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Summary and conclusions

The project is a continuation of GAP603: Fundamental Aspects of the

Integration of Seismic Monitoring with Numerical Modelling. It was

decided that the parallel study of two integrated models as different as MAP3Di

and IDRM, the Integrated Damage Rheology Model, will highlight the common

advantages and potential problems facing any present or future implementations

of the modelling with real seismic data.

The main result from the reported research is the demonstration that the

calibration of integrated models to observed seismicity is possible. This simple

statement of fact can change the status of the integration concept from that of

an interesting idea to the level of a practical tool.

There is virtually no previous experience in the use of integrated models. In

the case of MAP3Di, the prescribed calibration procedure has not been tested and

for IDRM similar procedures were not even conceptualized before this project.

This gap was filled at the start of the research. The main difference between the

calibration strategies of MAP3Di and IDRM is in the choice of calibration

criterion: while for MAP3Di this is a comparison between quantities which were

inferred from the observed and modelled data, in the case of IDRM to calibrate

means to force the model to reproduce one or another pattern in the observed

data.

IDRM is still in the development stage. The work on its calibration supplied

valuable feedback which was evaluated and used to improve the model. The most

significant development in this direction was the addition of visco-elastic behaviour

to the previously implemented non-linear elastic constitutive equations. Thus

IDRM became a visco-elastic non-linear damage rheology model with enhanced

capabilities of:

• Distinguishing between seismic and aseismic release of irreversible

deformation

• Emulating the Keiser effect under cyclic loading-unloading

The case studies conducted in the course of the reported project were set for

Tau Tona gold mine, area 336 and for the Mponeng gold mine, level W109. The

sites were chosen because of the high level of local seismicity and the quality of the
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available seismic data. The integration of MAP3Di with the seismic events

observed during the interval of time between two mining advances was performed

by the voxels method. The computed seismic displacement in the voxels was

converted to stress increment and added to the stress field computed for the last

mining step. This constitutes integration of real seismic data with the numerical

model and it could lead to significant changes in the elastic stress field.

The calibration of the integrated MAP3Di is done by comparing the strain

energy in selected test volume as evaluated by the modelled elastic stress with the

work done by the seismic displacements on the test volume.

The IDRM approach to the problem of calibration to observed seismicity is

different from the one used by MAP3Di. The most valuable feature of IDRM

is its capability to model the build-up and localization of sub-critical damage

which can lead either to a loss of stability or to the concurrent process of

healing. The fact that these processes can be modelled with very high resolution

in the time domain opens unique possibilities for calibration: not just to an

observed quantity or a set of quantities as it is the case in MAP3Di, but to a

pattern.

The following procedures can be employed for the calibration of IDRM:

• Calibration to total potency of the events observed inside the IDRM
domain within a given interval of time.

• Calibration to observed time distribution of potency release.

• Calibration to observed spatial distribution of potency release.

• Calibration to observed spatio-temporal distribution of potency release.

The IDRM potency release shows the typical features seen in local seismic
data, namely:

• Delayed response

• Accelerated potency release after the blast

• Gradual slowing-down of the seismicity after the blasting-driven
increase.

• Accumulation of the excitation in the rock mass with the advance of
the mining inside the IDRM domain.
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The practical side of the integration is in the possibility to formulate new

and, hopefully, more reliable criteria for structural stability. MAP3Di and

IDRM use different approaches to this question.

The MAP3Di viewpoint

The stability of structures can be assessed by calculating the stiffness of the

structure from the integrated model. Another quantity to monitor is the

energy stored in the structure of interest. The corresponding procedures are

prescribed in the MAP3Di as structure stability assessment. The result

of the structure stability assessment is presented in the form of a graph and the

plotted quantity is called stability parameter. The choice of stability

parameter is not one and the same for all cases. For instance, if a general

assessment of the stability of rock mass is sought for, the general stress level

represented by the principal stress can serve as a stability parameter. The

principal stress can be averaged over the structure and plotted against time.

Another possibility is to plot energy versus stiffness. In that case higher

energy is interpreted as higher seismic hazard. Likewise lower stiffness also

means higher seismic hazard.

The IDRM viewpoint

IDRM allows access to detailed information about the state of the modelled

rock mass and the processes in it. This information can be analyzed for any

signatures of an approaching instability.

One possible criterion for the approach of instability is the localization of

higher level of damage in one or more parts of the modelled domain. The

elastic modulae are damage-dependent and the effect of high damage level is

softening of the material. Then these softer sub-domains will act as loading

system for the adjacent, stiffer parts of the IDRM domain. This may lead to

violent modes of failure.

Another possibility is to relate any spatio-temporal clustering of failed

elements to the stability of a larger volume of rock. The size, location,

orientation and shape of modelled seismic clusters reflect the weakening of the

material due to damage evolution and loading history. The formation,



5

localization and spread of weakened zones can be interpreted in terms of

hazard levels for the occurrence of structural instability.

Finally, here are some observations made in the course of the research on

the project:

• MAP3Di and IDRM are very different numerical models. In fact, it is
difficult to imagine any other two models which are as diametrically
opposite as the above. Yet both MAP3Di and IDRM successfully
implement the integration concept. This shows that the idea of
modelling with real data does not impose any serious restrictions on type
of models.

• The differences between MAP3Di and IDRM are reflected in the
different calibration methods. This indicates that there may never be a
universal calibration methodology which could be applied to any
integrated model and in every case. The variety of calibration options
should be seen as an advantage rather than as a handicap.

• MAP3Di, the first and still the only commercially available package for
integrated modelling, is at the end of its development curve in terms of
the integration. It is impossible to push a boundary integral method
model of static stress any further without rewriting it from the
beginning and adding some dynamics to it. IDRM, on the other
hand, is at the beginning of its development and, without major
rewriting, it can be extended to include: temperature effects, fluid flow and
effective stress from pore pressure, dynamical loading and other
phenomena of practical importance.

• One serious problem for IDRM is the numerical instability resulting
from large deformations of the Lagrangian grid. It seems that the
correct way to address this problem is by implementing a meshless
algorithm preserving the fundamental equations of the model. This
idea is being seriously considered in ISS International.
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1 Introduction

The concept of integrating numerical modelling with real seismic data [1]has not
been accepted as an industry standard yet . In fact , at present there is
only one commercially available package, MAP3Di, which implements elements
of the integration with real data. MAP3Di is an upgrade of the popular static
stress analysis tool MAP3D[2] and has only limited integration capabilities.
Yet, even in this simple form, the integration has not gained widespread
popularity.

The numerical model IDRM, which is being developed by ISS
International, is perhaps the first tool designed from the beginning to
implement the concept of modelling with real seismic data . For both
MAP3Di and IDRM the calibration procedures have not been clearly stated
and a focused effort was needed to fill this gap. It was decided to work on
the calibration procedures for MAP3Di and IDRM in parallel for the following
reasons. These are the only two available numerical models which implement the
concept of integration with real seismic data. The two models are very
different in structure:

• While MAP3Di is fully static and models the equilibrium state of rock
under specified loading, the IDRM is based on the true equations of
motion although in the quasi-static approximation.

• Both models are designed to accept as input real seismic data with the
effect of changing the model-generated output in the direction of better
agreement with the observed data.

• The conclusions from the research on the calibration of two so different
models should reveal features of importance to any new numerical model
which would be designed to implement the integration concept.

The main feature of the calibration for any integrated model is that it is
not a once-off procedure but rather a continuous sequence of individual
adjustments which need to be performed on the model parameters as the
real data keeps flowing. In this sense the parameters of the model as well as
the loading conditions need to be redefined at time intervals which are dictated
by the character of the real data. This action can take different forms for
different types of integrated models.

In the case of MAP3Di, for instance, the integration of real seismic data
with the model takes the following form:

• first, the static stress field is computed from the latest configuration of
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the underground excavations ( that is, after the last advance in the
mining)

• next, the real seismic data is collected and analyzed for a certain period of
time after the last blast and before the next planned advance. Some
model for the seismic sources is used to convert the observed data into
displacements and then into stress increments within volume cells
(voxels) placed in the regions of interest.

• lastly, the stress increments inferred from the seismic data are
superimposed over the elastic stress to obtain a final (and hopefully
more realistic) distribution of the stress in the rock.

The voxels-method of integrating real seismic events with MAP3Di can benefit
from a reliable, easy-to-use and seismicity-oriented cluster-analysis tool. The
analysis of spatial clusters of point-like objects is required by many other
mining-oriented applications. As a part of this project, software for the analysis
and visualization of general clusters was developed and is delivered as
contracted.

One can see certain inconsistencies in the procedure especially in the
part when a static stress field is modified locally to accommodate the stress
relaxation due to real seismic events. This would cause some discord
between the stress field and the state of deformation on a mine-wide scale, yet
it is hoped that the local stress at the most hazardous locations will be better
estimated through the described procedure.

The calibration of MAP3Di to observed seismicity does not involve any
optimization of control parameters, although in principle, one could think of
a more intrusive interference with the model performance to reflect the
observed seismicity. For instance, it would be possible to change the material
properties in locations of higher seismicity but this would be easier to implement
in a finite-element package and it is far from trivial within the boundary element
method. The only means for calibration adjustments in MAP3Di are:

• the choice of the seismic source model and the parameters in it

• the location and the size of the voxels

The integration procedure for MAP3Di adds an element of domain-method
modelling to a software otherwise based solely on the boundary-element
technique. This is a welcome novelty but comes at a price: the results from the
integration are strongly dependent on the quality of the seismic data and
especially on the accuracy of location. Then, the conversion of the parameters
of the observed seismic events into displacements and the summation of the
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individual displacements in the volume cells ( the voxels) is a further source of
uncertainty. But the purpose of the research reported here is not to criticize or
praise MAP3Di but just to run some case studies which involve the integration
procedure and to compare the results with those obtained by IDRM under the
same conditions. There are not many users of MAP3Di world-wide and the
accumulation of experience from applying the model in mines with high
resolution seismic networks may be of interest to the industry. One common
feature for all models which claim to be integration-ready is the possibility to
synchronize the performance of the numerical engine with the real time. This
is necessary because every real seismic event carries a time-tag and if one
wishes to include it in the model this needs to be done at the appropriate
moment according to the internal clock of the numerical procedure. An attempt
to integrate real seismic data with a numerical model without time-
synchronization will be too crude and not very effective. For true elastic static
stress models like MAP3Di the lack of an internal clock is compensated by re-
computing the stress field after every new advance in the mining and
synchronizing these changes in the mining-induced stress with the stress
relaxation due to real seismic events registered since the previous mining
advance.

For a more precise synchronization of the input from observed seismic
events the numerical model should possess an internal clock by implementing
some forward-in-time algorithm firmly based in the laws of physics. One
possibility would be to solve the true dynamical equations for an elastic
continuum and to supplement these equations with some elements of damage
mechanics. The latter is needed to account for the changes in the material
properties due to the processes of degradation and healing. Besides, a numerical
model which treats the evolution of material damage would be capable of
simulating localization of damage and sudden loss of stability with the
accompanying irreversible deformations and stress relaxations. The model
IDRM is designed along the above lines. However it does not implement the
true (partial differential) equations of motion for an elastic continuum but
rather a simplified version of the true dynamics which corresponds to a
mapping of the continuum on a system of material particles. The justification of
this mapping is given in [3] by P. Cundall, the developer of the popular FLAC
software package. IDRM employs an explicit forward-in-time finite differences
procedure plus the constitutive equations for a non-linear, damage-prone,
visco-elastic, heterogeneous material. Since the IDRM is still new to specialists
from the mining industry, its fundamentals will be described in a separate
section later in this report.
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The calibration of IDRM to observed seismicity differs significantly from the

corresponding procedure for the MAP3Di. This is mainly due to the unique

capability of IDRM to model not only the elastic response of rock mass to

mining but also the irreversible deformations related to localized damage and

loss of stability in the material. In that sense the IDRM can model the

seismic and the aseismic response of rock and it is possible to extract from the

model-generated data the potency released at a particular location and at a

given time. Besides, the potency released seismically can be separated from the

potency released in slow processes. The spatial and temporal distribution of the

modelled potency can be integrated to obtain the corresponding cumulative

values. On the other hand, the (seismic) potency is an observable quantity

which can easily be obtained from the seismic data. This opens a variety of

possibilities for calibrating IDRM.

