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ABSTRACT: Appropriately designed support systems are required to control potentially unstable ground around entries in coal
mines. Alternative support systems can be evaluated using various approaches, inctuding empirically based methods and advanced
numerical models. However, conducting numerical model analyses can be time consuming, requires special software, and requires
specialist expertise for setting up models and evaluating the results: In this study, the need for a more rapid method of assessing
support alternatives is addressed. A regression-based equation has been developed based on the output of more than 600 numerical
model analyses that investigated entry stability in various ground conditions, depths of cover, stress conditions, and support systems
that might be encountered in US coal mines. The mode! outputs were verified against actual performance of coal mine excavations
in a variety of geotechnical settings. Least squares curve fitting procedures were used to find the unknown parameters of a nonlinear
equation that includes parameters for the rock mass strength, support characteristics, and geometric layout of the excavation and
support system. The developed equation can satisfactorily predict the numerical model calculated stability factors. This allows
practitioners to rapidly assess support alternatives for a range of conditions using spreadsheet software.

mine entries [3]. The procedures make use of a modelling

technique called the Strength Reduction Method (SRM)
L. INTRODUCTION that allows calculation of a ‘Stability Factor’ against the
Ground falls remain a significant factor in underground collapse of the roof of a supported entry. In this case
coal mine injuries and fatalities. In 2013 ground falls collapse is defined as a roof fall that extends more than 90
accounted for 4 of the 14 fatalities and 166 of the 1577 cm (3 ft) above the roof line of the entry. Small-scale skin-
reported lost-time injuries in underground coal mines [1]. type failures or block-type failures associated with
The stability of underground coal mine excavations is individual slips or joints are not considered.
improved by the provision of support systems that control
potentially unstable ground. Support systems may consist
of rock reinforcement such as rock bolts and cable bolts
and may be supplemented by standing supports such as
engineered wooden cribs or cement-based columns. The
design of appropriate support systems is complex because
of the variable nature of the rock mass and the difficulty
of estimating the interaction between the rock mass and
the installed support system. Over the past 25 years
multiple design approaches have been used in coal mine
ground control. The approaches include empirical
mechanistic methods, empirical statistical analysis, and
rules of thumb and numerical methods, after Hebblewhite
[2]. Of these approaches, numerical methods are
increasingly used to supplement empirically based
designs.

The models are created using the FLAC3D finite
difference code [4]. Details of the model layout and input
selection are described in Esterhuizen et al. [5]. The
models simulate a two dimensional slice through an entry.
The thickness of the slice is equal to the bolt row spacing.
The model boundary conditions were defined so that a
repeating array of entries and intervening pillars was
effectively modelled. Model calibration and validation
studies were conducted to ensure that the developed
modelling technique provides realistic estimates of the
stability of mine entries. As part of the validation studies,
model-calculated stability factors were compared to the
results of the empirically based Analysis of Roof Bolt
Systems (ARBS) method [6]. Outcomes of the validation
studies are presented by Esterhuizen et al. {7, 8].

Despite these improved procedures, developing
appropriate numerical models of the rock mass and
support systems can be time consuming and requires

Improved numerical modelling procedures have recently
been developed to assist in the design of support for coal
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generalized reduced gradient (GRG) solver routine
available in the Microsoft Excel 2013 spreadsheet
software. The final prediction equation was developed
based on the FLAC3D calculated SF values of less than
3.0. This range was selected because critical SF values for
design range from about 1.5 to 2.5 to ensure that
maximum accuracy of prediction would be achieved in
this range. There were 549 cases with SF values less than
3.0. For cases with SF values above 3.0 the estimation
errors are slightly larger, but have little consequence,
since the likelihood of instability is extremely low for
these large SF values.

