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Introduction

In 1995, an article appeared in this journal
describing ‘A viscoleastic approach to the
modelling of the transient closure behaviour of
tabular excavations after blasting’ (Malan1).
This was essentially the first step of many to
gain an improved understanding of the time-
dependent deformation observed in deep
tabular stopes. This current paper sets out to
review the study of continuous stope closure
in South African hard rock mines conducted by
the authors over the last decade. The study is
a useful example of the preferred stepwise
research and development path, namely:

➤ observation and measurement of a
poorly understood phenomenon

➤ attempts to gain a quantitative description
of the phenomenon using analytical and
numerical experimentation

➤ application of the improved knowledge
to develop practical tools to assist
industry

➤ knowledge transfer to the industry and
implementation of the new-generation
tools to improve layout and support
designs and to assist with hazard
assessment and decision-making
processes. 

As will be shown later in this study, some
significant practical applications were derived
from this study. These applications were made
possible by the significant research efforts
during the early parts of this study. 

Unfortunately ‘fundamental’ rock
engineering research appears to have become
unfashionable in recent years, resulting in
numerous failed attempts to develop practical
tools without the necessary groundwork of
Steps 1 and 2. Although the lead-time may be
long in cases involving fundamental research,
significant breakthroughs can probably be
achieved only by proper in-depth studies of
poorly understood phenomena. It can be
argued that the luxury of long lead times
cannot be afforded in view of the 2003 Health
and Safety Summit decision in which the
mining-industry committed to ‘zero fatalities,
injuries and ill health by 2013’. In spite of this
bold statement, it is nevertheless guaranteed
that new challenges will be faced by the
industry in the foreseeable future and there is
scope to reopen the debate about the need for
further basic research in rock engineering. 

With regard to the closure behaviour of
tabular stopes, the initial fundamental studies
were undertaken in the SIMRAC projects
GAP029 (Napier et al.2), GAP332 (Napier et
al.3) and GAP601b (Napier et al.4). The efforts
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of these initial projects focused mainly on the gold mining
sector and investigated various aspects of fracture zone
behaviour. As the practical use of continuous closure
measurements became evident, two further projects focused
on the development of practical systems for the mining in
industry, namely GAP705, Malan et al.5 and GAP852, Malan
et al.6. In 2004, the study was extended to carry out investi-
gations in the platinum industry (Roberts et al.7; Malan 
et al.8) and this work continued with a further SIMRAC
project in the 2006/2007 financial year (SIM 060202).

Figure 1 illustrates a typical continuous closure curve
measured in a deep (≈ 1 400 m) Merensky Reef stope. Similar
curves were obtained during the initial investigations in the
gold mines. The obvious problem faced by the research team
during the initial data collection phase was the prominent
time-dependent nature of the closure behaviour. In the
absence of any mining activity or change in geometry, the
increase in closure appeared to persist for many days. This
behaviour seemed remarkable considering the fact that these
excavations are developed in hard brittle rocks, which were
never considered to be prone to ‘creep’. What made an in-
depth study of this phenomenon critical was the wide
acceptance of elastic theory since the early breakthroughs of
rock engineering pioneers in the 1960s (Ryder and Officer9,
Salamon10, Cook et al.11) and the number of elastic tabular
solvers developed as a consequence (e.g. Napier and
Stephanson12). Although elastic theory can simulate the far-
field rock mass behaviour very well, it can clearly not
simulate the time-dependent rock response seen in Figure 1.
The consequences of the prominent time-dependent
behaviour can be appreciated by examining the well-known
concept of energy release rate (ERR)13. In numerical
modelling programs, a convenient method to calculate ERR is
given by the following formula (Ryder and Jager13):     

[1]

where SP is the convergence at the face prior to an additional
mining step and �P is the absolute normal stress acting over
the increment to be mined next.

When one examines Figure 1, it is clear that SP is a
function of time and it would therefore appear as if ERR
should also increase as a function of time. As a consequence,
faces left standing would have a higher ERR than faces being
mined regularly. (This argument is obviously not valid as
ERR is an elastic concept and the behaviour recorded in
Figure 1 is distinctly inelastic.) Previously, Salamon14,
highlighted some of the subtle difficulties associated with the
interpretation of ERR and indicated that the problem lies in
the fact that the rock mass is assumed to behave as a linear
elastic material with infinite strength. In these circumstances,
it can be demonstrated that the energy balance associated
with the mining of small increments of elastic material is
such that the work done by the applied loading forces is
equal to the sum of the strain energy in the mined volume of
material and the strain energy change in the surrounding
rock mass. This implies that there is no obvious connection
between the released energy as computed using Equation [1]
and potential seismic motions when an analysis is based on
the assumption of a perfect elastic material. A major hurdle to
improve the concept of elastic ERR is an improved
understanding of the inelastic failure processes and the
energy changes associated with this (see e.g. Napier15). As
the inelastic processes clearly occur in a time-dependent
fashion (Figure 1), the time component can obviously not be
ignored. 

▲
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Figure 1—Typical continuous closure behaviour in a deep Merensky Reef stope
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Definitions

In spite of the original terminology proposed by the ISRM16 in
1975, the terms closure and convergence are often used
interchangeably in the South African mining industry. An
unofficial convention gradually adopted by many is that
‘closure’ refers to the relative movement of the hangingwall
and footwall normal to the plane of the excavation as it is
measured underground, whereas ‘convergence’ refers to the
elastic component of closure. As this convention was firmly
entrenched in the mid ‘90s in South Africa, this has been
adopted by the authors. Furthermore, it became evident that
it is necessary to distinguish between continuous and long-
period closure measurements as defined below: 

Long period closure measurements

These are discrete closure measurements with a typical
interval of 24 hours or longer between successive
observations of closure. These measurements are commonly
plotted as a function of distance to face or time (usually in
days or months). Figures 2 and 3 illustrate some examples.
Note that if closure is plotted as a function of distance to face,
the graph does not go through the origin as the closure
instruments are always installed some distance behind the
stope face and the measurement reflects the incremental
movement after the time of installation. 

The data in Figures 2 and 3 was recorded by a closure
station at a fixed location in a panel and, with time, the face
moved away from the measurement point due to regular
blasting. These results can therefore be misleading and very
difficult to interpret as the curves are a complex aggregate of
changes in face position and the time-dependent deformation
of the rock. 

Continuous closure measurements

In this case, closure is recorded continuously with suitable
instrumentation such as clockwork closure meters. Closure
collected with electronic data loggers with a sample frequency
of greater than 1 sample/15 minutes will also be referred to
as ‘continuous’. These measurements are usually plotted as a
function of time to illustrate the time component. An example
is given in Figure 1. Note that the effects of changes in
geometry and the time-dependent behaviour are clearly
distinguishable since the sampling frequency is much greater
than the intermittent face advance cycles.

Primary closure phase

This is the component of time-dependent closure following a
blast and is characterized by a period (≈ 3 to 6 hours) of
decelerating rate of closure. It is also observed after large
seismic events in the gold mines.