The simplest and most robust approach to the calibration of IDRM is
by comparing the observed cumulative potency with the modelled potency
release. The cumulative potency is evaluated for the seismic events within a
sufficiently long period of time. Only the events with location inside the volume
of rock covered by the model are taken into account. This strategy was
followed throughout the current project. In future other methods of
calibrating IDRM may be investigated. These could involve the details of the
spatial distribution of potency, the aseismic potency release adjusted to
observed closures in stopes and other quantities which are both measurable
and modelled.

The two models, MAP3Di and IDRM are very different indeed. One may

say that they are diametrically opposite: MAP3Di is a boundary-element

model without an internal clock while IDRM uses a 3D grid of finite elements to

model the constitutive behaviour of rock plus an explicit marching scheme in

physical time ( first-order finite differences method for Newton's equations of

motion). In that sense IDRM is a fully 4-dimensional model based on the

principles of physics. Further, the elastic modulae in MAP3Di are kept

constant while in IDRM they depend on the local state of damage. The state

of damage, on the other hand, depends on the deformation of the material.

This leads to an explicitly non-linear behaviour. IDRM is also quite different

from the commercially available software FLAC in the dynamics of the

Lagrangian grid: IDRM couples Newton's differential equations to the

constitutive laws which follow from a model-expression for the free energy and

adds a set of equations for the damage rate and the rate of inelastic
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deformations. The advantage of deriving the constitutive equations from an

expression for the free energy rather than postulating (or tabulating) some

empirical relations is in the existence of a rigorous and justifiable local

stability criterion. This feature of IDRM makes it possible to model the

seismic response of rock mass to mining.

The capability of IDRM to model the slow (aseismic) increase in the level of
irreversible deformation was added by extending the model to include visco-
elastic materials. The coupled differential equations for the damage rate and
the aseismic plastic deformation rate describe a more realistic material behaviour
which is in agreement with the observations in rock-mechanics laboratory
experiments [5]. The problem of separating the seismic and aseismic
contributions to the total irreversible deformation in a mining environment is
old and yet unresolved in a satisfactory way so that it could be used for
calibration. Yet the very fact that IDRM has the capabili ty of simulating both
seismic and aseismic rock mass behaviour is of significance.

Another feature of IDRM is the possibility of imposing a variety of different
loadings. These can be localized in time and in space in order to correspond
to the loading due to mining operations or the occurrence of a real seismic
event. A typical example of IDRM loading is the blasting and subsequent
extraction of a certain volume of rock at a given moment of time. The
implementation of this type of loading in IDRM is quite natural: at the
prescribed moment of time by the internal "clock" of the model the material in
a list of finite elements is replaced by "air" with the corresponding drop of
stress and density. This changes the balance of forces on all connected
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grid-nodes which in turn changes the strain and the stress in the neighbouring
elements. The effect from the extraction propagates inside the domain covered by
the model until the internal forces are balanced and a new quasi-equilibrium state is
reached. In the process, the level of damage in some elements can increase above
the critical level above which the local stability condition is not satisfied and a drop of
the stress is needed to restore the elastic stability. The interpretation of the described
behaviour of the model is in terms of potency release (both seismically and
aseismically). The resolution of IDRM in the time-domain is usually very high. The
minimum value of the time step is controlled by the node-to-node distance and the p-
wave velocity and is typically a small fraction of one millisecond. The high resolution
in time makes it possible to model the response of the rock mass to different methods
of production blasting by accurately specifying the moments of firing for the individual
charges in the same blast. Numerical experiments of this kind were carried out as a
part of the current research project.

The dramatic increase in the capabilities of IDRM in comparison with
MAP3Di comes at a price, though:

• IDRM has a number of control parameters which govern the time-
dependent elastic and plastic deformations and damage rate of the
modelled rock mass. The sensitivity analysis of models with many
parameters could be time consuming and its results are not universally
applicable but need to be verified when the model is set for a new mine site.

• The resolution of IDRM depends on the parameters of the grid. This is not
unexpected but has to be taken into account when the model is being set up for
a new case. The conflicting requirements of sufficient resolution in the parts of the
rock of high seismic hazard on one hand and of avoiding the effect from the
virtual boundary on the other hand, demand a properly constructed 3D grid
of non-overlapping tetrahedra with gradually changing size: smaller in the
domain where high resolution is required and progressively larger elsewhere.
The construction of 3D adaptive grids of good quality is far from trivial
especially for complicated geometries. It is quite possible that the grid would
contain some elements of very bad aspect ratio which may become a source of
numerical instability.

• The modelled evolution of the physical state of the rock mass depends on the
size of time step. This requires a separate analysis of the behaviour of
IDRM in the time-domain to set limits on the time step within which the
numerical procedure is stable and produces a reproducible output.
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• The net unbalanced force acting on the fictitious "particles" at the vertices of
the tetrahedra is computed from the stress in the tetrahedron and the area
of its faces while the mass of the same fictitious particles is computed
from the density of the rock and the volume of the tetrahedron. This is a
potential source of a systematic error in the evaluation of the velocity
increment over a time step. This effect can be minimized by enlarging the
domain in which the grid is approximately homogeneous and scaling the
response elsewhere.

These difficulties are IDRM-specific and need to be taken into account and
resolved before a calibration of the model is attempted.

The unique package of modelling options offered by the IDRM has already
attracted attention from the mining industry. Two projects involving modelling with
IDRM have been contracted in the last year. This was made possible in part by the
work done on the calibration of IDRM within SIM020307. As for MAP3Di, it has
been used for quite some time for routine numerical modelling to assess the seismic
hazard and stability of underground structures.

2 Brief description of MAP3Di and IDRM

The package MAP3Di is well-documented [2] and the interested parties are acquainted
with its underlying principles and numerical methods. This is not the case with IDRM
which is still in the development stage. For this reason the fundamentals of
MAP3Di will be only briefly sketched in this report while the basic principles and
numerical procedures employed in IDRM will be described in more detail.

2.1 The fundamentals of MAP3Di

MAP3Di is a numerical model which computes the state of stress and deformation at
specified points inside a domain filled with some elastic material. The material is
under loading which needs to be specified on the boundary of the domain either
as a prescribed normal stress or as a prescribed displacement. MAP3Di computes the
stress inside the domain under the following assumptions:

• the material is either homogeneous or piece-wise homogeneous

• the properties of the material are known.

• the constitutive relations for the material are linear elastic.

• the domain boundary is either a sufficiently smooth surface or a piece-wise
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smooth surface.

• the loads are specified on the boundary

• the transient effects of any elastic waves propagating through the material
have died away and a final equilibrium state has been reached in which
there is a balance between the loads on the boundary and the internal
forces in the material. This is the static equilibrium state which is being
modelled by MAP3Di.

There are different ways in which one can solve the governing equations for
static equilibrium in a linear elastic material. MAP3Di implements the Indirect
Boundary Element Method (IBEM). It is important to know, if not in detail, then at
least in principle, the way BEM works in order to understand the capabilities and
limitations of any BEM-based numerical model.

2.1.1 The Indirect Boundary Element Method
The idea of the Indirect Boundary Element method is to compute the stress at a given

point inside the material as a sum (superposition) of many contributions: each

contribution is the stress corresponding to a given concentrated load (traction or

displacement). It is expected that the effect from a given distributed load will

change only slightly if the load is replaced by a finite set of loads concentrated at

certain points (or smeared over certain areas). The method of computing the final

state of stress as a sum of contributions corresponding to individual loads is

known as the superposition principle and is true only for linear problems. In the

context of elasticity, a problem is linear when the constitutive equations for the

material are linear. Any deviation from the linear elastic behaviour of the material

will lead to a violation of the superposition principle and a subsequent break down of

any mathematical solution of the problem which is based on superposition. BEM, in

all its forms, is based on the superposition of the so-called fundamental solutions and

hence is limited to the description of linear elastic materials. Whenever a non-linear

effect needs to be included in the model, a restart with modified parameters and

loading is required, which amounts to an iterative solution of a non-linear problem by

means of a sequence of linear approximations - a standard mathematical approach.

The computational part of the Indirect Boundary Element method revolves
around distributing some concentrated loads of yet unknown strength at points or
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elements of the boundary and then finding the values of the unknown strengths for
which the effect of these loads will be the same as the effect from the originally
prescribed loads. Mathematically this leads to the problem of solving a system of
simultaneous linear equations. For large models the system of equations can be very
large which could be demanding on the memory and speed of the computer.

One possible way of integrating a real seismic event with a static stress analysis
model is by computing the stress field after adding to the existing load an increment
corresponding to the static effect from the observed seismic event. Alternatively, one
may attempt to compute the increment to the ambient stress field due to one or
more seismic events observed in the domain. The latter approach is employed in
MAP3Di for integrating a batch of seismic events observed within a given period of
time.

The actual generation, propagation and attenuation of seismic waves and any
permanent effect thereof remain invisible to a static-stress model.

2.2 The fundamentals of IDRM
IDRM, the Integrated Damage Rheology Model, is designed to solve a forward

problem for the evolution of the physical state of rock mass subjected to variable

loading conditions. The evolution of the state of a system can be seen as a chain, a

sequence of many individual instantaneous states which were assumed by the

physical system in consecutive moments of time. The smaller the intervals of time

in the sequence, the more detailed the description of the evolution of the state

would be. A static model concentrates on one and only one member of the chain.

A fully dynamical model tries to reproduce the chain by modelling the details of the

transitions between two consecutive states. A quasi-static model regards every state in

the chain as if it were in equilibrium with the current loads and then updates the

system to the next state by computing the response to a sudden deformation of the

material. When these sudden deformations are small and, more importantly, when

the time interval between the two states is small, one can ignore the interactions

between different parts of the modelled material and assume that stress at a given

location is fully determined by the strain in the same location and not (as it is the

case in reality) by the state of deformation in the whole body. The justification of

the quasi-static method of modelling is in the finite speed of propagation of

disturbances: if the time interval between two consecutive states in the chain is smaller

than the time needed for a disturbance to be transmitted between two neighbouring

locations, then the stress at each location will be determined by the strain in the
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same location and the effect from the changes at other location will arrive much

later. Assuming that the time for responding to a local strain change by a

corresponding local change in stress is much shorter than the time step and choosing

the time-step to be very small, the chain of states built according to the quasi-static

prescription can be brought very close to the one obtained by fully-fledged dynamical

modelling. IDRM is a quasi-static model and as such it generates a chain of physical

states.

The physical state of a finite volume of rock mass is parameterized by several
distributed state variables. One possible choice of state variables is: the temperature,
the components of the deformation tensor and the level of local damage. All these are
physical fields in the sense that they are defined for every moment in time and at every
point of space occupied by the rock mass. At a given moment of time the rock mass,
regarded as a physical system, can exist in only one physical state. The system can
remain in a given state over a certain interval of time and then it is said to be static.
Static systems are in a state of equilibrium when all factors which could drive the
system off such a state are balanced. The said factors which could drive the
system from one state to another can be named generalized forces. In
thermodynamics, the generalized forces are related to the derivatives of state
functions known as thermodynamical potentials. Specifying the analytical dependence
of the thermodynamical potentials as functions of the state variables or combinations
thereof is equivalent to postulating the dynamical laws governing the evolution of the
physical state. In fact, this is the proper way of formulating a mathematical model for
some physical system viz: select a complete set of state variables, postulate
thermodynamical potential or potentials, write the dynamical equations for the
evolution of the state of the system under the generalized forces. IDRM is one
possible realization of this programme.

It is of interest to model the physical processes which can take place in the rock
mass. A process is any change of the state of the system which happens over a
finite interval of time. Processes can be driven by internal forces and by external
factors. In the case of the internal forces some local imbalance must occur to initiate
a change of state. The external factors are the loading conditions and these can take
different forms: either some applied forces to points of the modelled domain or some
flow through the boundary. IDRM is designed to take into account different driving
factors of relevance to the behaviour of the rock mass near underground excavations
such as:

• extraction of a certain volume of rock from the modelled domain
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• extraction of rock outside but near the modelled domain

• adding material inside the modelled domain ( backfilling)

• installing backfill near the modelled domain

• sudden slip or rupture ( real seismic event) inside the modelled domain

• real seismic event outside the modelled domain.

Because of the functionality to accept loading from real seismic and production data
IDRM is said to be "integrated". In other words, the solution of the forward
problem about the evolution of the physical state of the rock mass is not
determined only by the initial conditions (the "starting" state) and those boundary
conditions which were specified at the beginning, but also by any sudden and
unforeseen changes in the loading suggested by the flow of real seismic data.

