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FOREWORD 

The content of this bulletin was first issued in December 

1 957 as Report No. FRL-242 of the Fuels and Mining Practice 

Division describing the procedure developed prior to 1958. Owing 

to the wide interest with which the report was received, a reissue 

has become necessary. The opportunity has been taken to correct 

some minor errors in the original report, but no alterations have 

been made to take account of more recent developments. 

Since FRL-242 was issued new techniques have been under 

study, particularly with regard to the methods of strain measurement 

and of applying uniform stress. Changes are also being adopted in 

the methods of specimen selection and data analysis. These and 

other modifications of the standard test procedure will be published 

as they become established. 

A. Ignatieff, Chief, 

Fuels and Mining Practice Division. 
1/4 

OTTAWA, December 1959.   
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INTRODUCTION 

Since the beginning of this century, laboratory experiments 

have been conducted to investigate the behaviour of rock and mineral 

specimens under varying conditions of stress and time. The majority 

of these studies were conducted in the fields of Geology and Civil 

Engineering, on materials not closely related to one another and 

with non-standardized test procedures. 

The specific investigation of the physical properties of 

mine rock and minerals is a branch of the science of rock mechanics .  

A number of excellent reports have been published on this work over 

the past ten years. These include, amongst others, a comprehensive 

study of the relationship of the physical and petrographic properties 

of rock and minerals to stress problems related to mining, by D. W. 

(1) 
Phillips; 	reports on the development of standard test procedures 

for determining the physical properties of mine rock, by the U. S. 

 Bureau of Mines (2)  and the U.S. Bureau of Reclamation; (3)  a number 

of reports dealing with studies of basic physical properties of rock 

and minerals;
(4-8) 

and other reports dealing more specifically with 

the properties of mine rock and minerals as related to underground 

investigations of convergence and stress phenomena. 
(9-1 0) 

 

The Mining Research Section of the Fuels and Mining 

Practice Division lias  undertaken an extensive project dealing with 

strata stress problems in Canadian mines. The investigation 

comprises field studies conducted in the mines, supplemented by 
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laboratory investigations into the physical properties of the rocks 

and minerals. Laboratory studies have been conducted along three 

distinct although related paths, namely, short-period uniaxial 

compression, long-period uniaxial compression (time-strain), and 

short-period triaxial compression. 

The present report deals with standardization of procedures 

for determination of the physical properties of mine rock and minerals 

under short-period uniaxial compression. Although a program of 

studying a number of the physical properties of mine rock might at 

first appear to be a relatively easy task, many problems have been 

encountered in development of procedure and equipment, in definition 

of terms,and in analysis of results. In most previous reports on 

physical properties of similar materials, there has been little mention 

of test procedure, the load at which the elastic constants were cal-

culated, and the methods employed in these calculations. Under these 

conditions little or no comparison of results by different workers was 

possible and, as a result, progress has been limited. Two reports, 

namely those by the U.S. Bureau of Mines (2)  and the U.S. Bureau of 

Reclamation, (3) mentioned previously, have formulated standardized 

procedures to which the writer has made frequent reference. A 

number of results quoted in the former with reference to effect of 

moisture and rate of loading are quoted later in this report. 

The methods discussed in this report are certainly not the 

only approach to the problem, nor are the techniques discussed 



necessarily final. It is, rather, a form of progress report written

in an effort to group together the methods presently being employed

at the Fuels and Mining Practice Division, so that other workers in

this field may have more complete details of the research to date.

SPECIMEN SELECTION AND PREPARATION

Selection and Labeling

Specimens have been secured from diamond-drill holes and

also from block samples obtained from caved sections of the under-

ground workings. Diamond-drill cores are preferred as they provide

sounder test specimens than those cut• from block samples that have

already failed through mining processes. Such rock samples (either

core or block) have been obtained from.all the mines under study in

the strata stress project being conducted by the Division. The drill-

core samples are selected by field officers of the Division, who furnish

identification as to the location of the bore holes in the mine and as to

the stratigraphic position (along the bore hole) of each point sampled.

After receipt of the drill-core samples at the Ottawa

laboratories (see Figure 1), an initial selection is made of a repre-

sentative number of the samples. Generally, this entails the selection

of pieces of core, each from 6 to 8 inches long, at frequent intervals

along the length of the core. An attempt is made to secure core

lengths of this size, to allow the preparation of three adjacent

specimens. These thereafter constitute a "test set" and allow results
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Figure 1 - Photograph showing core boxes with rock core 
as received from locations in the field. 
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at each point in the bore hole to be compared and averaged. The 

three components of each test set are identified by the original 

sample number and the sub-symbols A, B and C respectively. The 

specimens also bear an arrow, as illustrated in Figure 2, indicating 

the direction in which drilling took place (i.e., for roof holes the 

arrow points upwards; for floor holes it points downwards). 

When the necessary rock samples have been selected the 

remaining core is placed in storage in the event that additional 

specimens may be required for future tests. 