Steady-state closure

This is the component of time-dependent closure following
the primary closure phase (see Figure 4). The rate of steady-
state closure appears to be constant in the short term but it
gradually decreases when there is no blasting or seismic
activity.

Instantaneous closure

The instantaneous closure component, �SI, occurring during
a seismic event or at blasting time (Figure 4). Owing to the
delays in the detonation sequence between adjacent blast
holes in the face, this closure phase is not really instan-
taneous at blasting time but can last for several minutes.

Stope deformation measurements as a diagnostic measure of rock behaviour
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Figure 3—A typical closure curve obtained from long-period
measurements where the closure is plotted as a function of distance to
face. This data was recorded in a deep Merensky Reef stope 

Figure 2—Typical closure curves obtained from long-period
measurements. This data was recorded in a deep Merensky Reef stope

Figure 4—Typical continuous stope closure after blasting and the
definition of closure terms
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Rate of steady-state closure

Defined as 

[2]

where �SSS is the increase in steady-state closure over the
time period �t (see Figure 4). As the rate of steady-state
closure gradually decreases in the absence of blasting
activity, it is important to mention the period used for the
calculation. The period �t is often taken from six hours after
the blast (to avoid the effect of the primary phase) to 24
hours after the blast (or until the next blast occurs, whichever
comes first). The steady-state closure is therefore assumed to
be linear function of time for the purposes of calculating
Equation [2]. 

For elastic rock mass behaviour or inelastic behaviour
that is not time dependent, it implies that SSS = 0 and

[3]

Underground measurements in gold and platinum mines
do not support the validity of Equation [3] even if the rock
mass is very brittle (e.g. VCR stopes with a Ventersdorp lava
hangingwall). It is found in almost all cases that �SI < �ST.
The parameters �SI, �SSS and �ST are found to be very useful
to quantify different types of rock behaviour and motivate the
value of carrying out continuous closure measurements. It is
not possible to quantify these parameters when only long-
term measurements are taken. 

Historic overview of closure measurements

Some of the earliest references to stope closure in deep mines
can be found in Altson17 who referred to the closure as
‘hangingwall subsidence’. It was noted that the rate of
subsidence is a function of the area excavated, the elapsed
time before the final support is installed and also the type
and nature of support. Unfortunately no reference is made to
the measurement technique or equipment or how the rate of
subsidence was defined. The discussion in Altson’s paper
centred on how to limit the rate of subsidence as it was felt
that this would decrease the incidence of rockbursting. 

An interesting report on closure measurements (termed
‘hangingwall sag’) by R.K. Bradley was published as part of
the discussion of a paper by Mickel18. Mickel suggested that
waste packing results in a much delayed rate of subsidence.
Bradley’s report is the earliest known reference to continuous
closure measurements. He was appointed as ‘Investigator,
Pressure Bursts and Hangingwall Sag’ at the Eastern Section
of Crown Mines, Ltd. and used a ‘Tape-type Sagmeter’ to
record the closure. An example of the closure data is
illustrated in Figure 5. The mechanism of his closure
instrument (Figure 6) is essentially similar to the clockwork
closure meters still recently used (Malan19). Bradley tried to
relate the time-dependent closure to the deformation mode of
the hangingwall beam and postulated that the closure profiles
may possibly be used to predict rockbursts. It is, however,
unclear if he did eventually achieve any success with this
method.

Hill20 described experiments conducted at ERPM where
the average sag in two panels with different support types
was compared. He suggested that the rate of sag depends on
the intensity of pressure in the intact ground ahead of the
face. 

The term ‘sag’ was eventually replaced with ‘closure’ as
can be seen in a paper by Barcza and Von Willich21. They
conducted measurements of closure and ride at Harmony
Gold Mine. The instrumentation consisted of a roofbolt in the
hangingwall vertically above a horizontal plate in the
footwall. Measurements were taken by suspending a plumb
bob from the bolt and noting its length and position on the
baseplate (similar to Wiggill’s22 technique illustrated in
Figure 8). The horizontal and vertical movements were then
converted to displacement normal and parallel to the reef
plane to give closure and ride respectively. An attempt was
also made to determine how much of the closure was from
hangingwall sag and how much from footwall rise. By
assuming a peg near the shaft as a datum, surveying
techniques indicated that the closure consisted of 60%
hangingwall sag and 40% footwall rise. 

Leeman23 used closure recorders developed by the CSIR
and SMRE (Safety in Mines Research Establishment,
England) to measure continuous closure profiles in a stope at
East Rand Proprietary Mines (ERPM). These meters are
essentially similar to those still in use (Malan19). He
observed profiles similar to Bradley (in Mickel18) where the
rate of closure suddenly increases just after blasting time (see
Figure 7). This high rate of closure decreases within hours to
give a gradual closure until the next blast occurs and the
pattern repeats. On Sundays no blasting took place and, as
expected, no incremental jump is visible in the data. The rate
of gradual closure was usually also a minimum on Sundays.
He concluded that the effect of blasting is to accelerate the
gradual closure in a stope. Unfortunately, Leeman did not
give any explanation for the observed closure profiles and he
did not attempt to simulate this using either analytical or
empirical approaches. He did note that the amount of closure
caused by blasting diminishes with distance from the
working face. The rate of closure also varied greatly from one
point to the next and was affected by the position of the
measuring point in relation to the support in the stope. He
found no conclusive evidence that the rate of closure either

▲
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Figure 5—Continuous closure measurements recorded at Crown Mines
(after Mickel18). Note that the closure increases downwards on the
vertical axis
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Figure 7—Typical continuous closure profiles measured at East Rand Proprietary Mines (after Leeman23). Note that the closure is increasing downwards
on the vertical axis  

Figure 6—The ‘tape-type sag meter’ used by Bradley at Crown Mines (after Mickel18) 
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increases or decreases just before a rockburst, but
emphasized that further measurements were necessary to
verify this.

Wiggill22 measured closure and ride at Blyvooruitzicht
and West Driefontein Mines to assess the effect of regional
waste-pack stonewalls on the behaviour of stopes. In
comparison to Leeman’s work, he focused on long-term
closure measurements. His closure and ride meters consisted
of three different types as illustrated in Figure 8. Wiggill
found that the rate of stope closure is largely independent of
the type of support used and that time-dependent closure
occurred even when there was no increase in the stope span.
He also investigated the individual contributions of the
hangingwall and footwall to the closure as indicated in Figure 9. 

An important development in the 1960s was the
increasing use of elasticity theory to solve mine design
problems and to predict displacements of the rock mass.
Predictions based upon this theory have been substantiated
by underground measurements (Ryder and Officer9, Ortlepp
and Nicoll24). This development would influence the way
stope closure measurements were being analysed for the next
three decades. 