Another feature of IDRM which qualifies the model as integrated is that it
contains a static stress analysis module which is employed in determining the initial
stress state of the modelled rock mass as well as any increments of the loading
associated with mining activity near the IDRM domain or real seismic events.

At the core of IDRM are the true dynamical equations of motion for an
effective system of material "particles". These particles are at the nodes of a three-
dimensional Lagrangian grid of tetrahedra. The changes in the geometry of the grid
occur at the end of each time step through a procedure of updating the net forces
acting on the material particles. The force-updating takes into account the
constitutive behaviour of the material as well as the history of previous states, in line
with the expected behaviour of a truly non-linear system.

2.2.1 The principal assumptions of IDRM

In the present stage of development of IDRM, local variations of the temperature are
neglected and the state of the modelled material is parameterized by the components
of the deformation tensor and a scalar distributed variable describing the level of
damage [4, 6, 5]. The damage variable is dimensionless and finite so it is
normalized to take values between zero and one. It is associated with the local
density of microcracks (on a scale from several microns to millimeters). The
orientations and relative dimensions of these microcracks are locally averaged hence
the scalar approach to the description of material damage. It is assumed that the
damage variable enters the thermodynamical functions only through the elastic
modulae. This corresponds to the situation when the response of a given sample of
rock to standard loading depends on the degree of damage. The zero-level of damage
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is assumed to correspond to intact rock and the maximum value of 1 to a
completely damaged, totally incapable of carrying any load and of building up
stress even for large deformations.

In order to extend IDRM to visco-elastic materials a second scalar parameter, β
needs to be added to the model. The simplest way of doing this is to assume a global
(independent of the location) value ofβin the interval between zero and one. When β
is zero or very small, the non-linear elastic, non-viscous regime of IDRM is
activated. For non-zero values of β, IDRM is in the visco-elastic regime when it is
possible to release potency in an aseismic way. Another advantage of the visco-elastic
version of IDRM is that it can emulate the Kaiser effect [5] while the purely non-
linear elastic version cannot.

The dynamics of IDRM are governed by the Helmholtz free energy

STUTF ij ),,,(  (1)

where U is the internal energy per unit mass (in our case it coincides with the
deformational energy), S is the entropy and T is the temperature field. The free
energy is a thermodynamical potential and its first-order derivatives correspond to
the thermodynamical forces. One example is the quantity corresponding to the
gradient with respect to the strain tensor components:
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This is the Cauchy stress tensor and the relation is a (theoretical) constitutive
relation. Assuming that neither the entropy nor the temperature depend explicitly
on the state of strain, it follows that the stress will be determined solely by the
gradients of the internal (deformational) energy U. It is of the greatest importance for
the dynamical behaviour of the modelled system, what form of the deformational
energy as a function of the state variables will be postulated. If, for instance, one
takes U to be quadratic in the components of the strain tensor and further that the
elastic modulae ( e.g. the Lame parameters) were truly constant, then the
constitutive relation (2) will turn out to be just Hooke's law and linear elasticity will
govern the behaviour of the material between time-steps. On the other hand,
realistic materials are known to exhibit non-linear behaviour and to be damage-prone.
Hence an expression for the free energy is needed which would lead to explicitly non-
linear constitutive relations with all the consequences for the dynamics of the system.
There are several avenue's open here: one could consider higher order ( cubic, bi-cubic
etc.) terms in the free energy but this would mean that the non-linearity is switched
on only for larger deformations regardless of the level of damage. On the other
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hand, one can assume that the level of damage is the main source of non-linear
behaviour which would manifest itself even at small deformations. This is indeed the
case with almost completely damaged materials which show different response under
loading and unloading even at infinitesimal deformations. IDRM was designed along
this line of logic.

2.2.2 The IDRM expression for the internal energy

The internal energy is a scalar which means that its value remains invariant under
transformations of the coordinates. This is not a matter of choice but is
dictated by the most fundamental requirements about the equations of motion.
On the other hand, the components of the strain tensor are not invariant but
change as the system of coordinates is changed. From this it follows that the
only way in which the free energy and consequently the internal energy can depend
on the state of deformation is through the invariants of the strain tensor and their
combinations.

There are three independent invariants of the strain tensor, but only two, the
first-order invariant iiI 1 and the second-order invariant jiijI 2 are used in
the Hookean expression for the internal energy density:
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where λ and  μ are the Lame parameters. Clearly, the internal energy is homogeneous
of degree 2 in the components of the strain tensor and the corresponding gradients
(the components of the Cauchy stress tensor) are linear in the strain as required
(Hooke's law). In order to have both non-linear constitutive relations and damage
dependence of the material properties at small deformations, a new term is added
to the internal energy. This new term does not break the homogeneity of U as a
function of the strain components but introduces a singularity (branching point ) in
the complex strains plane. The expression for the internal energy postulated in
IDRM is:
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A new Lame parameter, γ, is introduced with the new, non-linear term 21 II .

The new term has the point of zero deformation as a branching-point singularity in

the complex plane of the strain components, but otherwise is homogeneous of

degree 2, the same as the Hookean terms. The dependence on the damage
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variable,  and on the viscosity parameter,  is not direct but through the Lame

parameters.

The introduction of the explicit non-linear term 21 II in the free energy is the

central hypothesis in the IDRM and it is responsible for almost all characteristic

features of the model such as:

 Coexistence of an overall elastic stability with local instability. The

signature of the latter is a non-convex free energy ( a convex free energy

corresponds to an elastically stable state)

 Different response of the material to compressive and tensile loading.

 Persistence of the nonlinear effects even for small deformations.

The use of the convexity of the free energy as a function of the strain-tensor

components is in line with the first principles of thermodynamics. Apart from its

theoretical consistency, the check for stability through the convexity of a function of

several (six to be exact) variables can easily be implemented in a numerical code: it is

necessary to find the eigenvalues of the corresponding Hessian and to check for

non-positive values among them. This purely algebraic problem is further simplified

by the symmetry properties of the Hessian of the free energy which lead to a

factorization of the characteristic polynomial and a relatively easy computation of all

eigenvalues. If other non-linear terms are used in the free energy the problem of

finding the spectrum of the Hessian becomes much more involved and as a rule

boils down to solving a sixth-order algebraic equation. This would not have been a

very serious obstacle if it were a once-off operation. As it is, the elastic stability

check needs to be carried out for all finite elements in the domain (hundreds of

thousands) and for every time-step.

The postulated dependence of the free energy on the strain components is

compatible with the desirable property of a partially damaged material to respond

with different build-up of stress to different modes of loading and in particular to

tensile and compressive deformations. Responsible for this property is again the

third term in the free energy. It is linear in the first-order strain invariant and for

non-zero values of the new Lame parameter this term can be of either sign i.e.

positive for compression and negative for tension.
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Lastly, the proposed new term in the free energy is of the same order in the

strain components as the Hookean terms and it will not become negligible for small

deformations as would other nonlinear terms, for instance higher powers of the

strain invariants.

The above discussion cannot be regarded as a theoretical justification of the

choice of free energy which is postulated in IDRM. If it turns out that the results

obtained with IDRM are in conflict with the observed material behaviour,

corrections will need to be introduced. For the moment, though, it seems that

IDRM does exhibit the same type of behaviour as the one observed in laboratory

experiments [4,5].

The postulated non-linear term in the free energy is not the only assumption in

IDRM. One needs to postulate the explicit form of the dependence of the Lame

parameters on the level of damage  and on the viscosity parameter. Again the

criterion used for postulating these functional dependencies is the requirement that

IDRM should emulate the main features of material behaviour. The choice

implemented in IDRM is:
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The non-linear character of the model is best illustrated by the explicit form

of the constitutive relations for the stress:
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The above expression has the same form as Hooke's law, only in place of the
constant elastic modulae, here we have the effective modulae:
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At this stage of specifying the IDRM, two components are still missing:

• The details of the criterion for elastic stability.

• The equation governing the evolution of the damage variable.
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2.2.3 Elastic stability
The criterion for elastic stability is related to the properties of the free energy, namely:

the system can exist in elastic ( quasi- ) equilibrium only in states for which the free

energy is a convex function. Alternatively, the points at which the free energy is not

convex with respect to the strain components are related to local material failure

(damage above the critical level). It needs to be underlined that the above stability

criterion is not global but applies only within a small vicinity of a given point in the

modelled domain. The material can exhibit multiple local instabilities while its global

structural integrity remains uncompromised. On the other hand, every instance

of structural failure is accompanied by multiple local failures which localize in

bands. Therefore, the road to understanding global structural stability goes through

the analysis of individual acts of local failure: their clustering (localization), temporal

patterns and causal relation to various driving factors.

The signature for non-convexity of the free energy is the appearance of at least
one non-positive eigenvalue of the corresponding Hessian, that is, the matrix of the
second-order derivatives of the free energy with respect to the strain components.
When running IDRM the convexity of the free energy is checked at every time step
and for each domain element. A single violation of the elastic stability condition
means that the quasi static approximation cannot be carried out further unless the
stability is restored. The procedure of restoring the elastic stability is designed ad hoc
and involves stress-relaxation and irreversible deformations very much in the same
way it is believed to happen at seismic sources.

2.2.4 Damage evolution equation

The continuity equation for the entropy of a damageable material must contain an entropy-

production rate term related to the change of the level of material degradation or material

healing:

heat
entropy

S JJ
t T

   


(8)

In the above entropyJ and heatJ are the corresponding fluxes for entropy and heat.

We are looking for a relation between the entropy-production rate and the rate of damage.

This can be obtained by combining the first principle of thermodynamics with the

definition of free energy plus the additional assumption that the processes modeled by

IDRM are isothermal.
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The first principle of thermodynamics can be written in the form:

ij jidU W Q Q       (9)

On the other hand, from the definition of free energy we can write:
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Combining (9) and (10) and relating to the time derivative of the internal energy, we obtain:

ij ji heat ji
ij

dU T F dS
J T

dt dt
  

 
 

    
 

   (11)

Replacing the entropy rate with the right-hand side of (8) and using the constitutive

relation (2) we obtain:
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The above leads to the following equation for the entropy production rate due to changes

in the material damage level:
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In general, the entropy production rate due to changes in the damage level is a function of

the damage and the rate of damage. Assuming analyticity in the damage rate, we can

write the first terms of the corresponding Taylor expansion:
2

0 1 2( , ) ( ) ( ) ( ) ...             (14)

The first two coefficients in the above Taylor expansion must be zero and the

third coefficient must be positive. This follows from the following argument:

• The entropy production rate must be zero in a process without a change

of the damage level, therefore 0( ) 0  .

• The entropy production rate must be positive for any change in the

damage level, be that towards degradation ( 0 ) or towards healing

( 0 ). This statement must be valid for all values of the damage rate,

including those of very small absolute value. Therefore the second

Taylor coefficient must be zero: 1( ) 0  .

• From the positivity of the entropy production rate, it follows that the

third Taylor coefficient, 2 ( ) must also be positive.
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Finally:
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which gives:

d Ffactor
dt



 


(16)

This is the damage evolution equation employed in the IDRM. The factor in the

above has the physical dimension of 1( )Nms  . It is a function of the state

variables and can vary both in space and time. For negative values of the right

hand side, the damage evolution equation describes a process of decreasing the

local damage i.e. healing. For positive values of the right-hand side, the damage rate

is positive which corresponds to material degradation.

In order to further specify the damage evolution equation, one needs to

differentiate the IDRM expression for the internal energy. This, together with

the expression for the Lame parameters as functions of the damage variable, gives:

2 0( )r
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where 0 corresponds to some critical value of the strain diagonality 1

2

I
I



which separates the regime of stable degradation from that of unstable

degradation. For visco-elastic materials ( β> 0 ) there is another threshould value

for the diagonality ξ which is given the name transitional diagonality and is 

denoted by trans . The transitional diagonality corresponds to the change of sign in

the damage rate:

0
00 0trans trans

d
dt




   


      (18)

In this way IDRM can model three different types of behaviour of a visco- elastic

material:

• Unstable degradation :   diagonality larger than the critical value ξ0, 

positive value of the damage rate. The material evolves towards a loss of

elastic stability
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• Stable degradation:  diagonality smaller than the critical va lue ξ0 but 

larger than the transitional value trans .