Preparation 

The selected pieces of core are first cut roughly into 

separate right cylindrical specimens, using a rotary diamond saw 

with water lubrication. Specimen lengths vary with core diameter; a 

ratio of diameter to length of 1:1 is maintained, if possible. However, 

for all diameters less than 1-1/2 inches the specimen length remains 

fixed at 1-1/2 inches so that resistance-type strain gages may be 

conveniently attached to the specimen. Next, the specimens are 

placed in special grinding jigs, as illustrated in Figure 3, and are 

ground to the required length using carborundum powder and a lapidary 

wheel. These jigs assure that the length of the finished specimen is 

accurate to 1/1000 of an inch and that its ends are plane-parallel. 

Figure 4 shows the apparatus for specimen preparation. A number 

of prepared specimens are shown in Figure 5. 
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DIRECTION INDICATOR

DIRECTION '
OF APPROX„

DRILLING
8

MG-106C

-- ^^

MG-106 B

^

MG-106A

`°o

- SAMPLE IDENTIFICATION
- SPECIMEN SUB-SYMBOL

- MINE IDENTIFICATION

APPROXIMATE POINT FOR SAWING

(PROPER LENGTH PLUS 1/8° )

Figure 2 - Diagram illustrating the method of marking
rock core samples during specimen preparation.
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Figure 3 - Photograph showing special grinding jigs for 
rock specimen preparation. 



B. Diamond saw and lapidary wheel for 
preparing specimens up to 1.25 inches 
in diameter. 

8 

A. Diamond drill-coring apparatus. 

Lapidary wheel and diamond saw for 

preparing specimens larger than 1.25 
inches in diameter. 

Figure 4 - Photographs showing apparatus for preparation of 
rock specimens. (Mineral Processing Division) 

C. 
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Figure 5 - Photograph showing a group of prepared rock 

specimens of assorted size. 
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After the specimens are satisfactorily ground they are allowed

to dry for two weeks at room temperature to remove excess moisture.

Each specimen is then measured, to an accuracy of 1/ 1000 of an inch,

at five points for length and six points for diameter, and then weighed

to the nearest milligram. The average values of length and diameter

are calculated, and these, along with the weight, are entered on a

specimen data sheet as shown in Figure 6. If the specimens are not

required for immediate testing (within two weeks), they are sealed in

an airtight container to maintain a constant moisture content until the

tests are to be run.

DESCRIPTION OF ROCK SPECIMENS

Rock Type Classification

The classification of test specimens according to rock type

was carried out using the simple scratch test together with visual

examination of the prepared specimen. It is felt by the writer that

this crude method of classification is too open to human error, and

this has been exemplified by differéncesin the classification of a

single section of rock strata by the field geologists of the Geological

(l 1)
Survey of Canada and the staff of the Mining Research Section.

However, this method of classification will be employed pending the

development of a more satisfactory technique.

The specimens were first grouped into four main class-

ifications: shale, sandy shale, sandstone, and conglomerate. The
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SPECIMEN DATA SHEET  

Mine 	  

Location 	  

Bore Hole 	 

Date Prepared -- -- 

Technician 	 

Specimen 	 Rock 	Length 	Diameter 	Weight 	Density 
Lab. 	Footage 

3  Number 	 Type 	Inches 	Inches 	Lb 	Lb /  inch 

" 	  

I 	 • 

Figure 6 - Specimen data sheet for recording dimensions 

and weights of prepared rock specimens. 
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distinction between shale, sandstone and conglomerate can be 

accomplished fairly readily. However, the intermediate materials 

lying between shale and sandstone are difficult to classify; from 

studies made by the Geological Survey, it appears that classification 

in this range is difficult even using thin-section analysis. 

The sandstone group was further subdivided under the arbit-

rary grain size classifications of fine, medium and coarse. This sub-

division was done macroscopically, by comparison with selected 

standards whereby those having mean grain diameters of up to 0.2, 

0.5 and 0.88 mm were classified as fine-, medium- and coarse- 

grained material respectively. 

Petrographic Studies 

Petrographic studies were carried out by the Geological 

Survey of Canada on selected rock specimens from the mines under 

study. These tests were performed in an effort to improve the 

classification technique and in order to obtain greater detail on the 

type of rock under examination. 

A representative set of specimens from each mine area 

under study was selected from the fracture fragments of the test 

specimens following the failure tests. P n attempt was made to 

select one specimen from each of the major strata groups. These 

were forwarded to the Geological Survey of Canada, where the 
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following properties were determined: 

Rock type 
Major and minor constituents 
Grain size 
Cementing material 
Percentage of grains to 

cementing material 
Type and degree of structure present. 

Thin sections were prepared and photomicrographs taken of the 

characteristic types. These photographs, along with the other pet-

rographic  data, are  included in the final report for each mine. 

Apparent Specific Gravity  

The apparent specific gravity was obtained, in the majority of 

cases,by dividing the weight of the specimen in grams by its volume 

in cubic centimetres. This is a simple procedure and is probably 

open to a small degree of error, since ,  the value of volume used in 

these calculations was obtained from the average value of length and 

diameter for each specimen. 