Hodgson25 measured continuous closure at ERPM. With
the rise of elastic theory to prominence, he then also referred
to his data as ‘convergence’ measurements. He nevertheless

recognized that only the far-field rock behaviour is
adequately described by elastic theory and the fracture zone
around stopes is poorly understood. This probably motivated
him to anchor his convergence meters a considerable distance
into the hangingwall and footwall. The meters consisted of a
nickel-chrome wire anchored in a borehole 16 m into the
hangingwall. The wire extended through the stope to a cross-
cut 16 m below the footwall where it was tensioned and
attached to an LVDT (linear variable differential
transformer). This allowed a continuous recording of the
convergence on a magnetic tape. He found that over a long
period of time, convergence measured by these anchored
instruments corresponded to the elastic displacements
resulting from changes in geometry. A more detailed
examination of the manner in which the convergence takes
place indicated that it is time dependent. He explained this by
suggesting that there is a time dependent migration of the
fracture zone ahead of the face resulting in the effective stope
span becoming bigger. Hodgson predicted that, if the face
advanced faster than the migration of the fracture zone, less
energy would be released in a stable manner, thereby
increasing the incidence of rockbursts. 

The first quantitative attempt to analyse time-dependent
closure was made by McGarr26 using Hodgson’s data from
ERPM. He investigated the rate of convergence throughout

Stope deformation measurements as a diagnostic measure of rock behaviour
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Figure 8—Closure and ride meters used by Wiggill at West Driefontein Mine (after Wiggill22)
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the week by using six-hourly intervals. The highest rate of
closure was recorded during the six-hour interval, which
included the blast. He found that the rate generally increases
from Monday to Saturday, which suggested that during the
week stress relaxation did not occur as fast as face advance
(Figure 10). 

McGarr26 used an empirical approach to represent the
closure � as

[4]

where B, C and D are positive constants, n and m are integers
and H is the Heaviside unit function (H(t) = 1 for t ≥ 0 and 0
for t < 0). The unit of time t in Equation [4] is hours. At the
time of this study no blasting on Sundays was allowed and n
= 7m corresponds to those days. Obtaining the rate of closure
from Equation [4] by differentiating gives

[5]

This equation is also plotted in Figure 10. After the last
blasting period of the week on Saturday, the closure and the
rate of closure become

[6]

and
[7]

respectively where a and b are constants and � = 1/DC.
McGarr26 suggested that the relaxation time may be used as a
parameter to describe the ability of the rock mass to form a
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Figure 10—Stope convergence during six-hours intervals throughout the week at ERPM. The data have been averaged over 30 weeks. The time at the
middle of each six–hour period is plotted on the graph (after McGarr 1971)  

Figure 9—Contributions of hangingwall and footwall movements to stope closure (after Wiggill22)
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fracture zone in response to the face advance. High values of
� might be associated with mines that are prone to
rockbursts. 

For the next several years, the closure data collected in
the industry was mainly long-period (low sampling
frequency) measurements. Walsh et al.27 measured
convergence and ride at West Driefontein Mine with plum
bob closure meters similar to those of Wiggill22. It was found
that the convergence and ride are much greater than
predicted by conventional elastic theory. In spite of the
limitations of long-period measurements, some researchers
noted significant time-dependent rock behaviour. King 
et al.28 measured closure behaviour in two adjacent panels at
Hartebeestfontein Mine. After blasting activity had stopped in
one of the panels, the closure rate in this panel continued at a
constant rate of 6 mm/day for 37 days. Only after this period
did the rate gradually start to decrease. Mining continued in
the second panel (and probably in other nearby panels) and
it is unclear what the effect of these geometrical changes was
on the first panel. After mining stopped in the second panel,
the closure rate in this panel persisted for 13 days and then
gradually declined. 

Extensive closure data was collected by Gürtunca29 to
quantify the effect of backfill on stope behaviour. He noted
that closure rates were significantly lower in filled stopes
than in unfilled stopes (Gürtunca et al.30, Gürtunca and
Adams31). Many measurements of closure and ride were
obtained with the ‘four peg’ method (Piper and Gürtunca32),
which is illustrated in Figure 11. The change in the measured
lengths between the footwall and hangingwall pegs is used to
calculate the closure and ride components. Special
instruments, which could be installed in the backfill, were
also developed to allow for the remote monitoring of the
closure (Piper et al.33). An electric closure meter is illustrated
in Figure 12. The resistance of the potentiometer was
remotely measured with an ohmmeter via the telephone
cable. The measured resistance was proportional to the
closure. These meters were not very reliable due to the
extreme conditions in the backfill. Extensive use was
therefore made of mechanical closure meters. This instrument

consisted of two sliding tubes with a measuring wire attached
to the inside of the one tube. This wire passes out through an
angle junction into a closely wound spring of sufficient
length to reach the gully. The measurement between the end
of the wire that protrudes from the spring and the end of the
spring is used to indicate the amount of closure. Comparison
of measured closure in the backfill and elastic analyses
indicated that the elastic convergence underestimates the real
displacements (Gürtunca and Adams31). Gürtunca and
Adams32 suggested that a reduced elastic modulus be
estimated from the closure data to be used in the elastic
simulation programs.

Güler34 did extensive long-period closure measurements
of stopes in the Ventersdorp Contact Reef. Significant
differences in closure rate were noted in different
geotechnical areas. For areas with a soft lava hangingwall at
East Driefontein Mine, a typical closure rate of 10 mm/day
was measured, whereas it was 5 mm/day at Deelkraal Mine
for the hard lava. It was unfortunately not clear what time
periods he used to calculate these rates. He also noted that
the closure rates are significantly affected by the mining rate.

Observations in different geotechnical areas

After 1994, renewed attention was paid to continuous stope
closure measurements by the authors as part of the SIMRAC
fracture zone research projects described in the introduction
to this paper. Clear differences in the continuous closure

Stope deformation measurements as a diagnostic measure of rock behaviour
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Figure 12—Electrical closure instruments used by Gürtunca to obtain
long-period closure data inside backfill (after Piper et al.33)

Figure 11—Illustration of the ‘four peg’ method to measure closure and
ride (after Piper and Gürtunca32)
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behaviour for different geotechnical areas were identified for
the first time, which led to improved methods to assess rock
mass behaviour in different mining areas. These
observations are summarized in a number of papers (e.g.
Malan and Napier35, Malan36 and Malan et al.37). For the
gold mines, closure profiles with various �SI/�ST ratios were
observed. This provided valuable insight into the behaviour
of the rock mass. Two extremes in behaviour are shown in
Figure 13. Note that the �SI/�ST ratios should be treated with
some caution as the �SI component is dependent on
parameters such as distance to face (Malan19) and mining
parameters (e.g. the length of face blasted on a particular
day). It is currently not clear how useful the daily calculation
of the �SI/�ST ratio will be to improve short-term hazard
assessments. It still requires further study and should be
investigated only if the spatial positions of the closure meters
and all other relevant parameters are meticulously recorded.
Previous studies have nevertheless shown that an ‘average’
�SI/�ST ratio observed over a period of time, appears to be
very useful to distinguish between different geotechnical
areas and to decide on appropriate mining strategies, such as
the implementation of preconditioning.  

