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ABSTRACT: The past 30 years have witnessed the growth of computational 
mechanics as a major too1 for rock engineering. This paper provides a 
brief review of some of the achievements and comments on current 

deficiencies and future developments. 

I Introduction 

Over 20 years ago the Committee Rock Mechanics (1966) defined our 
discipline as 'that branch of mechanics concerned with the response of 
rock and rock masses to the force fields of their physical environment.' 
The apparent truth of that definition may be judged from the proceedings 
of the Eighth Symposium on Rock Mechanics (Fairhurst, 1967), held that 
same year at the University of Minnesota. Authors of papers presented 
at that symposium were clearly striving to find means of applying the 
analytical tools of mechanics, largely developed in other disciplines, 
to the solution of general classes of problems involving the behaviour 
of rock masses. Since that time analytical rock mechanics has proceeded 
apace, with our discipline making its own, unique contributions to 
computational mechanics. 

Recognition of the growing importance of computational mechanics, or 
numerical modelling, was reflected in the selection of that topic as a 
major area of research by the U.S. National Committee for Rock Mechanics 
(USNCRM), Panel on Rock Mechanics Research Requirement, in 1980. 

The findings of that panel (USNCRM, 1981) included detailed recommen- 
dations for the advancement of rock mechanics, in all its areas of 
practice. Specifically, they concluded that 'Research should proceed 
with the final objectives of defining the following: 

ß Appropriate strategy for modelling in given circumstances. 
ß Optimum numerical techniques for particular classes of problem. 
ß Validity of nnmerical models for prediction. 

Specific recommendations of areas for development of models included: 
ß Development of large-strain models. 
ß Extension of yield criteria to fracture and damage. 
ß Development of models to predict unstable behaviour. 
ß Improvement in models of discontinuity behaviour. 
ß Further development of models of highly jointed or blocky 

systems 
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In addition, it was recognised that there was a need for development of : 
ß Explicit finite-element and finite-difference procedures for 

complex, non-linear problems. 
ß Boundary-element methods. 
ß Interfacing of different numerical techniques in a single model. 

Since their deliberations, some eight years ago, there have been signi- 
ficant advancements in both computational procedures and implementation 
of constitutive models. Less progress has been made toward the broader 
objective of guiding the Rock Mechanics Community in the appropriate 
application of validated computational tools. The purpose of this paper 
is to briefly review the progress that has been made to date and to point 
to some of the more outstanding deficiencies and difficulties. 

2 Termiaolo•y 

Numerical methods for simulation of the behaviour of rock masses have 

been historically classified as continuum and discontinuum. Continuum 
methods view a rock mass as a continuous material, perhaps modified by 
the presence of fractures that are accounted for by the constitutive 
model or a few discrete fractures. The primary continuum methods for 
stress analysis, heat transfer and porous media flow are the discrete, 
or differential, methods and the integral methods. In addition the 
methods of characteristics has found application in solving problems of 
plane plastic flow (Booker + Davis, 1977). The discontinuum methods 
focus on the fractures in a rock mass, with particular attention devoted 
to fracture orientation, spacins, aperture, and deformability, as these 
effect rock mass deformation and kinematics and, in the case of fluid 
flow, the flow paths and pressure distribution. 

In addition to single methods outlined above, there are a growing 
number of hybrids relying on some combination of continuum and discon- 
tinuum models. In general these aim to exploit the characteristics of 
one technique to provide an efficient solution on a large scale, while 
resorting to another for detailed resolutions. This can be achieved 
either by subdivision of the region to be modelled into sections that are 
represented differently, or by using a submodel for individual elements 
(zones) within the main model. 

3 Historical Porspo•ttvo 

There are several ways of charting the growth of computational tools in 
rock mechanics. One method, perhaps appropriate to the venue of this 
paper, is to record the contents of successive National Symposia on Rock 
Mechanics. 

Early symposia saw some application of methods from classical 
elasticity while at later meetings a considerable diversity of numerical 
techniques have been discussed. In tracking this progression a 
remarkable transition is evident in the proceedings of the 8th 
Symposium where papers included: application of the theory of elasticity 
to the design of underground excavation (N. fl.W. Cook); the use of 
photoelastic techniques for determining potential fracture zones 
(B. Hock); development of finite element methods for analysing jointed 
rock slopes (R.B. Goodman and R.L. Taylor); and, simulation of 
explosion-produced craters using an explicit, lagrangian finite- 
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difference model (•. Cherry). The 9th Symposium saw the entry of 
three-dimensional finite element models for nine pillar analysis. At 
the 11th Symposium applications of elasto-plastic analysis by the 
finite-element were described. Boundary elements in the Suise of the 
displacement discontinuity method, appeared by the 14th 
Symposium with several applications of direct and indirect boundary 
element formulations beins recorded in the 19th Symposium. Hybrid 
methods involvins couplin S of boundary elements and finite elements 
appeared by the 20th Symposium, while couplin S of boundary elements 
and distinct element methods appeared a little later. A correspondins 
record for the development of techniques for solvins problems involvins 
heat transfer and fluid flow in addition to mechanical deformation could 