During the development of the SF estimation equation,
groups of results that showed large estimation errors were
identified and the reason for the large errors was sought.
If necessary, additional model analyses were conducted to
investigate the potential reason for the errors. For
example, the influence of weak beds and strong beds in
the entry roof was investigated in this manner and
parameters were introduced to account for their presence.
The final form of the SF estimation equation has three
components, representing the self-supporting capacity of
the immediate roof rocks, the primary support efficiency,
and the secondary support efficiency. It was decided to
express these parameters as a sum of the individual
contributions so that the SF of an unsupported entry could
also be estimated. This allows the contribution of the
support system to roof stability to be quantified separately
from the self-supporting capacity provided by the rock
strength. The equation is as follows:

SF = SSC + PSE + SSE N

where:

SSC = Self-supporting capacity of immediate roof
PSE = Primary support efficiency

SSE = Secondary support efficiency

The development of the equation and the reasoning
behind each component are described below. In the
equations listed below all the constant terms were
determined by the least squares error equation solving
process.

In all the support calculations it is assumed that the
support units have adequate strength and anchorage
capacity to carry the dead weight of the rock within the
supported horizon. The bolt and cable bolt capacity
should therefore be checked beforehand.

3.1.  Self-supporting capacity

Evaluation of the model results showed that the self-
supporting capacity of an unsupported entry is affected by
the strength of the immediate roof rocks, the horizontal
stress in the roof, and any surcharge caused by weaker
rocks above the immediate roof. The unsupported
immediate roof is defined as the first 90 cm (3 ft) of roof
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rocks above the entry roof line. The self-supporting
capacity (SSC) of the immediate roof is calculated as
follows:

SFIMXSURIM®290

0.832
SSC = 1520( W 104 0.287 )

2

where:

SFIM= Thickness-weighted average stability factor of
the immediate roof units

SURIM = Surcharge factor to account for presence of
weak beds above the immediate roof

W = Width of entry (m)

D = Depth of cover (m)

The thickness-weighted average stability factor of the
roof units SFIM is calculated from the stability factor of
each of the individual rock units in the immediate roof.
The stability factor of each individual unit is calculated as
the ratio of the rock mass uniaxial compressive strength
to the pre-mining horizontal stress in the unit. The rock
mass uniaxial compressive strength is estimated through
rock mass classification, using the CMRR-based [8] unit
ratings. The suggested procedure for estimating rock mass
strength from the CMRR unit ratings is given in
Esterhuizen et al. [5].

The immediate roof surcharge factor SURIM is simply the
ratio of the strength of upper roof rocks to the strength of
the immediate roof rocks. The upper roof is defined as 2.4
m (8 ft) above the immediate roof—that is, the roof rocks
extending from 0.9 m (3 ft) to 3.3 m (11 ft) above the entry
roof line. The surcharge factor has a maximum value of
1.0, which occurs when the immediate roof and upper roof
are of equal strength. The thickness-weighted average
strength is used in this and all strength calculations
described below.,

3.2.  Primary Support Efficiency

The primary support efficiency (PSE) was found to be
affected by the inherent stability of the reinforced rock
within the bolted horizon and the length and spacing of
the supports. It was also found that the presence of a
strong bed within the upper half of the bolted horizon
would provide extra stability. These observations from
the modeling results are confirmed by similar field
observations made by Molinda and Mark [8] during the
development of the CMRR method and which are also
included in the CMRR calculation as adjustments. The
PSE is calculated as follows:

PSE = 0.020(PSI x SFRR%895 x SBF0.096)1:440
3)
where:
PSI = Primary support intensity, which represents the
amount of primary supports per area
SFRR = Thickness-weighted average stability factor of
reinforced rock units within the bolted horizon



SBF = Strong bed factor, to account for the presence of
strong units in the upper half of the bolted horizon

The primary support intensity (PSI) is calculated as
follows:

__ NBXLB?%°

PSI =——" “

where:

NB = Number of installed bolts in a row
LB = Length of the bolts (m)

BS = Bolt row spacing (m)

W = Entry width (m)

The stability factor of the reinforced rock units SFRR is
again calculated as the ratio of the rock mass uniaxial
compressive strength to pre-mining horizontal stress in
each rock unit, similar to SFIM.