• Healing: diagonality smaller than the transitional value

Not all of the deformation experienced by the material is reversible. The rate at

which plastic deformation is accumulated in an element of the IDRM grid satisfies a

separate differential equation:

1( ) ; 0
3
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ddt
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In the above, vC is a new parameter of the model which is related to the effective

viscosity of the material. The interval of acceptable values for this parameter is

determined from a comparison between IDRM and laboratory results.

2.2.5 How does IDRM work

IDRM works according to the following scheme:

1. Select a part of the rock mass to be modelled. This will be called the IDRM
domain.

2. Generate a grid of tetrahedra in the IDRM domain. The tetrahedra will be
the IDRM elements and their vertices will be the IDRM nodes.

3. Choose values for the parameters controlling the damage evolution for all
different materials in the modelled domain.

4. Assign material properties to each IDRM element: density, Young modulus and
Poison's ratio, friction angle.

5. Set up the static stress modelling shell ISSM to compute the initial stress at
the centroids of the IDRM elements. The initial stress will correspond to
the mining layout inside and near the IDRM domain at the time when we
would like to start the IDRM clock.

6. Specify the initial loading conditions. These can be imposed either on the
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boundary nodes or on the boundary tetrahedra. It is possible to
encapsulate the active part of the IDRM domain in a model analogue of
"loading system". The loading conditions can change with time to reflect the
mining advances and/or the seismic activity near the IDRM domain.

7. Place virtual "material particles" at the vertices of the tetrahedra and
compute their masses ( from the total mass in the attached tetrahedra). Set the
initial values for the velocities of these particles.

Now IDRM is ready, the IDRM clock is set to the time of start and the time-
marching procedure can begin. Since IDRM is a quasi-static model every act of state-
updating consists of computing first the strain and then the stress for each of the
tetrahedral elements independently. This is how it is done:

1. Select a node. Compute the net force acting at this moment on the node.
This is done by computing the net force acting on each of the tetrahedral
faces connected to the selected node.

2. Compute the acceleration of the node due to the net unbalanced force acting
on it.

3. Compute the increment in the velocity for the selected node

4. Compute the new velocity of the node by adding the velocity increment to the
velocity of the node at the end of the preceding IDRM step.

5. Compute the displacement of the node from the updated velocity and the
size of the time step

6. Repeat the same procedure ( 1 -5 ) for all remaining nodes of the IDRM grid

7. Select a tetrahedron. Compute the strain increment from the velocities of the
vertices.

8. Compute the new strain for the selected tetrahedron by adding the strain
increment to the strain at the end of the preceding IDRM step.

9. Check the stability status of the selected tetrahedron by computing the
eigenvalues of the Hessian matrix for the elastic strain energy. If the
tetrahedron is stable, proceed to the next IDRM element, else begin the
procedure of stress relaxation until the elastic stability in all elements is
restored.
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Whenever an element "fails", that is , the elastic stability condition is violated, a
sudden stress-drop occurs which initiates the propagation of a disturbance and
stress-adjustments through the grid. This justifies the interpretation of local failures
as the model analogue of seismic response.

The quantitative measure of the lasting effect from a local failure is the potency
release. In the context of IDRM, potency is defined through the plastic strain: for
every failed element one can compute the plastic strain which needs to be released in
order to restore the elastic stability in the element. This procedure is, in principle, the
same as the application of flow-rules. Once the plastic strain tensor has been
extracted, potency is defined as the product of the Euclidean norm of the tensor times
the volume of the tetrahedron. The Euclidean norm of the (plastic) strain tensor is the
square root of the second-order invariant. If more than one tetrahedron have failed
simultaneously, the total potency release for the “event” is computed as the sum of
the potency released in each of the failed tetrahedra.

When potency is released after a local loss of stability in one of more tetrahedra, the
corresponding contribution is assigned to the potency which has been released
seismically. In addition, the visco-elastic version of IDRM allows for sub-critical
potency release before the element has failed ( cf. eq. (19).) Such contributions are
added to the aseismic potency release.

When the elements which have failed simultaneously are diffusely distributed and
the total potency released is very small one can attribute the event as a part of the
acoustic noise. Alternatively, when the failed elements are clustered and the total
potency released is above a certain threshould value, one can speak of a seismic event
which has been simulated by the IDRM ( a modelled event). The aseismic potency is
released between events when all elements are stable but in some the strain
diagonality ξ is above the transitional value and the plastic strain rate is positive.
When a threshould value is introduce to separate acoustic noise from seismic events,
the potency release which accompanies the emission of acoustic noise needs to be
added to the cumulative aseismic potency.
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3 Calibration of MAP3Di to real seismicity

3.1 The voxels method of integration

The integration of MAP3Di with real data requires a subdivision of the modelled rock
mass or at least the important parts of it into cubical elements named voxels. The
aim is to accumulate seismic deformation in the voxels by adding the contributions
from observed seismic events. A seismic event with location at point P will
contribute to the total seismic deformation in a particular voxel only if P is inside it.
When all seismic events which were observed during a specified period of time have
been assigned to voxels, the final values for the seismic deformation at the centroids
of the voxels are obtained. Next, the seismic deformation in a voxel is converted to a
strain increment through dividing displacement components by the linear size of
the voxel. Lastly, a stress increment is obtained from the strain increment by means
of the constitutive relations for the material in the voxel and added to the pre-
integration stress at the centre of the voxel. The newly obtained stress field is
determined both by the static influence of the excavations and by the observed
seismic events.

3.1.1 Seismic displacement from source parameters

One way of computing the displacement which corresponds to an observed seismic
event is by making the following assumptions:

1. The source is elliptical

2. The source size scales according to the Brune model

3. The maximum value of the seismic displacement is related to the seismic moment

4. The distribution of the seismic displacement is modelled by a taper
function ( called the displacement profile).

Three taper functions were used in the research project: the crack profile, the asperity

profile and the adaptive profile.

3.1.2 The crack profile
This taper function is suggested by the slip distribution on a loaded crack. The

expression used as a taper function is:
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In the above: a is the radius of the (circular) source, r is the distance to the

centre of the source, μis the rigidity ( shear modulus) and  is the stress-drop.

It is believed that this taper function will be more likely to fit smaller seismic

events. For larger events the more appropriate taper function is the asperity profile.

3.1.3 The asperity profile
The asperity profile is derived from the analysis of the elastic single slip event and fault

growth model. The function is:
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where x = r/a and Dmax is the maximum displacement at the centre of the

source.

Somewhere between the two basic seismic displacement models stands the adaptive

profile.

3.1.4 The adaptive profile
The dimension-less taper function for the adaptive profile is:
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It contains two positive parameters: 1g and 2g .

In (22), x is the same as in the expression for the asperity profile.

3.2 The energy-based method of calibration

The calibration of MAP3Di is carried out by comparing the energy release in
selected volumes with the work done on the same volume by the seismic
displacement. The set-up is like this:
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 The static stress field due to the latest configuration of the underground
excavations is computed.

 The underground un-mined structure of interest ( e.g. a pillar) is

covered by one or more test-volumes.

 The material properties are changed and the corresponding energy
release in the test volume is computed by the static part of MAP3Di.

 The part of the volume with significant, observed seismicity is covered
by voxels.

 The seismic displacement is accumulated in the voxels and converted
into stress increments.

 The static stress field is modified by adding to it the seismic stress
increment.

 The work done on the test volume due to the change of stress is
computed.

 The above procedure is repeated after every mining step.

 The parameters controlling the elastic behaviour and the seismic

displacement are optimized for a reasonable correlation between the
modelled energy release and the work done by the seismic displacement.

4 Calibration of IDRM to real seismicity

IDRM can be seen as a "next step model" when compared with MAP3D. Indeed,
IDRM literally starts from a stress-strain state generated by any static stress model
and this could be MAP3D or any other package with similar capabilities. The new
features brought in by the IDRM are:

• Internal clock which can be synchronized with the physical time.

• Variable loading conditions which can be imposed at specified moments of time
according to mining operations or significant real events.

• Prescribed changes of material properties and damage levels for specified
locations and moments in time.
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• Geological structures of any geometry and physical properties. The
properties of potentially seismogenic structures can be modified with time to
adjust the yield of model-generated seismicity with the observed spatio- temporal
pattern.

• Continuous-in-time monitoring of the state of deformation, particle velocity,
particle acceleration, stress, damage and strain energy density at given points
inside the material (numerical analogues of seismic sensors)

• Capability to model seismic and aseismic release of irreversible deformation in
real time.

This variety of new capabilities opens different options for calibrating IDRM
depending on the type and the quality of the available seismic data:

• Calibration to total potency of the events observed inside the IDRM
domain within a given interval of time.

• Calibration to observed time distribution of potency release.

• Calibration to observed spatial distribution of potency release.

• Calibration to observed spatio-temporal distribution of potency release.

A necessary precondition for the implementation of any calibration procedure is a
thorough sensitivity analysis aimed at revealing the response of IDRM to variations
of different groups of control parameters. Once IDRM is set for certain initial
conditions and the boundary conditions are imposed according the required loading
on the modelled rock mass, the changes in the parameters controlling the damage
evolution and the plastic strain rate would lead to changes in the modelled potency
release patterns. The sensitivity analysis must reveal and quantify the correlations
between the changes of the parameters and the modelled potency release. Once this is
done, the calibration of IDRM along any of the above lines will consist of comparing
the modelled and the observed potency release patterns and introducing such
changes in the control parameters which would bring the IDRM generated data
closer to the observed data.
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4.1 Calibration to total potency of the events
observed inside the IDRM domain within a given
interval of time

The IDRM is set up for a part of the mine which has been monitored for a
sufficiently long period of time and good quality seismic data has been obtained.

Calibration procedure:

1. A volume of rock is selected for modelling. This will be the IDRM domain.
The IDRM domain should include a significant portion of the region of
interest and at the same time its size must correspond to the required
resolution and the available computer resources.

2. Any available data about material properties of the rock in the IDRM domain
and of geological structures crossing it must be collected and used to build
the 3D grid of the model.

3. Seismic data for a sufficiently long period of time must be available about
the region of interest. Usually the period of time will cover several
consecutive mining advances inside or near the IDRM domain.

4. The beginning of the selected period of time is set as the starting time for the
IDRM. The end of the selected period of time is the moment when IDRM
will be stopped and its output compared with the real data. When IDRM is
started, it will model the evolution of the state in the rock mass in a sequence
of time steps. A case of running IDRM typically involves many thousands of
step and the size of the time step can vary from a fraction of one millisecond
to many hours depending on how close is the state of the rock to equilibrium.

5. The boundaries of the excavations near the region of interest and
corresponding to the starting time are entered into the available static
stress analysis software. This could be, for instance, MAP3D, ISSM or any
other static stress modelling tool. The stress tensor (Cartesian components,
compressive-negative) is computed for the centroids of the IDRM elements. The
corresponding elastic strain is computed from the initial stress and assigned to
the IDRM elements as the initial condition for the forward modelling.

6. The seismic events with location inside the IDRM domain are selected from
the available data. A time series is formed from the cumulative potency
released by the selected events.
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7. IDRM is started with the minimum value of the time step. At every step
the elastic stability condition is checked and if no loss of convexity of the strain
energy is encountered, the next step is performed. If in an element the stability
condition is violated, IDRM enters into the stress- relaxation mode when stress
is dropped in the failed elements according to the mode of failure and then the
stress in the rest of the IDRM volume is reconciled with the local stress-drop
until a balanced new state is reached in which all elements have regained
elastic stability. The stress- relaxation mode after a local instability is the
most-important part of the IDRM. It is during this procedure that the
main portion of plastic deformation is released and it can be interpreted in
terms of seismic potency. Meanwhile, plastic deformation is continuously
accumulated in certain elements because of the visco-plastic constitutive
equation which has been added ( see the brief description of the IDRM in this
report)

8. The potency released in IDRM is collected in a cumulative time series.

9. After IDRM has covered the designated interval of time, the modelled time
series for the cumulative potency is compared with the one obtained from
the real data. If the IDRM cumulative potency curve runs lower than the real
data, the control parameters are corrected in the direction of increased potency
release. If IDRM seems to produce potency at a much higher rate than it is
observed, the change in the parameters is in the opposite direction.

10. IDRM is run from the start with the new values of the control parameters until
the best possible agreement is reached between the modelled cumulative
potency and the real data.

