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a b s t r a c t

The main objective of this paper is to examine the influence of the applied confining stress on the rock
mass modulus of moderately jointed rocks (well interlocked undisturbed rock mass with blocks formed
by three or less intersecting joints). A synthetic rock mass modelling (SRM) approach is employed to
determine the mechanical properties of the rock mass. In this approach, the intact body of rock is
represented by the discrete element method (DEM)-Voronoi grains with the ability of simulating the
initiation and propagation of microcracks within the intact part of the model. The geometry of the pre-
existing joints is generated by employing discrete fracture network (DFN) modelling based on field joint
data collected from the Brockville Tunnel using LiDAR scanning. The geometrical characteristics of the
simulated joints at a representative sample size are first validated against the field data, and then used to
measure the rock quality designation (RQD), joint spacing, areal fracture intensity (P21), and block vol-
umes. These geometrical quantities are used to quantitatively determine a representative range of the
geological strength index (GSI). The results show that estimating the GSI using the RQD tends to make a
closer estimate of the degree of blockiness that leads to GSI values corresponding to those obtained from
direct visual observations of the rock mass conditions in the field. The use of joint spacing and block
volume in order to quantify the GSI value range for the studied rock mass suggests a lower range
compared to that evaluated in situ. Based on numerical modelling results and laboratory data of rock
testing reported in the literature, a semi-empirical equation is proposed that relates the rock mass
modulus to confinement as a function of the areal fracture intensity and joint stiffness.
� 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Design of modern structures built within or on hard rockmasses
has become more challenging, as the rock-related construction,
such as open pit and underground mining, is increasingly getting
larger and excavating deeper. As such, the stresses as well as the
ensuing stress paths become higher and more complex in nature.
Given the fact that such deep excavations are under complex in situ
conditions, the development and application of advanced numer-
ical models are essential in order to adequately predict the short-
and long-term responses of the rock mass to perturbations caused
by engineered alterations. Development of such advanced models
requires the introduction to constitutive models with the capability

of representing the reality of rock behaviour under different
loading paths and deformation states. In terms of continuum-based
models (e.g. finite element method models), the deformability and
strength of the jointed rock control the material behaviour. In these
types of numerical codes, the values of rockmass deformability and
strength under different loading conditions (i.e. various confine-
ments and loading/unloading cycles) are defined via constitutive
models. It is well-documented (Hutchinson and Diederichs, 1996;
Martin, 1997; Min and Jing, 2004; Arzúa et al., 2014) that the
values of these two parameters for a given jointed rock are highly
dependent on the magnitude of the confining stress acting on the
rock. Therefore, the confinement-dependency of such parameters
needs to be accounted for in the implementation of the constitutive
model. The main objective of this paper is to propose a formula that
infers the rock mass modulus according to the magnitude of
confining stress that the rock is being exposed to by taking into
account other relevant and important factors that affect its
deformability.
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In order to estimate the deformability of a jointed rock, a so-
called synthetic rock mass modelling (SRM) approach is used in
which the intact part of the rock and discontinuities are repre-
sented respectively by a collection of Voronoi grains, and discrete
fracture network (DFN) joints. In order to create such constructs,
firstly the appropriateness of an SRM model to estimate the un-
confined rock mass strength and deformability needs to be exam-
ined. The determination of the mechanical properties of the
representative sample is undertaken at a representative volume
considering the scale-dependency of the rock mass properties. In
order to achieve this, a representative rock mass volume based on
the concept of the “representative elementary volume (REV)” is
established (Bear, 1972; Hudson and Harrison, 1997). The deter-
mination of the REV size for the studied rock mass is achieved by
analysing the geometrical characteristics of the discontinuities (e.g.
rock quality designation (RQD), joint spacing, and block volume

measurements). Next, the quantified degree of blockiness is served
to calculate a range of values for the geological strength index (GSI)
(Hoek et al., 1998). By knowing the intact rock strength properties
and the rock mass GSI value, the unconfined compressive strength
(UCS) and deformability modulus (Erm) of the rock mass are esti-
mated respectively by the empirical Hoek-Brown criterion (Hoek
et al., 2002) and the HoekeDiederichs formula (Hoek and
Diederichs, 2006) and compared to those obtained from the SRM
results at the REV size. Secondly, a series of biaxial compression
tests is simulated under various confining stresses in order to
investigate the sensitivity of the rock mass modulus to confine-
ment. According to the calculated rock mass modulus, a semi-
empirical solution is proposed that accounts for the influence of
confinement, fracture intensity, and indirectly joint surface condi-
tion. This semi-empirical solution can serve as a constitutive model
for estimating rock mass deformability based on stress

Fig. 1. Flowchart illustrating the calibration procedure for the combined DFN-grain based models. The DFN model can be created separately from the GBM model and then they can
be merged in order to create the SRM model.
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