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Cable bolts are sometimes used in low-seam coal mines to provide support in difficult ground conditions.
This paper describes cable bolting solutions at two low-seam coal mines in similar ground conditions.
Both mines used support systems incorporating cable bolts as part of the primary support system.
Two original cable bolt based support systems as well as two modified systems are evaluated to estimate
their ability to prevent large roof falls. One of the support systems incorporated passive cable bolts, while
the other used pre-tensioned cable bolts. The results and experience at the mines showed that the mod-

Il:?(; ‘;V:lrlds"on ified systems provided improved stability over the original support systems. The presence of the cable
Coal mil:1[i)ng bolts is the most important contribution to stability against large roof falls, rather than the details of
Cable bolt the support pattern. It was also found that a heavy steel channel can improve the safety of the system

because of the ‘sling’ action it provides. Additionally, the analysis showed that fully-grouted rebar bolts
load much earlier than the cable bolts, and pre-tensioning of the cable bolts can result in a more uniform

Numerical modeling

distribution of loading in the roof.
© 2015 Published by Elsevier B.V. on behalf of China University of Mining & Technology.

1. Introduction

Cable bolting is sometimes used as primary support in coal
mines experiencing difficult roof conditions. In low-seam mines
the flexibility of the cable bolts allows greater length supports to
be installed near the advancing face without the use of couplers.
When used as primary support, the cables are typically installed
in the same row as fully grouted bolts, replacing two or more of
the bolts in each support row. A heavy steel channel may be used
as a strap to spread the support load over a greater portion of the
roof. Historically, the Mine Safety and Health Administration
(MSHA) has not allowed widespread use of partially grouted un-
tensioned bolts (e.g., passive cable bolts) for primary support;
however, pre-tensioned cable bolts have been accepted.

Various solutions using cable bolts as primary support were
attempted at two low-seam coal mines in Western Pennsylvania
that were experiencing difficult roof conditions. Both mines origi-
nally used fully grouted rebar bolts as primary support and cable
bolts as supplementary support. It was found that when a large
roof fall occurred, the cable bolts may be contained within the
dome of fallen rock. As problematic roof conditions continued to
exist, both mines decided to use cable bolts as part of the primary
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support system. The cable bolts were located near the ribs of the
entry, to increase the likelihood that they would be anchored out-
side the dome of potentially unstable roof. The cable and rebar
bolts were installed on a heavy steel channel that acts as a “sling”
to distribute the load across the width of the entry. At the first
mine, Mine A, pre-tensioned cable bolts were used while at Mine
B, un-tensioned cables were used. The two support systems consist
of essentially the same support components installed in different
patterns and with varying degrees of pre-tension.

The original and modified support systems were selected for
analysis as part of current research into roof support design at
the NIOSH Office of Mine Safety and Health Research (OMSHR).
The objective of the analyses was to determine whether there
was a significant difference in the potential of the support systems
to prevent large roof falls. The analyses were focused on large roof
falls in which the height of roof collapse extends more than 90 cm
above the roof line of the entry, and typically extends above the
bolted horizon. Smaller roof falls that occur between bolts or that
are associated with individual geological structures are excluded
from the analyses.

The effectiveness of the support systems was initially evaluated
using an equation that estimates the stability factor an entry
against large roof falls [1]. The initial assessment was followed
up by FLAC3D numerical model analyses to investigate the contri-
bution of the different support units to roof stability. The models
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also provided insight into the likely modes of roof and support fail-
ure. Scenarios without any support, using fully grouted bolts only,
and cable bolts with fully grouted bolts were considered.

2. Geotechnical parameters

The two case study mines both extract the Lower Kittanning
coalbed. The mines use the room-and-pillar method in a mining
height of about 1.2 m. The depth of cover is approximately
120-150 m at both mines. In certain locations of the two mines
the roof consists of laminated, dark gray, silty shale that is associ-
ated with difficult ground conditions.

3. Geology

The silty shale responsible for difficult ground conditions can be
up to 10 m thick and may contain sandstone intrusions. It is over-
lain by a stronger interbedded sandstone and shale unit. Sandstone
is occasionally found close to the coalbed being mined, but typi-
cally was found no closer than 2.4 m above the coal bed in the area
studied at Mine B. Observations of the rock exposed in roof falls
show that it tends to delaminate in thin slabs that are about 25—
75 mm thick. Fig. 1 shows the delaminated roof exposed at Mine
A and Fig. 2 shows the laminated shale exposed in a roof fall at
Mine B.