This is the simplest calibration option for IDRM. It is appropriate when the observed
seismicity is not highly clustered in space about one or more known seismogenic
structures, neither is it showing distinct temporal patterns which one would wish to
emulate by the model. For those cases there are different calibration options
available. But even if one decides to calibrate IDRM to a distinct pattern of the real
seismicity, it would be useful to first find good values of the control parameters by
going through the procedure described above and then, using those parameters as a
starting point, to attempt bringing the IDRM output closer to the observed patterns
in the seismicity.
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4.2 Calibration to observed time distribution of
potency release

The steps one must follow in order to calibrate IDRM to a distinct temporal patterns
in the seismic potency release are similar to those already listed in the previous sub-
section.

In point 6 the only change is that both the time series of the potency released at
each listed real event and the cumulative time series will be needed.

Likewise, in point 8 both the potency and the cumulative potency release time
series must be extracted from the IDRM output.

The method of bringing IDRM closer to the observations in this case does not end
with a simple variation of the control parameters. The patterns in the observed
seismicity are the result of the periodic changes of the loading conditions. A typical
example of such changes are the daily blasts. A high resolution seismic system can
clearly show the periodic changes in the local seismicity and these changes are
correlated with the mining operations. In order to calibrate IDRM to the observed
patterns it needs to implement the periodic changes in the boundary conditions in
accord with the production blasting and then to adjust these conditions, together with
a proper choice of the material properties and the control parameters so as to bring
the IDRM output closer to the observations.

4.3 Calibration to observed spatial distribution of
potency release

This case is of particular importance when the IDRM domain is crossed by one
or more known seismogenic geological structures and the observed seismicity is clearly
clustered in space. The clusters in the real data can be identified by means of a cluster
analysis tool.

A method of cluster identification, quantification and visualization was developed
as a part of the current project and the corresponding software was tested and found
to be adequate, with a clear and intuitive user's interface and an easy-to-follow
tutorial. The cluster analysis software is one of the contracted deliverables and will
be described in a separate section later in this report.

The aim of the calibration in this case is to force IDRM to exhibit a spatial
distribution of the modelled seismicity which is similar to that which is observed. This
can be achieved in the following way:

• Include in the geometrical model the known seismogenic structures

• Specify the material properties for the 3D grid elements which belong to the
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seismogenic structures. Keep these material properties open to variations
even within the same geological structures. In this way one can introduce
asperities in a modelled fault.

• Run IDRM for different settings of the material properties in the elements
of the structures and attempt to force the modelled seismicity to cluster like
the observed seismic patterns.

• Vary the IDRM control parameters to bring the level of the modelled
seismicity closer to the observed

4.4 Calibration to observed spatio-temporal
distribution of potency release

This method of calibration contains elements of the previously outlined calibration
strategies. Indeed, for a maximally detailed calibration of IDRM to the observed
seismicity both in space and in time one will need to find the optimum of:

• control parameters

• loading conditions

• material properties of the matrix rock mass

• material properties on geological structures

The procedure itself is a simultaneous application of the three listed above.

5 Connected clusters: theory and software

The problem of identifying clusters in scattered data is of importance for the analysis
of seismicity and for the attempts to model the phenomenon. One of the
contracted deliverables of the current project was a software package for the analysis
and visualization of seismic clusters. This section is devoted to the description of the
software, of its functionality and graphical user's interface.

5.1 Theory

Consider a set of point-like objects. These could be, for instance, the locations of
observed seismic events or the centroids of failed IDRM elements. The task is to:

• identify the clusters in the data
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• quantify a given cluster

Before anything else, of course, one needs to define a cluster in a given set of data.
This could be done in different ways. Here an intuitively clear definition is adopted
which requires that the set of elements is embedded in a metric space and that some
connectivity radius is chosen. The elements of the set which is to be subjected to
cluster analysis must belong to a metric space so that for any pair of elements the
distance that separates them is well defined. The connectivity radius is needed to
define pairs of neighbours: two elements are said to be neighbours when the
distance between them is less than or equal to the connectivity radius.

The following definition of a connected cluster can be given: A sub-set of elements
from the given set is said to form a connected cluster (or simply a cluster) when
every element from the cluster is a neighbour to at least one other element from
the set. An element can be assigned to an already existing cluster if it is a neighbour
to at least one element from the cluster. A cluster is said to be maximal if it cannot
be enlarged by assigning to it new elements (unless the connectivity radius is
changed). From this moment on, by clusters we shall understand maximal
connected clusters within a given set and for a specified connectivity radius. In the
extreme cases of very small or very large values for the connectivity radius one will
end up with many clusters of single elements or with a single cluster containing all
elements of the set respectively.

For this cluster analysis software we assumed the most natural metric space,
namely the three dimensional Euclidean space. The elements of the set will be assumed
to be point-like and this fully determined by their coordinates relative to a given
reference frame. The computer programme for cluster analysis takes as input the
coordinates of the set of points. Next, a value for the radius of connectivity must be
entered.

5.1.1 Cluster identification

The first task which the software performs is the breaking-down of the set of
points to maximal connected clusters for the given radius of connectivity. The
following algorithm for cluster identification was implemented:

• Mark all points of the set as "free" in the sense that they haven't yet been
assigned to a cluster.

• Set the current cluster label to "zero" - this means that no clusters have been
identified yet.

 Select a free point and assign it to a new cluster. Give the new cluster the
label "one after the last".
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• Cycle through the free (not yet assigned to any cluster) points and if a point
happens to be a nearest neighbour of the selected point, then assign it to the
same cluster

• Cycle through the points of the current cluster and look for nearest
neighbours among the free points. If a neighbour is found, assign it to the
current cluster.

• Repeat until no more points can be added to the cluster.

• Select a point from those not yet assigned (if any) and use it as the first
point of the next cluster.

• Repeat until there are no more unassigned points in the set.

This completes the decomposition of the input set of points into maximal
connected clusters. Two comments:

1. A change of the connectivity radius will produce, in principle, a totally
different cluster decomposition. Therefore the user should use any available
additional information about length scales associated with the data before
choosing a value for the connectivity radius.

2. Sometimes there are reasons to neglect connected clusters of mass( number of
connected elements) smaller than a certain threshould value. Then this value
can be specified before proceeding with the cluster identification and the result
will be a certain number of clusters of mass greater or equal to the threshold
value plus, possibly, a number of elements from the set which have not been
assigned to clusters.

5.1.2 Cluster quantification
The next task of the cluster analysis is the quantification of the individual clusters.

This means that we need to define measurable characteristics of an individual

connected cluster which would reflect the shape and the size of the cluster as well

as its location and orientation in space. It is not very difficult to define parameters

related to the location and the size of a cluster. It is far from trivial to define

quantities which would describe the shape of a cluster and its orientation.

We shall start with the size and the location of a connected cluster.
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• Size or "mass" of a cluster is defined as the total number of elements in it.

• Location of a cluster: the coordinates of the "centre of mass" of the
cluster. If all points of a cluster are treated as equal the centre of mass
corresponds to the centroid. Another possibility is to assign weight to the
elements of the set and to treat these weights as "particle masses". In this case
the location of the cluster will correspond to the centre of gravity of the
weighted points.

In IDRM a model-generated event is related to tetrahedral elements in which the local
value of the damage parameter has reached the critical level. As one needs to
distinguish observable seismic events from acoustic noise, a cutoff in the size of
connected clusters of failed elements must be introduced. The pattern of the seismic
waves from a model-generated event must be related to the properties of the source
and its environment. The properties of the seismic source can be linked to the shape
of the cluster of failed tetrahedral elements.

One possible way of approaching the problem of determining the shape of a
connected cluster is by searching for the best fitting closed surface which encompasses
the cluster. The simplest candidate for such a surface is a hexagonal box, or, if a
smooth surface is required, an ellipsoid. The problem of fitting a box on a set of
points is relatively simple. A little more effort is needed to find a method for fitting an
ellipsoid on a given cluster. The best-fitting ellipsoid for a given set of points is the
one which has the minimum volume among all ellipsoids which contain these
points. One can visualize the search for the best-fitting ellipsoid for a given cluster
in the following way:

• Cover the whole cluster with a sphere of sufficiently large radius. Remember
that a sphere is a special case of ellipsoid.

• Deform the sphere in three mutually orthogonal directions thus turning it into
an ellipsoid while making sure that not a single point of the cluster will be
left outside.

• Do this shrinking in all possible ways, The best-fitting surface for the cluster
will correspond to the ellipsoid of minimum volume.

Once the best- fitting ellipsoid has been found, the shape of the cluster can be
described by the three axes of the ellipsoid and the orientation of the cluster - by
the three unit vectors of the ellipsoid axes. Of particular importance are the
dimensionless combinations of the lengths of the axes like, for instance, the ratio
of the longest to the shortest of the axes.
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The submitted software implements the following algorithm for finding the
best fitting ellipsoid to a given set of points:

1. Find the two points of maximum separation. They determine the largest
axis of the ellipsoid and the point at the centre of the main axis is the
centre of the ellipsoid. In this way the first unit vector and the first
"eigenvalue" have been found.

2. Consider the two most distant points as fixed. Cycle through all other points
and for each of them construct an ellipse which passes through the
following three points: the two fixed and the selected one. Measure the second
axis of this ellipse. Determine the point for which this second axis is of
maximum length. Fix this point and the corresponding axis will give us the
second eigenvalue.

3. Now we have three fixed points. Cycle through the rest of the points and for
each of them construct an ellipsoid with the three fixed points and with the
other two axes as already determined. The ellipsoid of maximum third axis will
contain all data points and will fit them best.

The shape of a cluster can be parameterized in many ways but the two important
issues are: asymmetry and eccentricity.

The asymmetry is measured by the position of the cluster within the best-fitting
ellipsoid (clusters are randomly-shaped objects, while ellipsoids are highly symmetric)
.

The eccentricity is measured by the deviation of the best-fitting ellipsoid from the
sphere.
A simple measure of the asymmetry of a cluster can be obtained by counting the

number of points above the plane formed by the first two principal axes and below

it. If these numbers are aN and uN respectively, then the asymmetry ξ can be 

defined as:

a u

a u

N N
N N







(23)

The asymmetry is thus normalized between zero (symmetric case) and one (all points

on one side ). A more detailed description of the asymmetry of a cluster can be

obtained by counting the points in the eight octants of the ellipsoid.

The eccentricity of the best-fitting ellipsoid characterizes the general shape of the

cluster. The information about the shape of an ellipsoid is contained in its
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eigenvalues (axes). There are three basic shapes: spherical, elongated like a cigar and

flattened like a pan-cake. Here is a method for determining the shape-type of an

ellipsoid whose three eigenvalues are 1 2 3, , (from the largest absolute value to the

smallest):

 Define the dimensionless parameters 21 2 1/u   and 31 3 1/u   . The

absolute values of the eigenvalues are used so 21u and 31u are between zero

and one.

 If 31u is very close to one (say, 31 0.8u  or larger), then the cluster is said to

be (approximately) spherically shaped.

 If 21u is very small (say 0.2 or smaller), then the cluster is said to be

elongated or cigar-shaped.

 If 21u is large (e.g. 21 0.8u  or larger) but 31u is small ( say, 31 0.2u  or

smaller) then the cluster is said to be flattened or pancake-shaped.

 For all other values of the parameters 21u and 31u one can say that the cluster

is egg-shaped.

5.2 Cluster analysis software

The cluster analysis software, which is submitted as contracted, has an easy-to-follow
tutorial and very intuitive graphical user's interface. Here is a screen-capture from the
tutorial pages.

6 Grid size effects: IDRM

All numerical models of rock mass behaviour under loading are prone to systematic
errors due to the discretization. For IDRM the problems are quite real and have
to be faced before a calibration is attempted. IDRM is a domain method and
requires a discretization of the full 3D domain (and not only of its boundary as is
the case with MAP3Di). Further, IDRM solves the true dynamical equations of
motion for a system of material particles associated with the Lagrangian grid and this
requires a discretization of the time-domain. One can say that IDRM is a 4D model
which is the proper way to treat physical processes in a real system. The spatial grid
and the finite time-step introduce their specific problems. We shall discuss them
separately and in the light of their possible impact on the calibration procedure.
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6.1 Adaptive grids of tetrahedra and the errors in
the nodal masses and forces

The need to model significant portions of underground structures with IDRM can be

met by generating an adaptive 3D grid, that is, a grid in which the linear size of the

elements is not approximately the same but varies from small, at places where high

resolution is required, to large in the less important zones. Quite apart from the

serious technical difficulties of constructing such a grid which also respects the

geometry of additional structures, the combination of variable-size elements with the

Lagrangian quasi-static simulation can produce systematic errors in the computation

of nodal velocities. Here is the explanation for this effect: The nodal velocities in

IDRM receive increments at the end of each time-step according to the ratio of the

net nodal force to the mass of the virtual particle at the node. If there were no

errors in the computation of the masses and forces then the size of the tetrahedra

would not have any effect on the velocities. But this is not the case: both nodal

masses and net nodal forces are estimated in a quite approximate way. A node is

given a "mass" by summing the contributions from all tetrahedra connected to this

node. And these contributions are simply one quarter of the total mass in the

tetrahedron regardless of its aspect ratio. It is obvious that the nodal masses

estimated in this manner will carry some statistical error which scales like the mass

itself, that means like the volume of the tetrahedron, and eventually like the third

power of the linear size. On the other hand, the net nodal force is the vector sum

of the body force and of the contributions from the tractions on all tetrahedral

faces connected to this node. The traction on a tetrahedral face produces a total

force equal to the integral of the traction over the plane element and for constant

traction this is simply the product of the traction and the area of the triangular

element.

