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ABSTRACT

The Coal Mine Roof Rating (CMRR) was first presented at this
Conference nine years ago. Since its introduction, the CMRR has
been incorporated into many aspects of mine planning, including
longwall pillar design, roof support selection, feasibility studies, and
extended cut evaluation. It has also becometruly international, with
involvement in mine designs and funded research projects in South
Africa, Canada, and Australia.

The purpose of this paper is to bring the mining community up to
date with recent improvements and applications of the CMRR. The
most important new development is a streamlined process for
determining the CMRR from exploratory drill core. Just three types
of information are now required:

» Fracture spacing (or RQD)
» Uniaxial compressive strength (or axial Point Load Testing)
« Diametral Point Load Testing

The moisture sensitivity adjustment has also been changed, and
new research has related the immersion test to slake durability.

Most recently, the CMRR has been implemented in a computer
program, which can be obtained from NIOSH free of charge. The
programfacilitates cal cul ation of the CM RR from either underground
or drillcoredata. Vauesfrommany locationscanbesavedinasingle
file, and an interface with Autocad allows CMRR contour plotsto be
integrated into mine planning.

INTRODUCTION

Roof falls continue to be the greatest single hazard faced by
underground coal miners. One reason is that mines are not built of
manmade materials like steel or concrete, but rather of rock, just as
naturemadeit. Thestructural integrity of acoal mine' sroof isgreatly
affected by natural weaknesses, including bedding planes, fractures,
and small faults. The engineering properties of rock cannot be
specifiedinadvance, and can vary widely from mineto mineand even
within individual mines.

Engineers require quantitative data on the strength of rock masses
for design. Traditiona geologic reports contain valuable descriptive

information but few engineering properties. Laboratory tests, on the
other hand, are inadequate because the strength of a small specimen
isonly indirectly related to the strength of the rock mass.

The Coa Mine Roof Rating (CMRR) was developed nearly 10
years ago to try to fill this gap (1, 2). The CMRR weighs the
geotechnical factorsthat contributeto roof competence, and combines
them on single rating scale of zero to 100. The CMRR integrates
years of research into geologic hazards in coal mining with the
worldwide experience with rock mass classification systems. To
verify the procedure, field datawere collected from nearly 100 mines
in every mgjor codfield in the U.S.

The CMRR makes it possible to compare ground control
experience from different coafields, even when the geologica
conditionsarevery different. Thishasallowed the collection of large
case history databases, which have been the basis of design
procedures to solve awide variety of ground control problems.

Two recent developments should facilitate the integration of the
CMRR into geologic exploration and mine design:

¢ The procedures for collecting CMRR data from drill core have
been greatly smplified, and;

« A computer program that speeds cal culation and interfaceswith
mine mapping software is now available.

MODIFIED PROCEDURES FOR DRILL CORE

The CMRR can be determined from underground exposures such
as roof falls and overcasts, or from exploratory drill core. In either
case, the main parameters measured are:

e Theuniaxial compressive strength (UCS) of the intact rock;

* Theintensity (spacing and persistence) of discontinuities such
as bedding planes and dlickensides,

* Theshear strength (cohesion and roughness) of discontinuities,
and;

* The moisture sensitivity of the rock.

TheCMRRiscalculated in atwo-step process. First, themineroof
is divided into lithologic/structural units, and Unit Ratings are
determined for each. Then the CMRR is determined by combining



the Unit Ratings and applying appropriate adjustment factors. The
second step is the same regardless of whether the Unit Ratings were
from data collected underground or from core.

The proceduresfor gathering dataand cal culating the CMRR from
underground exposures have remained essentially unchanged since
they were first proposed in 1993. Procedures to determine Unit
Ratings from drill core were originaly presented by Mark and
Molinda in 1996. These have now been streamlined and updated
based on recent research.

The new drill core equation is:
Unit Rating = UCS Rating + Discontinuity Rating.
Where:

e The UCS may be determined either by traditional laboratory
tests or from Axial Point Load Tests, and;

¢ The Discontinuity Rating is the lower of the Diametral PLT
Rating or the Discontinuity Spacing Rating.

Unconfined Compressive Strength Rating

Laboratory testing is generally considered the standard method of
determining the UCS. Unfortunately, laboratory tests are expensive
becausethe samplesmust be carefully prepared. Thevariability inthe
resultsis aso high, with the standard deviation typically about one-
third of the mean for coal measure rocks (3).

