Three-dimensional modelling of the rock breakage process

H.Y. Liu

Golder Geomechanics Centre, the University of Queensland, QLD4067, Australia

F. Alonso-Marroquin

MoSCoS, the University of Queensland, QLD4067, Australia

D.J. Williams

Golder Geomechanics Centre, the University of Queensland, QLD4067, Australia

W.D. Guo

Department of Civil Engineering, Griffith University, QLD4222, Australia

ABSTRACT: The progressive failure model is implemented into the commercial finite element code AB-
AQUS for 3D modeling of rock breakage process. In order to facilitate the usage of such implementation, a
software package TUNGEO3D is developed using C++, OpenGL, Fortran and Python script to integrate the
pre-processing, the subroutines and procedures interacting with ABAQUS, and post-processing. Several ex-
amples are presented to verify such implementation and demonstrate the benefits of the implementation.

1 INTRODUCTION

In recent years, the two-dimensional (2D) progres-
sive failure model has emerged as a powerful nu-
merical procedure for the analysis of crack problems
in heterogeneous brittle materials (Tang, 1997; Liu,
2004). It has been widely acknowledged that the me-
thod eases from crack initiation and propagation
modelling till structure failure modelling under the
framework of damage mechanics (Liu et al., 2007
and 2008). In this paper, the 2D progressive failure
model will be extended to 3D and be implemented
into the general finite element code ABAQUS with
its user-defined subroutine options to develop a
three-dimensional (3D) code for tunneling and
Geomechanics (TUNGEO3D). ABAQUS has been
proved to be useful for stress analysis but can not
simulate heterogeneous brittle failure. Through this
implementation, the user can benefit from the many
built-in features of ABAQUS, including some of the
pre- and post-processing options and interface mod-
eling, to perform breakage modelling. This paper fo-
cuses on the implementation aspects for the 3D
modelling of the breakage process in heterogeneous
brittle materials to develop the TUNGEO3D code.

2 TUNGEO3D

In comparison to the general finite element method
such as ABAQUS, the progressive failure model
provides significant benefits in the numerical model-
ling of the brittle material failure.

2.1 Heterogeneous material model

The microstructure of rock is more or less heteroge-
neous. The failure behaviour of rock under loading
is strongly influenced by this heterogeneous micro-

structure. Consequently, the numerical method for
modelling the rock failure should take the heteroge-
neity into consideration. On the basis of previous
work, rock heterogeneity can be characterized with
Weibull satistical approaches in the numerical mod-
el. The Weibull probability distribution function can
be expressed as the following
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where o = the elemental parameter; m = the shape
parameter describing the scatter of o, is defined as
the homogeneous index (Tang, 1997); and o, = the
mean elemental parameter. In numerical simulation,
a finite element network model is built, in which
elemental parameters, such the critical strength o,
the elastic modulus E, etc follow the weibull distri-
bution low with the homogeneous index m and seed
parameters o, E,, etc. The special random micro-
structure of heterogeneous rock can be reflected by
the disorder of the mesoscopic structure, which is
achieved by Monte Carlo method. The cumulative
probability function of Weibull distribution is

P(o)={ floHo=1- exp! (i” 2)
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The random data between 0 and 1 generated by the
Monte-Carlo method has a certain value in the cu-
mulative distribution function P(c). The corres-
ponding value o is given to elements. Therefore,
the method based on statistics and randomicity satis-
fies the requirements of heterogeneity and randomic-



ity of element parameters in the finite element net-
work of rock materials.

The heterogeneity in a brittle material is intimate-
ly related to the defects statistics, e.g. micro-pores
and micro-cracks. When the rock is loaded, one or
several of the larger defects in the rock are caused to
propagate. In a typical defect size distribution ob-
served in heterogeneous rock, the extremal size dis-
tribution of defects larger than a certain size a; can
be fitted using the distribution function of the
Cauchy type
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where a is the half-length of defects, g* is the ex-
tremal parameters, and z is defect size distribution
shape index or called fractal index. After a series of
transformation performed by Wong et al. (2006), the
probability that the defects in a larger volume, V, are
larger than a; can be expressed