also be prepared. It is perhaps sufficient merely to record a 
description of a three-way coupled finite-difference model for porous 
media at the 21st Symposium and application of coupled distinct-element 
and fluid flow models at the 28th Symposium. 

A more thoroush treatment of the numerical models that have become of 
increasins sisnificance to the field of rock mechanics is provided by 
several texts comprisins collections of contributions of various 
authors. These include 'Rock Mechanics in Ensineerins Practice' (Stass 
and Zienkiewicz (ed), 1968), 'Numerical Methods in Geotechnical 
Ensineerins' (Desai and Christian (eds), 1977), 'Finite Elements in 
Geomechanics' (Gudehus (ed), 1977), and 'Analytical and Computational 
Methods in Ensineerin S Rock Mechanics' (Brown (ed), 1987). Detailed 
texts on numerical methods are provided by Zienkiewicz (1977), for the 
finite-element method, and Crouch and Starfield (1983), for elementary 
boundary-element methods. Goodman and Shi (1985) describe the 
mathematical theory and application of block theory, but the distinct 
element method is still represented only by a collection of papers. 

The above records briefly document the Stowins importance of numerical 
modellins to the field of rock mechanics. It is interestins to note 
that, consistent with rock mechanics beins a branch of applied mechanics, 
many of these publications deal with applications of analytical tools to 
the solution of practical problems. On the other hand, the approach has 
tended to be piecemeal, with little resard to the contribution of 
analysis to the desisn process. Exceptions to this seneralisation are 
evident in the texts 'Rock Mechanics Desisn and Minins and Tunnellins' 
(Bieniawski, 1984) and 'Rock Mechanics for Undersround Minins' (Brady and 
Brown, 1985). However, very much more prostess in that direction is 
required before computational rock mechanics can be truly considered to 
have come of ase. 

4 Status 

It is clearly impractical to review here in detail the status of the 
diverse ranse of numerical modellins tools that have been applied in the 
field of rock mechanics. However, a few key areas of development maybe 
identified for each Sroup of computational tools named earlier. 

4.1 Discrete Continuum Methods 

The discrete methods rely either on finite difference approximations to 
the Sovernins differential equation (the finite-difference method), or on 
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physical subdivision into zones or elements whose individual 
contribution can be derived either directly or using a variational 
principal (the finite-element method). The finite element method has 
proved to be the more popular for stress analysis, Probably because of 
its versatility in terms of defining complex geometries and boundary 
conditions and the ease with which special structural components can be 
added. Integrated finite-difference techniques, that provide much of 
the versatility of the finite-element methods have been developed. 
These have found application in analyses of coupled processes, including 
thermal-hydraulics and mechanical-thermal-hydraulics, when it is 
convenient to work directly with the governing differential equations. 

Early development of continuum methods for rock mechanics emphasised 
the introduction of discrete fractures. As the discontinuum methods 

have matured there has been less necessity to force continuum methods to 
reproduce discontinuous behaviour modes. Instead, attention has focused 
on development of equivalent continuum descriptions. These are models 
that describe the contribution that either systematic or random jointing 
makes to the strength and deformability of a rock mass, and damage models 
that approximate matrix degradation and localisation of failure. 

Robust solution strategies are required for successful application of 
the more complex equivalent continuum models. Experience has shown that 
a simple explicit time marching scheme provides a simple and reliable 
means for performing transient analyses. For static and pseudo-static 
analysis the advantages of an explicit scheme can be preserved by the use 
of either dynamic relaxation (Stone, Krieg and Beisinger, 1985) or the 
conjugate gradient method (Biffle, 1984). Users with experience of 
implementation of constitutive models in codes based on either of those 
methods are unlikely to return to more traditional implicit procedures. 

Parallel development of equivalent continuum models for fluid flow has 
also taken place. These permit explicit consideration of the 
contribution of fracture flow to the overall flow system. This is 
important when performing species transport studies, since it is not 
only the average concentrations that are of concern, but also the 
transit times and fluxes from individual fractures. 