It is of considerable interest that closure profiles very
similar to that seen in the gold mines have been found in
some of the stopes of the platinum industry at depth greater

than 900 m. The observed closure profiles were found to be
strongly dependent on geotechnical area. The characteristic
profile shapes observed in each area proved to be very useful
to obtain better insights into the rock mass behaviour. Two
extreme closure profile examples are shown in Figure 14. 
In the majority of cases, it was found that the �SSS

component was lower than the two examples shown.
Interesting profiles illustrating high rates of closure were 
also obtained in areas where the UG2 Reef was mined below
Merensky remnants and where the middling between the
reefs was small (< 20 m).

As expected, for the shallow platinum mines (< 400 m
depth), the rates of closure are very low in the stable areas.
An example is shown in Figure 15. 

Development of appropriate models to simulate time-
dependent rock behaviour

Numerical modelling of excavation behaviour has always
been a powerful tool to gain insight into the mechanisms of
rock deformation and to assist with layout and support
design. Elastic theory still underpins most routine modelling
exercises conducted in the industry. The prominent time-
dependent rock behaviour seen in Figures 1, 13 and 14,
however, indicates the need for an alternative approach to
simulate the deformation of discontinuous rock masses. 
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Figure 13—Continuous closure data collected from different geotechnical areas in the gold mines: (a) data from a VCR (Ventersdorp lava hangingwall)
stope at Mponeng Mine with a high �SI/�ST ratio and (b) data from a Vaal Reef stope at Hartebeestfontein Mine where �SI is very small  and �SSS � �ST .

The differences in closure profiles from these two areas are very distinct

Figure 14—Continuous closure data collected from different geotechnical areas in the platinum mines: (a) data from a deep Merensky stope and (b) data
from a deep UG2 stope
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Use of viscoelastic theory

The theory of viscoelasticity provides a theoretical basis for
analysing time-dependent rock movement and for extrapo-
lation beyond the range of an experimental data set. In linear
viscoelastic theory, complex strain-time behaviour can be
described by various combinations of two principal states of
deformation, namely elastic behaviour and viscous behaviour
(Flügge38). The historical use of different viscoelastic models
to simulate the creep of rocks is given in Lama and
Vutukuri39. There has always been some doubt about the
usefulness of this theory in representing rock behaviour 
(e.g. Robertson40), owing to the functional dependence of 
the viscosity values on stress, temperature and chemical
environments. Similar to elastic theory, rock failure cannot 
be simulated. The use of viscoelastic material models have
nevertheless found application in rock engineering and
several publications can be found where viscoelasticity has
been used to simulate time-dependent behaviour of rock 
(e.g. Pan and Dong41). In this current study, however, it 
was found that there are some subtle problems associated
with the use of viscoelasticity theory to simulate time-
dependent closure of tabular excavations in hard rock. 
These problems arise because of the special geometry of 
the tabular excavations and are not readily apparent when
applying the theory to circular tunnels, as for example, in 
the study of Pan and Dong41. 

Viscoelastic convergence solution for tabular
excavations

As a preliminary attempt to simulate the time-dependent
deformations measured in tabular excavations, a viscoelastic
approach was investigated. As no analytical model for the
closure of tabular openings in viscoelastic media was
available, a two-dimensional closure solution for a parallel-
sided tabular excavation (Figure 16) in a viscoelastic medium
was derived by Malan1. The original solution assumed a
Kelvin viscoelastic model, but this was later improved by
using a Burgers model (see Flügge38 for a description of
these different viscoelastic models). The solution was
obtained by subjecting a known elastic solution to the
viscoelastic correspondence principle (Malan19). An important

feature of this analytical solution is that it accounts for the
incremental enlargement of these excavations. When
assuming that the rock behaves as an elastic material in
dilatation and as a Burgers viscoelastic material (Figure 17)
in distortion, the solution for an excavation developed in n
increments with both faces blasted simultaneously can be
derived as given in Equations [8] and [9]. The various 
coefficients in these two equations are given in Equations
[10] to [19].
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Figure 15—Closure recorded in a shallow UG2 panel

Figure 16—A single parallel-sided tabular excavation. The analytical

viscoelastic convergence solution was derived for the two-dimensional

section in the figure. The origin of the co-ordinate system is at the

centre of the stope

Figure 17—Representation of the Burgers viscoelastic model with the

viscosity coefficients η1 and η2 and shear moduli G1 and G2
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[8]

where

[9]

and

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

where Sz is the stope closure, 2li is the span of the stope
after mining increment i, � is the density of the rock, x is the
position in the stope relative to the centre, g is the gravita-
tional acceleration, H is the depth below surface, k is the ratio
of horizontal to vertical stress, � is the dip of the reef, 	 is the
angle between the x-axis and the dip, 
 is Poisson’s ratio, E
is Young’s modulus, n is the number of increments, t is time
and �i is the time when increment i is mined. The Burgers
viscosity coefficients η1 and η2 and shear moduli G1 and G2
are defined in Figure 17. It should also be noted that this
solution is valid only for stopes where a two-dimensional
approximation is possible and where no contact between
footwall and hangingwall occurs in the centre of the stope.

Using this approach, a good fit with experimental data
could be obtained, as shown in Figure 18. Although this
appears encouraging, problems were noted when attempting
to calibrate the model at various distances from the mining
face. These problems arise as the model predicts that the rate
of steady-state convergence increases towards the centre of
the stope. This can be shown by taking the time derivative of
Equation [9] (assuming the excavation was made in a single
cut, i = 1, at time �1 = 0 ). For time t → ∞, the derivative is
given by (Malan19)   

[20]

As t → ∞, the rate of convergence rate in the steady-state
phase is therefore only a function of geometric parameters,
stress magnitude and the viscoelastic parameter η2. This is
intuitively expected from Figure 17. Also if η2 = ∞ (thereby
reducing the Burgers model to the 3-parameter solid,
Equation (20) predicts correctly that at t → ∞, the
convergence rate becomes zero. The steady-state convergence
rate (Equation 20) was plotted as a function of the position x
in Figure 19. The highest rate of convergence is in the centre
of the stope, which reduces to a value of zero at the stope
face. This can be compared with some underground data
collected in a South African mining stope (Figure 20),
illustrating the opposite trend where the rate of steady-state
closure decreases with increasing distance from the stope
face. This difference in behaviour is caused by the inability of
the viscoelastic model to simulate the fracture processes
surrounding the deep mining excavations.    

Figure 18—The Burgers viscoelastic closure solution fitted to experi-

mental closure measured at Deelkraal Mine (after Malan19)
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Continuum elasto-viscoplastic modelling
As concluded in the previous section, a viscoelastic approach
is not entirely suitable to simulate the time-dependent
behaviour of deep excavations in hard rock since time-
dependent failure processes in the rock play a prominent role
in the underground deformation behaviour. Any model used
to simulate this time-dependent behaviour needs to include
some representation of the delayed failure processes and the
resulting time-dependent extension of the fracture zone. It
appears as if the significant time-dependent effects are
confined to the fracture envelope surrounding excavations.
The far field behaviour has been shown to be adequately
represented by elastic theory (Ryder and Officer9). To
simulate this behaviour, it is therefore necessary that some
constitutive model should be derived that is able to
approximate the rheology of the fracture zone. To simulate
the time-dependent fracture processes, a continuum elasto-
viscoplastic model with a time-dependent cohesion
weakening rule was developed and implemented in the finite
difference computer code FLAC. 