P=1- exp[—v J. o (a)da} =1- eXp{ \\//—(%Jl} (4)
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where V, is the elemental volume and a is a length
scale defining the lower limit of crack length de-
scribed by the power law. By applying the fracture
mechanics relation K, =Yo+/7a, the cumulative
probability that failure develops at stresses less than
o is given by

P(o)-1-exp - - (5)
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Therefore, by comparing the integral distribution
function of Weibull’s distribution and the equation
describing the probability that fracture occurs under
a certain stress, the homogeneous index and seed pa-
rameter in the heterogeneous material model relate
to the rock microstructure by

m=2z-2 (6)
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Using this method, Liu et al. (2005 and 2006) suc-
cessfully obtained the homogeneous indices and
seed parameters of LKAB’s Kiruna managnites and
three types of granites (Avja, LEP and Vandle) taken
from three quarries near Stockholm in Sweden.

2.2 MC and unified strength criteria

The Mohr-Coulomb (MC) strength criterion is one
of the most widely used strength criteria in geotech-
nical engineering application, including rock engi-

neering modelling and design. In terms of principal
stresses, the Mohr-Coulomb strength criterion can be
expressed as the following
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where ¢ is the cohesion and ¢ is the angle of inter-
nal friction. In order to avoid the tip angle in the ten-
sion area of the Mohr-Coulomb strength criterion, it
is modified to include the tension cut-off when
0,<0, i.e. under tensile stress, it is assumed that
failure occurs when the tensile stress reaches the
tensile strength

F=0,-0, 9)
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However, MC criterion is only valid for the brittle
part of the rock failure envelope and has not taken
the effect of intermediate principal stress into ac-
count. Under 3D conditions, a nonlinear unified
strength criterion proposed by Yu et al. (2002) is
used:
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where o, is the uniaxial compressive strength of an
intact rock material, o,, o, and o, are the maxi-
mum, intermediate and minimum principal stresses,
respectively; m, s and « are the same material pa-
rameters as those in the Hoek-Brown criterion; and
b is the intermediate stress parameter, which varies
from 0 to 1. When F >F', Eq. 10 is used, other-
wise, EQ.11 is referred. When b =0, the nonlinear
unified strength criterion simplifies to the Hoek-
Brown criterion, a single-shear strength criterion that
forms the lower bound. When b =1, the nonlinear
unified strength criterion simplifies to a nonlinear
twin-shear strength criterion that forms the upper
bound. According to Yu et al. (2002), all of the
strength criteria ranging from the Hoek-Brown crite-
rion (the lower bound) to the nonlinear twin-shear
criterion (the upper bound) and the series of criteria
ranging between these two bounds may be intro-
duced by a nonlinear unified strength criterion.

2.3 Mechanical damage model and seismicity

As observed in experimental studies, a descend-
ing elastic modulus and a descending load bearing
capacity after a certain stage are the prominent cha-
racteristics of rock under loading. Therefore, it is
natural to use the damage mechanical model to study
the progressive microcracking process in the rock
breakage by degrading the elasticity of the rock ma-



terial. Before satisfying the strength criterion de-
scribed in Section 2.2, the stress and strain follow
hook’s law

Aoy = A6;Ag + 2UAg; (12)

After the stresses of the element satisfy the strength
criterion, a damage variable D is introduced to de-
scribe the degradation of the elemental stiffness ac-
cording to damage mechanics.
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where A, is the damaged surface area and A is the
whole surface area of the representative volume
element. Correspondingly, the consitutive relation
can be expressed as

Aoy = Ciﬁ(lAgkell = (1_ D)Cijkl (Agkl - Agkﬁl) (14)

Under uniaxial tensile stress, tensile damage oc-
curs when the minor principal stress in the element
reaches its tensile strength. The tensile damage evo-
lution can then be expressed as:
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where A is the residual strength coefficient. &, is
the tensile strain at the elastic limit, which is the so-
called tensile threshold strain. ¢, is the ultimate ten-
sile strain, which indicates that elements will be
completely damaged when the tensile strain attains
it. The ultimate tensile strain is usually defined as
&y =MNEq,» Where 7 is the ultimate tensile strain
coefficient. Under multiaxial tensile stresses, the
damage variable can be easily obtained by substitut-
ing the strain for an equivalent strain. Under uniaxial
compressive stress, shear damage occurs when the
stresses of the element satisfy the strength criteria
described in Section 2.2. The shear damage variable
can be described as

0
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where ¢, is the compressive strain at the elastic
limit, which is the so-called compressive threshold
strain. ¢, is the re-compaction compressive strain,
which is usually defined as ¢, =&e,,, where & is
the so-called re-compaction compressive strain coef-
ficient. Under multiaxial compressive stress, the
shear damage variable is described in detail in a pre-
vious thesis (Liu, 2004).