Point load strength testing of the silty shale roof at Mine A
showed that the compressive strength is approximately 55-
60 MPa perpendicular to the bedding. Uniaxial compressive
strength tests at Mine B showed higher strength, but underground
observations and index testing of roof rocks indicated that the
lower strength determined at Mine A was likely to be more repre-
sentative of the observed roof response. These properties are sim-
ilar to the Lower Kittanning roof properties published by Zhang
et al. [2].

The available rock strength and bedding information were used
to classify the rock mass using the coal mine roof rating (CMRR)
[3]. The CMRR classification of the silty shale roof is as follows: uni-
axial compressive strength (UCS) of roof rocks = 55-60 MPa, rat-
ing=17; bedding strength rating (weak planar), rating=16;
bedding intensity rating (bedding spacing 25-75 mm), rating = 12;
and total unadjusted CMRR unit rating, unit rating = 45.

Owing to variability of the rock strength properties, the unit rat-
ing can be expected to vary between about 40 and 50. For the pur-
pose of the analysis, the average values shown above were used.

4. Horizontal stress

Stress measured in the vicinity of the two mines shows results
typical of Northern Appalachia with a relatively high pre-mining
horizontal stress associated with regional tectonic loading [4,5].
At Mine A, the major horizontal stress is estimated to be oriented
N70E and at the Mine B it is estimated at N8OE. The orientation

b

Fig. 2. Large roof fall at Mine A showing laminated nature of the silty shale roof
rocks and steep-sided collapse cavity.

of the major horizontal stress is considered in the mine layouts.
Where possible, the mining direction is oriented so that the devel-
opment is directed favorably relative to the stress field. For the
analysis of the support systems, it was assumed that the entries
were developed in a horizontal stress field associated with tectonic
strain components of 0.0005 and 0.0006.

5. Large roof falls

At Mine A, forty large reportable roof falls occurred over a per-
iod of ten years. The falls occurred in spite of intensive roof support
in the form of primary rebar bolts and secondary cable bolts. Pri-
mary bolts up to 2.1 m long and cable bolts up to 4.8 m in length
were used. Despite these efforts, falls were typically in the
north-south orientation and would progress upwards to the top
of the laminated shale, which was typically about 3.6 m above
the mine roof. Fig. 2 shows the laminated nature of the collapsed
roof at Mine A. The presence of cutter roof and other signs of
stress-induced roof damage confirm that the mine was located in
a relatively high horizontal stress field, often encountered in mines
in the Northern Appalachian area.

At Mine B, roof control in the areas where the low-strength silty
shale is present was generally satisfactory until a 300-m-long roof
fall occurred in 2013. The roof also exhibits signs of excessive hor-
izontal stress, with cutters and stress fractures observed. Fig. 3
illustrates the roof damage caused by a cutter that formed well
outby the advancing faces at Mine B. The mine layout is adjusted
so that the development direction is favorable relative to the major
horizontal stress. Prior to the major roof fall, cable bolts were used
as part of the primary support system. The large roof fall prompted
a change in the mining layout and support system.

Fig. 1. Laminated silty shale roof rocks observed at Mine B.

Fig. 3. Severe cutter formation and roof cantilevering at Mine B.
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6. Support systems evaluated

Several different roof support systems had been employed at the
two mines. The original support systems generally consisted of var-
ious combinations of conventional primary bolts and cable bolts as
supplementary support. The modified support systems introduced
cable bolts as part of the primary support installation. In order to
gain an understanding of the general ground response at these
mines and to gauge the effects of the various supports implemented
at these mines, a series of six scenarios were modeled:

System 0: unsupported entry: initially the stability of an entry
without any support was assessed. The entry width was 6 m. The
unsupported entry is labeled “UNSUP-W20” in the plotted results.

System 1: entry supported by fully grouted bolts only: the effect
of using four 1.8-m-long fully grouted conventional bolts as pri-
mary support was assessed. The bolts were assumed to be un-
tensioned. The results provide a base case so that the benefit of
the cable bolts can be determined. This support system is labeled
“4B W20” in the plotted results.