To include failure processes in rheological models, slider
elements (also called St. Venant elements) are typically added
to the elastic and viscous elements of viscoelasticity. These
slider elements have a specified failure strength and are

immobilized below this strength. Commonly, a dashpot is
placed in parallel with the slider to control the strain rate if
the slider is loaded above its failure strength. This is the so-
called Bingham unit. Various combinations of elastic, viscous
and St. Venant elements have been used by different
researchers to simulate particular time-dependent problems.
Gioda42 and Gioda and Cividini43 used a Kelvin unit in series
with a Bingham unit to represent primary and secondary
closure in squeezing tunnels. Tertiary movements can be
considered by providing suitable laws relating the values of
the mechanical parameters (such as viscosity) to the
irreversible part of the time-dependent strain. These
rheological models are particularly suited for analysis carried
out through the finite element method. This allows the
interaction between squeezing rock and support to be
simulated. Other examples of the use of these rheological
models can be found in Akagi et al.44, Song45 and Lee 
et al.46.

Since Perzyna47 proposed the general concept of elasto-
viscoplasticity, a number of workers have applied this theory
to geological materials. Elasto-viscoplasticity is essentially a
modification of classical plasticity theory by the introduction
of a time-rate rule in which the yield function and plastic
potential function of classical plasticity are incorporated. In
comparison with viscoelasticy, a viscoplastic material shows
viscous behaviour in the plastic region only. Desai and
Zhang48 used this theory together with a generalized yield
function to characterize the viscoplastic behaviour of a sand
and rock salt. Sepehr and Stimpson49 used Perzyna’s theory
as a basis to develop a time-dependent finite element model
to understand the time-dependent closure of excavations and
seismicity in the potash mines in Saskatchewan. Fakhimi and
Fairhurst50 proposed a visco-elastoplastic constitutive model
to simulate the time-dependent behaviour of rock. The model
consists of an elasto-plastic Mohr-Coulomb model in series
with a linear viscous unit. This model was implemented in an
explicit finite difference code. A typical solution cycle would
be to perform an elasto-plastic analysis of failure at a given
time. After an equilibrium point is reached, the linear viscous
unit is used to determine additional creep strain components
for a specified period of elapsed time. Control is then passed
back to the elasto-plastic analysis to obtain a new
equilibrium and the process is repeated. Although this model
appeared successful in imitating the behaviour of uniaxial
and triaxial tests and the stand-up time of excavations, the
time-dependent behaviour of the model is independent of the
failure processes. The entire material (including the far field)
also behaves in a viscous manner. This model is therefore not
applicable to the conceptual model of deep excavations in
hard rock where the time-dependency is a direct consequence
of the failure processes on discontinuity assemblies and the
solid rock behaves essentially elastically. 

A complete description of the model developed for this
study can be found in Malan51. Figure 21 gives a represen-
tation of the developed model. 

In this model, the intact rock behaves elastically, while a
Mohr-Coulomb yield function determines the failure strength.
Similar to classical viscoplasticity, the principal viscoplastic
strain rate components, �ivp, after failure is given by
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Figure 20—Closure data from a deep tabular mining stope in South
Africa. Note that the rate of steady-state closure decreases as the
distance to face increases. This is contrary to what is shown by the
viscoelastic model in Figure 19 (note that the stope face is to the left in
Figure 20 and to the right in Figure 19)

•

Figure 19—The rate of steady-state convergence along a panel of 100 m
span at t → ∞. Values used in this simulation are η2 = 2 x 1012 Pa.h, H =

2000 m, α = 0°, k = 0.5, g = 9.81 m/s2 and ρ = 2700 kg/m3
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[21]

where � is the fluidity parameter, gs is the plastic potential
function, fS(t) is the yield function and �i are the principal
stress components. A constitutive description of time-
dependent rock behaviour needs to include the effect of
strength degradation with time and/or deformation.
Observations of time-dependent fracturing ahead of tabular

stopes and in some tunnels in the South African mines show
that the rock becomes progressively more fractured with time,
resulting in the gradual loss of cohesive strength in a
particular volume of rock. This loss of strength was modelled
by assuming that the rate of cohesion reduction Cc is propor-
tional to the excess stress above the residual target surface. 

[22]

where kc is the cohesion decay factor and

[23]

[24]

is the residual target surface with Cr the residual cohesion
and r the residual friction angle. The principle embodied in
Equation [22] is based on the laboratory creep experiments
described in Malan19 which indicated that if the rock
specimens are loaded close to their failure strength, the creep
rate and eventual creep failure occur faster than for a low
stress. For a particular volume of rock under high stress,
creep fractures will therefore form more rapidly, resulting in a
faster loss of cohesion in the rock than for low stress. 

To illustrate the behaviour of the model described above,
Malan52 simulated a tabular excavation to investigate the
effect of mining rate. Figure 22 illustrates the geometry used
in FLAC to simulate a tabular excavation. 

A problem with this approach was that as the stope had
to be mined in incremental fashion, very large computer run
times were recorded. The explicit solution scheme of FLAC
requires a small time-step to ensure stability. Following a
large instantaneous stress change (for example, after a
mining increment), the creep time-step must be very small.
Only as a new equilibrium state is approached, can the time-
step be progressively enlarged. This currently prohibits the
simulation and calibration of incremental stope behaviour if
the span is large.

The time-dependent nature of the constitutive model
leads to the delayed development of the fracture zone around
the stope (Figure 23). This enabled the model to simulate the
closure behaviour seen underground (Figure 24). Calibration
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Figure 22—Geometry and boundary conditions used in FLAC to
simulate the time-dependent behaviour of a tabular excavation

Figure 23—The simulated time-dependent extent of the fracture zone at (a) 0.1 hours after the mining increment and (b) 10 hours after the mining
increment (after Malan52) 

Figure 21—Representation of the developed elasto-viscoplastic model

•
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of the model from these closure measurements, however,
proved to be problematic due to the large number of
parameters present and the time-dependent nature of the
constitutive model. The two-dimensional plane strain version
of FLAC is used and therefore only geometries where these
assumptions can be made are appropriate for calibration. As
the results obtained from viscoplasticity theory are path
dependent, the entire stope span cannot be simulated in one
mining increment. 

Following the success of the model to simulate the time-
dependent nature of the fracture zone and the resulting
closure, it was used to investigate rate of mining problems.
As it is generally accepted that high stress peaks close to the
face may increase the likelihood of face bursting (e.g.
Nawrocki53), modelling was conducted to investigate how
mining rate affects the position of the stress peak ahead of
the face. As a result of the time-dependent nature of the
simulated fracture zone, the stress peak ahead of the face is
not stationary, but moves as a function of time. An example
is given in Figure 25, which illustrates the simulated stress
peak as a function of time. Soon after the blast the peak is
high and located close to the face. With time it moves away,
due to the fracture processes, gradually becoming smaller. Of
significance is that the biggest stress change happens within
the first five hours. 

