.,:

m, &=, ®)

According to the estimation of Logo and Vasarhelyi [25],
the Poisson's ratio of the intact rock (v) can be calculated by
knowing the ratio of the uniaxial compressive strength (o)
and the tensile strength (o,):

1
VvV =

©)

Te 41
o]

Applying the theory of Cai [21] and using Eq. (5),
expression Eq. (6) can be written in the following form:

VvV =

1
N )

That is, it can be stated that an exact relationship can
be given between the Poisson's ratio of intact rock and the
Hoek—Brown material constant.

The literature thus demonstrates two major trends:

1. Reliance on empirical regression models requiring

extensive experimental databases;

2. Attempts to incorporate microstructural or elastic

indicators into strength parameter estimation.

However, few studies have exploited the stress-depen-
dent evolution of Poisson's ratio, which physically reflects

microcrack closure and damage progression. By leveraging
this parameter, the present method provides a novel bridge
between elastic deformation behavior and strength charac-
terization, offering both theoretical and practical advantages.

4 Methodology

The aim is to estimate the Hoek—Brown intact rock constant
m, using only standard uniaxial compressive strength (UCS)
tests combined with stress-dependent Poisson's ratio evalu-
ation. The procedure consists of the following steps.

Cylindrical intact rock specimens were prepared in accor-
dance with ISRM suggested methods. The height-to-diame-
ter ratio was maintained between 2.0 and 2.5 to ensure uni-
form stress distribution during loading. The specimen ends
were ground to achieve planarity and parallelism, minimiz-
ing eccentric loading effects.

Uniaxial compressive strength tests were conducted
under displacement-controlled loading conditions until
peak failure. The axial load and corresponding axial
deformation were continuously recorded. The peak stress
obtained during the test was defined as the uniaxial com-
pressive strength o .

During the UCS test, both axial strain (¢,) and lateral
strain (¢,) were measured simultaneously. Axial strain was
obtained using axial extensometers or strain gauges mounted
along the specimen axis, while lateral strain was recorded
using circumferential extensometers or lateral strain gauges
positioned at mid-height of the specimen (Fig. 1).

The simultancous measurement of axial and lateral
strains enables continuous calculation of stress-dependent
Poisson's ratio throughout the loading process.

The Poisson's ratio, which is the ratio of the lateral (¢,)
to axial (¢, ) strain can be calculated from the stress-strain
relationship measured by standard uniaxial compressive
strength testing. Depending on the method of calculation,

Fig. 1 A prepared sample at the beginning of the UCS test



the following Poisson's rations can be distinguished,
according to Fig. 2:
* Secant (v)): it is determined from the value between
the examined deformation state and the origin
(i.e., the slope of the line drawn from the origin to
the examined point):

v, o=—. 8)

* Tangent (v,): it is derivative of the axial and lateral
deformation curve, i.e., we calculate the tangent
slope fitted to the given point under examination:

_Ag,

- Ag, ' ©)

t
* Average (v, ): which can be calculated from the slope
of a straight line drawn on a section under examination
(arbitrarily selected between points a and b). In prac-

tice, a value of £5% is usually taken into account:
Vy =t (10)

€ " Eap
As can be clearly seen in Fig. 3, since lateral defor-
mation does not depend linearly on axial deformation,
the Poisson's ratio values defined above vary contin-
uously as a function of compressive stress. It follows
that the Poisson's ratio cannot be constant, but must be
a stress-dependent value [26]. This change is shown in
Fig. 3 for secant, average and tangent Poisson's rate values
as a function of normalized value of uniaxial compressive
strength (o/5_) (based on the analysis of granitic rock from
Bataapati radioactive waste repository).
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Fig. 2 Determination of different Poisson's ratios based on axial and

lateral strains
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Fig. 3 Poisson's ratio of the intact rock as a function of stress normalized
by uniaxial compressive strength of granitic rock sample [26]

After analyzing the measured results in Fig. 4,
Narimani et al. [26] suggested the following analytical
solution. It can be used to a good approximation between
0.1 6/c_and 0.8 /5

tan| 160-2- 80
o (11)

vV, =4+ ——=,
Bi

where 4, and B; are rock dependent material constants
(i: secant, tangent or average). The material constant 4, is
equal to the value of the Poisson's ratio taken at 50%, i.e., the
value recommended by ISRM [4]. The value of B, indicates
the rock's sensitivity to stress: the higher the count, the less
sensitive Poisson's ratio is to changes in stress.