Support systems 2 and 3 are the original support systems used
at the case study mines, in which alternating rows of cable bolts
were used. A schematic illustration of these support systems is
presented in Fig. 4.

System 2: fully grouted conventional bolts and un-tensioned
cable bolts as supplementary support: the original support system
selected for analysis at Mine A consisted of fully-grouted 2.0-m-
lomg, conventional bolts with ultimate tensile strength of
170 kN. These bolts are installed through a T3 channel. The bolts
are located 1.2 m apart in rows that are 1.2 m apart. In addition,
there are two cable bolts spaced 2.4 m apart in rows that are
1.8 m apart. The cable bolts are 3.6 m long, 17 mm-diameter with
270 kN ultimate tensile capacity. The cable bolts are anchored
using 1.2 m of resin grout and are un-tensioned. Entries are 6 m
wide. This system is labeled “4B2C-W20” in the plotted results.

System 3: fully grouted conventional bolts and tensioned cable
bolts as part of primary support with alternating locations: at Mine
B the initial support system in the area of concern consisted of
alternating rows of conventional bolts, cable bolts, and
T3-channels installed on-cycle. Two patterns of bolts and straps
were installed. The first row of the pattern consisted of two,
1.8-m-long, No. 5 tensioned rebar bolts through the center section
of the entry and two, 3.6-m-long, 17-mm-diameter cable bolts on
the outside. The second row reverses the order. Bolt tension is
approximately 50 kN. There are 4 support units in a row and the
rows are 1.2 m apart. Entries are 5.5 m wide. This system is labeled
“4B2C-W18” in the plotted results.

Support systems 4 and 5 are the final support systems which
make use of bolts and cable bolts in the same row as primary sup-
ports at Mine A and Mine B respectively.

T3 channel

System 3

6.0m 55m

(a) System 2 (b) System 3

Solid bar bolt

System 4: fully grouted conventional bolts and tensioned cable
bolts as part of primary support: the modified support system at
Mine A consisted of two, 2.0-m-long bolts and two, 3.6-m-long
cable bolts installed on-cycle on a T3 channel. Support rows are
1.2 m apart. The cables are located outside of the conventional
bolts, near the pillar ribs. The cables bolts are anchored using
1.2 m of resin and are tensioned to 50 kN. Entries are 4.9 m wide.
This system is labeled “2B2C-W16” in the plotted results.

System 5: fully grouted conventional bolts and un-tensioned
cable bolts as part of primary support: the modified support sys-
tem at Mine B consisted of support rows with four 1.8-m-long
No. 5 tensioned rebar bolts and two 3.6-m-longpassive cables
installed on a 4.3-m-long T3 channel. The cables are located about
50-60 cm from the ribs, near the extremities of the channel. Addi-
tionally, the entry width was reduced to 4.9 m. This system is
labeled “4B2C-W16” in the plotted results.

7. Initial assessment of support systems

A recently developed equation for predicting the stability factor
of the roof of coal mine entries against large roof falls was used to
conduct an initial assessment of the various support systems [1].
The equation predicts the Stability Factor (SF) that would be
obtained by numerical models using a simple spreadsheet type cal-
culation. The SF values are based on the results of numerical model
analyses using the Strength Reduction Method (SRM) as adopted
for coal mine entries [6]. Using this approach, the SF values of sup-
port systems currently used in coal mines with poor to moderate
roof conditions typically fall in the range of 1.6-2.4 using the
SRM-calculated SF values.

The numerical models used to develop the prediction equation
simulated entries supported by fully-grouted, solid bar bolts and
partially-grouted cable bolts. The prediction equation can there-
fore also be used to assess these types of supports. The equation
does not discern between tensioned and un-tensioned supports,
nor does it account for the exact location of support units in the
roof. However, it does consider the rock mass strength, depth of
cover, horizontal stress conditions, entry width, length of support,
type of support, and density (number) of supports installed. It is
therefore suitable for rapidly assessing the SF associated with the
various support systems used at the two case study mines.