It is assumed that the strain energies released by
damaged elements are all in the form of AE. There-
fore, the AE energy release can be calculated as

Ae, =¢, e, (17)

where i is the element number, e_ is the elemental
strain energy before failure and e, is the elemental
strain energy after failure.
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where E, and E; are the elastic moduli of the ele-
ment before and after failure, respectively; o, o},
and o,; are the major, medium and minor principal
stresses when the element fails, respectively; o,
o, and o, are the major, medium and minor prin-
cipal stresses after the element fails, respectively;
and V; is the elemental volume.

2.4 Implementation in ABAQUS

Implementing the progressive failure model into the
general finite element code ABAQUS does imposes
certain restrictions, but it also provides access to
many of the available features of such a code. From
a typical ABAQUS input file, *.inp (input file), the
nodal coordinates and mesh topology are saved as
ASCII files. A routine reads the nodal coordinates
and mesh topology. Through the *USER MATERI-
AL command, a user subroutine UMAT_TUNGEO
is called, where we define the homogeneous indices,
seed parameters, residual strength coefficient, ulti-
mate tensile strain coefficient, ultimate compressive
strain coefficient, etc. The subroutine heading and
variable declarations follow the ABAQUS conven-
tions. In addition, a series of subroutines is written
inside the UMAT_TUNGEO subroutine to incorpo-
rate the core of the progressive failure model, which
includes HOMO for heterogeneous material model,
CRIT for MC and unified strength criteria, and
DAMG for the mechanical damage model and asso-
ciated seismicity. In UMAT_TUNGEDQO, after initia-
lizing some vectors and matrices, HOMO is called if
the material is set to be heterogeneous. It generates
random numbers following Monte-Carlo method and
assign material properties to elements following the
Weibull distribution. The routine CRIT is then
called to check if the computed stresses satisfy the
strength criteria. If it is, the material will be dam-
aged and the routine DAMG is called to calculate
damage variables and update damaged material
properties. Finally, output settings are specified. Us-
er materials have limited capabilities in ABAQUS
and some of variables can not be output to the *.odb
(output database) file for plotting purposes. In this
case, they are output to *.dat file for checking pur-
pose and *.fil (binary results file) for further post-



processing in TUNGEOB3D. For running an analysis
including the user subroutine, the execution proce-
dure is of the following form ABAQUS JOB = <IN-
PUT FILE NAME> USER = UMAT_TUNGEO.

In order to link all of modules introduced above
together, TUNGEO3D is developed using ABAQUS
as a framework. During numerical simulation, firstly
the numerical model is built according to the hetero-
geneous material model with the homogeneous in-
dex, and the seed parameters. Then in order to per-
form the finite element analysis, the other
parameters are specified for the numerical model,
and the initial boundary conditions are applied to it.
Following this procedure, the elements are brought
to the equilibrium state under the initial boundary
conditions. After that, a stress disturbance is applied
to the numerical model, which may be caused by
force loading, displacement loading or stress redi-
stribution. ABAQUS/Standard (may include AB-
AQUS/Explicit in future) is used to calculate the
stress and strain distributions in the finite element
network because of the stress disturbance. The cal-
culated stresses are substituted into the Mohr-
Coulomb or unified strength criterion to check
whether or not damage occurs. If the strength crite-
rion is not satisfied, the external loading is increased
further. Otherwise, the element is damaged and be-
comes weak according to the rules specified by the
mechanical damage model, which results in a new
perturbation. The stress and deformation distribu-
tions throughout the model are then adjusted instan-
taneously after each rupture to reach the equilibrium
state. Due to the new stress disturbances, the stress
of some elements may satisfy the critical value and
further ruptures are caused. The process is repeated
until no failure elements are present. The external
load is then increased further. In this way the system
develops a macroscopic fracture. Thus the code links
the mechanical damage model to the continuum
damage model and ultimately to macrostructure fail-
ure, which has been regarded as one of the most
challenging tasks in the area of brittle failure micro-
mechanics. Energy is stored in the element during
the loading process and is released as acoustic emis-
sion through the onset of elemental failure. Due to
the interaction induced by stress redistribution and
long-range deformation, a single important element
failure may cause an avalanche of additional failures
in neighbouring elements, leading to a chain reaction
releasing more energies.