A more refined technique was employed for the measurement of 

specific gravity of irregularly shaped specimens.(2) The specimen 

was first weighed in air, then weighed while suspended in water,and 

finally the wet specimen was weighed in air. The apparent specific 

gravity* (ASG) was then determined,as follows: 

M 1 
 

M3 - M 2 
ASG - 

where M
I 

= weight of dry specimen in air, in grams; 

9,1 This is termed apparent specific gravity since it assumes that no 
voids exist within the specimen whichwould introduce an error in 
the calculation of specimen volume. 
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M2 = weight of specimen immersed in water,
in grams ; and

M3 = weight of wet specimen after water immersion,

in grams.

Mohs Hardness

The relative hardness of all rock specimens tested was

classified accordingto the Mohs hardness scale. This test was

established by Mohs (1824), who proposed ten minerals in increasing

order of scratch hardness. These are: 1. talc, 2. gypsum,

3. calcite, 4. fluorite, 5. apatite, 6. orthoclase, 7. quartz,

8. topaz, 9. corundum, and 10. diamond. Each mineral will

scratch the one on the scale below it, but will not scratch the one

above it.

A set of the above minerals was used to obtain the Mohs

hardness of each test specimen. The hardness check was usually

made on one of the plane ends of the fractured test specimens after

all tests were completed.

APPARATUS

Introduction

The apparatus for obtaining values of compression modulus

and Poisson's ratio consists of a Martens mirror extensometer,for

measuring longitudinal strain,and SR-4 resistance_type strain gages

with a Baldwin strain indicator bridge, for measuring transverse

strain. A standard compressional testing machine was used to apply
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the necessary loads to the test specimen. 

Martens Mirror Extensometer 

1. General Theory  

The longitudinal compression of the rock specimens was 

measured by a physical-optical apparatus known as the Martens 

(12) 
mirror extensometer. 	Photographs of this apparatus are shown 

in Figure 7, and Figure 8 illustrates the operation of the mirror 

system. The rock specimen (Sp) is placed between the two steel 

cylinders (Al and A2), this being necessary since the gage length 

(K) of the comparison strip was greater than the specimen length (H). 

The comparison strips (C) (two are used to help correct for off-centre 

loading) are placed along the specimen,diametrically opposite to each 

other. Knife edges at their upper ends grip the steel capping pieces 

as shown. The movable knife edge (N),, with its attachei mirror, 

is set between the lower cap piece and the groove in the comparison 

strip. The telescope is first centred on the mirrors, then the 

mirrors themselves are adjusted to throw an image of the scale back 

through the telescope. As the specimen is compressed the mirror 

(being held by the comparison strip at one end) tilts,and the observer 

sees the reflected scale moving past his field of vision. This 

observed change in scale reading (or scale deflection) is proportional 

to the compression of the rock  specimen, the constant of proportion-

ality depending only on the geometry of the optical system. 



(Front view) (Side view) 

A. Martens mirror extensometer, 
telescope, and scales. 

rr - 

B. Martens mirror extensometer attached to steel capping 

cylinders above and below rock specimen, showing 
side and front views of mirrors and knife edges. 

Figure 7 - Photographs showing Martens mirror extensometer. 
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(B) DIAGRAM FOR THE DERIVATION OF 
MARTENS MIRROR FORMULA. 

Figure 8 - Diagram illustrating the operation of the Martens 

mirror extensometer. 
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The constant may be calculated from Figure 8. Let the 

specimen and capping pieces be compressed an amount AB. The 

knife edges will then have moved a distance dl, and the normal to the 

mirror will have turned through an angle cc.  

Therefore d' = b sin 0( 	  ( 1 ) 

A light beam originally hitting the mirror alonr, OA will 

be reflected through an angle 2,  producing a scale 

deflection of S. 

Therefore S = a tan 2o( 	  (2 ) 

Since cK is usually a small angle, it is possible 

to write: 

tan 2 	Z  tan 	 2 sin cA 	  (3 ) 

Therefore, equation (2) may be rewritten giving 

S = 2 a sino< 	  (4) 

Now dividing equation (1) by equation (4) 

-ives the following: 

d' = S(b/ 2a) 

where d' = compression in specimen and capping pieces, 

S = observed scale deflection, 

b = width of knife edges, and 

a = scale to mirror distance. 

Note: All dimensions are in inches unless otherwise 

stated. 

(5) 
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In general, however, d' is the sum of two parts. 

d' = d r  + ds 	  (6) 

where d r  = compression in rock specimen, 

d s  = compression in capping material. 

Therefore, the compression in the rock specimen (d r ) is 

given by the following: 

d r  = S (b/ 2a) - d s 	  ( 7 ) 

Z.  Neglecting Effect of Capping Cylinders  

It is possible to neglect the last term (d s ) in equation (7) if 

the length of the specimen is approximately equal to the gage length 

of the comparison strips or if the comparison strips are placed 

directly on the rock specimen.* 

Therefore d r 	S 	2.a) 	• 	   ( 8 ) 

Now the strain is defined as follows: 

e ri = d r/H 	  (9) 

where  e. 	strain, in (in./in.), and 

H = specimen length. 