According to ISRM suggested methods, elastic param-
eters such as Young's modulus and Poisson's ratio should
be evaluated at intermediate stress levels, typically around

50% of the peak strength, where the rock still behaves
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Fig. 4 Average Poisson's ratio — o/g, curve for granitic rock specimen [26]
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predominantly in an elastic manner and major damage or
unstable crack propagation has not yet developed. At lower
stress levels (< 30% o), the measured Poisson's ratio may
be influenced by the closure of pre-existing microcracks,
surface irregularities of the specimen, and seating effects
in the testing machine, which can lead to non-representa-
tive deformation measurements. Conversely, at stress levels
above approximately 70-80% of o, the rock enters a dam-
age-dominated regime characterized by progressive crack
coalescence, strain localization, and nonlinear deformation,
which can distort the true elastic response of the material.

The stress level of 50% o, therefore represents a com-
promise between these two extremes: it is sufficiently
high to minimize the influence of initial crack closure,
yet low enough to avoid significant pre-failure damage.
At this stage of loading, the measured Poisson's ratio can
be considered a representative indicator of the intact rock's
intrinsic deformational behavior rather than a reflection of
progressive failure processes.

Furthermore, using a consistent reference stress level
across different rock types ensures comparability of
results when estimating m,. This standardization is par-
ticularly important when applying the proposed method
to diverse lithologies such as granite, limestone, sand-
stone, marl, and salt rock, each of which exhibits different
stress-dependent deformation characteristics.

For these reasons, the value of Poisson's ratio at 50% of
the uniaxial compressive strength is adopted in this study
as the most suitable and reliable basis for estimating the
Hoek—Brown material constant.

Using the theoretical relationship established in
Egs. (8), (9) and (10), the Hoek—Brown material constant
m, can be expressed as a function of Poisson's ratio:

m=f(v). (12)

The constant 4 in Eq. (11) is equal to the value of the
Poisson's ratio taken at 50% of the strength, and assum-
ing that the Poisson's ratio (v) is a function of the Hoek—
Brown material constant (m,), applying Eq. (7) we obtain
the following form:

m :(l_lj . (13)
A

The proposed procedure provides a systematic and
reproducible framework for estimating the Hoek—Brown
constant from conventional laboratory tests that are widely
available in engineering practice.

5 Measured results

Table 1 summarizes the results of a large number of
uniaxial compressive strength tests performed on vari-
ous rocks: granite, limestone, marl, sandstone, and rock
salt [27]. Both the "4" constants and the calculated "m."
HB material constants are summarized in case of secant,
average and tangent values. The measured HB constants
are also shown. One can see, the measured m, values are
near to the calculated values.

The comparison between measured and calculated
Hoek—Brown constants reveals a clear lithology-dependent
trend in the accuracy of the proposed method. The agree-
ment between estimated and measured m, values varies
systematically with rock type, which can be explained by
differences in mineral composition, microstructure, brit-
tleness, and deformation mechanisms.

Granite exhibits high measured m, values (14.4), and the
proposed method using the secant Poisson's ratio provides
an almost identical estimate (14). This very good agreement
can be attributed to the highly brittle nature of granite. As a
crystalline igneous rock with strong grain interlocking and
low clay content, granite typically shows a high compres-
sive-to-tensile strength ratio and pronounced brittle crack
propagation. Its relatively low Poisson's ratio at intermedi-
ate stress levels reflects limited lateral deformation prior to
failure. Since the theoretical framework links brittleness
with both low Poisson's ratio and high m,, the method per-
forms particularly well for this rock type.

On the other hand, sandstone also shows high m. val-
ues (17 measured, 16 estimated). The good agreement is
likely due to the predominantly brittle intergranular fail-
ure mechanism in well-cemented sandstones. The lateral
deformation characteristics captured through Poisson's
ratio are consistent with its frictional and grain-controlled
strength behavior. The similarity to granite in terms of
brittleness explains why the estimation method performs
reliably for this lithology.

Table 1 The "4" constants of different type of investigated rocks and

the calculated and measured HB constants

A m,

Rock

sec av tan sec av tan  meas.
Granite 021 022 022 14 13 13 14.4
Limestone 0.26 027 0.27 8 7 7 8
Marl 0.31 0.29 0.30 5 6 5 7
Sandstone 0.20 020 0.22 16 16 13 17
Salt rock 035 036 0.37 3 3 3 4




Moreover, limestone represents an intermediate case, with
moderate m, values (8 measured, 8 estimated). The excel-
lent agreement suggests that the method remains valid for
carbonate rocks, provided that they are relatively intact and
not strongly weathered. Limestone generally exhibits mod-
erate brittleness and some degree of microcrack develop-
ment, which is adequately captured through stress-depen-
dent Poisson's ratio measurements at 50% of UCS.