To investigate the effect of rate of mining, the stope in
Figure 22 was mined at four different mining rates namely   
1 m/2 hours, 1 m/12 hours, 1 m/24 hours and 1 m/48 hours.
The stress peak after the fifth mining increment for each
mining rate is given in Figure 26. The time used for plotting
each peak corresponds to that time when the next increment
is about to be mined. 

Discontinuum elasto-viscoplastic model
An alternative approach to simulate time-dependent stope
closure is to assume that the time-dependent behaviour of
excavations is dominated by the creep of multiple individual
discontinuities (Napier and Malan54). The discontinuity creep
behaviour can be represented using interacting displacement
discontinuity boundary elements in which the rate of slip,
dDy/dt, on a ‘failed’ discontinuity is assumed to be propor-
tional to the driving shear stress �e. Specifically,

[25]

where � is designated as the surface fluidity having units of
m/(Pa•s).

It was found that by modelling a stope surrounded by a
random mesh of potential cracks and using the approach
outlined above, time-dependent closure profiles similar to
that observed underground can be simulated. An example is
shown in Figure 27.
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Figure 24—Experimental and simulated stope closure after blasting

using a continuum elaso-visocplastic model (after Malan52)

Figure 25—Time-dependent position of the stress peak ahead of a

simulated stope in elasto-viscoplastic material after mining an

increment

Figure 26—Effect of mining rate on the nature of the stress peak ahead

of the stope face

Figure 27—Simulating time-dependent stope closure using a

viscoplastic discontinuum model (after Napier and Malan54)
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A further example of using this approach is found in
Malan et al.55. In this study, fracture zone development was
modelled by extending one side of a parallel-sided, horizontal
mining panel towards a region covered by a random mesh of
potential cracks. The random mesh was generated using a
Delaunay triangulation scheme. The failure properties of the
mesh positions are determined by a Mohr-Coulomb criterion
with specified cohesion and internal friction angle. Two cases
were considered: a ‘low’ strength rock with cohesion equal to
15 MPa and a ‘high’ strength rock with cohesion equal to 25
MPa. In each case the internal friction angle was chosen to be
45 degrees. The mining simulation was carried out in 25 face
advance steps of one metre starting from an initial span of
50 m. Following each mining step, twenty-four time
relaxation steps were allowed to occur. Within each time
relaxation step, the stress state is examined at each element
of the random mesh and, if the stress exceeds the specified
Mohr-Coulomb intact limit, these elements are allowed to slip
at a rate determined by Equation [25]. The driving shear
stress �e is computed to the difference between the shear
stress and a specified residual frictional resistance that was
set to 30 degrees. Closure ‘measurements’ were performed by
computing the difference in vertical displacement arising
between benchmark points located 2 m in the hangingwall
and 2 m in the footwall at each of five monitoring positions.
These closure ‘stations’ were spaced at intervals of 5 m with
the measuring points of the first station aligned vertically
above and below the centre of the first excavation increment.

Figure 28 show the fracture zone developed after 25
mining steps in the random mesh for the ‘low’ and ‘high’
strength rock environments. In these plots, the hangingwall
region is separated from the footwall region to display the
distorted deformations more clearly (including some detached
fragments). It can be seen that a much larger region of rock
is activated in the low strength material as would be expected
intuitively. It is apparent also that considerable fragmentation
of the rock occurs at the boundaries of the hangingwall and
the footwall. Typical closure profiles observed for the low and
high strength rock cases, are shown in Figure 29. These
profiles show a marked difference in deformation behaviour
between the two material models. It should be noted that the
explicit discontinuity slip simulation can be extended to
include features such as parting planes or pre-existing fault
planes near the stope face. 

Practical applications of continuous closure
measurements

Apart from the benefits of using continuous closure to
identify different geotechnical conditions and tailoring layout
and support designs to cater for this, a number of other
practical applications of these measurements became evident
during the course of these studies. Some of these are listed
below. 

Identification of hazardous areas and warning of large
panel collapses

In the platinum industry, use of closure measurements to
identify hazardous conditions has found extensive
application and a number of mines are currently taking these
measurements on a routine basis. Apart from the normal
electronic closure loggers, closure telltales with a traffic light
system to warn of hangingwall movements have now also
been developed and these are currently being implemented in
the first mine. These developments have been based on
studies that showed that in a number of cases, advance
warning of several days have been obtained prior to large
collapses. Two examples are illustrated below, namely
collapses in Merensky and UG2 panels. A further example
can be found in Malan et al.37. 

For the collapse in the Merensky panel, the layout and
positions of the instrumentation at this site are given in
Figure 30. Breast mining occurs on the Merensky Reef at
approximately 1 400 m below surface. The intersection of
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Figure 28—Distorted grid plots of fracture zone formation after twenty-five mining steps in (a) ‘low’ strength and (b) ‘high’ strength rock

Figure 29—Typical closure profiles simulated for ‘low’ and ‘high’
strength rock materials using a viscoplastic discontinuum model
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three dominant sets of discontinuities in the hangingwall
produced very poor hangingwall conditions and high rates of
closure as shown in Figure 31.  

The following sequence of four closure curves illustrate
the rapid increase in closure experienced in one of the
Merensky panels during November 2005. This data was
initially used to motivate the stopping of blasting activity in
the panel and subsequently to evacuate the panel after the
accelerating rates of closure shown in Figure 35 were
observed. A collapse in the face of the panel was reported
after 30 November. The full extent of the fall is not known,
however.  

As a further example, monitoring was conducted on the
UG2 reef horizon in an area where the middling between the
UG2 and Merensky Reef is only approximately 18 m. The
depth is approximately 1 200 m below surface. Significant
ground control problems are experienced in the UG2 panels if
these are mined below any remnants left on the Merensky
Reef horizon. An example of a typical problem geometry is
shown in Figure 36. The outline of the Merensky remnant is
shown by the arrows. The UG2 panels (1N to 5N) were
mining towards and below this Merensky remnant. 

In overstoped areas far away from the remnant, the
conditions in the UG2 panes are very good and the rate of
closure is low (Figure 37).

Close to and below the remnants, the conditions in the
panels, however, deteriorate rapidly and the rate of closure
increases significantly. Figure 38 illustrates the onset of
instability with joints opening up, small falls of ground and
support units showing evidence of high rates of closure.  

In these UG2 panels, the continuous closure
measurements were found to be very useful to indicate
proximity to the remnants as well as hazardous conditions.
The sequence of closure curves below illustrates the rapid
increase in closure for a panel below a Merensky remnant.
Based on this data, the mine decided to abandon this
particular panel. The rapid increase in closure was caused by

the opening of two major joints (one on strike and one on
dip), which intersected in the face area of the panel. This
caused a major section of the hangingwall to become
unstable. 
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Figure 32—Closure in Panel S3 for the period 17/11/2005 to 22/11/2005.

