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Summary Rock engineering activities generally disturb rock masses and generate interaction between the
interrelated parameters of rock mass and boundary conditions. The interaction and interactive mechanisms
must be considered in order to solve rock engineering problems. In this paper, the rock engineering systems
approach is coupled with neural network and knowledge based expert system, with specific applications to
tunnel support design. Performance and risk auditing can be integrated in the coupled system. The study
demonstrates that the rock engineering systems coupled with neural network and expert system can quantify the
complex non-linear rock engineering mechanisms and provide a powerful tool for solving rock engineering
problems.

1. INTRODUCTION A rock engineering interactive mechanism
methodology has been proposed to model the
It has been commonly recognized that rock mass dynamic and cyclic behaviour of rock mass and the
consists of geological discontinuities such as faults, boundary conditions (Hudson, 1991). The
folds and joints. The engineering behaviour of the methodology uses an analytic (top-down) model and
rock masses is primarily governed by the rock engineering systems (RES) approach, by
discontinuities, and is hence discontinuous, establishing the engineering objective first and then
inhomogeneous, anisotropic and non-elastic (e.g., developing the appropriate models.
Goodman, 1976).  Extensive rock mechanics
research have been conducted on the This paper presents the coupled RES approach and
characterization of the rock discontinuities and rock rock engineering interactive mechanism
masses behaviour. Indeed, at present, there is no methodology.  The coupled RES approach is
solution in describing the behaviour of this natural computerized and implemented by using neural
geo-material. network and knowledge based expert system
technique. Applications to rock tunnel support
Before enforcing any rock engineering activities, design and to performance and risk auditing are also
the rock mass is in a natural and equilibrium state. discussed.

Activities such as tunnelling, mining, slope cutting
and foundation construction generally disturb the

initial in situ state and generate interaction of 2. ROCK ENGINEERING SYSTEMS

various rock mass parameters and boundary

conditions (e.g., stress distribution, joint aperture, Rock engineering systems (RES) (Hudson, 1991
hydraulic condition). Initial changes in a rock mass and 1992) uses a top-down analytic method to treat
parameter or boundary condition caused by external rock mass, the boundary conditions and the
activities will cause further changes of other engineering activities as a complete, interactive and
parameters (Hudson, 1991). This interaction of dynamic system. It establishes the engineering
parameters is in a dynamic and cyclic process, until objective and then develops an appropriate model,
a new equilibrium state is reached. The dynamic and does not begin with an 'all-variables-specified'
and cyclic behaviour of rock mass and the model because the variables used depends on the
interactive mechanisms of rock parameters is objectives. Within the RES system, constituent
perhaps the key in capturing the total rock mass parameters of rock mass, the boundary conditions
behaviour. The example shown in Figure 1 and the engineering activities interact, through a
illustrates the interactions in a discontinuous rock certain interaction mechanism, to produce a variety
mass subjected to underground excavation activity of complex characteristics and dynamic behavioural
and the in situ boundary conditions. modes of rock mass.
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Figure 1. Some interactions in a discontinuous rock
mass (after Hudson, 1992).

Rock Fractures The fracture Fractures can
st affect the network influence the
ructure values and governs the size and

E:: orientations of secondary orientation of
] the stresses permeability excavations
Stesses can Rock In general, the High rock
open or close higher the stresses can
fractures, and Stress normal stress, cause
also create O.. the lower the construction
them i) permeability failures
Continual Normal Water Grouting and
water flow in stresses Flow drainage may
fractures reduced by be required
affects their water K" during
properties pressure ] construction
Blasting can In the vicinity | An excavation Const-
damage old of excavations will always
fractures and the principal b a sink ruction
create new stresses are for the water C::
fractures altered flow i

The top left 3x3 matrix represents rock mechanics.
When the extra leading diagonal term Cij is added,
the resulting 4x4 matrix represents rock engineering.

Figure 2. A 4x4 interaction matrix for rock
structure, stress, water flow and
construction (after Hudson, 1992).