Each node receives one third of the total force acting on a face and this

approximation brings in an error. The size of this error is proportional to the force

itself and this means that it scales as the area hence as the square of the linear size of

the tetrahedra. We see that the force-over-mass ratio depends on the local grid size

because it scales linearly with the grid size. For a homogeneous grid this effect is



44

absorbed by the overall calibration procedure. An adaptive grid, though, can

systematically underestimate the velocities of nodes connected to larger tetrahedra in

comparison with the nodes connected to smaller tetrahedra.

A cure was found for this problem. It uses a new procedure for assigning masses and

forces to the nodes which preserves the scale of the force-over-mass ratio across any

3D grid.

6.2 The choice of time step and associated numerical

instabilities

A unique property of any 4D discretization scheme is the existence of a grid velocity. If

an explicit-in-time finite difference method is used to solve the dynamical equations,

the moves from one spatial "layer" to the next in the four-dimensional space-time

defines a grid velocity which is determined by the scale of the spatial grid h and the

size of the time-step t :

grid

h
V

t



(24)

This purely "numerical" velocity depends on the selected time step and the generated

grid. Yet it cannot be absolutely arbitrary because the modelled medium is

characterized by its material constants ( for instance, the Lame parameters ) and

consequently by a (physical) velocity of wave propagation. In the case of a linear

elastic material, the speed of the p-wave is

2
pressureV  
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Where ρ is the material density and , are the Lame parameters. The numerical

simulation will rapidly become unstable if the grid velocity is higher than the physical

velocity. This is due to the propagation of grid excitations faster than the speed with

which physical excitation can travel through the material. This phenomenon is well

known from the numerical (finite differences) schemes of solving the wave

equations and the limit to the timestep is found to be:

1pressure

grid d

V
V n

 (26)

where dn is the number of spatial dimensions in the model.
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IDRM is in a similar situation because it implements an explicit forward-marching

finite differences method in the time-domain. Unlike the models which solve the full

wave equation, IDRM is a quasi-static model and the problem of stability related to

the choice of the time step needs to be addressed separately.

It was observed that IDRM could develop a run-away instability in certain loading

situations when one or more of the particles at the grid nodes acquire very high

velocities and the force damping is incapable of dealing with the situation. A study of

the problem was carried out by means of a simple model of coupled damped

oscillators and the results from the study were implemented in IDRM. This

eliminated the problem of the run-away nodes. The physical wave velocity of the

coupled oscillators model was kept fixed and the model time step was varied over a

wide range of values: from very small, which are certain to satisfy the numerical

stability condition, to very large, for which the grid velocity would be much greater

than the physical velocity. Figures 1-5 show the displacement of a test node as a

function of time. The scale for the time step is set by the period of a single harmonic

oscillator with the same spring constant.
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Figure 1 Displacement of the probe-mass as a function of time for two values of the

time step. The reference value is very small, 0.01T/2 and it satisfies the numerical

stability condition. The second value of the time step is 25 times larger. Still, the

numerical simulations give almost identical results.

Figure 2 Time step fifty times larger than the reference value. The deviations caused

by the large time step are visible even for this short period of time.
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Figure 3 Time step 118 times bigger than the reference value. Large deviations in

amplitude and phase. Still, the model does not develop a run-away instability and

the amplitude is of the same order of magnitude as in the reference case.
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Figure 4 Time step 120 times bigger than the reference value. The simulation

approaches an instability (the amplitude increases with time and there is no

mechanism which can bring it down.)
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Figure 5 The onset of a numerical instability. The time step is 130 times bigger than

the reference value.

The other significant difference between IDRM and methods usually employed for

solving the wave equation is in the adaptive rescaling of the time step in IDRM.

This is vital if one wishes to model time dependent deformation and damage in rock

mass near excavations for a longer period of time. The minimum timestep,

dictated by the requirement that the grid speed is smaller than the physical speed

of propagating disturbances, gives a typical value of the time step of about 0.1 ms.

If IDRM were to proceed at this rate per iteration, then billions of iterations

would be needed in order to cover one week in real time. At the cost of one

second per IDRM iteration for a fair-sized model the task would be impossible to

finish.

There is a way out of this situation and it is by rescaling the time step according to

the current state of the model. If the modelled material is close to equilibrium, the

time step can be increased otherwise the time step would need to be decreased.

There are two elements which need to be clarified:
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 When can a state modelled by IDRM be considered close to equilibrium

and how is the deviation from equilibrium measured?

 How can one increase the time step without violating the requirement that

the grid velocity stays smaller than the physical wave velocity?

IDRM is considered to be near equilibrium when the maximum particle velocity is
less than a specified value. Usually the specified value is of the order of a few
millimeters per second. Another way of measuring the deviation from equilibrium is
by the norm of nodal unbalanced force. This would require the setting of a global
standard for nodal force based, for instance, on the external loads. The other
possibility is to use as a scale of force the maximum component of nodal force in
the current state of the model. Unbalanced nodal forces lead to nodal accelerations
and eventually can push the state of the modelled material off equilibrium. So when
the unbalanced force increases, the time step needs to be decreased.

The second question raised was how are we to change the time step without
violating the requirement for numerical stability? The solution is in the synchronized
rescaling of the two velocities: the grid velocity /gridV h t  and the physical
velocity 1/pV  . From these expressions it is clear that the numerical stability
condition will be preserved if the time step and the density of the material are
rescaled simultaneously. If the rescaling factor is 0 1  then the synchronized
rescaling of the time step and the material density must be:

2;t t     (27)

While one does not need to justify any changes in the time step as long as they do
not lead to a numerical instability, the change of the material density is not so
trivial. Yet it can be justified by recalling that the increase in the time step is
performed only when the material is close to a state of equilibrium. All equilibrium
states are static and a change in the inertia of the material particles will not lead to
a change in the state. This logic can be extended to near-equilibrium states which
are, respectively, near-static.

7 Boundary conditions for IDRM

IDRM can model seismic behaviour of rock mass close to underground excavations.
The modelled seismic "events" corresponds to simultaneous loss of stability in clusters
of tetrahedral elements with subsequent plastic deformation leading to seismic
potency release. The elastic stability of an element is related to the properties of the
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local strain energy as a function of the components of the elastic strain tensor. In a
model with damage evolution the loss of stability corresponds to a critical level of
damage when the strain energy ceases to be a convex function. The damage rate, on
the other hand, is driven by the deformation of the rock mass, hence by the applied
loading. In IDRM, different types of loading are imposed by setting the boundary
conditions accordingly. In this section, the different ways of imposing boundary
conditions in IDRM will be described and will be related to mining operations
(blasting, backfill) as well as to observed seismic events.

7.1 Boundary conditions corresponding to blasting
inside the IDRM domain

The capability of IDRM to model mining advances inside the selected 3D domain
requires a synchronized updating of the boundary conditions and the boundary
itself. When a volume of rock has been extracted from the modelled domain, all the
tetrahedra it contains must cease to contribute to the balance of forces. The masses
of the connected nodes must be recalculated for zero contribution from the mined out
elements and the boundary of the IDRM needs to be redefined by adding to it the
newly formed free surface. All these changes must take place at the moment of
blasting.

7.2 Boundary conditions corresponding to backfilling
inside the IDRM domain

The procedure of introducing backfill in IDRM is in a way the inverse of the
procedure for excavation: the IDRM domain is enlarged by adding new elements and
the overall boundary of the domain is redefined accordingly. The added elements
are filled with material with non-linear constitutive law: a compaction phase in which
the deformation of the material does not lead to build-up of stress followed by an
empirical stress-strain dependence. The damage evolution in the backfill elements
does not need to be modelled.

7.3 Loading conditions corresponding to a real seismic
event inside the IDRM domain

A large seismic event which has been observed inside the domain modelled by
IDRM within the period of time covered by the model can be integrated by
introducing an equivalent additional load which should force IDRM to respond with a
modelled "event" similar to the observed. One way of achieving this could be by
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introducing a sudden increase of the damage level in a list of tetrahedra covered by
the seismic source. The latter must be inferred from the seismic data. The effect
from the integration will be a local relaxation of the stress due to the forced failure of
affected elements. This will have long-lasting effects on the whole domain due to the
correlated damage evolution and the resulting rheological behaviour.

7.4 Boundary conditions corresponding to blasting
outside the IDRM domain

Mining advances close to the IDRM domain cause an additional loading on the
modelled domain by the change of the stress. This additional loading must be
included by modifying the boundary conditions at the moment of time, by the
IDRM clock, which corresponds to the mining operation. The new stress in the
boundary tetrahedra is computed by means of the mine-wide static stress shell
(ISSM, MAP3D or any other software) and the new stresses are inserted at the exact
time. The influence of this change propagates to the interior of the IDRM
domain.

7.5 Boundary conditions corresponding to
backfilling outside the IDRM domain

Installing new backfill in stopes near the IDRM domain can change the loading on
the IDRM domain but not at the time of installation, when the backfill has not been
compacted. The static stress shell is used to model the effect from the backfill and
when, several mining steps later, the backfill begins to have an effect on the stress,
the changes can be introduced in IDRM in the same way as it is done for blasting
near the modelled domain.

7.6 Boundary conditions corresponding to a real

seismic event near the IDRM domain

The additional load on the IDRM due to a real event close to the IDRM domain

needs to be introduced at the exact time according to the IDRM clock

(synchronized integration). The static stress shell is used to compute the stress
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change due to the seismic event and this change is inserted in the boundary

tetrahedra of IDRM. The effect will propagate to the interior of the modelled

domain with every time step thereafter.

8. Criteria for rock-mass stability based on

forward numerical modelling of damage evolution

and damage localization in rock

While the problem of local stability is well understood, it is much more difficult to

formulate criteria for global stability of larger structures. One single, universal

criterion for global stability simply does not exist. The reason for this is the large

variety of essentially different structures. Far from claiming any break-through in

finding a universal criterion for the stability of structures, we would experiment with

some candidate-criteria which seem at least reasonable.

8.1 The MAP3Di viewpoint

The stability of structures can be assessed by calculating the stiffness of the structure

from the integrated model. Another quantity to monitor is the energy stored in

the structure of interest. The corresponding procedures are prescribed in the

MAP3Di as structure stability assessment. The result of the structure stability

assessment is presented in the form of a graph and the plotted quantity is called

stability parameter. The choice of stability parameter is not the same for all cases.

For instance, if a general assessment of the stability of rock mass is sought for, the

general stress level represented by the major principal stress can serve as a stability

parameter. The major principal stress can be averaged over the structure and plotted

against time. Another possibility is to plot energy versus stiffness. In that case

higher energy is interpreted as higher seismic hazard. Likewise lower stiffness also

means higher seismic hazard.
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8.2 The IDRM viewpoint

IDRM allows access to detailed information about the state of the modelled rock

mass and the processes in it. This information can be analyzed for any signatures of an

approaching instability.

One possible criterion for the approach of instability is the localization of higher level

of damage in one or more parts of the modelled domain. The elastic modulae are

damage-dependent and the effect of high damage level is softening of the material.

Then these softer sub-domains will act as loading system for the adjacent, stiffer parts

of the IDRM domain. This may lead to violent modes of failure.

Another possibility is to relate any spatio-temporal clustering of failed elements to the

stability of a larger volume of rock. A spatial cluster of elements which have failed

almost simultaneously (within a very short interval of time) is shown on Fig. 6.