8. Assessment results

The assessment of the support systems was conducted for a
depth of cover of 150 m. Because of the uncertainty about the
actual value of the horizontal stress at the mines, two different
horizontal stress scenarios were evaluated. In the discussion
below, the averages of the SF values calculated for the two stress

Cable bolt

System 4

System 5

49m 49m

(c) System 4 (d) System 5

Fig. 4. Schematic illustration of the support systems evaluated, showing locations of solid bar bolts, cable bolts, T3 channel, and entry widths.
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Fig. 5. Assessment of support systems using a recently developed equation for the
prediction of entry stability against large roof falls [1].

scenarios are used. Fig. 5 presents the assessed SF values for the
five support systems calculated using the prediction equation. It
can be seen from the results that the range of horizontal stress con-
ditions considered can produce a variation in SF of about 0.5. The
results for the individual cases are summarized below.

(a) System 0 (UNSUP-W20): the roof of the unsupported entry
has an SF of 1.46, which falls below the typical range of SF
values for supported entries. This confirms that support is
required to prevent large-scale roof falls.

(b) System 1 (4B W20): the results for the system with four 1.8-
m-long conventional bolts suggest that the addition of bolts
alone does little to improve the SF of the roof against large-
scale collapse since the SF is increased to only 1.62. This SF
value is at the lower end of current roof support practice,
indicating that additional support may be required.

(c) System 2 (4B2C W18): the 4-bolt and 2-cable bolt system
causes a significant improvement in the SF to 2.06. The
improvement is attributed to the cable bolts which are
located in rows 1.8 m apart.

(d) System 3 (2B2C W20): this system is assessed to have an SF of
2.21. This higher value is a result of the cable bolts row spac-
ing of 1.2 m in this system, compared to 1.8 m in System 2.

(e) System 4 (2B2C W16): this result shows the impact of reduc-
ing the entry width from 6.0 to 4.9 m and simultaneously
reducing the cable bolt spacing from 1.8 to 1.2 m. A consid-
erable increase in SF occurs, to a value of 2.70.

(f) System 5 (4B2C W16): this system used at Mine B mine is
similar to the system at Mine A (System 4) except that four,
fully grouted, conventional bolts are used and the cable bolts
are not tensioned. As expected the SF is greater at 2.84. Note
that the assessment equation does not consider the applica-
tion or absence of pre-tension.

9. Discussion of assessment results

The assessment equation provides useful insight into the likely
roof stability associated with the various support systems. The
results confirm that fully-grouted conventional bolts alone are
unlikely to be sufficient to support in the specified ground condi-
tions. The positive impact of using cable bolts is clearly shown,
increasing the stability factor from around 1.6 to over 2.0 for sup-
port systems 2 and 3. Reducing the spacing between rows of cable
bolts produces a further improvement in the stability factor and
the positive influence of reducing the entry width is also clearly
demonstrated.

The assessment equation is limited in some respects, but pro-
vides useful information for comparing support alternatives based
on the predicted SF values. The trends in the results are clear and
agree with the practical experience at the mines. The positive
impact of cable bolts is clearly shown in the results for systems 2

and 3. The further impact of reducing entry widths from around
6.0 m to 4.9 m is also clearly shown. These relative improvements
in stability were experienced at the operating mines.

10. Numerical model analysis

The initial assessment of the support systems was supple-
mented by conducting numerical model analyses of each system.
Numerical models are finding increased application in the analysis
of support alternatives for coal mine entries [7,8]. The objective of
the analyses was to investigate the reasons behind the changes in
SF values seen in the rapid assessment results. The numerical mod-
els also allowed investigation of the load sharing that occurs
between the different support types, the impact of pre-tension,
the likely mode of failure of the roof, identification of the weakest
link in the support system, and the effect of the different patterns
of cable bolt installation.

The model analyses were conducted using the FLAC3D finite
difference software by implementing the Strength Reduction
Method (SRM) as modified for coal mine entry analysis [6]. The
SRM allows the SF of the entry roof against large-scale collapse
to be determined. Fig. 6 shows a typical model, which simulates
a slice through the supported entry, with the conventional bolts,
cable bolts and T3 channels located at their appropriate positions.
The SRM-based SF results have been validated against field data
and empirical design techniques and have been demonstrated to
provide realistic estimates of expected roof stability in coal mine
entries [1,9]. The results of the SRM provide outcomes associated
with the rock and support loads when the roof is at a critical point
of stability, just prior to collapse. This critical stability condition is
particularly useful for identifying the contribution of the different
support components to overall stability. It is possible to identify
which support components have already failed, which supports
are still carrying load, why the roof ultimately collapses, and what
might be done to improve the system.