The basic device for presenting the interaction is the
interactive mechanisms matrix. It represents the
key parameters as leading diagonal terms and their
interactive mechanisms as off-diagonal terms. A
simple matrix representing the interaction between
rock structure, rock stress, water flow and
construction is illustrated in Figure 2. For example,
in the figure, the terms on the left and right side of
rock stress are the interactive mechanisms of rock
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stress on rock structure and water flow; the terms
above and below rock stress are the interactive
mechanisms of rock structure and water flow on
rock stress. Each interactive mechanism can be
weighted to produce a matrix coding value.
Furthermore, by summing the coding values in row
and column through each parameter, ‘cause’ and
‘effect’ co-ordinates are generated, indicating a
parameter’s interaction intensity and dominance
(Hudson, 1992).

3. NEURAL NETWORK

Neural network, as a branch of artificial intelligence
technology, simulates the structure of biological
neural systems of human brain. It is constructed on
a set of highly interconnected processing units or
nodes capable of only a few simple computations
(Figure 3). The capability of the neural network is
learning or self-organizing, i.e., it generalizes the
correlation embedded in sample data set, classifies
streams of input data without the explicit pre-
knowledge by internally modifying its
interconnection strengths (weights) among units,
and finally uses certain patterns of weights to store
the learned knowledge as the memory. This
knowledge can be recalled when network is
demanded to predict or classify (compute) future
input data. But the knowledge represented as
numeric weights is implicit,. and the computing
results are not logical and explainable.

Direction of Activation Propagation {Computation)

input fayer

Hidden Layer

h

Direction of Error Propagation (Training)

Figure 3. Architecture of back-propagation neural
network with one hidden layer.



To date, the most widely used neural network is the
back-propagation network (Rumelhart et. al., 1986;
Wu and Westerervelt, 1991), through back-
propagation of errors seen on the output processing
units or nodes. As shown in Figure 3, the back-
propagation network is of multi-layer form
consisting of one input layer, one output layer and
one or more hidden layers. Although the standard
back-propagation network has been demonstrated to
be effective in learning, it has the drawbacks that
the error tolerances for learning convergence are
problem dependent, and the network architecture is
determined through trial. This may only work for
simple rock engineering problems (e.g., Lee and
Sterling, 1992; Zhou and Wu, 1994). For the
complex rock engineering problems, it is necessary
to make up new standards of error tolerances that
are independent of the problem, and new
architecture optimization scheme that can improve
the learning efficiency.

4. KNOWLEDGE BASED EXPERT SYSTEM

Different from neural network, knowledge based
expert system has the high ability of symbolic
reasoning. It can functionally simulate the
reasoning or the decision making process by a
domain expert system based on its knowledge base.
The decision processes are explained to help the
users to understand the processes and the
conclusions.

Knowledge based expert system’s main components
are knowledge base (rules base), inference engine,
work memory, knowledge acquisition, reasoning
explainer, rule interpreter and input/output interface,
as shown in Figure 4. Because its knowledge base
and inference engine are separated, its knowledge
(rules) can readily be modified.

fnput / Output Interface

Knowledge
Acquisition

(optional Reasoning

Exptainer

(optional)

}

Knowledge
Base P

Inference
Engine

Figure 4. Structure of knowledge based expert
system.

The knowledge based expert system has broad
applications in interpretation, diagnosis, prediction,
classification, monitoring, and design in rock
engineering practice.

5. COUPLED ROCK ENGINEERING
SYSTEMS APPROACH

Implementing rock engineering systems (RES)
approach is to build and operate the objective-
orientated interaction matrix for solving problems of
rock engineering.  The procedure involves: i)
building the basic structure of interaction matrix by
taking into account the parameters potentially
relevant to the engineering objectives and all the
binary interactions between the pertinent
parameters, ii) coding the interaction matrix, and,
iii) operating the interaction matrix for solving rock
engineering problems (Hudson, 1991 and 1992;
Arnold, 1993).