In order to make its use more convenient, a user-
friendly pre- and post-processor is also developed
and integrated into the TUNGEO3D code using Vis-
ual C++ (VC), OpenGL, Fortran and ABAQUS’s
Python script to generate the finite element mesh (al-
though more complicated finite element models are
usually imported from ABAQUS/CAE), prepare the
input data, and visually display the calculated re-
sults. VC is a powerful and complex Object-

Oriented Programming (OOP) Integrated Develop-
ment Environment (IDE) tool for building 32-bit ap-
plications in a Windows environment. With its code-
generating wizards, it can produce the shell of the
TUNGEO3D code in seconds. The visual editing
tool makes the layout of menus and dialogs in the
TUNGEOS3D code a snap. Through the Windows
Graphic Device Interface and OpenGL, it is easy to
develop a module for the TUNGEO3D code to de-
sign the geometrical models for mechanical tool and
objects with various irregular shapes, and then fill
them with different material properties. Using the
AppWizard and ClassWizard, the TUNGEO3D code
is designed to support the complicated data structure
or even databases to organize a large number of da-
ta, as well as Object Linking and Embedding (OLE,
also known as ActiveX) to exchange data with an
external executable program. Moreover, MFC's (Mi-
crosoft Foundation Class) document/view architec-
ture separates the data in the TUNGEO3D code
from the way in which the user actually views and
manipulates. Simply, the document object is respon-
sible for storing, loading, and saving the data, whe-
reas the view object enables the user to see the data
on screen and to edit that data in a way that is ap-
propriate to the TUNGEO3D code.

3 NUMERICAL EXAMPLES

Several numerical examples are presented in this
section to demonstrate the benefits of the proposed
TUNGEOS3D code. In order to assess the accuracy of
the proposed code, the rock breakage processes in
the uniaxial compressive strength (UCS) test and the
Brazilian tensile strength (BTS) test are firstly mod-
eled and compared with those well documented in li-
teratures. After that, the TUNGEO3D code is used
to investigate the rock breakage process induced by
rock-concrete interaction, which has huge applica-
tions in the design of tunnel lining (e.g. Malmgren
and Nordlund, 2008), rock bolts (e.g. Li and Still-
borg, 1999), rock socket pile (e.g. Seol et al., 2009),
rock joints (e.g. Seidel and Haberfield, 2002), foot-
ing and so on.

3.1 3D modeling of rock breakage process in the
UCS and BTS tests

The numerical model for the UCS test is built ac-
cording to the geometry suggested by ISRM, i.e. the
diameter is 54mm and the ratio between the height
and the diameter is 2.5. In order to verify the numer-
ical code, both 2D and 3D modellings are con-
ducted. In the 2D modeling, the UCS test is simpli-
fied as a plane stress problem and a vertical section
is considered. In both cases, the load at a constant
displacement increment of 0.002 mm per step is ap-
plied in the vertical direction. The specimens are
loaded up to failure, and the complete force-
displacement curves are recorded.



a) 2D (Up: major principal stress, down: acoustic emission)

b) 3D (Up: major principal stress, down: acoustic emission)

Figure 1. 2D and 3D modelling of the rock breakage process in

the UCS test
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a) 2D (Up: elastic modulus, down: major principal stress)

b) 3D (left: acoustic emission, right: elastic modulus)