The strong bed factor SBF is calculated by comparing the
rock strength in the upper 60 cm (2 ft) of the bolted
horizon to the weighted average strength of the rock in the
bolted horizon. It was apparent from the modeling results
that a strong bed has an additional strengthening effect if
it provides suspension capability to the primary supports.
It was further seen that the strong bed thickness was
significant because it is required to span across the width
of the entry to provide suspension capacity to the
supports. A thickness adjustment was therefore
introduced for strong beds that are less than 2.4 m (8 ft)
thick. The SBF is calculated as follows:

UCSMA SBT

UCSMB 1) X H)

SBF =1+ (( )

where:

UCSMA = Thickness-weighted average rock mass UCS
in the anchorage zone (MPa)

UCSMB = Thickness-weighted average rock mass UCS
in the bolted horizon (MPa)

SBT = Strong bed thickness (m)

The SBF is limited to a minimum value of 1.0 and the
strong bed thickness (SBT) is limited to a maximum of 2.4
m. In addition, the SBT is set to zero if the anchorage zone
is intersected by more than one rock unit because the 60-
cm anchorage zone is required to be fully located in a
single strong-rock unit for the strong bed effect to be
applicable. This requirement may be conservative, but is
justified by the fact that variable roof sag between two
relatively strong units could degrade the quality of the
grout bond.

3.3.  Secondary Support Efficiency

Secondary support analyzed in the models was always in
the form of cable bolts that are partially grouted. The
grout length was typically 1.2 m (4 ft) with the remainder

2275

of the bolt being free and is fixed by a bearing plate to the
entry roof. The cable bolts were assumed to have about 5
tons of pretension. The cable bolts were supplementary to
the primary supports, and were never evaluated as the
only support system. The secondary support efficiency
SSE parameter is therefore only applicable for cable bolts
used in the manner described here. The equation for the
SSE is as follows:

SSE = 0.283 (SSI x SFCA™72)0770  (g)

where:

SSI= Secondary support intensity

SFCA = Thickness-weighted average stability factor of
the rock in the cable bolt anchorage zone.

One notable difference between the primary and
secondary support efficiency parameters is that the SSE
does not contain a parameter for ‘rock reinforcement’ like
the SFRR parameter for primary support. This parameter
was found to be unnecessary because the length of grout
is typically less than 30% of'the cable bolt length and does
not provide a significant reinforcement component as a
fully grouted bolt would.

The secondary support intensity is calculated similarly to
the PSI value using this equation:

NCxLc16
S8l = ——
CSxW

O

where:

NC =Number of installed cable bolts in a row
LC = Length of the cable bolts (m)

CS = Cable bolt row spacing (m)

W = Entry width (m)

SFCA is the thickness-weighted average SF of the rocks
in the cable grout anchorage zone. This zone is typically
1.2 m (4 ft) or greater in length. The SFCA is calculated
using the same procedure as described above for SFIM of
the immediate roof.

3.4. Discussion

All the parameters in the equations described above can
readily be calculated by a spreadsheet type program, if the
thickness and unit rating data of each roof unit are
provided. A spreadsheet application makes it a simple
matter to conduct sensitivity analyses and quickly assess
support alternatives or the impact of changes in geology.
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Figure 4. Example showing SF values calculated by FLAC3D models and the prediction equation for entries shown in figure 3.

Unsupported entries are shown by zero support length.

It is assumed that the support units have sufficient
capacity to carry the dead weight of the rock within the
supported horizon. Support capacity should therefore be
checked beforehand.

The developed nonlinear equation is simple to calculate
and can easily be incorporated into a spreadsheet type
analysis. The stability factors predicted by the nonlinear
equation are sufficiently accurate for the rapid assessment
of support alternatives during the initial stages of entry
support design. The equation can also be used to verify
existing designs, without the need to conduct full
numerical model analyses.

The SF prediction equation should only be used as an
assessment tool to assist in the design and engineering
analysis of proposed support systems.
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7. DISCLAIMER

The findings and conclusions in this paper are those of the
authors and do not necessarily represent the views of the
National Institute for Occupational Safety and Health.
Mention of company names, products, or software does
not constitute endorsement by NIOSH.
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