Many attempts have been made to build the basic
structure of interaction matrix (e.g., Hudson, 1991
and 1992; Amold, 1993; Jiao and Hudson, 1995),
on the basis of rock mechanics and engineering
knowledge. Based on the basic structure, coding of
the interaction matrix is to quantify the interaction
mechanisms. Methods of coding the interaction
matrix have been proposed ranging from binary and
linear simplification, through expert semi-
quantitative, to partial differential equations and
complete analysis of the mechanisms (Hudson,
1992; Jiao and Hudson, 1995). Efforts have been
made to use the binary, linear simplification and
expert semi-quantitative (e.g., Hudson, 1991 and
1992; Jiao and Hudson, 1995). In this paper, a
neural network based method for coding the
interaction matrix is used.

Due to the discontinuous nature, the interaction
mechanisms between rock mass parameters are non-
linear, and often too complex to capture and express
with quantitative formula and explicit knowledge.
However, as neural network is a virtually universal
approximator for any function, the non-linear
interaction mechanisms can be modelled and
represented implicitly with the weights of neural
network by training the neural network on sample
data. Since neural network is a parallel computing
method, the learned weights are the representation
of ‘coupled’ rather than separate binary interaction
mechanisms.

Because neural network has limitations that the
learned knowledge is implicit and the computational
results are not logic and explainable, expert system
are used to adopt the interaction matrix and operate
it for further interpreting and explaining the results
of rock engineering problems. Moreover, data base



and pre-processing technologies are further
combined with neural network and expert system to
advance their capability for solving problems in
rock engineering system.

6. APPLICATION TO ROCK TUNNEL
SUPPORT DESIGN

The Q rock mass classification system (Barton et.
al., 1974) and associated rock support
recommendations by the Norwegian Method of
Tunnelling (NMT) (Barton et. al., 1992) are widely
used for tunnel design and construction in hard
rocks. The Q-system classifies rock mass quality
according to the rock quality designation (RQD),
number of joint sets (Jn), roughness numbers of the
least favourable oriented joint (Jr), alteration
numbers of the least favourable oriented joint (Ja),
joint water reduction factor (Jw), and stress
reduction factor (SRF).

According to the Q-system and the associated NMT
permanent support principles, the key parameters of
rock tunnel design can be identified as:

a) Q-value of rock mass
b) span or height

c) length of bolts

d) spacing of bolts

e) thickness of shotcrete

The Q-value forms the rock mass quality sub-
system, while the bolt length, bolt spacing and
shotcrete thickness constitute the rock support sub-
system. Span or height, on the other hand, defines
the dimension of the excavation. Between the two
sub-systems and the dimension, there are three sets
of directly-related parameters: the Q-value,
excavated span or height, and thickness of shotcrete;
the Q-value and bolt spacing; the excavated span (or
height) and bolt length. Within the system, these
inter-relations represent the governing interactions
of the key parameters.

Based on the analysis of the key parameters and
their interactions, the basic structure of interaction
matrix for rock tunnel support design is determined.

Figure 5 shows the structure of computer program,
the structural components and the application of
neural network and expert system in the
computational implementation. The coupled system
for rock tunnel support design is structured with
four components discussed earlier:

a) Serving Component, which collects rock mass
variables RQD, Jn, Jr, Ja, Jw and SRF, and
obtains the weighted mean Q-value through
statistics method; .

0
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Figure 5. Structure of computer program for the coupled system.
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b) Informing Component (data base), which at
present stores 110 groups of Q-value, span (or
height) of tunnel (SH), thickness of shotcrete
(Ts), length of bolts (Lb) and spacing of bolts
(Sb) from previous tunnel and cavern projects;

Learning and Modelling Component (back-
propagation network), which trains back-
propagation neural network to learn and model
the interaction mechanisms, and accordingly
builds the interaction matrix. According to the
five key parameters and their connection
analysis above, there are seven representation
schemes of back-propagation networks. At the
beginning, 60 groups of sample data are fed into
the back-propagation network to learn the
quantitative interaction mechanisms through
training. Subsequently, another 50 groups of
sample data are used to test the learning
effectiveness (fitness between predicted outputs
by back-propagation networks and expected

outputs of testing data). The weight matrices

obtained are the implicit expression of

quantitative interaction mechanisms;
d) Reasoning Component (knowledge based expert
system), which adopts the interaction
mechanisms and matrix in knowledge base of
expert system, and accordingly triggers the
interaction matrix to infer the results according
to the tasks demanded by rock tunnel design.