4.2 Integral I•thod 

Integral methods, or boundary element methods, rely on the use of 
elemental solutions to the governing differential equations for the 
construction of solutions to more general problems. The indirect 
methods, historically referred to as the fictitious force and 
displacement discontinuity methods enjoyed early development, with 
special attention devoted to the displacement discontinuity method 
because of its inherent suitability for analysis of fractures. More 
recently, attention has focused on direct methods, because of their much 
greater versatility. 

The direct boundary-element method involves development of a 
constraint equation relating the known and unknown displacements and 
tractions on the surface of the body. The kernel of the method are 
solutions providing the displacement at any point in an infinite body 
due to application of a unit load at any other point, and these are used 
tosether with the reciprocal work theorem to establish the constraint 
equations. These equations involve surface integrals of the 
displacement and tractions and volume integrals of the mechanical body 
forces, thermal strains and initial stress. Early application of the 
method considered homogenous elastic problems without thermal or 
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mechanical body forces, which meant that the volume integral vanished. 
•nis simplification allowed the problem to be solved entirely in terms 
of the boundary geometry and boundary displacements and tractions. 
Later, it was appreciated that the volume integrals corresponding to 
steady state thermal loading or conservative mechanical body forces can 
be converted to surface integrals, thereby extending the classical 
application of the method. 

For general treatment of body forces and initial stress loading, 
including non-linear material behaviour, the volume integrals must be 
evaluated. Until recently that has required discretisation of the region 
in much the same manner as for the discrete methods. However, an 
alternative approach, based on a method of particular integrals, has 
been developed and eliminates the need for volume modelling (Kumar and 
Mukherjee, 1977, Banerjee and Raveedra, 1986). In addition the solution 
to transient elastodynamics problems has been achieved through solution 
of a point force, first in Laplace or Fourier transform space and more 
recently in real space. •nese developments indicate that the integral 
techniques are developing rapidly and now enjoy much of the generality 
offered by the discrete methods. 

4.3 Dtscontiluum bthods 

For structural analysis of rock masses the discontinuum methods fall into 
two groups. •ne first of these consider only the kinemetric condition, 
and evaluate the feasibility of movement of blocks of rock defined by two 
or more factures. Early kinemetric studies considered movement of simple 
wedges, defined by two or three joints, and of rock slopes or the roof or 
side walls of underground excavations. •nose investigations have been 
generalised in the development of block theory, which makes use of topo- 
logical theories to establish the complex stages of possible key blocks. 
Ground support requirements can be investigated by consideration of the 
loads required to resist movement of the maximum keyblock (Shi and 
Goodman, 1985). However, the method does not yield information on the 
stresses and displacements of the rock mass; nor does it permit 
consideration of mixed behaviour, such as combinations of matrix and 
fracture behaviour. 

•ne second class of discontinuum methods evaluates the rock mass as an 

assembly of mechanically interacting particles. •nis concept was 
introduced to explain the importance of achieving and controlling the 
behaviour of rock masses. •ne next important step was to develop a model 
that described block interaction in a man•er that made it possible to 
simulate dynamic, pseudo-static or static behaviour. Early implementa- 
tion of this method for static problems was based on the technique of 
dynamic relaxation, but subsequent studies have lead to the development 
of alternative strategies, including simple iteration (Cundall, 1985). 
Early implementation also focused entirely on the fractures, completely 
ignoring the constitutive behaviour of the rock matrix. Subsequently, 
the rock blocks have been modelled in greater detail, through use of 
discrete (finite-difference or finite-element) submodels. 

4.4 Hybrid Mothods 

The 1981 report of the USNCRM indicated a need to be able to couple 
models, with a view to better tailoring the selected solution method to 
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the problem. The most promising application of these methods appears to 
be through use of a boundary-element method to represent the 'far-field' 
and discrete or discontinuum models for localised modelling. In essence 
the integral model allows the effective boundary of the model to be 
moved very close to the region of most interest. Several successful 
implementations of such coupling have now been reported (Brady, 1955). 
Complete integration of discrete, integral and discontinuum models 
should be anticipated. 

Future Developents 

Further development of numerical modelling capabilities is inevitable. 
It will be driven by the enthusiasm of a few individuals who derive 
pleasure from solving, if only more elegantly, complex analytical 
problems. It will also be driven by the need to solve specific 
problems, which are beyond the scope of available tools. Those problems 
are most likely to involve: scale of structure being investigated (which 
will be addressed by larger and faster computers); interaction between 
mechanical, thermal and hydrological phenomena; and, complex material 
behaviour, including fracture and instability. 

