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ABSTRACT

Point load testing is used to determine rock strength
indexesin geotechnical practice. The point load test apparatus
and procedure enables economical testing of coreor lump rock
samples in either a field or laboratory setting. In order to
estimate uniaxial compressive strength, index-to-strength
conversion factorsare used. Thesefactorshave been proposed
by various researchers and are dependent upon rock type. This
study involved the extensive load frame and point |oad testing
of coal measure rocks in six states. More than 10,000
individual test results, from 908 distinct rock units, were used
in the study. Rock lithologies were classified into general
categories and conversion factors were determined for each
category. Thisallowsfor intact rock strength datato be made
availablethrough point |oad testing for numerical geotechnical
analysisand empirical rock massclassification systemssuch as
the Coal Mine Roof Rating (CMRR).

INTRODUCTION

The point load test (PLT) is an accepted rock mechanics
testing procedure used for the calculation of arock strength
index. Thisindex can be used to estimate other rock strength
parameters. The focus of this paper is to present the data
analysis used to correlate the point load test index (Is,,) with
the uniaxial compressive strength (UCS), and to propose
appropriate Isy, to UCS conversion factors for different coal
measure rocks. Therock strength determined by the PLT, like
theload frame strengthsthat they estimate, are an indication of
intact rock strength and not necessarily the strength of the rock
mass.

THE UNIAXIAL COMPRESSIVE STRENGTH TEST

The UCSisundoubtedly the geotechnical property that is
most often quoted in rock engineering practice. It iswidely
understood as arough index which gives afirst approximation
of the range of issues that are likely to be encountered in a
variety of engineering problemsincluding roof support, pillar
design, and excavation technique (Hoek, 1977). For most coal
mine design problems, areasonabl e approximation of the UCS

issufficient. Thisisduein part to the high variability of UCS
measurements. Moreover, the tests are expensive, primarily
because of the need to carefully prepare the specimens to
ensure that their ends are perfectly parallel.

THE POINT LOAD TEST

The PLT is an attractive aternative to the UCS because
it can provide similar dataat alower cost. The PLT has been
used in geotechnical analysis for over thirty years (ISRM,
1985). The PLT involves the compressing of arock sample
between conical steel platens until failure occurs. The
apparatusfor thistest consists of arigid frame, two point load
platens, ahydraulically activated ram with pressure gauge and
a device for measuring the distance between the loading
points. The pressure gauge should be of the typein which the
failure pressure can berecorded. A state of the art point load
testing device with sophisticated pressure reading
instrumentation is shown in Figure 1.

Figure 1. The Point Load Tester.



The International Society of Rock Mechanics (ISRM,
1985) has established the basic procedures for testing and
calculation of the point load strength index. There are three
basic types of point load tests: axial, diametral, and block or
lump. Theaxial and diametral tests are conducted on rock core
samples. In the axial test, the core is loaded paralel to the
longitudinal axis of the core, and thistest is most comparable
to aUCS test.

The point load test alows the determination of the
uncorrected point load strengthindex (Is). It must be corrected
to the standard equivalent diameter (De) of 50 mm. If the core
being tested is "near" 50 mm in diameter (like NX core), the
correction is not necessary. The procedure for size correction
can be obtained graphically or mathematically as outlined by
the ISRM procedures. The vaue for the Is,, (in psi) is
determined by the following equation.

s, = PID€ (1)

P = Failure Load in Ibf (pressure x piston area).
De = Equivalent core diameter (in).

As Hoek (1977) pointed out, the mechanics of the PLT
actually causestherock tofail intension. The PLT’ saccuracy
in predicting the UCS therefore depends on the ratio between
the UCS and the tensile strength. For most brittle rocks, the
ratio is approximately 10. For soft mudstones and claystones,
however, the ratio may be closer to 5. Thisimpliesthat PLT
results might haveto beinterpreted differently for the weakest
rocks.

Early studies (Bieniawski, 1975; Broch and Franklin,
1972) were conducted on hard, strong rocks, and found that
relationship between UCS and the point load strength could
be expressed as:

UCS = (K) Isy, = 24 Isy, )

Where K isthe "conversion factor." Subsequent studies
found that K=24 was not as universal as had been hoped, and
that instead there appeared to be a broad range of conversion
factors. Table 1 summarizes published results obtained for
sedimentary rocks. Most of the estimates placethe conversion
in a range between 16 and 24, with even lower values for
some shales and mudstones.