Figure 6 IDRM set for an advancing excavation (dark read) towards two planes of

weakness ( green and blue). Shown are the tetrahedra which have failed simultaneously:

three ahead of the advancing face and two on the faults

A cluster corresponding to a much larger time window is shown on Fig. 7.
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Figure 7 Tetrahedra which failed during a longer interval of time (1 hr). The two

girded planes correspond to the faults and the solid blocks- to the mined-out volume.

There is a clear localization of weakened material ahead of the advancing face. The

colours of the failed tetrahedra corresponds to the potency released seismically

One can see that there are sub-clusters within the larger cluster. The size, location,

orientation and shape of modelled seismic clusters reflect the weakening of the

material due to damage evolution and loading history. The formation, localization

and spread of weakened zones can be interpreted in terms of hazard levels for the

occurrence of structural instability.
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9 Case studies: MAP3Di

The integration of observed seismicity with MAP3Di was done by computing the

seismic displacement in voxels and converting it to stress increment. The calibration

of the model followed the energy method.

9.1 Tau Tona mine, section 336

A case study of calibrating MAP3Di to observed seismicity was carried out for

Section 336 of Tau Tona mine. The study was concentrated on two main areas:

• Testing a new method of integrating real events inMAP3Di.

• Analyzing the usefulness of the Loading System Stiffness for the assessment of

structural stability.

9.1.1 3D integration of real seismic data in MAP3Di

The new method of integrating real events in MAP3Di consists of modelling the

stress relaxation due to the seismic release in a 3D sub-volume (voxel) rather than

allowing for a slip on special boundary elements. In addition, the effect of geological

structures was modelled by an explicit treatment of the structure contact according to

the best available geological information.

The modelling focused firstly on assessing the rock mass stress levels. A grid was

chosen 15 m below the reef plane, covering the area of interest, viz. the two long-

walls in Section 336 progressing to the east (see Fig. 8).
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Figure 8 Tau Tona mine, area 336. Mining layout, structures and grid of voxels for

integration with the MAP3Di model.

Monthly steps were used for the back-analysis. The model therefore consisted of:

• Regional mining

• An integration step for a year's historical seismicity

• First month's mining

• First month's seismic integration step

• Repeating for the monthly mining and integration steps.

The method of voxels for computing the seismic deformation is illustrated in Figs. 9-

16. The processed real event is of magnitude 1.5. The stress before and after the

integration can be seen in Figs. 9 - 10.
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Figure 9 Major principal stress before the integration

Figure 10 Major principal stress after the integration

This supplies a very intuitive picture of rock mass stress levels, and highlights areas of

potential increased seismic hazard. The results appear promising. In a number of
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cases, it was demonstrated how large seismic events can reduce the high levels of

stress in certain areas ( see Fig. 11.)

Figure 11 High stress before a large event has been “wiped out” after the integration.

The effect of the integration is clearly visible from the plots of ESS before and after

the integration (see Figs 12 - 14.)

Figure 12 ESS before integration
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Figure 13 Seismic events which need to be integrated.

Figure 14 ESS after the integration

9.1.2 Structure Stability Assessment

In some cases events plot where there does not appear to be high modelled rock

mass stress. Such occurrences are usually driven by shear stress on the structures

and not high rock mass stress, highlighting the need to assess the stability of

structures. This was done by using the integration model to estimate Loading

System Stiffness acting on the structure, and potential energy stored by the

structure. This methodology is referred to as a Structure Stability Assessment.

Structure stability assessment results can be represented by graphs of the stability

parameters in time ( see Fig. 15.) Alternatively, stored energy can be plotted versus
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stiffness, where it is assumed that higher energy means higher seismic hazard, and

lower stiffness means higher seismic hazard.

Figure 15 Time-plot of the maximum principal stress ( upper curve) and the average

principal stress.

9.1.3 Conclusions from case study: Tau Tona, area 336
Although the Structure Stability Assessment results appeared promising, there are

negative factors. The method is quite cumbersome to implement. Furthermore, it

appears that more research will be required to define in particular Loading System

Stiffness. Conceptually this parameter is sound, but implementing it through Map3D

should be investigated further. Currently, this parameter is calculated by setting up

the model in a specific way for each monthly step separately, and then running

post-processing software to do the necessary calculations in batch. However, this

parameter can also be calculated by Map3D automatically, although the details of such

calculations are not available. There are still aspects regarding the two methods that

have to be addressed.

9.2 Mponeng mine

In this case-study it is attempted to use energy principles to calibrate MAP3Di. The

methodology is briefly the following:

• Test volumes are set up within the un-mined rock mass

• Potential energy release is calculated from the static model

• The work done for the inferred seismic displacement is computed

• For a large number of test volumes and mining steps, the envelope of

observed versus potential modelled energy release is drawn. This yields the
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worst case seismic release associated with a particular mining configuration and

planned mining step.

The integration volume is shown in Fig 16.

Figure 16 Integration with MAP3Di using the voxels method. Case set for Mponeng

mine, W109. The integration volume and the observed events for one month.

The optimized set of input parameters corresponds to the calibrated integration

model which may be used for improved seismic hazard assessment: the calculation of

rock mass stress levels, volumetric energy release, as well as structure stability

analysis. The methodology is being tested at Mponeng Gold Mine.

9.2.1 Integration of observed seismicity

The seismic displacement was inferred from the data in the same way as in the

previous case. The effect of the integration is illustrated by the following figures:

The stress after the last mining advance and before the integration is shown in Fig.

17:
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Figure 17 Static stress after the last mining step and before inserting the effect

from the observed seismic events.

The distribution of the seismic displacement is shown in Fig. 18.

Figure 18 Seismic displacement from the real events in the time interval after the

last mining step.

The seismic displacements were used to compute the stress increments due to the

real seismicity. The resulting stress is shown in Fig. 19.
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Figure 19 Major principal stress after the integration

9.2.2. Test volumes
Test volumes are set inside the rock mass at places of interest. For each test volume two

quantities are computed:

 Energy stored in the volume
 Actual work done for a given seismic displacement

The energy stored in a test volume may potentially be released co-seismically.

The chosen test-volumes were of dimensions 25 x 25 x 50 m. These volumes are oriented

in the most cases parallel to a particular face, with the 50 m side along the face (roughly

north-south in this sequential grid mining environment). The idea is that the interiour of a

test-volume will experience similar stress conditions. Additional test volumes were selected

in areas where large seismic events were observed and where large fraction of the energy

available for seismic deformation was released.

A total of ten test-volumes were set up. The test volumes were divided into smaller

volumes of dimensions 5 x 5 x 5 m. The centroids of these sub-volumes were used as field

points for stress computation. This refines the estimates because the constant stress and

strain assumption is imposed on the smaller volumes and is more acceptable.
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A large data-set is created from a number of test-volumes and for the various mining steps.

The idea is to plot observed energy release versus modelled potential energy that can be

released. In some cases a large fraction of the available potential energy will be released

through a single large seismic event, but in most of the cases, the released potential energy

will be less than the maximum value. The calibration procedure consists in finding the

envelope of maximum energy release versus potential energy, and then tuning the model

parameters to match the envelope.

9.2.3 Modelled Potential Energy available for seismic deformation
The test volumes each yield 250 field points (centroids of 5x5x10 blocks per test volume.

The linear size of a block is 5m ). The elastic stress at all field points was calculated after

every mining step.

Assuming constant stress and strain within a block, the strain energy stored therein

is equal to the strain energy density at the centroid times the volume. The total energy in

the test volume is obtained by summing the contributions from the blocks.

The LERD functionality of Map3D (cf. [2]) was used to estimate the work kW done if the

element was allowed to yield under the imposed stress. This is referred to here as the

Potential Energy available for seismic deformation, denoted by RMP . Any element

can be specified to be a LERD element. For each model step this element will be

allowed to yield artificially as if the element were excavated or its properties had

changed to those of a weaker material. From the change in load and change in

deformation PRM can be calculated as the area under the load-deformation curve,

representing the amount of energy released co-seismically under such a failure. The

original properties are then restored, with the model solving process continuing as

before, hence this step is called an artificial step.

This potential energy, RMP is the best estimate of energy available in a volume of rock.

This energy can potentially be released seismically.
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9.2.4 Observed Work Done

The Observed Work Done is estimated from the seismic displacement. The same test

volumes as above are used, and Seismic Displacement is calculated for all 5x5x5 m blocks.

The next step is to estimate the energy released (or observed work done) associated with

deformation of the blocks. For this a shear slip mechanism is assumed. The principal

stresses are obtained from the elastic model. Only blocks within the solid un-mined rock

mass are used. The build-up of elastic stress is therefore considered, with this

possibly culminating in a seismic event ahead of the face, also in the solid rock

mass.

The total energy in the blocks is found by integrating, and since the stress and strain are

assumed to be constant within a block, the integration reduces to multiplying a central

value with the block volume.

A further assumption is made that the driving shear stress decreases to zero after slip.

Seismic displacement is used to estimate the change in shear strain. In this case zero

volume change associated with deformation of the 5 m blocks is assumed.

9.2.5 Correlation between modelled rock mass Potential

Energy and observed Work Done
The rock mass potential energy depends on the local stress level and on the material

properties while the observed work done is determined from the seismic displacement

and from the choice of the seismic source model.

The calibration of MAP3Di must bring the modelled rock mass energy and the observed

work done closer together. An example of correlation between modelled potential energy

and work done for the seismic displacement which was inferred from the observed seismic

events is shown in Fig. 20
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Figure 20 Correlation between the modelled potential energy and the work done

for the inferred seismic displacement.

The procedure was implemented and tested.

10 Calibration of IDRM

Different calibration options were attempted with the integrated rheology model (IDRM)

for selected volumes of rock at the same sites for which MAP3Di was calibrated to

observed seismicity.

There are many and quite significant differences in the calibration procedures developed

for MAP3Di and for IDRM. MAP3Di models the state of stress over a very large

area which is impossible to implement in IDRM. On the other hand, the data

generated by MAP3Di is of modest volume. It computes the components of stress at a

list of field points and all other quantities of interest are derived from those. Still,

MAP3Di was shown to have a number of adjustable parameters and set-up options

which, after a proper sensitivity analysis, can be used to bring the model closer to the

observations.

IDRM cannot be set up for mine-wide modelling unless the resolution is brought down

to the level when the model output is so crude that it has no practical value at all.

Therefore IDRM can be used for the stability assessment of smaller structures and

even parts of structures. This shortcoming in coverage is compensated by the volume
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and variety of the generated output. Another significant difference between MAP3Di and

IDRM is that the latter has a large number of adjustable parameters. This fact can be

seen both as an advantage and as an disadvantage, depending on the point of view.

From the one hand, a model with too many adjustable parameters looks too ad hoc

and suspicious. Such an attitude would be justified if IDRM were just a bag full

of empirical relationships and stipulations without any fundamental basis.

As it is, though, IDRM is derived from the principles of classical thermodynamics and

continuum mechanics. Yet it incorporates some equations and expressions which

constitute model assumptions and contain coefficients which cannot be specified from

first principles. This is, for instance, the case with the constitutive equations. Instead of

specifying those in the form of empirical relations, IDRM postulates an analytical

expression for the fundamental thermodynamical function, the Helmholtz free energy

after which the relationships between the components of strain and stress follow

automatically and do not involve any new adjustable parameters in addition to those

contained in the free energy. The other adjustable parameters come from the model-

dependent equations which control the evolution of damage and the visco-elastic

behaviour of the material. While the functional form of these equations is specified from

first principles, they contain coefficients which cannot be derived and need to be fixed “by

hand”. This is not a disadvantage because it gives sufficient control over the performance

of IDRM and facilitates the calibration. Yet the existence of many control parameters in a

model as complicated as IDRM poses a real challenge when a sensitivity analysis has to

be carried out.

The work on the calibration of IDRM for Tau Tona mine area 336 and Mponeng level

W109 was carried out in the following stages:

• Domain selection

• Grid generation

• Setting up the boundary conditions according to the mine
layout and production plans

• Testing the capacity of IDRM to model seismic and
aseismic inelastic deformation
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• Sensitivity analysis

• Grid dependence analysis

• Calibration along one of the options described earlier in
this report.

10.1 Domain selection
The selection of the IDRM domain needs to answer to several requirements, some of

which are conflicting:

• The IDRM domain must be large enough to cover the
whole structure of interest or at least a significant part of
it.

• The IDRM domain must not be too large otherwise the
target resolution will be achieved only at the cost of too
many elements. This will slowdown IDRM and will impose
a heavy demand on computer memory.