Developments that appear imminent, and will have a major impact on the 
application of computational rock mechanics, are: 

o Commercial availability of comprehensive general purpose tools for 
analysis of rock mechanics problems. 

ß Development of improved man/machine interfaces that allow simple 
model preparation and data presentation. 

ß Development of improved constitutive descriptions, including special 
models for fractured and failing rock masses. 

ß Development of robust algorithms that allow general material models 
to be implemented with ease. 

These areas are closely inter-related. Commercially available codes 
will not succeed unless they can be demonstrated to provide valid and 
useful predictions of behaviour, given reasonable engineering effort. 
Valid predictions depend upon the availability of appropriate 
constitutive models, and those, in turn, will not be implemented in 
general purpose software until the suppliers of that software are 
convinced that solution algorithms are robust. 

6 Application 

Two inter-related applications of numerical rock mechanics have 
developed. For convenience these will be referred to as theoretical and 
practical. 

The function of the theoretical applications has been to provide an 
improved understanding of the basic processes involved in the behaviour 
of roc]• This occurs at two levels. First, considerable insight into 
the behaviour of rock materials has been achieved through modelling of 
behaviour at a local level. This includes 'microscopic' modelling of 
fracture initiation and growth, and numerical experimentation on granular 
assemblies. The primary objective of these studies is to improve the 
'macroscopic' description of the rock mass, (i.e. to develop constitutive 
descriptions that can be employed economically when analysis is at a 
lower level of detail). 
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The second type of theoretical application involves simulation of' 
problems of Eeneral interest. These include, for example, analysis of 
wave propaEation as a means to improve blastinE techniques, and 
simulation of the behaviour of rock slopes and underEround excavations. 
Such studies have contributed to the Eeneral understandinE of the 
behaviou• of rock masses, identification of failure modes, and provided 
Euidance as to effective methods of approachin E different classes of 
problems. 

Practica! applications have been in support of specific enEineefinE 
activities. In this case analysis typically forms a part of a desiEn 
methodoloEy, which involves development of desiEn criteria, charac- 
terisation of the material/site, development of numerical idealisation, 
predictive analysis, and comparison of prediction versus criteria. 
Criteria development and numerical idealisation are crucial staEes in 
such a methodoloEy. Without criteria there is no basis for assessinE 
the absolute behaviour or the behaviour of one alternative relative to 

another. Without an appropriate numerical idealisation the basic 
failure mechanism cannot be reproduced. 

? ConcludJ..uf Remarks 

In closin E it is appropriate to turn to the record of the second 
technical session at the Fourth Symposium on Rock Mechanics. There one 
finds a lively discussion on the applicability of theories of fracture 
and flow based on atomic considerations. In the paper that trigEered 
this discussion, Poncelet (1961) presented the application of stress to 
a particulate body, and evaluated, in a qualitative sense, the response 
of atomic assemblies to the application of stress. The recorded 
discussion concluded with a remark that may be taken, perhaps sliEhtly 
out of context, as pointinE to the difficulties that continue to face 
rock mechanics analysts: 'The stress at a point is the quantity that 
controls the fracture and flow propaEation while the strenEth is a 
loosely defined averaEe empirical quantity expressinE tolerable limits 
of failure in terms of simplified hypothetical calculated stress ...... 

In the 25 years that have past since the discussions of the 4th 
Symposium our analytical capabilities have advanced immeasurably. The 
small assemblies of spheres that Poncelet used to illustrate his 
discussion have been replaced by detailed numerical simulations of the 
behaviou• of three-dimensional Eranular assemblies and illustrated usinE 
powerful computer Eraphics facilities. Powerful computational 
methodoloEies and expandin E resources are available to predict stress 
and deformation. It is humblin E to remind ourselves that the empirical 
relationships necessary to define the limits of failure remain 
undefined and unvalidated. 

To achieve the rapid development recorded in this paper, the rock 
mechanics community have drawn heavily on achievements in the associated 
fields of structural and continuum mechanics. The unique contributions 
have been driven by the special characteristics of rock masses; namely 
the overridin E siEnificance of fractures and the unbounded nature of 
many problems. This is particularly evident in the development of the 
discontinuum models and techniques allowinE couplin E of boundary-element 
models and discrete or discontinuum models. The major challenEe that 
faces the individuals responsible for these developments is to ensure 
that the tool of computational rock mechanics are properly inteErated 
into desiEn methodoloEies appropriate to the wide ranEe of problems 
facin E future rock mechanics 
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