Substituting (8) into (9) gives: 

e rl 	Sb/ Zan 	  (10) 

or 
e'r  = Sk 	  (11) 

where k = b/ ZaH 	  (12) 

* No comparison strips of gage length less than 2.0 inches were 

available when these tests were conducted. 
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For convenience in calculation,the factor k should be some simple

number (say 10-3). Assuming this value,it is possible to calculate

the corresponding scale to mirror distance (a),

from (12) a= b/2 kH

i. e.

Now k = 10-3 and b= 0.158* inch;

therefore, a = 79/ H ...........................

.

.... (13)

Values of the mirror to scale distance (a) for the common specimen

lengths employed are given in Table 1. For other specimen lengths

the factor may be determined from Figure 9. Note that in all cases a

magnification factor (k) of 10 3 is assumed.

TABLE 1

Scale to Mirror Distance as a Funatioriof S_pecimen

Len th for Martens Ivlirror: Extensometer

Specimen Length

(H)

Scale to Mirror Distance

(a)
Inches Inches

1.00 79.0

1.25 63.Z

1.50 5Z.6

1.75 45.2

Z.00 39.5

Z.15 36.7

In practice, however, the strain is most conveniently expres-

s ed in. units of (in/ in) x 10 6

^ The value for (b) which is the width of the extensometer knife

edges is given by the manufacturer.



a=H (79.0)

a = SCALE TO MIRROR
DISTANCE IN INCHES

H=SPECIMEN LENGTH
IN INCHES

Figure 9 - Scale to mirror distance versus specimen length for
Martens mirror extensometer.



= P/ es 	  

Er = Young's modulus of rock specimen 

and 

where 

(16) 
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Therefore 	e r  = 106  ert • 

6 	-3 
From (11), e

r 	
10 6Sk = S (10 x 10 ) 

Or 	 O r  = 1000 S 	  (14) 

-6 
where 	e r  =, strain in (in/ in) x 10 	and 

S = observed scale deflection. 

3. Correction for Cai)ping Cylinders 

In the previous section the effect of compression in the steel 

capping cylinders was neglected (since ds«dr)• However,this may 

not always be  possible, and  it is therefore necessary to determine the 

relationship between ds and dr as a function of (a) the compression 

modulus of steel and the test specimen and (b) the geometry of the test 

system. Assuming that both the rock specimen and the steel capping 

cylinders have a linear stress-strain curve, then: 

= 	er 	  Er (15) 

(compression modulus), 

= strain in rock specimen due to stress P, 

Es = Young's modulus of steel, 

e s  = strain in capping cylinders due to 
stress P, and 

P = applied stress e  

Rewriting equations (15) and (16) in terms of deformation gives: 



where
K = gage length of comparison strip, and

H = length of test specimen.

Let R be defined as the ratio of the longitudinal deformation in the

steel capping pieces to that in the rock specimen at the same load.

Therefore R ds/d
r

. . . . . . . . . . . . . . . . . . . . . . . .. . (19)

Substituti.n P, ( 7

) R - (E r/ Es ) (K1--1) / H • . . . . . . . . . . ..... (20)

From (7),
dr/H = (S/H) (b/2a) - ds// 1-i . . . . . . . . ..(21)

Substituting ( 19) into (21) gives:

Now, since

therefore

r
er = dr/H from (9),

(S/1-1) (b/?-a.)
R' . . . . . . . . . . . . . . . .(23)

where 14 = 1/ (1 + R) . . .. . . . .. . .. . ..........(24)

Now? following the same procedure as used to transform equation

(10) into ( 14), equation (23) may be written as follows:
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where 

e
r 

= 1000 S R' 	  (25) 

er = strain in (in/ in) x 10 -6 , 

= 1/(1 + R), and 

R = (EriEs) (K- H)/H 

From equations (20)and(24) it is observed that the value of R' 

varies as the factor (K-H)/11, which itself varies with H, K being a 

parameter. To show the variation of the factor R' with H, a graph of 

R' vs H was prepared as follows. First,the value of R was calculated 

by equation. (20) for gauge lengths of K = Z.0 inches and 4.0 inches, 

with values of H varying from 0 to 4.0 inches. Then the values of RI 

were calculated from equation (24),using the particular value of R 

previously found.. These calculated values are shown graphically in 

Figure 10 and listed in Table 2. 

4 It was decided to apply the correction factor R' only if R' 

0.90. An error of at least 10% is therefore possible in observed 

strain values. If in the future the experimental validity of correction 

factor relationship is verified, then all results for specimens with 

K H will be corrected. 

4. Sample Calculations 

Consider a group of rock specimens 1.0 inch in length 

which are to be tested. The following example illustrates the 

calculation of the appropriate constants: 
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1.00 

Tœ 
— I± 0.90 

se 
.... 