Also, for marl, the difference between measured (7) and
estimated (5) m, values is more noticeable. Marl typically
contains a significant clay fraction, which introduces duc-
tile deformation components and nonlinear stress—strain
behavior even at moderate stress levels. The presence of
clay minerals enhances lateral deformability and increases
Poisson's ratio, which may lead to a slight underestimation
of brittleness and consequently of m.. This indicates that
the proposed method may require calibration factors for
clay-rich or transitional sedimentary rocks.

Finally, salt rock shows the lowest m, values (4 mea-
sured, 3 estimated) and a moderate deviation between mea-
sured and calculated results. Rock salt behaves in a ductile
manner and exhibits time-dependent plastic flow. Its high
Poisson's ratio and significant lateral deformation reflect
a fundamentally different failure mechanism compared to
brittle rocks. Since the Hoek—Brown criterion was orig-
inally developed for brittle rock materials, the estimation
approach based on elastic Poisson's ratio becomes less pre-
cise for materials exhibiting plastic or viscoplastic behavior.

To further interpret the lithology-dependent perfor-
mance of the proposed estimation method, the mechanical
characteristics of each investigated rock type are summa-
rized in Table 2.

Table 2 compares measured and estimated Hoek—
Brown constants together with qualitative indicators of
brittleness, deformation behavior, and agreement quality.
This comparison allows a clearer understanding of how
rock microstructure and failure mechanism influence the
reliability of the proposed UCS-based approach.

6 Uncertainty analyses
Although the proposed method provides close agreement
between estimated and measured Hoek—Brown constants,
we quantified the uncertainty of the estimated m, values to
assess robustness and practical usability.
The principal sources of uncertainty considered here are:
* Measurement uncertainty in axial and lateral strains
during UCS tests (affecting Poisson's ratio at 50%
UCS, vy);
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Table 2 Rock-type dependent interpretation of m, estimation accuracy

Rock type Measured m, Estimated m, Rel. error (%)
Granite 14.4 14.0 -2.8
Sandstone 17 16 -5.9
Limestone 8 8 0.0
Marl 7 5 —28.6
Salt rock 4 3 -25.0
Rock type Brittleness level Dcformgtlon Agrccrpcnt
behavior quality
. . Low v, brittle
Granite High crack propagation Very good
. Intergranular
Sandstone High brittle failure Very good
Limestone Moderate Moderate lgteral Excellent
deformation
Marl Moderate—Low Clz.ty 1nﬂuence., Moderate
nonlinear behavior
Salt rock Low Ductile, plastic Moderate

flow tendency

* Regression/model uncertainty arising from using
a fitted empirical relation between v, and m;

» Specimen-to-specimen variability due to natural
heterogeneity of the rock and sample preparation;

* Model applicability error when applying an empirical
relation calibrated on a limited lithologic dataset to dif-
ferent rock types (notably ductile or clay-rich rocks).

To propagate these uncertainties to the predicted m, val-
ues we performed a Monte Carlo analysis as follows:
1. The secant Poisson's ratio at 50% UCS (v,;) and
the corresponding secant-based m, estimates from
Table 1 were used to fit a simple linear model:

m =a+bvg,. (14)

The coefficients a and b in Eq. (14) were determined
empirically using linear regression analysis based on
the measured dataset summarized in Table 1. The
secant Poisson's ratio values measured at 50% of UCS
(4 values) were used as the independent variable,
while the experimentally measured Hoek—Brown
constants m, obtained from triaxial testing were used
as the dependent variable. A least-squares regression
procedure was applied to establish the best-fitting lin-
ear relationship between v and m, for the investigated
lithologies (granite, sandstone, limestone, marl, and
salt rock). The resulting regression equation was:

m =a+by, (15)
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where the fitted coefficients were determined as:
a=31.5 and b =—84.6.

The negative slope reflects the inverse relationship
between Poisson's ratio and rock brittleness. Rocks
with lower Poisson's ratio generally exhibit more
brittle behavior and consequently higher Hoek—
Brown constants. Conversely, ductile rocks tend to
show higher lateral deformation, larger v values,
and lower m, values.

The regression coefficients were not assumed theo-
retically but derived directly from the experimental
dataset analyzed in this study. Because the available
dataset covers only a limited range of lithologies,
the obtained coefficients should presently be inter-
preted as calibration parameters valid primarily for
intact isotropic rocks exhibiting brittle to semi-brit-
tle mechanical behavior.