Note the rate of closure in the absence of blasting

Figure 31—Typical conditions in the Merensky stope described above.
The high rate of closure caused the failure of the elongates in the
foreground. Note the closure meter in the background 

Figure 30—Installation positions of the closure meters in the various

panels

Figure 33—Closure in Panel S3 for the period 22/11/2005 to 25/11/2005.
The rate of steady-state closure increased significantly after the blast
on the 22nd
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Figure 38—Poor ground conditions and open joints in the UG2 panels
when mining occurs in close proximity to the Merensky remnants

Figure 37—Low rate of closure in the UG2 panels in overstoped ground

Figure 36—UG2 panels mining towards and below a Merensky remnant (the arrows show the outline of the remnant)

Figure 34—Closure in Panel S3 for the period 25/11/2005 to 28/11/2005.
The high rate of steady-state closure persisted in the absence of any
blasting

Figure 35—Closure in Panel S3 for the period 28/11/2005 to 30/11/2005.
The rate of steady-state closure accelerated further in the absence of
any blasting. Based on this information, the mine decided to evacuate
and abandon these panels
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It should be noted that the closure measurements signifi-
cantly enhance the hazard assessment and decision-making
tools available to rock engineers. It would, however, be
dangerous to attempt to use these closure measurements as a
‘prediction’ tool for all falls of ground as it was found that in
some cases the warning period may be short (Figure 42), or
the closure meter may be installed too far away from the
collapse to provide any warning. Further work to investigate
the precursors obtained from the data and the period of
warning will have to be conducted.

Identification of areas prone to strain bursting

Preconditioning has been proven to be a very effective tool to
combat face-bursting problems experienced in the some areas
of the gold mining industry (e.g. Kullmann et al57). It has
nevertheless always been difficult to decide which areas to
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Figure 42—Closure recorded prior to a collapse in a UG2 panel. A two-day period of accelerated closure was observed prior to the collapse 

Figure 41—Continuous closure recorded for the period from 12/02/2007
to 15/02/2007. Note the very high rate of steady-state closure compared
to that in Figure 15 before the failure. Based on this information, the
mine decided to abandon this panel

Figure 40—Continuous closure recorded for the period from 09/02/2007
to 12/02/2007

Figure 39—Continuous closure recorded for the period from 24/01/2007
to 05/02/2007. Note the rapid increase in closure towards the end of the
graph
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precondition and unfortunately implementation of this
technique seems to be mostly reactive after face-bursting
accidents occurred. From the closure studies, it was found
that in highly stressed areas with a high average �SI/�ST

ratio, face bursting is a common occurrence and these areas
benefit hugely from the implementation of preconditioning.
An example of the closure behaviour of such an area has
already been shown in Figure 13a. The reader should also
refer to the earlier comments in the paper about the use of
the �SI/�ST ratio. This ratio was found useful only in relation
to identification of areas prone to face bursting events and
will not give any indication of seismic risk in terms of events
that originate on large geological structures. 

In contrast, areas with a low average �SI/�ST ratio
(Figure 13b) seem to rarely encounter strain bursting
problems. Closure measurements can and should therefore be
used as an additional tool to decide on the implementation of
preconditioning. 

Although stopes with low average �SI/�ST ratios do not
appear to experience face-bursting problems, these low ratios
invariable imply that the rock mass is very ‘mobile’ and
unstable hangingwall conditions are typically encountered.
Observations show that for areas with low average �SI/�ST
ratios, an improvement in hangingwall conditions can be
achieved by increasing the mining rate (as the face area of
the stope then has less time to unravel).  

Closure measurements to monitor the effectiveness
of preconditioning
A further problem encountered with preconditioning is to
measure the effectiveness of the technique after implemen-
tation. The use of continuous closure data appears to be a
very useful tool in this regard. Continuous closure data was
collected by the authors when preconditioning was
introduced in the 87–49 longwall at Mponeng Mine. Typical
results are illustrated in Figure 43. Note that the steady-state
closure rate increases significantly after the onset of precon-
ditioning. This is further illustrated in Figure 44, which
compares the rate of steady state closure as a function of
distance from the face for panels with and without precondi-
tioning. It is clear from this that the steady-state creep rate is
significantly increased with preconditioning. This suggests
that the size of the fracture zone ahead of the stope face is
increased or the pre-existing fractures are mobilized,
allowing the strain energy stored near the stope face to be
reduced and decreasing the likelihood of face bursting. 

Data for improved stope support design
Rate of closure (expressed as mm per metre advance or mm
per day) is an important parameter for support design.
Especially in the deep gold mines with seismic problems, the
energy absorption capability of support units is an important
design parameter. Rock engineers need to calculate at what
distance from the face the energy absorption capability of the
support units has been ‘depleted’ by the rate of closure.
Unless the time-dependent component of closure is
quantified, it is not clear what the effect of mining rate will
be on the rate of closure. This should not be ignored.
Unfortunately the use of the popular ‘mm/m’ unit for rate of
closure inherently implies that there is no time-dependent
closure component. 

As mentioned above, for support design, it is important
to quantify the amount of closure that will act on a support
unit from installation until it is a certain distance behind the
face. This is illustrated in Figure 45. In this particular
example, the support unit is installed 3 m from the face on a
specific day. After a period of time, the face has been
advanced by 5 m, putting the support unit at distance of 8 m
from the face. As the rate of closure contains a time-
dependent component, which persists even if there is no
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Figure 45—Example to illustrate the effect of mining rate on rate of
closure

Figure 44—The effect of preconditioning on the rate of steady-state
closure for panels in the Ventersdorp Contact Reef 

Figure 43—The effect of preconditioning on the time-dependent closure
of a stope in the Ventersdorp Contact Reef. The instrument was 7.2 m
from the face at the beginning of this data set and 10.5 m from the face
after the last blast in the figure   
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mining activity, the total closure acting on this support unit
will be dependent on the mining rate and the total elapsed
time. 

The total daily closure, Sidaily, acting on a support unit on
a particular day i (where i = 1,2,3… to denote successive
days) can be given by the Equation (see Figure 4):

[26]

If there is no blasting (or large seismic events), the
instantaneous and primary closure components are zero and
Equation [26] reduces to

[27]

For the example in Figure 45, the total closure can now
be calculated for different mining rates. If blasting occurs
every day (five days to advance 5 m) the total closure acting
on the support unit is 

[28]

where j denotes each successive mining increment. The
first term in Equation [28] denotes the sum of the instan-
taneous and primary closure following each blast (assumed
to be independent of mining rate), while the second term is
the sum of all the time-dependent closure. If, however,
blasting occurs only every second day (10 days to advance 5
m), the total closure acting on the support unit will be

[29]

When one compares Equations [28] and [29], it can be
seen that the total closure acting on the support unit will be
larger for the slower mining rate, even though the total face
advance is 5 m in both cases. The difference in closure
magnitude acting on the support unit for various mining
rates will depend on the rate of steady-state closure. The
larger the rate of steady-state closure, the bigger the effect of
the mining rate. To quantify this effect, the following
technique was developed from the underground observations.