0.80 

0.70 
0 	1.0 	20 	30 	40  

LENGTH OF SPECIMEN IN INCHES 

V
A

LU
E

  O
F

 R
' 

5.0 

Figure 10 - Correction factor (1V) versus specimen length for 
Martens mirror extensometer. 



H 	 R 	 R' 	H 	 R 	 R' 

0 0 0.0 
0.5 
1.0 
1.5 
2.0 

0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

where R' = 11( 1 + R) 

R = (E r/ Es ) (K-H)/11 

0.93 
0.39 
0.22 
0.13 
0.08 
0.04 
0.02 
0.00 

0.72 
0.89 
0.96 
1.00 

0.39 
0.13 
0.04 
0.00 

0.52 
0.72 
0.82 
0.89 
0.93 
0.96 
0.98 
1.00 
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TABLE 2 

Variation  of R and  RI with Specimen Length for Martens 
Mirror  Extensometer 

K= 2 	 K = 4 

6 
Er 	taken as 4.0 x 10 lb/  in 2  

Es  - taken as 30.0 x 10
6 

lb/ inz 

H = specimen length, in 
inches 

K = comparison strip length, 
in inches. 

(i) From equation (13) it is•found* that the scale to mirror 

distance should be 79.0 inches for a specimen 1.0 inch in length. 

(ii) The shortest available comparison strip is 2.0 inches in 

length (K = 2.0) and the specimen length is 1.0 inch (H = 1.0). 

Now using equation (20),R is calculated* and found to be 0.13. 

(iii) Next.R' is calculated* from equation (24) and found to be 0.89. 

The  valuesof a , R and R' could have been found directly from the 
tables or figures. Hovvever, for the purpose of illustration the values 
were workda out from the basic formulae. 
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Now,as R' < 0. 90 it is necessary to apply the correction factor, and

the strain is given by equation (25),namely er = S (1000) (0. 89),

where S is the scale deflection observed with a mirror to scale dis-

tance of 79. 0 inches.

5. Effects of Low Stresses

It is observed that low values of compression modulus are

obtained at stresses of 500 to 3000 lb/ in2. It is suspected that these

low values result from the large apparent strains produced upon

initial loading. These are probably due to play between the capping

plates and the test specimen. For this reason, values of compression

modulus obtained using the Martens)extensometer below 3000 lb/ in2

are not considered accurate enough for comparison or for use in

calculations.

Strain Gage Apparatus

1. Description of Strain Gages

Transverse strain in the cylindrical test specimens was

measured by A-5 and A-7 type SR-4 resistance strain gages cemen-

ted around the circumference of the specimen ( in Appendix B it is

shown that the strain on the circumference of a cylindrical test

specimen is equal to the transverse (diametric) strain). A detailed

explanation of strain gage design and measurement technique will

not be given here, as such information is available from other

(13, 14)
sources. However, for completeness a brief description is

included.



Resistance (R) = the d. c. resistance of the gage. (i) This 
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The basic principle of the SR-4 resistance-type strain gage is 

extremely simple. Essentially,all gages consist of a length of very 

fine wire arranged in a particular pattern and bonded to a paper base. 

The gages are made in many sizes and shapes,depending on the part-

icular application. In use th( gage is cemented firmly to the test 

specimen and thus is strained uniformly with it. The resistance of 

the gage varies with the specimen strain,showing decreased resistance 

with compression of the specimen. This resistance change is 

measured very accurately with a special Wheatstone bridge calibrated 

directly in strain, in microinches/ inch. 

There are three important quantities associated with each 

strain gage, namely: 

is usually of the order of 120 ohms. 

(ii) Length 	(L) = the physical length of the gage winding. 

(iii) Gage 

	

Factor 	(F) = (6,EV R)/ (AL/ L). For most gages 

this is approximately 2.0. 

2 . Description of Strain Indicator Bridge 

The variation of strain (i. e. variation of gage resistance) was 

measured by a portable Baldwin (model-L) strain indicator as shown 

in Figure 11. This is a battery—operated double bridge unit which 

indicates the magnitude and direction of an observed strain. In the 

test setup,two arms of the bridge were SR-4 strain gages. One, 

the active gage R a , provided the strain sensing element ; the other,  , 
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Figure 11 - Baldwin (Model-L) portable strain indicator used for

measurement of lateral strain in rock specimens.