The residual standard deviation of the regression
was subsequently used in the Monte Carlo simula-
tions to propagate model uncertainty into the pre-
dicted m, confidence intervals.

The choice of a linear regression form in Eq. (14) was
motivated by the approximately monotonic inverse
trend observed between Poisson's ratio and measured
Hoek—Brown constant across the investigated rocks.
Preliminary analysis indicated that a simple linear
model provides stable fitting behavior and avoids
overparameterization given the relatively limited
number of lithologies available in the present data-
base. Although nonlinear formulations may further
improve predictive accuracy for ductile rocks, the
linear form was considered appropriate for establish-
ing a first-order engineering relationship suitable for
uncertainty propagation and practical application.

. For each rock type the v,, measurement was treated

as a normal random variable centered at the tabulated
secant value (4) with a realistic laboratory uncertainty
(standard deviation). We adopted conservative, lithol-
ogy-dependent standard deviations for v,,: Granite:
0.008; Sandstone: o, = 0.008; Limestone:
o,=0.01; Marl: ¢, = 0.02; and Salt rock: o, = 0.02.

These values reflect plausible laboratory measurement

o =
v

variability (higher for clay-rich or ductile materials).

. For each rock type, Monte Carlo realizations were

generated and from the generated ensemble, the
mean, median, standard deviation, and the empirical
2.5%-97.5% (95%) confidence interval for predicted
m, for each lithology were derived.

The Monte Carlo results are summarized in Table
3 and shown in Fig. 5 (relation between v, and pre-
dicted m, with 95% prediction band) and Fig. 6 (pre-
dicted m, with 95% confidence intervals).

According to the uncertainty analysis, for brittle rocks
(granite and sandstone) the relative uncertainty in pre-
dicted m, is low (= a few percent), indicating robust per-
formance of the method in these lithologies. And for inter-
mediate rocks (limestone) uncertainties are moderate.
Moreover, for marl and rock salt (clay-rich or ductile mate-
rials), predicted m, intervals are wide and, in the case of
rock salt, include nonphysical negative bounds when the

Table 3 Monte Carlo-derived uncertainty of predicted Hoek—Brown
constant 7, based on secant Poisson's ratio at 50% UCS

Rock type v, (mean) St.dev v, Point estimate m,
Granite 0.21 0.008 14
Sandstone 0.20 0.008 16
Limestone 0.26 0.01 8

Marl 0.31 0.02 5

Salt rock 0.35 0.02 3

Monte 95% Relative
Rock type Carlo cgnﬁdence St.dev uncertainty (%)
mean m, interval

Granite 14 13.0-16.7 1.1 ~ 4%
Sandstone 15 14.0-17.5 1.1 ~5%
Limestone 9.8 7.7-12.3 1.2 =~ 6%
Marl 5.5 3.6-9.6 1.6 ~13%

Salt rock 2 -2.2-6.0 1.8 ~17%

Notes:

1. Each confidence interval corresponds to the 2.5"-97.5" percentiles
from 10,000 Monte Carlo realizations per lithology.

2. Negative lower bounds for salt rock reflect extrapolation of the
linear model beyond its calibrated range and are interpreted as model
uncertainty rather than physical values.

3. Relative uncertainty = 1/2 (CI width / mean) x 100%.

204
e Data (secant)

Linear fit: = mi = 32 - 85.71v

151 Approx. 95% pred. band

10

Estimated m; (secant)
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Poisson’s ratio at 50% UCS (vso)
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Fig. 5 Relation between secant Poisson's ratio at 50% UCS (v,) and
estimated m, with approximate 95% prediction band (Monte Carlo

propagation)
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linear model is extrapolated, this highlights poor model
reliability for such materials.

7 Discussion

The results presented in this study demonstrate that the
Hoek-Brown intact rock constant (i) can be reliably esti-
mated from uniaxial compressive strength (UCS) test-
ing by incorporating the stress-dependent evolution of
Poisson's ratio. This finding has significant implications
for both theoretical understanding and practical applica-
tions in rock engineering.

Traditional determination of m, relies on triaxial test-
ing programs involving multiple confining pressures,
which provide direct but expensive and time-consuming
data. Several researchers have sought to reduce this test-
ing burden by developing empirical correlations between
m, and other measurable rock properties such as UCS,
tensile strength, or geological strength index (GSI) [6-8,
10, 11]. Although these approaches offer convenience,
they are often purely statistical, limited to specific lithol-
ogies, and insensitive to the actual deformation behavior
of rock under load. In contrast, the present method cap-
tures the intrinsic mechanical response through Poisson's
ratio, a parameter physically linked to microcrack closure
and lateral strain, thereby introducing a mechanistic rather
than purely empirical basis for m, estimation.