In studies comparing the PLT with the UCS, it is
generally assumed the UCS test is the standard. In reality,
however, UCS tests provide an estimate of the “true” UCS of
therock. Theaccuracy of the estimate depends on the natural
scatter in the UCS test results (indicated by the standard
deviation (SD)) and the number of tests conducted (n). This
relationship is captured by the concept of the “Confidence
Interval” (Cl). For normally distributed data, the 95% CI of
the mean is expressed as:

Cly, =196 2 ©

Jn

Table 1. Published comparisons between the point load and uniaxial compressive strength tests for sedimentary rock.

Reference Rock Type Location Number of tests Cog;cetr;on Comments
Das, 1995 Siltstone \t/)Yestgrn Canada,. NG! 14.7 lumps, fresh core, old core
ituminous coalfields
Sandstone/siltstone NG 18
Shale/mudstone NG 12.6
Vallgjo et al, 1989 Sandstone Eastern KY, VA, WV | 420 PLT, 21 UCS 17.4  |Freshly blasted rock,
irregular lump samples
Shale surface coal mines 1,100 PLT, 55 UCS 12.6
Smith, 1997 Dredge material various harbors NG 8 UCS<1000 psi
Dredge material various harbors NG 15 UCS<3500 psi
sandstone/limestone |unk NG 24 UCS>6000 psi
Broch and Franklin, 1972 [Various UK (?) NG 23.7 11 rock types
Carter and Sneddon, 1977 |Coal measure UK 1,000 PLT, 68 UCS 21-22 |3 unitstested
O'Rourke, 1988 Sedimentary Paradox Basin, US 66 30 samples from one borehole
Hassani et al., 1980 Sedimentary UK 1,000 29
Singh and Singh, 1993 Quartzite India, copper pit 65 234
Read et al, 1980 Sedimentary rocks |Melbourne, Australia NG 20 Reference in Choi and
Hong, 1998
Bieniawski, 1975 Sandstone South Africa 160 23.9
Rusnak, 1998 Coal measure Southern WV 386 20 Subset of current data
Jermy and Bell, 1991 Coal measure South Africa NG 14.1 Mainly sandstones

ING=Not given in reference



In general, the variability inthe PLT-UCSrelationship can
be attributed to three sources:

1. Inaccuracy in the estimate of the true UCS obtained from
UCS tests.

2. Inaccuracy in the estimate of the true PLT obtained from
PLT tests.

3. Real differences between the two tests.

Many of the studies summarized in Table 1 compared a
suite of point load tests to a single UCS test. With such an
experimental design, much of the scatter in the results might
actually be attributable to the inaccuracy of the UCS tests.

PEABODY ROCK MECHANICS DATA

Peabody established an in house rock mechanics testing
facility in thefall of 1986. Thisfacility islocated in Freeburg,
IL. A full range of equipment was purchased to perform tests
including uniaxial compressive strength, indirect tensile
strength, point load index, triaxial compressivestrength, flexural
strength, direct shear strength, long term creep, roof bolt
anchorage capacity, dake durability, ultrasonic velocity,
swelling strain and Atterberg limits. The diametral point load
(DPL) was not initiated until 1996, which resulted from an
interest in utilizing of the Coal Mine Roof Rating (CMRR).
ASTM and ISRM procedures are followed for al rock
mechanics testing.

This testing has been done primarily on core samples
obtained from exploration drilling to provide data for mine
planning and design. The Freeburg facility was eventually sold
to Standard Laboratories in 1991 who continue to operate it.
The majority of the data analyzed in this paper was from the
testing done at Freeburg. After 1997, all West Virginiatesting
has been carried out at Commerical Testing and Engineering's
facility in Beckley, WV. Currently, the data base contains rock
mechanics test results from 914 drill holes from the states of

Drill Hole Locations of Test Data

@ Drill Hole Locations
Coal Basin

Figure 2. Location of the drillholes from which
the samples were obtained.

WV, IL, KY, IN, CO, and OH. Most of the core was NX-size
with some 75-mm (3-in) diameter. A map showing the
distribution of the drilling is shown below (figure 2).

THE UCSAND PLT DATA BASE — DESCRIPTIVE
STATISTICS

The methodology used in the selection of core samplesfor
testing was as follows:

1. Within each hole, rock units were identified where a
seguence of tests had been performed with an identical
geologic description and no major gapsin elevation.

2. Rock units with at least 3 UCS and 3 PLT results were
selected for inclusion in the data base.

3. Themean UCS, mean Is,, the standard deviations, and the
Clg; were calculated for each rock unit.

The sampleswere also categorized into rock type based on
the geologic description. These rock types correspond to the
Ferm Classification numbers. Ferm and Weisenfluh (1981)
developed anumber system classification for coal measurerock
types using color photographs of rock core in an index guide.
It as been widely accepted as a means for consistent rock
identification and for use in computer data bases of drilling
information.