As an alternative, the CMRR recommends the Point Load Test
(PLT) for drill core. The PLT has been accepted in geotechnical
practice for nearly 30 years (4). An advantage of the PLT is that
numerous tests can be performed, because the procedures are smple
andinexpensivebecauseminimal samplepreparationisrequired. The
apparatusisalso inexpensiveand portable. Thelnternational Society
for Rock M echani cs(5) hasdevel oped standard proceduresfor testing
and data reduction.

Another advantage of the PL T isthat both diametral and axial tests
can be performed on core. In a diametral test, the load is applied
paralel to bedding (figure 1). The diametral test is therefore an
indirect measure of the lateral strength, or bedding plane shear
strength.
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Figure 1. Diametral and Axia Point Load Tests.

Theaxial PLT isused to measurethe UCS. ThePoint Load Index
(Is) is converted to UCS by the following equation:

UCS=K (Isy) D

Where K is the Conversion Factor. Mark and Molinda (6)
originally adopted the K values proposed by Valego (7) for the
CMRR, which were K=12.5 for clay-rich rocks, and K=17.4 for silty
and sandy rocks. Vallgo's study involved arelatively small sample
base, however.

To better determine the appropriate value of K for use in the
CMRR, a comprehensive study involving more than 10,000 tests of
coal measurerocksfrom 6 stateswas conducted (6). Thestudy found
that K=21 worked for the entire range of rock types and geographic
regions (figure 2). The study aso found that the variability of the
PLT measurements, as measured by the standard deviation, was no
greater than for UCS tests.
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Figure 2. Relationship between Axial PLT and UCS tests for
shale (3).

Figure 3 showsthe UCS/Axial PLT rating scaleused inthe CMRR
program.
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Figure 3. CMRR rating scale for Axia Point Load or UCS tests.

o

=

UCS/Axial PLT Ratings

o

Discontinuity Spacing Rating

M ost standard geotechnical corelogging proceduresinclude some
measure of the natural breaks in the core. The two most commonly
employed are the fracture spacing and the RQD. Fracture spacingis
easily determined by counting the core breaksin aparticular unit, and



then dividing by the thickness of the unit. The RQD is obtained by
dividing combined length of core pieces that are greater than four
inchesin length by the full length of the core run.

Both measures have their advocates in the geotechnica
community. Priest and Hudson (8) suggested that the two can be
related by the following formula:

RQD =100 €% (0.1L+1) 2
Where L=number of discontinuities per meter.

Asinput, the CMRR uses both the RQD and the fracture spacing.
When the fracture spacing is greater than about 1 ft, the RQD is not
very senditive, so the fracture spacing is used directly. At the other
extreme, when the coreis highly broken or lost, the RQD appearsto
bethe better measure. Either measure may be used intheintermediate
range.

The program uses the following equations to calculate the
Discontinuity Spacing Rating (DSR) of core from RQD and the
fracture spacing. The equations were derived from the original
CMRR rating tables.

DSR=10.5In(RQD) - 11.6 (33
or
=5.64 In (fracture spacing, inches) + 24 (3b)

The minimum value of the DSR is 20, and the maximum is 48 (see
figure 4).
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Figure4. CMRR rating scale for Fracture Spacing or RQD.

Diametral PLT Rating

One problem with both the fracture spacing and the RQD is that
they actually measure the strength of discontinuities as well as their
spacing. Wesak discontinuities may break apart during drilling, while
strong ones might withstand the rigors of the drilling process.

Theproblemisparticularly acutewith layered rocks such asshales.
Such rocks may be recovered intact, with RQD=100, yet their |ateral
strength may be one-sixth of their axial (6). Since the most severe
loading applied to coa mine roof is normally lateral, caused by
horizontal stress, bedding plane shear strength isacritical parameter.

Unfortunately, bedding plane shear strength is almost never tested
directly inthe US. Thediametral PLT isaconvenient index test that
may beused asasubstitute. Becausethe preciserelationship between
bedding plane shear strength and the PLT is not known, and since it
seems unlikely that the same K-factor used to convert the axial test to

the UCS would apply, the new CMRR uses the Point Load Index
(1S5p) directly. The Diametral PLT rating values were derived from
the origind CMRR tables and the data presented by Mark and
Molinda (6), and are shown in figure 5.
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Figure5. CMRR rating scale for Diametral Point Load tests.

If thediametral test results show that the rock fabric or laminations
arelow strength, it would beillogical to give the rock high marks for
discontinuity spacing. Therefore, the Discontinuity Rating is the
lower of the Diametral PLT Rating or the Discontinuity Spacing
Rating.