(An attached dummy specimen is also shown at the

base of the instrument. )
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Rd, provided the necessary temperature compensation. (The variation 

of resistance in the dummy gage, due to temperatu.re changes in the 

surroundings, tends to cancel out variations due to temperature in 

the active gage.) In the case of the simple bridge circuit shown in 

Figure 12, R would be a fixed and R 2  a variable resistor. For the 
1 

greatest bridge sensitivity the following relation should exist between 

the resistors in the bridge circuit: 

R 1  R2 	R R = 120 ohms 	 (26) 

3. Bridge Balance  «Condition  

The general balance condition for a four-arm bridge,as 

illustrated in Figure 12, is the following: 

giving 

R R =RR , 
al 	Z d • 

Ra  = (Rd/Ri ) Rz 

(27) 

	  (28) 

Now, if R
a 

is changed by A R
a 

and Rz  is changed byA R2  in order 

to restore balance, R
d 

and R
1 

remaining constant then: 

A Ra = (Rd/ R i ) A R
2 	  ( 2 9) 

Since F = (A R/ R)/ AL/ L) = 2. o,* 	 (30) 

with R = Raf this gives: 

A Ra  = 2.0 (AL/L) Ra 	 (31) 

Setting equation (31) equal to (29), 'and noting that a changeARa  in 

the gage must be balanced by a change AR2 in the bridge balancing 

9'e  The gage factor varies between different types of gages and between 
different batches of the same type. However, an average value for 
the A-5 and A-7 types employed in these tests is 2.0. 
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Ra

Rd

GA

LEGEND- Ra = Active Gage

Rd = Dummy Gage

R, = Fixed Resistor

4b

R,L- Balancing Resistor

Ga = Galvanometer

Ba = Battery

Figure 12 - Simple strain gage indicator circuit (Wheatstone

bridge).
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resistor R2' then 

2.0  (LhL/L)R a = (R
d 

R 1)  14•11. 
— 2* 

giving 	Li L =  1/2  (Rd/ RaRoAR z 	 (32) 

Since 	e 	LL/L 

where 	e 	= strain in inches/inch, 

therefore, e 	= M AR2' 	  (33) 

where 	M 	1/ (Rd  R R1  )ezr 1/ 240 	 (34) 
a  

Equation (33) makes it possible to calculate the strain from the ob-

served variations in gage resistance and the constant M. 

It was not necessary to calculate the strain in this manner 

for the present series of tests,since a commercial bridge was avail-

able which was calibrated directly for strain in microinches/ inch. 

4. Automatic Averaging of Two Strain Gage Measurements 

Due to the heterogeneity of materials such as rock, plus the 

possibility of eccentric loading of the test specimen,it was considered 

necessary to use two strain gages,mounted diametrically opposed to 

each other, for the measurement of transverse strain. During the 

initial tests, the variation of strain with load was observed separately 

for each gage and the average was taken. However, to reduce the time 

for testing and calculation, the two gages were connected in series in 

later tests, together with a double dummy gage,to give automatic 

averaging. This automatic averaging is possible because of the form of 

equation (28) and is explained in detail in Appendix A. 

5. Procedure for Attaching Strain Gages to Rock Specimens 

Since strain gages are sensitive to moisture, temperature, 
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and mechanical disturbances, special precautions must be taken in 

applying gages to rock specimens so that consistent results will 

always be obtained. The following procedure was developed: 

(i) The specimens were cleaned of all dirt and grease, then 
dried at room temperature in the laboratory for a period of not less 
than two weeks. 

(ii) The surface of the rock specimen (where the gage was 
to be attached) was roughened with coarse emery paper  and/ or steel 
wool. A patch about I/ 4 inch wider and longer than the gage was 
allowed for each gage. 

(iii) All traces of grease and oil were removed from the 
specimen, using carbon tetrachloride. Care was taken to see that 
the fingers did not touch the prepared rock surface. 

(iv) A final cleaning with Kleenex tissue and carbon tetra-
chloride was carried out so that the last traces of grease were 
removed. The specimen was then allowed to dry at room temper-
ature until all obvious dampness was absent (about 2 minutes). 

(v) The strain gages were then removed from the package, 
and special care was taken not to touch their under surface. If any 
grease or dampness reached this lower surface it was removed with 
carbon tetrachloride and fresh Kleenex. 

(vi) A small amount of C. I. L. household cement was applied 
to the gage and the prepared area of the rock specimen. 

(vii) The gage was pressed in place on the specimen, and all 
air bubbles were removed by rocking, the thumb across the felt gage 

pad. 

(viii) Precautions were taken to centre the gage, and to 
check its alignment in both the horizontal and vertical directions. 

(ix) The specimen with its attached gage was then placed in 
a special drying press. A layer of thin cellophane paper was placed 
between the gage and the sponge rubber press plates, and the press 

was clamped shut. 

(x) The cement was allowed to set for 24 hours with the 

specimen in the gage press. The specimen was then withdrawn and 

the cellophane removed. The specimen was allowed to dry for 48 
hours at room temperature, thus ensuring positive gage setting. 
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(xi)
Specimens that were not to be tested within the

following 7 days were waterproofed with Ce risan wax or Ten-X

compound before storage in sealed metal cans. Figure 13 shows

the strain gage setting presses and the necessary supplies for

applying strain gages to rock specimens.
A group of specimens with

attached gages is shown in Figure 14.

(xii) Before the actual physical testing of a rock specimen

took place,the gage resistance was checked with an ohmmeter to

ensure that all gages were functioning correctly. A minimum

resistance of 100 x 106 ohms between the gage winding and the sur-

face of the specimen was required for correct operation of the gage.