The input parameters for the numerical models are based on the
UCS and the CMRR unit ratings of the roof rocks. In these models,
the roof was assumed to consist of laminated silty shale, described
earlier, with a unit rating of 45. Details of the method used to
derive model inputs are presented in Esterhuizen et al. [9]. The
main inputs for modeling the silty shale are summarized in Table 1.
Two values for the rock mass cohesion are given; the first describes
the cohesion when the rock is loaded perpendicular to the bedding
and the second is when the rock is loaded parallel to the bedding.
The lower cohesion value is used to account for the reduced
strength in the roof of an excavation caused by delaminating and
buckling of the individual sedimentary layers in a geologic unit.

The bolts and cable bolts were modeled using the strength
parameters published by the different manufacturers, as listed in

Solid bar bolts

Fig. 6. Example showing the numerical model used to evaluate support system 3.
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Table 1
Parameters used for modeling the silty shale roof rocks.

Rock mass cohesion
2 (MPa)

Rock mass cohesion
1 (MPa)

Laboratory-scale

UCS (MPa) angle (°)

Rock mass friction

Bedding cohesion
(MPa)

Bedding friction
angle (°)

Young'’s Poisson’s
modulus (GPa) ratio

60.08700 152010.4 7275.0 28

1360.9 23 14.7 0.25

Section 6. For the cable bolts, the elastic modulus of the free length
of steel was reduced by a factor of 2.0 to simulate the reduced stiff-
ness associated with the “unwinding” of the cable strands under
high loads, as seen in controlled field tests. Grout axial and lateral
stiffness were modeled based on the procedures described in Tulu
et al. [10]. The “grip factor” for the grout was set at 8 kN/cm, which
ensured that the 1.2 m grouted length of the cable bolt exceeded
its ultimate strength.

The vertical stress in the models was based on the depth of
cover and the density of the strata. The horizontal stress was based
on the results of stress measurements in the US coal regions, as
summarized by Mark and Gadde and Dolinar [4,5]. According to
these studies, the horizontal stress in a rock unit is related to the
horizontal tectonic strain in the rock mass. Because of the uncer-
tainty of the actual stress conditions, various stress scenarios were
evaluated in which the horizontal tectonic strain was varied
between 0.0004 and 0.0006, as indicated for mines in Northern
Appalachia. Further details of the model setup, boundary condi-
tions, and method of implementing the SRM are presented in
Esterhuizen [6].

The results presented here focus on the response of the
support systems when the entry is at a critical point of stability,
just prior to collapse of the roof. In the models, the strength of
the roof rocks is reduced to the point of failure. In practice, such
a point of critical stability can be reached if the variable rock
strength and variable stress field produce a situation in which
the rock and support system strength are matched by the gravity
and stress-driven forces acting on the roof strata. Under such a crit-
ical stability condition, a small change in either the rock strength
or the imposed loads can produce a large roof fall. The model
results enable examination of how the bolt loads and rock failure
develop to produce such a critical condition. It is also possible to
identify the critical component that is likely to fail and to produce
a large roof fall.

Cable bolts

Outside bolts

Bolt load (kN)

Inside bolts

0 50 100 150 200 250 300 350 400
Roof sag (mm)

(a) Support systems 2

11. Analysis of support systems 2 and 3

The performance of the fully-grouted, conventional bolt and
cable bolt support systems 2 and 3 were evaluated as part of this
study. Fig. 7 shows the bolt load versus roof sag for the critical sta-
bility condition just before the roof collapses for the two systems.
It can be seen that system 2 reaches its critical loading state after
about 3 in. of roof sag, while system 3 accommodates up to 7 in.
of roof sag. This is not necessarily an advantage, since the roof yield
has extended above the two inner cable bolts and they are not
achieving their full load capacity.

System 2: Fig. 7a shows that one of the cable bolts has reached
its maximum tensile load. The other cable bolt is not fully loaded
yet. Looking at the development of the bolt loads, one can see that
the conventional bolts achieve their maximum load of about 15-
17 ton after about 0.5 in. of roof sag. As yielding of the roof rock
continues to develop upwards, the conventional bolts start to shed
load as they become encapsulated by the yielding roof rocks. The
two inner conventional bolts lose most of their load at about
50 mm of roof sag. At about 50 mm of sag, the passive cable bolts
have generated about 130 kN of load, similar to the conventional
bolts, which are unloading at this stage. When the roof sag exceeds
50 mm, the cable bolt load increases rapidly, with one of the cable
bolts achieving its maximum tensile strength and appears to have
started to yield. It seems that the passive cable bolts and fully
grouted, conventional primary bolts act as two individual systems,
with the impact of the cable bolts dominating after the fully-
grouted, conventional bolts start to shed load.