The computerized rock engineering systems
coupled with neural network and expert system for
rock tunnel design can undertake the following
tasks:

a) providing initial design of rock support sub-
system -- the combination of rock support and
reinforcement measures can be determined
according to Q-value and span (or height);

b) assessing proposed design schemes -- the safety
and performance of a proposed design scheme
can be assessed, and recommendations on the
improvement of the support and reinforcement
requirements, or the excavation dimension, can
be made according to defined technical
specifications or cost effectiveness;

c) optimizing tunnel design schemes -- rock

support and reinforcement measures can be

predicted for certain Q-value and different
excavation dimensions, and various design
options can be compared based on defined

(technical or economical) criteria.

d) adjusting design with change of parameters --

design adjustment can be made when changes in
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rock mass quality and boundary conditions (e.g.,
fault zone) are encountered during construction.

The example shown below is to illustrate the
application of RES and neural network to optimize
the design with change of groundwater condition.
In common procedures, Q-value is only adjusted in
accordance with joint water reduction factor, Jw.
However, within the rock mass quality system, the
change of groundwater condition also affects the
stress and joint roughness (shear) conditions. The
change of Q-value is therefore, not only a single
factor of groundwater, but also a result of
interactions of all the affected parameters, as shown
in Figure 6. Based on the change, a new design of
support system can be proposed.

Jr  (RQD Jn)

| SRF Ja

A 4

Rock Support

Figure 6. Effect of changing in groundwater
conditions on tunnel support design.

7. PERFORMANCE AND RISK AUDITING

The objective of performance and risk auditing is to
examine the safety and performance of the rock
engineering structure, during and after construction,
by monitoring the change of rock mass and structure
parameters (e.g., displacement, hydraulic pressure
or stress). It is important therefore to identify the
key parameters that represent the dominant, and the
subordinate, in the performance of the structure.
Detailed monitoring hence can be made of those
parameters. In the case of tunnelling, for example,
the groundwater condition and stress field are the
dominant parameters, the analysis of their
interaction intensity and dominance in interaction
matrix can indicate the order of significance that the
parameter must be monitored. ~ On the other hand,



changes of other parameters, such as displacement,
can be predicted to reveal the performance and risk
factor of the tunnel.

External disturbances (e.g., excavation at nearby
field) can also be brought in as an activity dominant
parameter. From the interaction mechanism
analysis, the degree of dominance of that external
disturbance can be determined. Damage assessment
can be made based on the degree of dominance.

Similar to the design, any change of rock mass
quality and boundary conditions due to external
(natural or man-made) activities can be
accommodated by changes in design. Support and
reinforcement systems can be re-evaluated in
comparison with the altered rock quality and
boundary conditions to assess the efficiency of the
present design. Support can be reinforced if the
assessment indicates that the present support is
inadequate.

The major risk evaluation in rock engineering
involves elements mainly related to failure,
consequences of failure, environmental and
economic aspects. There are various approaches to
analyse and assess the risk of engineered structures,
such as  observational, deterministic and
probabilistic (Chowdhury, 1995).  These risk
assessment methods can be integrated with the
coupled system computer program by treating the
risk elements as parameters in the rock engineering
interaction matrix. As these elements are
subordinate, their risk can be evaluated by the
coupled rock engineering systems with neural
network, expert system and risk assessment
framework.

8. CONCLUSIONS

The rock engineering systems approach needs to
take into account the coupled interaction
mechanisms of parameters potentially relevant to
engineering objectives. Responding to this need,
neural network has flexible representation schemes,
parallel computing characteristics and high learning
capabilities that enable the designer to consider all
the relevant parameters and to model the coupled
interaction mechanisms.

With neural network and knowledge based expert
system, the rock engineering systems approach can
be fully computerized and implemented. It can
provide design solutions for rock tunnel excavation
and reinforcement as well as audit tunnel
performance during and after construction.
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