Figure 2. 2D and 3D modelling of the rock breakage process in
the BTS test

Figure 1 shows the simulated initiation, propagation
and coalescence of the fractures at different loading
levels. For the 2D modeling, the distributions of the
major principal stress and acoustic emission are de-
picted. For the 3D modeling, the evolutions of the
elastic modulus and acoustic emission are recorded.
It can be seen that in both 2D and 3D modeling, the
onset of failure is indicated by the formation of a
large number of isolated microfractures and then the
microfractures begin to cluster and become clearly
localized. This is quickly followed by the develop-
ment of a macroscopic fracture which split the spe-
cimen along an approximately 45-degree plane. It
can be seen that the main mechanism is tensile fail-
ure from the recorded acoustic emissions, where ten-
sile failures in current step are marked using red co-
lour and those in previous step are depicted using
green color; compressive failures in current step are
marked using blue color and those in previous step
are depicted using black color; and the radii of the
circle and sphere represent the sizes of the released
energies. From above descriptions, it can be seen
that the modeled progressive failure process and
failure mechanism are consistent with those in rock
mechanics textbooks.

As shown in Figure 2, the recorded failure
processes in both 2D and 3D numerical tests of the
Brazilian tests indicate the macroscopic cracks start
at some point near the central line of the discs and
propagate radially outward giving rise to a diametral
fracture plane with many small branches.

a) 2D (Up: elastic analysis where rock and concrete are as-
sumed to be homogeneous, down: breakage analysis, where he-
terogeneous is assumed)

b) 3D (Left: finite element mesh, Right: elastic modulus)

Figure 3. 2D and 3D modelling of the rock breakage process
induced by rock-concrete interaction



3.2 3D modeling of the rock breakage process
induced by rock-concrete interaction

This numerical example demonstrates the benefits of
such kind of implementation, which uses the inter-
face modeling technique available in ABAQUS to
model the rock breakage process induced by rock-
concrete interaction. It is well known that conven-
tional finite element analysis presents some difficul-
ties at large strain. Since nodal compatibility is en-
forced, no relative displacement is permitted
between the rock and contact and hence very large
shear strain expected at the interface. Consequently
it is difficult for the finite element code to model the
interaction between rock and concrete. The AB-
AQUS interface modeling technique use a slip ele-
ment to simulate slippage at the rock-concrete inter-
face on the basis of the master-slave formulation.

The friction between the rock and concrete is then
modeled using an isotropic Coulomb model, where a
friction coefficient and a stress limit is introduced to
control the finite-sliding between the master and
slave surfaces

T=up (20)

where 4 is the friction coefficient and p is the con-
tact pressure. The shear stress transmitted between
the two surfaces is computed by multiplying the
normal force across the interface by the friction
coefficient between the surfaces. The limiting shear
stress 7, at the rock-concrete interface is a func-
tion of shear strengths of rock and concrete. The
contact between master and slave surfaces is estab-
lished using a contact search algorithm, which uses
both global and local search procedures to provide
accuracy and computational efficiency. The global
search computes the distance from each slave node
to the master surface elements and chooses the mas-
ter surface node nearest to the slave surface node.
During the local searches, a slave node searches only
those elements attached to the tracked master surface
node and only the closest master surface node is
chosen.

The model results are depicted in Figure 3. It can
be seen that a curved failure surface develops from
the loading asperity and approximately intersect the
trailing face of the asperity. The geometry of the
modeled failure surface is consistent reasonably well
with the closed-form solution of Sokolovsky and la-
boratory test results described by Seidel and Haber-
field (2002).

4 CONCLUSIONS

In this paper, the progressive failure model devel-
oped by us in previous studies is implemented into
the commercial finite element code ABAQUS. The
implementation is based on the user subroutine

UMAT and enables the 3D modeling of heterogene-
ous brittle material breakage process. To facilitate
the usage of such implementation, a software pack-
age called TUNGEOS3D, a three dimensional code
for tunnelling and geomechanics, is developed using
Visual C++, OpenGL, Fortran and ABAQUS’s Py-
thon script to integrate the pre-processing, the sub-
routines and procedures interacting with ABAQUS
finite element analyzer and post-processing. Rock
breakage processes in UCS, BTS and induced by
rock-concrete interaction are modeled using TUN-
GEO3D to verify the implementation and demon-
strate the benefits of such implementation. It seems
that the results are promising.
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