The categories of rock types and their Ferm classification
numbers used in this data analysis are as follows:

Rock Type Ferm Series
Shale and Claystone 100 - 200
Silty or Sandy Shale 300 - 400
Sandstone 500 - 700

Of the original 36,000 tests, more than 10,000 from 908
rock unitswereretained for theanalysis. Thedistribution of the
units and representative values are reported in Table 2. The
median of the means is reported, rather than the mean of the
means, to reduce the influence of outliers. All the statistical
analysis was performed using SPSS version 10.

Figure3 comparesUCSdetermined for different rock types
in different regions. One striking observation is that the rocks
from the Midwest (IN, IL, and western KY) are significantly
weaker than their counterparts from WV (afact confirmed by
ANOVA).

Figure 4a shows the range of standard deviations for the
UCS tests, expressed as a fraction of the mean UCS. The
standard deviations are greatest for limestones and shales, with
the median SD about 35% of the mean. The median standard
deviations for siltstones and sandstones are about 19% of the
mean.

Table 2 also reports the median Is,, and SD of Isy,
Expressed as a percent of the mean, the median standard
deviation for the s, ranges from 20% for sandstoneto 35% for
shale. As figure 4b confirms, the variability of the PLT is
similar to that of the UCS test, as has been reported elsewhere
(ISRM, 1985).



Table 2. Summary of the data used in this study.

Rock type Location N units Nt;tCSZS Mueglgn Med'j?:gD of N PLT tests Mleglm Meotil ?QOSD

All states 289 1,541 529 1,664 1,719 269 94

Shale Midwest 209 1,072 4,367 1,314 1,246 175 73
West Virginia 68 389 10,752 2,680 431 488 149

All states 296 1,557 6,286 1,166 1,518 296 77

Siltstone Midwest 236 1,275 5,931 1,027 1,258 261 69
West Virginia 51 226 13,332 2,699 224 611 146

All states 228 1,591 10,931 2,096 1,459 446 87

Sandstone Midwest 99 586 6,773 1,601 546 291 77
West Virginia 113 833 14,574 2,450 832 591 87

Limestone Midwest 95 450 18,752 6,614 407 730 241
All states All states 908 5,139 7,040 1,796 5,103 322 92

N - Number of tests.

UCS - Unconfined compressive strength (psi).
SD - Standard deviation (psi)

Is;, - Point Load Index.
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The Is;, values obtained from this study are compared
with data reported by Molinda and Mark (1996) in table 3.
Molinda and Mark’s data was obtained from throughout the
USand includes ahigh percentage of testsfrom southern WV.
050 100 150 200 050 100 150 200 Table 3 reports means of the mean |350 values to make the
results comparable. It can be seen that the two studies found
similar results.
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Figure 4a. Histograms of standard deviations,
Uniaxial Compressive Strength.



Table 3. Comparison between PLT datafrom this
study and that presented by Molinda and Mark (1996).

1S(50) (psi)
Rock Type| Average, | Midwest, | WV, this M;'énd
this study | this study study Mark
Shale 268 193 510 420
Sandy 473 275 610 515
Shale
Sandstone 476 313 646 600

SUMMARY OF THE REGRESSION ANALYSIS

A linear regression between the mean |s;, and mean UCS
values determined for all 908 units yielded the following
equation:

UCS=1970 +17.6 Is, (4

The correlation coefficient (r?) obtained for equation 4 is
0.68, which is not bad for rock mechanics. The regression
equation simply usesthe pairs of means, without regard to the
associated standard deviations. Therefore, ther? for equation
4 implies that the point load test explains two-thirds of the
variability in the UCS, with one-third attributabl e to the three
potential sources of scatter listed earlier.

Equation 4 contains an intercept, however, unlike the
traditional form of the UCS-PLT relationship (equation 3).
Unfortunately, the r’obtai ned from a zero-intercept regression
is not comparable to the standard r2. Therefore a different
measure of the validity of the result must be used.

For this study, the validity measure was defined as the
percent of mean Is;, values that fall within the 95% CI of the
corresponding UCS. In addition, the percent of mean Isg,
values falling 10 and 20 MPa (1,500 and 3,000 psi) from the
95% ClI of the mean UCS were also calcul ated.