The observed correlation between m, and Poisson's ratio
at 50% of UCS is consistent with the theoretical expecta-
tion that rocks with lower Poisson's ratio exhibit more brit-
tle characteristics and a steeper strength increase under
confinement. Brittle crystalline rocks such as granite and
sandstone displayed low v values and high m, while duc-
tile rocks like marl and rock salt exhibited higher v and
lower m.. This behavior aligns with previous findings that
Poisson's ratio is sensitive to microstructural integrity,
crack density, and mineral composition [18-20]. Hence,
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the proposed relationship provides an interpretable mea-
sure of brittleness that links micro-mechanical deforma-
tion processes with macroscopic strength parameters.

The present results are also consistent with the brittle
failure concepts proposed by Diederichs [12] and reviewed
by Perras and Diederichs [13], where crack initiation and
tensile damage propagation govern the onset of brittle
rock failure. In brittle lithologies such as granite and sand-
stone, tensile crack growth and limited lateral deforma-
tion produce relatively low Poisson's ratio values together
with high Hoek—Brown constants. This explains why the
proposed v—m, relationship performs particularly well
for these rocks. Conversely, in marl and salt rock, duc-
tile deformation and plastic flow mechanisms weaken the
direct relationship between tensile cracking and confine-
ment sensitivity, resulting in larger deviations between
measured and estimated m, values.

The comparison between measured and estimated m, val-
ues reveals strong lithological control on method accuracy.
For brittle lithologies (granite, sandstone, and limestone),
the difference between estimated and measured m. val-
ues remained below 6%, confirming that stress-dependent
Poisson's ratio effectively captures the deformation mech-
anism up to failure. For more ductile materials (marl and
rock salt), underestimation occurred due to the increasing
influence of plastic or viscoplastic deformation that decou-
ples lateral strain from confining-pressure sensitivity. This
highlights the need for lithology-specific calibration factors
when extending the model to clay-rich or evaporitic rocks.

Monte Carlo uncertainty analysis revealed that the pre-
dictive reliability of m, estimation depends primarily on the
precision of lateral strain measurement and the variability
of Poisson's ratio at 50% UCS. For brittle rocks, relative
uncertainty remained within 5%, comparable to the variabil-
ity typically observed among triaxial test results. For duc-
tile rocks, uncertainty increased substantially, reflecting the
limitations of applying the Hoek—Brown criterion which
was developed for brittle failure to materials governed by
time-dependent creep or plastic flow. Nevertheless, the pro-
posed linear v—m, model provided consistent central esti-
mates, confirming that measurement noise does not signifi-
cantly bias results within its calibrated domain.

It should be emphasized that the regression coeffi-
cients used in Eq. (14) are dataset-dependent calibration
parameters derived from the presently available experi-
mental database. Consequently, their numerical values
may evolve as additional lithologies and larger datasets
become available. Nevertheless, the observed inverse v—m,
relationship remained physically consistent across all
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investigated rocks and agrees with the expected transition
from brittle to ductile deformation behavior. Future stud-
ies should therefore investigate whether lithology-spe-
cific or nonlinear regression formulations can further
improve predictive capability.

From a practical standpoint, this approach enables
engineers to estimate m, using only standard UCS equip-
ment augmented with lateral strain gauges, thereby avoid-
ing complex triaxial testing. This is particularly beneficial
in early-stage projects, remote field campaigns, or when
core recovery limits sample size. The method's theoretical
grounding also facilitates integration into numerical model-
ing and design workflows where both elastic and strength
parameters are needed. Moreover, by linking . to Poisson's
ratio, a routinely measured elastic constant, the approach
promotes greater internal consistency among rock mechan-
ical parameters used in stability and deformation analyses.

Despite its advantages, several limitations merit further
study. First, the empirical constants in the v—m, relation-
ship were derived from a limited dataset; expanding this
to a broader lithological spectrum would improve gener-
alizability. Second, the current formulation assumes iso-
tropic and homogeneous intact rock behavior, whereas
anisotropy and fabric effects may alter the v—m, correla-
tion. Third, time-dependent deformation and post-peak
strain softening were not considered but could be relevant
for weak or weathered rocks. Future work should com-
bine this method with digital image correlation or acoustic
emission monitoring to capture microcrack evolution and
refine the mechanical interpretation. Additionally, incor-
porating machine learning regression frameworks could
help automatically calibrate the relationship for diverse
rock types using large-scale laboratory databases.
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