• The geometrical shape of the IDRM domain must comply
with the structure one wishes to model

• The geometrical shape of the IDRM domain must not be
too complicated otherwise it will be difficult to construct
a good grid.

In the two case studies the minimum element size of the tetrahedral grid was

commeasurable with the stoping width. This is needed if one wishes to model blasting

inside the IDRM domain. The total number of elements in all cases was about half a

million. This ensures that the model is sufficiently large and edge effects can be

minimized for the zones of higher interest (usually close to the centre of the domain.)

10.2 Grid generation

IDRM uses a 3D grid of tetrahedra which share nodes and cover the whole domain. The

choice of tetrahedral elements is because the corresponding shape functions are linear.
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This means that if strain is evaluated from the displacements at the vertices of a

tetrahedron it will be constant in the interiour and corresponding stress will be constant,

too. This makes the evaluation of the forces acting on the faces very easy and fast

(one-point integration).

If one wishes to grid by tetrahedra of given size a three-dimensional domain of arbitrary

shape and topology, the task could turn out to be very difficult and the solution, if

found, is not guaranteed to be of good quality. Bad quality tetrahedra are

characterized by small volume for large surface area. There are different ways in which

one can define a dimension-less parameter quantifying the aspect ratio of a

tetrahedron but the general idea is clear: if a tetrahedron is “nearly flat” then it could

collapse completely during the IDRM iterations producing either an element of zero

volume or even of volume with the wrong sign. When this happens during an

IDRM run, the model would crush. This will be referred to as the geometrical

instability. The geometrical instability is completely artificial. It can happen even

for models whose grid was of reasonably good quality at the start. Since the calibration of

IDRM requires runs which span many days and even months, the material can

experience large accumulated inelastic deformations and the grid can end up

distorted to the limit of the geometrical instability. Part of the research on the

current project was devoted to finding solutions of the problem. The study of the

literature on Lagrangian grids showed a long history of attempt in this direction. A

better understanding of the problem was gained from the publications on the

subject and eventually the solution most suitable for IDRM was found. Now the

model can run for very long intervals of physical time and the patterns of the modelled

seismicity can be compared with the observed. This is not the place to go into the

details of the IDRM specific solution of the geometrical instability problem and it

will be sufficient to say that it involves re-gridding and passing values from the old

(deformed ) grid to the new one.

10.3 Setting up the boundary conditions
The boundary conditions in IDRM must correspond to the loading on the rock

mass in the selected domain. The loading will change as the model progresses through

time. Every change in the physical conditions inside or near the selected IDRM domain
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will constitute an increment to the overall load. For those changes which correspond

to planned mining operations, the new loading conditions are prepared before the

start of the model and are activated at the appropriate moment of time. In the case

of production blasting the lists of tetrahedra to be “mined” are prepared

beforehand and at the moment of blasting the material in the designated tetrahedra

is replaced by air with the corresponding drop of stress. This affects all adjacent

tetrahedra and waves of elastic and inelastic deformations are sent through the

material. In some case the increment in the overall load introduced by a blast can

trigger a cascade of modelled seismic events. Similar preparatory work is needed for

including into IDRM the load increments corresponding to backfill and real events.

The proper setting of boundary conditions for the IDRM is, perhaps, the most

important element of the calibration. The four different calibration procedures described

earlier in this report have one thing in common: they all attempt to force IDRM

into reproducing one or another pattern of the observed real seismicity. This, in fact,

is the main difference between the calibration methods for MAP3Di and IDRM.

10.4 Sensitivity analysis

It was already mentioned that an exhaustive sensitivity analysis of IDRM can be extremely

difficult an time consuming due to large number of model parameters. Still, one

cannot approach the problem of calibrating IDRM to real seismicity unless some

understanding has been acquired about the effect of the parameters on the model-

generated data. A series of numerical experiments were carried out within this project to

relate the trends in the modelled data resulting from controlled variations of a single

parameter or group of parameters.

10.5 Grid dependence analysis
The possible source of a systematic error in adaptive 3D grids was already discussed.

The found solution of the problem was tested and it was found to be adequate.

10.6 Calibration of IDRM to observed seismicity

patterns

The physical processes in rock which lead to a sudden release of stored strain energy and

the radiation of elastic waves are very complex and the problem of their realistic
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modelling is a serious challenge. IDRM is a step in the right direction. The most valuable

feature of IDRM is its capability to model the build-up and localization of sub-

critical damage which can lead either to a loss of stability or to the concurrent

process of healing. The fact that these processes can be modelled with very high

resolution in the time domain opens unique possibilities for calibration: not just to an

observed quantity or a set of quantities but to a pattern. It is true that pattern-

matching is much more difficult to achieve than to match a set of numerical values but a

model thus calibrated can turn out to be more realistic. This is why the main thrust

in the reported research was directed towards learning how to force IDRM into

producing a desired pattern in the modelled potency release.

The presented results from the calibration case studies with the IDRM are strikingly

different from those obtained with MAP3Di and this is not surprising. The two models

are quite different in their formulation, numerical algorithms, capabilities and

limitations.

10.7 IDRM set for Tau Tona mine, area 336
The choice of the domain to model with IDRM is shown on Fig. 21
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Figure 21 IDRM domain in the Tau Tona mine, area 336. The box is the selected domain.

Also shown are several consecutive mining advances and a larger cluster of IDRM

generated seismic events.

The colours of the tetrahedra indicate the level of released potency. The fault has been

included by weakening the material in the tetrahedra which were crossed by the fault

surface. By varying the material properties of the fault-tetrahedra it is possible to force

IDRM to produce a spatial distribution of the potency release which resembles the

observed.

The next figure shows the response of the model to a change in one of the parameters. In

this case it is the coefficient dC in the degradation-rate equation.
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Figure 22 Sensitivity analysis. The effect of varying dC in IDRM.

In the calibration experiments for the Tau Tona model of IDRM were targeting a

particular pattern of the observed cumulative seismic potency release namely, the delayed

response to blasting. The next figure shows the modelled cumulative potency as a

function of time.
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Figure 23 Potency release modelled with IDRM. Cumulative potency as a function of

time.

The observed apparent volume v. time is shown in Fig. 24.
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Figure 24 Observed apparent volume ( monotonous curve) v. time.

It is not realistic to expect that by tuning the parameters of IDRM and the material

properties in the selected domain the model could be forced to reproduce the trends in

the observed seismicity for a very long period of time. Here the expectations are

more modest: it is of importance to verify the capability of IDRM to:

• model seismic behaviour of rock under the specified
loading

• respond to variations of the parameters by changing the
rate and the patterns of modelled potency release.

• reproduce some of the patterns in the observed seismicity

10.8 IDRM set for Mponeng, level W109

The calibration of IDRM for the model set at Mponeng gold mine, level W109, was
similar to that in the Tau Tona case. The new elements in the calibration procedure
were:

Modelling a longer period of time which includes many mining steps
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Calibration of IDRM by forcing the model to reproduce in more detail the
patterns of rock mass seismic response between blasts

Monitoring the time history of selected points inside the IDRM domain
(numerical "sensors")

10.8.1 Selection of the domain
The IDRM domain was selected in a way which ensures that the advances in

the mining will affect directly the modelled rock mass during the period covered

by the calibration runs. Fig. 25 shows the section of level W109 where the

domain was selected and the domain itself together with several mining steps.

Figure 25 Mponeng gold mine: level W109 and the chosen domain for calibration

study of IDRM.

One can see that some of the mining advances will intersect the IDRM

domain itself. In this way one can test the capability of IDRM to respond to

excavations inside the model.
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10.8.2 Initial conditions: static stress in the IDRM domain at
the start.

The first task before starting IDRM was to compute the stress field inside the

domain corresponding to the status of the mine at the time. Fig 26. shows the

results about the initial stress obtained with ISSM, a static stress analysis tool

developed by ISS International.

Figure 26 Computing the initial stress field inside the IDRM domain by means of the

ISSM package.

10.8.3 Sensitivity analysis

The response of IDRM to variations of the parameters was tested for the new
site and it was found the model behaves in the same way as it did during the
Tau Tona calibration case study.
The sensitivity analysis needed to be repeated for the Mponeng site because
certain changes were made in IDRM between the two studies. IDRM is still in
the development stage and new features are being introduced and tested. One
very significant change which was made in IDRM after the Tau Tona case study
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was the implementation of the visco-elastic equations. This improvement on
IDRM enhanced its capabilities to include the modeling of aseismic release of
irreversible deformation and even, in situations of cyclic loading-unloading, the
elusive Kaiser effect.

10.8.4 Calibration of IDRM to observed patterns in the
cumulative seismic potency release

The analysis of the data collected by the high-resolution seismic system at the

Mponeng site clearly shows accelerated potency release after each blast. Between

blasts the seismic activity gradually decreases. For the purpose of calibration of

IDRM, the parameters of the model were varied to enforce the same pattern on

the model-generated potency. The cumulative potency extracted from the IDRM

output was plotted for different combinations of parameter values. It was

demonstrated that the IDRM can be forced to reproduce the observed trends in the

cumulative potency. This is shown in Fig. 27.

Figure 27 Cumulative potency release from the IDRM output. The vertical arrows mark

the times of the blasts. The acceleration of the modelled seismic response after blasting and

the delayed response are visible from the plot.
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IDRM responds to blasting inside the domain by many "events" which cluster in

space and form cascades in time. The next figure shows the details of the modelled

seismic cascades. The potency released at separate IDRM "events" is plotted against

time:

Figure 28 IDRM results from Mponeng calibration study. Cascades of modelled

seismic events. Each point corresponds to the potency released in all tetrahedra which

have failed simultaneously at the corresponding moment of time.

10.8.5 Excitation energy and modeling with IDRM of rock
mass response to different methods of blasting

IDRM offers a unique opportunity to model the medium-and-long term effect from
practicing different production blasting methods. One and the same volume of
rock can be extracted from the same panel in different ways:

1. The whole amount of rock is removed simultaneously

2. The same amount of rock is removed within a fraction of a second with
intervals of about 100 milliseconds between mini-blasts.

The explanation of the expected difference in the response to the above methods of

blasting is based on the concept of excitation energy. This is defined as the total

strain energy stored in the rock designated for blasting at the time immediately
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before the extraction. The algorithm implemented in IDRM gives full access to the

excitation energy and it is of interest to see if the different methods of blasting

correspond to different excitation energy values with all other conditions the same.

The understanding of the long-and-short term effects from such a difference may

have an impact on the development of new methods of mining.

The numerical experiments carried out with IDRM clearly showed a difference in

the excitation energy for the above two different methods of blasting ( Fig 29)

Figure 29 Different excitation energy for different methods of blasting. The solid line

corresponds to blasting the whole volume simultaneously and the points – to blasting in a

sequence of small sub-volumes.

11 Conclusions

The main result from this research project is the demonstration that the calibration
of integrated models to observed seismicity is possible. This simple statement of fact is
capable of changing the status of the integration concept from an interesting new
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idea to an accepted industry standard. When will this happen, what forms it will
take and to what extent it will broaden the understanding of rock mass response to
mining is for the future to tell. At this stage we would like to make some
concluding remarks:

• MAP3Di and IDRM are very different numerical models. In fact, it is
difficult to imagine any other two models which are as diametrically
opposite as the above. Yet both MAP3Di and IDRM successfully implement
the integration concept. This shows that the idea of modelling with real data
does not impose any serious restrictions on the type of models used in integration.

• The differences between MAP3Di and IDRM are reflected in the different
calibration methods. This indicates that there may never be a universal
calibration methodology which could be applied to any integrated model and
in every case. The variety of calibration options should be seen as an
advantage rather than as a handicap.

• MAP3Di, the first and still the only commercially available package for
integrated modelling, is at the end of its development curve in terms of the
integration. It is impossible to push a boundary integral method model of
static stress any further without rewriting it from the beginning and adding
some dynamics to it. IDRM , on the other hand, is at the beginning of its
development and, without major rewriting , it can be extended to include:
temperature effects, fluid flow and effective stress from pore pressure,
dynamical loading and other phenomena of practical importance.

• One serious problem for IDRM is the numerical instability resulting from
large deformations of the Lagrangian grid. It seems that the correct way
to address this problem is by implementing a meshless algorithm
preserving the fundamental equations of the model. This idea is being
seriously considered in ISS International.
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Appendix

User’s manual for the cluster analysis software.
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