The Unit Rating is simply the Discontinuity Rating plus the
UCS Rating.

OTHER MODIFICATIONSTO THE CMRR
M oisture Sensitivity Deduction

Moisture sensitivity can affect roof stability in several ways. The
rock itself may be weakened, or may sdake or slough. In extreme
cases, rock may disintegrate completely and turn to mud when
exposed to groundwater. Clay minerals can also expand, causing
swelling pressures in the roof.

In the origina CMRR, the maximum deduction for moisture
sensitivity was 25 points. In practice, this deduction proved to betoo
large. The new maximum deduction is 15 points. An adjusted
Immersion Test data sheet is shown in figure 6. The moisture
sensitivity ratingsarethen determined usingtable 1. If immersiontest
results are not available, moisture sensitivity can sometimes be
estimated visually in underground exposures.

Table 1. Moisture Sensitivity Ratings

M oistur e Sensitivity Immersion Index Rating
Not Sensitive 0-1 0
Slightly Sensitive 2-4 -3
Moderately Sensitive 5-9 -7
Severely Sensitive >9 -15

Note: Apply to Unit Rating only when the roof is damp or
water is leaking through the bolted internal.



IMMERSION TEST

Minor/Random = -1
Major/Preferred Orientation =-3
Specimen Breakdown = -9

Total Immersion Index

Mine Date
Unit No. Tester
Sample Description (Lithology, bedding, etc.):
Immersion Breakability
Observation Rating Observation
Rating
Appearance of Water
Clear=0 No Change 0
Misty = -1 Small Change-2
Cloudy =-3 Large Change -6
Talus Formation Breakability Index
None=0
Minor = -1
Major =-3
Cracking of Sample
None=0

Select sample(s) - ~ hand sized.
Test for hand breakability.

AN S

Immersein water for 1 hour.

Procedurefor Immersion Test

Rinse specimen (to remove surface dirt, dust, etc.).

Figure 6. Data sheet for the Immersion Test.

Usually, sometimeisrequired for contact with humid mineair to
affect rock strength. In short-term applications, therefore, it may
not be appropriate to apply the moisture sensitivity deduction.
The CMRR program now reports both the Unit Rating and the
CMRR with and without the moisture sensitivity deduction.

Relationship Between Immersion and Slake Dur ability Tests

The CMRR employs the simple immersion test to measure
moisture sensitivity. While numerous other tests have been
proposed, the closest thing to a standard moisture sensitivity index
is probably the Slake Durability Test (SDT). Hoek (4)
recommended the SDT as a basic geomechanica test, ISRM
standard procedures have been devel oped for it, and it isan integral
part of Bieniawski’s Rock Mass Rating (RMR).

TheSDT isintended for usein establishing therate of breakdown
in arock massin which stability is suspected to vary with time. To
perform thetest, 10 lumps of rock, each weighing about 0.1 |bs, are
oven dried, weighed, and then rotated through a water bath for 10
minutes. The repeated wetting and drying, together with the mild
abrasion that takes place during the test, causes moisture sensitive
rocks to break down. The slake durability index is the final dry
weight of the sample expressed as a percentage of the origina dry
weight (4).

Research was conducted to explore the rel ationship between the
SDT and the immersion test. Rock samples were collected
underground from a variety of mine settings, carefully wrapped to
maintain in situ moisture content, and tested in the laboratory. A
total of 96 tests were run on 16 distinct rock types from 9 mines.



The results are shown in Figure 7. Table 2 indicates how the
results from either test can be used for input to the CMRR:
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Figure 7. Comparison of the Slake Durability and
Immersion Tests.

Table 2. Moisture Sensitivity Classes from Immersion and
Slake Durability Tests

M oisture Sensitivity Immersion | Slake Durability
Class Index Index

Not Sensitive 0-1 100-98
Slightly Sensitive 2-4 98-92
Moderately Sensitive 5-9 92-80
Severely Sensitive >9 <80

From the testing conducted to date, there is a good correlation
between the two tests for the Not Sensitive and Slightly Sensitive
classes. The correlation is less reliable for distinguishing
“moderately sensitive” rocks from “severely sensitive” rocks.

Relationship Between Ball Peen Hammer Test and the
UCS/Axial PLT

The Ball Peen Hammer Tet, originally proposed by Williamson
(9), has been the CMRR standard test for underground data
collection. Mark and Molinda (4) compared results for both tests,
and found agood correlation. Inthat comparison, however, the PLT
resultswere converted to UCS using the VVallg o conversion factors.

