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1. Introduction

It is generally recognized that the existence of unknown dis-
continuities with varying sizes, locations and orientations lead to a
significant level of uncertainty in the physical behavior of frac-
tured rock masses. Uncertainty and variability are caused by the
nature and unpredictable behaviors of the fractured rock mass as
an inherently heterogeneous geological material. Therefore, the
variability of the fractured rock properties is an important and
inescapable issue, which remains one of the most difficult chal-
lenges. In this regard, stochastic analysis of strength and deform-
ability parameters of fractured rocks is a key issue of site char-
acterization of rock engineering projects, which may provide more
reliable estimation of variability of strength and deformability of
the fractured rock masses concerned, as a means of quantitative
representation of uncertainty/variability of the host rock mass
concerned, and therefore enhancing design of surface and sub-
surface structures in and on rock masses, and reliable economic
evaluation.

Although a number of laboratory experimental study related to
strength and deformability characteristics of rocks [1–3] have been

conducted on the physical models or artificial rock-like materials,
but it should be noted that it is difficult and in some cases im-
possible to estimate experimentally the variability of strength and
deformability parameters of fractured rocks due to the scale effects
of the samples and economic challenge for a large number of tests
of different sample volumes. Also, it is not an easy task to in-
vestigate stochastically the large-scale in-situ tests.

On the other hand, the available empirical methods [4–10]
usually require just a single value for each input characteristic and
give a single output value for mechanical properties of rock mas-
ses. They often give too conservative evaluates for property char-
acterizations, due to the fact that they make use of categorized
parameters based on case histories without a proper mathematical
platform. Thus, since the difficulty of handling the inherent un-
certainties of the parameter values in the empirical methods, these
approaches cannot provide the probability distributions of the
investigated fractured rock mass properties.

There are theoretical studies in the literature to develop con-
stitutive models for describing the deformation behavior of rock
masses [11], and to estimate the strength and deformation prop-
erties of rock masses [12–14], which have a limited applicability
for variation or uncertainty evaluation requirements. Most of them
used assumptions and simplification for representing fractured
rock masses with much simplified or regular fracture system
geometry so that the models cannot make a good representation
of the complex fractured rocks in nature.
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Therefore, proper numerical modeling approach becomes a
feasible tool for conducting stochastic analysis of the mechanical
behavior of the fractured rocks, due to its flexibility in fracture
system representation and initial/boundary conditions.

Numerical methods, especially the finite element method
(FEM) as the continuous or implicit methods, and discrete element
method (DEM) as the discontinuous or explicit methods, have
been used to assess the strength and deformation behavior of
fractured rock [15–17], but not based on a systematic methodology
of stochastic analysis.

There are a limited number of numerical studies [18–24] that
applied stochastic analysis for evaluating the strength and de-
formability characteristics of rocks. However, since these sto-
chastic analyses were performed on the data obtained from la-
boratory tests on the rock samples, not on the scale of REV (re-
presentative elementary volume) or engineering problems, so that
the results may not be applicable for evaluating uncertainty or
variability of the properties/parameters concerned, since the ran-
dom nature and the stochastic distributions of the fracture system
geometry of the fractured rocks were not properly handled at a
proper scale.

The main objective of this study is to develop a systematic
numerical platform for statistical predictions of strength and de-
formability parameter distributions of the fractured rocks by the
numerical stochastic analysis, which incorporates the un-
certainties of the intact rock and fracture parameters, and was
rarely reported in literature. The work described in this paper is a
part of a systematic research program to study the strength and
deformability of fractured rocks at a fundamental level, as devel-
oped recently for predicting strength and deformability of frac-
tured rocks [25–28].