The rate of steady-state closure appears to be constant in
the short term but it gradually decreases when there is no
blasting or seismic activity. This is illustrated in Figure 46.
The measurements were obtained over a long weekend when
there was no mining activity for several days. The steady-
state closure is best approximated by a function of the form 

[30]

where a and b are parameters and t is time. The steady-
state closure for station No. 2 in Figure 46 after the seismic
event was plotted in Figure 47 together with the model given
in Equation [30]. The parameters used to obtain this fit were 
a = 3.85 mm and b = 0.015 h-1. Note that these values are
applicable only to this particular stope.

From Equation [30], the rate of steady-state closure is
given by

[31]

where c = ab. From Equation [31], the rate of steady-
state closure at t = 0 is given by c. For convenience, Equation
[30] will be written as

[32]

Continuous closure measurements indicate that the rate
of steady-state closure is also a function of measurement
position in the panel. This is indicated in Figure 48 where the
rate of steady-state closure appears to decrease as the
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Figure 47—Measured and simulated values of steady-state closure for
the VCR (hard lava) panel 

Figure 46—Closure measured in a VCR (hard lava) panel when there
was no mining activity for a period of four days. The time periods in
brackets indicate the intervals used to calculate the steady-state
closure rates. Two closure instruments at different distances to the
face were used to collect the data

Figure 48—Effect of distance to face on the rate of steady-state
closure. Although there is some scatter present in the data with a
resulting poor fit to the given function, it was used as a useful approxi-
mation of the trend
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distance to face increases. The parameter c in Equation [32]
is therefore a function of the distance to face. As the rate of
steady-state closure is also a function of the length of face
advance on a particular day and the position in the panel
along strike, there is some scatter present in the data as
illustrated in Figure 48. From studies described in Malan19,
where three closure meters were installed at increasing
distance to the face, it is, however, clear that after any
particular blast, the rate of steady-state closure decreases into
the back area. The parameter c will therefore be approx-
imated by the following function 

[33] 

where d is the distance to face. From the fit in Figure 48,
calibrated values for α and β are 0.1195 mm/h and 0.0454
m-1, respectively. Inserting Equation [33] in [32] gives

[34]

As the decrease in rate of steady-state closure illustrated
in Figure 47 is repeated after every blast, Equation [34]
should be further modified to allow for the incremental
enlargement of the stope. If a closure meter is installed at a
fixed position in the stope and a number of increments are
mined, the total amount of steady-state closure (SSST )
measured at that position will be given by

[35]

where n is the number of mining increments and �k is the
time when the kth increment is mined. The distance to face is
given by 

[36]

where Δl is the size of each mining increment and f is the
original distance to face. Equation [35] was used to simulate
the effect of different mining rates (for a total face advance of
20 m) on the steady-state closure at a measuring point 5 m
behind the original face. The size of each mining increment
was assumed to be 1 m. The calibrated values for α, β and b
obtained from Figures 47 and 48 were used. The results are
illustrated in Figure 49. It is assumed that the parameters α

and β are not functions of the mining rate. The effect of
different mining rates is clearly visible in Figure 49. It should
be emphasized that the closure plotted in Figure 49 is only
the steady-state closure and does not include the instan-
taneous or primary closure components. Equation [35] can,
however, be used to estimate how a wide range of mining
rates will affect the rate of closure. 

From Figure 49, note that at a distance of 10 m from the
face (for support originally installed 5 m from the face), the
cumulative steady-state closure is 8.4 mm for continuous
mining operations. This gives a steady-state closure rate of
1.7 mm/m. If there is only one blast a week, the steady-state
closure at the same distance to face will be 25.5 mm. The
corresponding rate of closure is 5.1 mm/m, which is an
increase of 3.4 mm/m. Imagine then that the stope is mined
using continuous operations (blasting every day). Previous
closure measurements during this period (for a closure
station installed 5 m from the face) might indicate that the
rate of total stope closure for a face advance of 5 m is some
value, say mm/m. If it is decided to decrease the mining rate
to just one blast a week, the new rate of closure that can be
expected is (� +3.4) mm/m. The current support design
should then be tested against this new estimated rate to
establish if any changes are required.

Conclusions

This paper presents an overview of work carried out over
several years to investigate the continuous stope closure
profiles recorded in tabular excavations and the use of this
data as a hazard indicator. The study is a useful example of
the value of ‘fundamental’ research as the study of a poorly
understood phenomenon led to some practical tools being
developed for the mining industry. 

The closure measurements indicated a significant time-
dependent closure component in spite of the brittle nature of
the rock. Time-dependent rates as high as 1 mm/hour have
been measured in extreme cases. The time-dependent closure
components appears to be ubiquitous in the gold mines and
intermediate depth platinum mines and is even observed in
very brittle environments such as VCR stopes with a
Ventersdorp lava hangingwall. Although the limitations of
elastic modelling has been known for many decades, this
latest study further emphasized that caution must be
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Figure 49—The effect of mining rate on the total amount of steady-state closure at a particular point in the stope 
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exercised when using elastic analysis to estimate stope
closure as in some cases time-dependent closure will continue
unabated for many days or weeks without any blasting or
change in layout geometry.   

Various approached to simulate the time-dependent
closure have been investigated. Plane strain analytical
solutions for the convergence of stope where the rock
behaves as a Burgers viscoelastic material in distortion were
derived. These models gave a reasonable fit to data recorded
underground. Although viscoelastic theory therefore appears
to be able to simulate time-dependent closure behaviour,
there are subtle problems with the use of this theory as it
cannot simulate the failure processes in the rock and care
should be exercised when attempting to use these models. 

To overcome these problems, continuum and discon-
tinuum elasto-viscoplastic models have been developed.
Discontinuum models have the advantage of being able to
simulate the creep behaviour of prominent discontinuities.
The development of these models has provided useful
insights into rock mass deformation and has enabled the
simulation of parameters such as rate of mining to be
conducted for the first time. 

A number of practical applications for the mining
industry were developed from this study. Among these is the
delineation of geotechnical areas using closure data, use of
the data as a hazard indicator and to give warning of large
collapses in the platinum mines, identification of areas in
need of preconditioning in the gold mines, measurement of
the effectiveness of preconditioning, and improved data for
support design to include the effect of mining rate. 

A number of issues still need to be researched further,
such as the type of precursory information obtained from
closure data prior to large collapses. It appears that different
warning periods are currently obtained from the data and the
reasons for this are not well understood. In platinum mines,
the contribution of time-dependent pillar crushing to the
stope closure needs to be researched. It is hypothesized that
the time-dependent closure components will be less in areas
with oversize pillars experiencing seismicity. This may lead to
routine monitoring and modelling strategies that can be used
to identify areas in platinum mines that will be prone to pillar
bursting. Further work using time-dependent seam failure
models in 3D boundary element models also needs to be
conducted to investigate the appropriateness of using this to
simulate time-dependent stope behaviour on a large scale.
Generalizing the concept of ERR to an inelastic time-
dependent ERR can lead to an improved assessment of the
stability of mining excavations.   
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