Testing Presses

The purpose of the press is to apply the necessary stress to

the rock specimens. This stress must be applied uniformly

to the specimen and remain constant during the period of obser-

vation. Two different presses were used in this test work, havind

been made available to the Mining Research Section by the Mineral

Processing and the Physical,Metallurgy divisions of the Mines Branch.

An Amsler (hy(Iraulic-type) testing machine,.with ranges of 0-60, 000,

0-120, 000 and 0-600, 000 pounds load, was ii^,eci for large specimens.

As the lower 20°rô of the loading range is always considered in-

accurate, this press was used only when the specimen diameter

exceeded 1. 75 inches (cros s-s ectional area of 2.4sq in ). For the

smaller specinnens, a Ri.ehl.e (electronic-controlled mechanical-type)

testing machine,with ranges of 0-3000, 0-6000, 0-12, 000, 0-30, 000

and 0-60, 000 pounds load, was used. Figures 15 and 16 show

photographs of these two testing machines and the associated test

apparatus.

When specimens of different cross-sectional areas are
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Figure 13 - Strain gage presses and necessary supplies for 
applying strain gages to rock specimens. 
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Figure 14 - A group of rock specimens with attached 

transverse strain gages. 
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Figure 15 - Amsler hydraulic-type testing machine (Mineral 
Processing Division); capacity 600,000 lb. 

Figure 16 - 
Riehle electromechanical-type testing machine 

(Physical Metallurgy Division); capacity, 60,000 lb. 
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tested, the stress in lb/ inZ is naturally a function of this area. 

P = BL 	  (35) 

B =  1/A  = 4RDZ 	  (36) 

where P = stress, lb/ . 2  , 

L = load, lb, 

B = conversion factor, 

A = specimen cross-sectional area, sq in, and 

D = specimen diameter, in. 

Figure 17 illustrates the variation of the conversion factor (B) with 

specimen diameter. Values of B for the commonly used specimen 

diameters -  are listed in Table 3. 

TABLE 3 

Variation of Cross Section and Conversion  Factor  
With Specimen Diameter 	 • 

_ 
Specimen Dimensions 	 Conversion Factor 

11E01 

	

Diameter 	Radius 	Cross-section 	1 lb 	Applied Load 
Converts to " B" 

Inches 	Inches 	(Inches) 2 	 (lb/ in 2 ) 

1/ 2 	0.50 	0.25 	0.20 	 5.00 
3/4 	0.75 	0.38 	0.44 	 2.28 
7/ 8 	0.88 	0.45 	0.63 	 1.59 

1 	1.00 	0.50 	0.78 	 1.28 
l-1/4 	1.25 	0.63 	1.23 	 0.81 
1-1/ 2 	1.50 	0.75 	1.75 	 0.58 
1-3/ 4 	1.75 	0.88 	2.42 	 0.41 

2 	2.00 	1.00 	3.14 	 0.32  
2-1/8 	2.13 	1.07 	3.58 	 0.28 
2-1/ 2 	2.50 	1.25 	4.94 	 0.20 

3 	3.00 	1.50 	7.10 	 0.14 

-... 



(i) P = BL 

B = 
D2  

See text for details 
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Figure 17 - Variation of specimen stress with diameter for fixed 

applied load. 
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ELASTIC AND FAILURE PROPERTIES 

General 

In the following sections the elastic and failure properties of 

mine rock specimens are carefully defined, the necessary calcul-

ations are discussed, and the experimental methods for their deter-

mination are described in detail. 

First, the specimens were stressed over a loading cycle and 

the longitudinal and transverse strains were measured at each load 

increment. Stress-strain curves were plotted from these data, and 

from these curves the compression modulus and Poisson's ratio were 

obtained graphically. The specimens were then reloaded till failure 

took place. The ultimate compressive strength was determined from 

the load required to produce failure. The fracture angle and fracture 

classification were determined, and finally the strain energy was 

calculated. 

Elastic Properties 

Introduction 

This section describes the complete test procedure for deter-

mining two of the elastic properties of rock specimens, namely com-

pression modulus  and  Poisson 's ratio, -ind includes definitions of 

ierins, methods of caltuialion, ;Ind !Auf lies conducted to check the 

effect of such variables as sp e(  inien r;eornetry, moisture and storage 

time on these elastic properties. 



Very briefly, the test procedure was as follows:

The prepared specimen was cleaned and two A-5, SR-4 re-

sistancé-type strain gages were attached to measure transverse

strain. These gages were ali;ned in such a way as to be sensitive

only to changes in the circumference of the specimen. The specimen

was then allowed to air-dry at room temperature for 48 hours,to

permit the gage cement to set fully. For testinn, the specimen was

placed between two steel capping cylinders set between the plattens

of a standard testing machine. The strain gage bridge was connected,

and the Martens extensometer was attached to the cappinQ cylinders.