In this paper, a stochastic modeling approach is developed to
quantify the variations of equivalent the deformation parameters,
such as Young's modulus and Poisson's ratio and strength para-
meters defined two widely-used failure criteria, namely Mohr–
Coulomb (M–C) and Hoek–Brown (H–B), of fractured rock masses.
The numerical models considered contain stochastically generated
fracture system realizations within a suitable REV, so that the
multiple realizations of discrete network fractures (DFN) captured
heterogeneity in fractured rock mass properties at the REV level so
that the overall behavior of the DEM models can be represented as
an equivalent fractured medium of the site considered. The mul-
tiple fracture system realizations are created by identifying geo-
metric parameters of joint sets and defining the distribution forms
of fracture location, orientation, and length using Monte Carlo si-
mulations. To continue, the sets of so-called “numerical experi-
ment” are adopted, in the similar ways for the standard uniaxial
and biaxial laboratory testing on intact rock samples, to generate
stress–deformation behaviors of all stochastic DEM models for
probabilistic analysis the variation of strength and deformability of
fractured rocks concerned. The code applied is the DEM code

UDEC [29], since it can represent explicitly the fracture system
geometry and constitutive models of rock matrix and fractures,
which cannot be handled by continuum modeling methods. The
problem was defined in a 2D space for simplicity since the pro-
blem is a generic study for reaching a fundamental understanding
about stochastic evaluation of fracture rock behavior, which can-
not tested in laboratory conditions at REV volumes at present.

2. Description of numerical experiments

The methodology adopted is a systematic numerical simulating
of typical laboratory compression test conditions based on pro-
cedures developed by Noorian et al. [25] to conduct a series of
uniaxial and biaxial numerical experiments on a large number of
the fracture network realizations using UDEC.

The numerical experiments were performed in a two-dimen-
sional (2D) space and under quasi-static plane strain conditions
without considering the effects of gravity for stress–deformation
analyses.

Fractured rock was assumed a crystalline hard rock mass
without considering strain-softening since only the strength and
elastic deformability parameters are concerned. The rock con-
cerned is a volcanic type at Sellafield, UK, where a comprehensive
site investigation was conducted in the past, as the properties of
the intact rock and fractures are shown in Table 1, which were
obtained from a site investigation program of Nirex [30] and re-
lated laboratory tests.

Based on measured data from site investigations and the
available constitutive models in the UDEC, the intact rock matrix
was defined as a linear, isotropic, homogeneous, and elastic ma-
terial, and fractures were defined to follow an ideal elasto-plastic
behavior of a Mohr–Coulomb model in the shear direction and a
hyperbolic behavior (Bandis' Law) in the normal direction (Ta-
ble 1). Also, the initial aperture of fractures (without stress) was
assumed to be a constant of 65 μm during simulation, see Table 1.

In this paper, the cracking and crushing of rock blocks during
loading processes was not considered.

2.1. DFN realizations establishment

The DFN method has ability for creating stochastic geometric
models of the complex fracture systems, reflecting the uncertain
and heterogeneous nature of fracture systems whose re-
presentative properties and parameters can only be partially
measured or estimated. Hence, to realize the stochastic fracture
system for the numerical experiment, a set of stochastic DFN
models was generated.

An independent DFN generator was developed using the MA-
TLAB workspace for generating the DFN realizations, based on the
method developed by Min and Jing [31]. It is able to create the

Table 1
Mechanical properties of intact rock and fractures used for the UDEC modeling25.

Intact rock

Density Young's modulus Poisson's ratio Uniaxial compressive strength

2500 kg/m3 84.6 GPa 0.24 157 MPa
Fracture
Initial normal
stiffness

Shear
stiffness

Friction angle Cohesion Dilation angle Aperture for zero nor-
mal stress

Residual aperture at
high stress

Shear displacement for zero
dilation

434 GPa/m 434 GPa/m 24.9 0° 5° 65 μm 1 μm 3 μm
Un1 Un2 Un3 rn1 rn2 rn3

15 μm 20 μm 25 μm 4MPa 10 MPa 30 MPa

Note: Un1, Un2, Un3, rn1, rn2, and rn3 are parameters control fracture mechanical behavior in normal direction29.
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