System 3: the roof sag and bolt load curves shown in Fig. 7b
demonstrates that the pre-tension of the cable bolts in system 3
causes the conventional bolts and cable bolts to respond (develop
loading) at approximately the same rate. Both support types
achieve high loads at less than 25 mm of roof sag. However, the
high loads are only achieved by the two inner cable bolts, while

300
280
260
240
20 F Inner cable bolts
200 T
180
160
140

Outer cable bolts

Bolt load (kN)

120
100
80 Outside bolts
60
40 |
2 F Inside bolts

0 50 100 150 200 250 300
Roof sag (mm)

L

350 400

(b) Support system 3

Fig. 7. Numerical model results showing bolt loads and roof sag for two support systems at the point of critical stability.
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Fig. 8. Diagrams showing support loads and rock damage around entries for support systems at the point of critical stability, just prior to roof collapse.
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Fig. 9. Numerical model results showing bolt loads and roof sag for two support systems at the point of critical stability.

the two outer cable bolts remain at a relatively low stress. The two
inner conventional bolts are slowly yielding, because their anchor-
age zone is located within yielding rock. The height of yield of roof
rocks is highest near the center of the entry and envelops the two
inner cable bolts sooner than the outer bolts.

Fig. 8 shows the extent of rock damage and bolt loads at the
critical stability condition for support systems 2 and 3. The distri-
bution of bolt loads can clearly be seen. The gray shading is an indi-
cator of roof sag, showing much greater roof sag being
accommodated by system 3. Bedding shear and rock fracture is
also indicated in the diagrams. The two inner cable bolts of system
3 can be seen to be encapsulated within the sagging dome of
yielded rock. Some floor yield is indicated in both cases.

12. Analysis of support systems 4 and 5

Support systems 4 and 5 have cable bolts near the ribs of the
entries connected by the T3 channel. In system 5, the cable bolts
are not tensioned while in System 6 the cable bolts are tensioned.
Results are presented for the case in which the systems are at a
critical stability condition, just prior to collapse of the roof.

System 4: Fig. 9 again shows that the pre-tensioned cable bolts
in system 4 respond much sooner than passive cable bolts. The
cable bolts and fully grouted bolts achieve significant loading at
about 25 mm of roof sag. The roof sag is arrested after about
250 mm of sag. The fully-grouted bolts start to shed load when
the roof sag exceeds about 25 mm. The cable bolts and fully
grouted bolts initially act as a combined system. Once the roof
yield has progressed above the grouted bolts, the cable bolts main-
tain a significant load.

System 5: the results show that roof sag of about 375 mm can be
accommodated before the critical stability condition is reached.
This is thought to be related to the added reinforcement provided
by the four pre-tensioned and fully-grouted conventional bolts,
compared to only two fully-grouted conventional bolts in system
4. Here the passive cable bolts are seen to act like a separate sup-
port system, only becoming active after the fully-grouted conven-
tional bolts have shed most of their load.

Fig. 10 shows the rock yield and bolt loading at the point of crit-
ical stability for support systems 4 and 5. Fig. 10 clearly shows how
the T3 channel acts as a sling between the two cable bolts. In both
cases the fully grouted bolts provide only limited support or rein-
forcement to the yielding roof. The sling action can produce large
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Fig. 10. Diagrams showing support loads and rock damage around entries for both systems at the point of critical stability, just prior to roof collapse.

Fig. 11. Example of support system 5 at Mine B.

tensile stresses in the T3 channel, which may shear the head of the
cable bolt [11]. Fig. 3 shows an example of the absence of cable
bolts along the right side of the entry, which may have sheared
in this manner.