The zero-intercept regression equation obtained from the
entire data set is:

UCS=21.01s, (5)

With this equation, 50.4% of the predicted UCS values
fall within the 95% CI of the measured UCS. Only 8.5% of
the predicted values are more than 20 M Paaway from the 95%
Cl (figure 5). For equation 4, the regression equation with an
intercept, 49.0% of the predicted values were within the 95%
Cl and 7.6% were more than 20 MPa away. It seemsthat the
zero-intercept equation is just as accurate as the standard
regression equation that includes an intercept.

ACCURACY OF REGRESSION EQUATIONS
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Figure 5. Histogram showing hte difference between UCS predicted by the PLT using equation 5, and the 95% confidence
interval of the measured UCS. The zero bar includes all cases that fell withing the 95% ClI.



Table 4 shows the conversion factors (K) obtained from
zero-intercept regression analyses on various subsets of the
data. Nearly al theK valueslie between 20 and 22, regardless
of rock type or geographic origin. Figures 6a-6e shows the
regression equation (equation 5) mapped on the different data
subsets.

Table 4. Conversion factors (K) obtained from
zero-intercept regression analysis.

Finally, the relationship between rock strength and K was
explored. There was a slight tendency for the UCS/Is, ratio
(K;) to decrease for low UCS rocks. The median K; for the
entire data set was 22.7, but that decreased to 16.9 for the
subset of rocks whose UCS was less than 20 MPa (3,000 psi).
Unfortunately, asimilar trend wasnot evident inthe PLT data,
so effortsto adjust K for low Is;,rocks did not improve overall
accuracy.

DISCUSSION
Rock type Location K ) ) ] )
Al states 218 Several factors are relevant in comparing this study with
Shal i dwest 22'4 previous ones. First, the present study involves the largest
€ ! W —— . number of tests, nearly 10 times as many as the next largest
West Virginia 20.2 study. It also includes a wide variety of rock types from
All states 20.2 several mining regions, and it explicitly addresses the
Siltstone Midwest 19.6 variability associated with the UCStests. Onedisadvantage of
West Virginia 20.8 the study was that the number of PLT tests averages about 5
All states 20.6 per unit. Therefore it was not possible to follow the ISRM
sancsione Michiest 202 Which ol dEIoing the o Hghes s two towed 15,
— which involves ing the two hig and two lowest Is;,
- West.(\jllrgmla 204 values from a suite of at least 10 tests. Finaly, it should be
Limestone Midwest 21.9 noted that in these tests the average moisture content varied
All states All states 210 from 0.79% for the shale to 0.49% for the sandstone. Vallgjo
et al. (1989) found that K values were greater when the
samples were saturated.
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he conversion factors (K) determined in this study fall

in the middle of the range of the studies reported in table 1.
They are somewhat greater thanthe K factors currently usedin
the CMRR (Mark and Molinda, 1996). Thosevalues, 12.5for
shales and 17.4 for sandstones, were originally proposed by
Vallgoetal. (1989). Many of the samplesthat Vallejo tested
came from the same geologic formations included in this
study. However, Vallejo tested lump samples rather than the
core samples used here, and he compared the results from
single UCS tests with suites of PLT tests.

Like some other researchers, Valego et a. (1989)
concluded that K should be smaller for shales than for
sandstones. Whilethe current study found some evidencethat
K was less for the weakest rocks (not just shales), it was
difficult to identify those rocks from the PLT measurements
alone. Therefore, using different K valuesmay not bejustified
for axial PLT tests. However, diametral tests often give Isy,
values that are much lower than those from axial tests.
Converting diametral test results using the same K value is
likely to be inaccurate. It is also unnecessary, because
diametral tests are used as an indirect measure of bedding
plane cohesion, not rock strength (Mark and Molinda, 1996).
Itis probably more sensibleto report Is;, from diametral tests
directly.

CONCLUSION

The PLT is an efficient method to determine intact rock
strength properties from drill core samples. It has become an
accepted test in geotechnical evaluations.

This study found that a conversion factor K=21 worked
well for avariety of rock types and geographic regions. The
variability of the PLT, as measured by the standard deviation,
was no greater than that of the UCS test. There is some
indication that K decreases for lower strength rocks, but the
tendency was not very pronounced. Geologic and engineering
judgment should be used when converting PLT resultsto UCS.
It must be remembered that both tests can only be used to
estimate intact rock strength and not rock mass strength.

Thepoint |oad test providesfor full utilization of datathat
can be gained from exploration drilling programs. Intact rock
strength information can be acquired for use in geotechnical
eval uation and design work through numerical modeling and
rock mass classification systems. The cost of point load
testing is minimal when compared to the overall exploration
expense. Point load testing of roof and floor rock core of coal
seamsthat are to be mined by underground methods should be
standard procedure in any exploration program.
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