Figure 8 shows the comparison between the two tests, using an
expanded data set and converting the PLT datato UCS with K=21.
In 17 of the total of 21 pairs (or 81% of the cases), the difference
between the two measurements was 4 pointsor less. To account for
the changed K, the origina Williamson rock classes have been
dlightly adjusted, as shown in table 3:

Table 3. Approximate UCS Ranges from Ball Peen Hammer

Tests
Ball Peen Williamson UCS | CMRR UCS Range
Hammer Class Range (psi) (psi)

Molds <1,000 <2,000
Craters 1,000-3,000 2,000-5,000
Dents 3,000-8,000 5,000-10,000
Pits 8,000-15,000 10,000-17,000
Rebounds >15,000 >17,000
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Figure 8. Comparison of Axia Point Load and Ball Peen Tests.

Strong Bed Adjustment

One of the most important concepts in the CMRR is that the
strongest bed within the bolted interval often determines the
performance of mine roof. The strong bed adjustment (SBADJ) in
the CMRR depends upon:

* The Strong Bed Difference (SBD), which is the difference
between the strong bed’s Unit Rating and the thickness-
weighted average of all the Unit Ratings within the bolted
interval;

» Thethickness of the strong bed (THSB, ft), and;

» Thethickness of theweak rock suspended from the strong bed
(THWR, ft).

Intheorigind CMRR, the SBADJwas determined using atable.
For improved accuracy and to facilitateimplementation of thetable
in the computer program, equation (4) was derived using multiple
regression:

SBADJ=[(0.22 SBD*THSB) —2.5] * [1— (0.1 (THWR - 1.7))] (4)

The SBADJ ranges from O up to 90% of the SBD. Other rules
that apply are that the maximum THSB that can be entered into the
equation is4 ft, and the allowable range of the THWR is 1.7-8.5 ft.
The THSB must dlso be at least 1 ft, because experience has shown
that thinner units cannot be counted on to reinforce the roof, and
may actually weaken it because they can concentrate horizontal
stress.

THE CMRR COMPUTER PROGRAM

The CMRR program is designed to facilitate the entry, storage,
and processing of field data. Either core or underground data can
be entered, and cal cul ations are updated instantly when achangeis
made. This alows the user to vary parameters, such as the bolt
length, to see their effect on the fina CMRR.

Figure 9 shows the underground data entry screen. Drop-down
menus are used to enter the data for each of the parameters. Inthe
coredatascreen (figure 10), the user hasthe option of entering PLT
test data, and having the program automatically determinethemean
UCS and diametral Iss. Otherwise, the user can enter the mean
strength values directly.



An important feature of the new program is a built-in interface
with Autocad. Data from up to 200 locations can be entered and
saved in a single file, dong with their location coordinates. The
program can create afilefor export that includes both the cal cul ated
CMRRvauesandthelocations. A CMRR layer canthen be created
in Autocad for use in mine planning.
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Figure 9. Underground data entry screen from
the CMRR Program.
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Figure 10. Drill core data screen from the CMRR Program.

RECENT APPLICATIONS OF THE CMRR

During the past 8 years a number of mine planning design tools
have been based on the CMRR. The first, and perhaps the best
known, was its incorporation into the ALPS pillar design program
(10). A large database of longwall case historieswas collected from
throughout the US, and subjected to statistical analysis. Theresults
showed that when the roof was strong (CMRR>65), longwall chain
pillars with an ALPS SF as low as 0.7 could provide satisfactory
tailgate conditions. On the other hand, when the roof was weak
(CMRR<45), the ALPS SF might need to be as high as 1.3.

Some more recent exampl es are described below.
Longwall Tailgate Design (Australia)

ALPS was the starting point for an Australian Coal Industry
Research Project ACARP) whosegoal wasto developan Australian
chain pillar design methodology (11). The project aimed to
calibrate ALPSfor thedifferent geotechnical and minelayoutsused
inAustraia. Ultimately, case history datawere collected from 60%
of Australian longwall mines.

The study found strong relationships between the CMRR, the
tailgate SF, and the installed level of primary support. Design
equations were developed that reflected these trends. The final
product, called the Analysis of Longwall Tailgate Serviceability
(ALTS), wasimplemented in acomputer program and has become
widely used in Australia

Roof Bolt Selection

To help develop scientific guidelines for selecting roof bolt
systems, NIOSH conducted a study of roof fal rates at 37 U.S.
mines (12, 13). The study evaluated five different roof bolt
variables, including length, tension, grout length, capacity, and
pattern.  Roof spans and the CMRR were also measured.
Performance was measured in terms of the number of roof fallsthat
occurred per 10,000 ft of drivage.