Fig. 11 shows a case where significant roof sag occurred and the
damaged roof is held in position by the sling-effect of the cable
bolts and the T3 channel. In Mine B, roof sag was caused by roof
yield that has apparently developed above the fully grouted bolts.
The roof is supported from the two outer cable bolts, and the T3
channel acts as a sling. Given the low mined height, the mine oper-
ational staff could readily identify areas which sagged. When this
condition was observed, cribs or other types of standing supports
were typically installed to arrest further movement. So, although
the support system did not prevent roof sag it did provide a
warning of damaged roof allowing remedial actions to be taken
to prevent collapse.

13. Discussion

The numerical model analyses provide insight into the contri-
bution of each support element and the overall performance of
the supported roof. It is shown that the use of passive cable bolts
produces a dual-mode support system. Initially the fully-grouted
conventional bolts load-up while the passive cable bolts only make
a small contribution to supporting the roof load. The cable bolts
start to develop significant loading only when yielding of the roof
progresses above the conventional bolts. In this role, the cable bolts
may be seen as a “backup system” that is designed to prevent a col-
lapse of the roof after the conventional primary bolts become inef-
fective. The heavy steel channel is an important component of the
support system, providing a sling to hold the damaged and sagging
roof rock in place.

In support system 2, where passive cable bolts are located 1.2 m
on either side of the entry center line, the cable bolts develop

loading relatively quickly but can become encapsulated within
the dome of failed rock. Collapse of the roof is indicated when
the dome of yielded rock extends above the cable bolts and the
bolts simply fall out with the damaged roof.

In system 3, where cable bolts are located alternatively at the
inner/outer positions, it appears that the inner cable bolts will
become loaded before the outer ones. The danger is that the inner
two cable bolts may become overloaded, because they are now
required to carry the dead weight of the roof over a distance of
2.4 m along the entry. This may have been a contributing factor
to the 300-m-long fall that occurred at Mine B.

The experience at the two mines as discussed in this report led
to the solution to locate the cable bolts near the entry ribs, as in
systems 4 and 5. According to the numerical model results, this
moved the cable bolts away from the dome of yielding roof rocks,
allowing them to provide anchorage in relatively less-damaged
strata. The cable bolts at this location again serve as a backup sup-
port system, arresting the sag of the damaged roof if the fully
grouted bolts lose their effectiveness. System 5 with its greater
number of fully-grouted conventional bolts provides the greatest
capability for accommodating roof sag.

At Mine B, it was observed that after changing from system 3 to
system 5, occasional roof sagging was observed, but the sling
action of the cable bolts and T3 channel successfully controlled
the damaged roof, preventing another large, running roof fall from
developing.

14. Conclusions

Numerical model-based methods have been used to evaluate
the relative merits of four roof support systems used at two low-
seam coal mines. The mines experienced difficult roof conditions
and large roof falls when mining under laminated, silty shale. In
spite of the low-seam working condition, cable bolts were installed
without much difficulty and responded with mixed success during
the early trials. The support systems at both mines were indepen-
dently modified so that cable bolts are installed on-cycle as part of
the primary support system. Both mines also discovered that locat-
ing the cable bolts near the entry ribs resulted in successful ground
control.

An initial analysis of the support systems was conducted using a
recently-developed prediction equation that estimates the SF of
coal mine entries against large roof falls. The results showed that
in both cases the SF of the modified support systems exceeded
those of the original support systems. The increased SF values
are confirmed by the increased stability experienced during mining
operations with the modified systems.

Detailed numerical model analysis was able to identify the con-
tribution of each support element to roof stability. The likely
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causes of roof collapse and support system failure could be
identified.

It was shown that using passive cable bolts results in a dual-
mode support system, where the cable bolts become active and
the dominant supporting component after the fully-grouted con-
ventional bolts have shed load. The cable bolts can be seen as a
“backup system” to the primary support system.

The importance of a heavy steel channel connecting the cable
bolts was clearly demonstrated. The channel acts as a sling, holding
the damaged roof in place so that appropriate remedial measures
can be taken.

The model results show that cable bolts located near the entry
ribs are moved away from the dome of yielding rock over the entry.
This cable location appears to result in improved stability com-
pared to cable bolts that are installed within the yielding dome.

Practical experience at the operating mines confirmed the gen-
eral observations and conclusions drawn from the numerical
model analyses.

As with all numerical models, the results can be useful for
understanding likely mechanisms of failure and for investigating
potential solutions. However, the model results should be verified
by careful observations and measurements in the field.
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