The study found that the depth of cover (which correlates with
stress) and the roof quality (measured by the Coal Mine Roof
Rating (CMRR)) were the most important parameters in
determining roof bolting requirements. Intersection span was also
critical. The study’s findings led to guidelines that can be used to
select the proper span, bolt lengths, and bolt capacity based on the
CMRR. The results have been implemented into a computer
program called Analysis of Roof Bolt Systems (ARBS).

Longwall Mining through Open Entries and Recovery Rooms

Unusual circumstances may require that alongwall retreat into
or through a previously driven room. The operation is usually
compl eted successfully, but therehave been anumber of spectacular
failures. To help determinewhat factors contributeto such failures,
an international data base of 131 case histories was compiled (14).

The study found that the CMRR and the density of standing
support were the two most important parameters in predicting
severe weighting-type failures. These failures only occurred when
the CMRR waslessthan 55, and when the support density wasless
than 70 psi. When the CMRR was 40 or less, al the successful
cases employed a standing support density of at least 145 psi.

Roof Fall Evaluations (South Africa)

The CMRR featured prominently in an important research
project sponsored by the Safety in Mine Research Advisory
Committee (SIMRAC) and other leading industry, labor, and
government organizationsin South Africa. Thegoal of the project
was to investigate the causes of fatal roof failuresin South African
coal mines. A team of recognized expertsvisited abroad spectrum
of mines and collected data at 182 roof fall sites. The study found
that roof falls were more likely where the roof was less competent
in terms of the CMRR. Another finding was that the CMRR



correlated well with roadway widths. Based on data presented by
Mark (15), (see figure 11), the study also concluded “in South
African coa mines, less support is used for comparable roof
conditionsthan either the USA or Australia. Thissupportsprevious
conclusions that in South African coal mines, the density of
supports needs to be increased” (16).

Another SIMRAC study found the CMRR easy to use and robust
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Figure 11. Relationship between the CMRR and roof bolt
density in the US, Australia, and South Africa
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enough to adequately describe the roof conditions at most South
African collieries (17). It took less than four hours for a trained
geol ogi st to become competent with themethod. Theresultsseemed
more reasonabl e than those obtained from the RMR, which tended
to overrate ground conditions by at least one class (20 points) due
toitslack of sensitivity to the characteristics of bedded strata. Some
improvementswere suggested for the CM RR, including adj ustments
for joint orientation, blasting, and horizontal stress. A follow-on
SIMRAC project is currently underway.

Baseline Comparison of Ground Conditions (Canada)

The underground coal industry of Canada is small and
geographically dispersed. To assist the minesin maintainingworld-
classsafety standards, CANMET established the Underground Coal
Mine Safety Research Consortium. One of the Consortium’s first
projects was aimed at establishing a “best practice” baseline for
conducting geol ogical and geomechanical assessmentsand applying
the findings to geotechnical design.

The CMRR was found to be particularly vauable in the
assessment (18). It allowed the Canadian underground minesto be
compared with each other and with international benchmarks.
Based on the CMRR, many ground control safety technologies
developed in the US were found to have direct application to the
Canadian mines.

Other Applications

« Extended cuts can collapse prematurely in weak roof. Data
collected from 36 mines found that when the CMRR was
greater than 55, extended cuts were nearly always routine, but
when the CMRR was less than 37, they were amost never
taken (19).

« Tailgate support guidelines incorporating the CMRR have
been included in the STOP program (20).

e Input for numerical models have been derived from the
CMRR (21).

¢ Multiple seam mine design guidelines have been devel oped
that incorporate the CMRR (22).

* Hazard analysis and mapping has been based on the CMRR
(23).

CONCLUSIONS

Roof geology iscentral to almost every aspect of ground control.
The CMRR makesit possibleto quantify roof geology so that it can
beincluded in mine planning decisions. Worldwide experience has
shown that the CMRR is a reliable, meaningful, and repeatable
measure of roof quality.

A widevariety of design toolsthat are based on the CMRR have
now been developed. They address a broad range of ground
control issues, and rely upon large databases of actual mining case
histories. Without the CMRR, it would not have been possible to
capture this inval uable experience base.

The new core procedures and computer program further expand
the potential of the CMRR. It is now possible to routinely collect
CMRR data during geologic exploration or from underground
mapping, complete the calculations, and integrate the results into
mine mapping software.  Foreknowledge of conditions means
better mine planning and fewer unexpected hazards underground.
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