The Martens extensometer (mirror and telescope system) was ad-

justed, and zero load readin^s were obtained for both the Martens

extensometer and the transverse strain ryages. The stress was then

increased through a loading cycle (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20,

1 0, 5, 0 lb/ in2 x 103). At each value of applied stress the strain

gage and Martens extensometer readings were observed. Longitu-

dinal and transverse stress-strain curves were plotted from these

observed data and, usinb a graphical method, values of compression

modulus and Poisson's ratio were determined directly from these

curves.

Compression Modulus

1. Definition

The definition of compression modulus as used in this part-

icular study of mine rock characteristics should first be stated. A1-

though this term is clearly defined when considering materials
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ha.ving linear stress-strain curves, it is not well defined for the type 

of material with which this report deals. For the purposes of this 

report the term 'compression modulus' is defined as "the value of 

Young's modulus in compression, as measured normal to the ends 

of a right-cylindrical rock specimen". For any material under 

stress, Young's modulus is defined (15) as  "the  applied stress 

divided by the resulting linear strain* produced in the direction of 

application of the stress". 

Considering Figure 18, the value of compression modulus for 

the linear stress-strain curve OAB is simply the slope of the curve. 

It is also the ratio of the total stress OE to the total strain OD. There 

are, then, two distinct methods of -measuring Ec  (compression modulus), 

namely the tangent method and the total strain or secant method. In the 

case of a material having a linear stress-strain curve,the two 

methods would yield exactly the same results, but in the case of the 

non-linear stress-strain curve (0A1 13 1 ) the secant method would 

yield a value of Ec of OEV OD' and the tangent method would give 

a value of Ec which varied with the applied stress, since the slope 

of curve at A' differs greatly from the slope at Bl. Results of many 

tests in the division's laboratories, ( 16) as well as of tests by other 

(17) 
workers in this field 	have shown that non-linear stress-strain 

c-urves are followed by materials such as cements, rock and coal, 

Linear strain is defined a gAL/L, where L is the original length 
andàL is the change of length,and should not be confused with 

linearity of stress-strain curves. 
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Figure 18 - Diagram illustrating linear and non-linear 

stress-strain curves. 
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thus resulting in the variation of elastic properties with applied stress

as shown in Figures 19 and 20. It must beremembered,when setting

up a group of experiments or tests of a comparative nature, that the

compression modulus (as well as other elastic moduli) are functioris

of the applied stress as well as of the material. This would immed-

iately rule out the use of compression modulus values found by the

secant method, as these values are dependent on the shape of the

whole stress-strain curve,whereas the compression modulus values

found by the tangent method are dependent only on that portion of the

curve under study.

As it was desired to compare the results of tests on all rock

types, Ec was calculated at a value of 6 x 103 lb/in2 stress, so that

even the weak shales (which fail at about 6-8 x 103' lb/ in2) could be in-

cluded.
The value of Ec throughout this report is therefore definéd

to be, unless otherwise indicated, the slope of the .tangent line drawn

to the stress-strain curve at an applied stress of 6 x 103 lb/ in2
^

Considering the foregoing, the compression modulus is given

by the following (see also Figure 25):

P/Ael = Wp . . . . . . . . . . . . . .. . . . (37)

where Ec = longitudirial compression modulus,

OP = increment of stress, and

Ael = increment of longitudinal strain

produced by 0 P.
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W = slope of tangent line drawn to the 
longitudinal stress-strain curve at a stress 
of 6 x 10 3  lb/ in 2 . 

It should be noted that in an effort to reduce the number of calculations 

the compression modulus was determined by a graphical method, which 

is described in détail  later (pp. 61-66) in this bulletin, 

2. Correction  for Capping Cylinders 

Since the Martens extensometer was attached to steel capping 

cylinders at either end of the test specimen,the observed longitudinal 

strain was corrected,using equation (25), to give the true strain in the 

rock specimen. 

3. Effect of Specimen Diameter  

Et  has been shown by the U.S. Bureau of Mines (2)  that the 

dynamic compression modulus (as determined by sonic tests) for 

materials such as rock is not dependent on specimen diameter. A 

few tests were carried out to check this result for the case of the 

static compression modulus (as determined by actual loading of the 

specimen). A set of three specimens,each with length 2. 0 inches and 

diameter 2.14 inches,were selected for these tests. These were 

called the primary specimens. The primary specimens were first 

loaded in a hydraulic testing machine to 12.75 x 10 3  lb/ in 2  and the 

compression modulus determined by the secant method at that point. 

The specimens were then removed from the press and a 0.98 inch 

diameter core was drilled out of the centre of each primary specimen. 

The resultant outside and inside secondary specimens were then 
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tested and the compression modulus at 12.75 x 10 3  lb/ in2  deter- 
- 

mined again for each specimen. The test results are given in Table 

4', and the dimensions of the primary and secondary specimens are 

shown in Figure 21. 

TABLE 4 

Variation of Compression Modulus* with Specimen  Diameter  

Ec * 	Average Ec 
Percent 

Specimen 	Rock Type 	(lb/ in2 )x 10 6 	(lb/ in2)x 10 -  Deviation 

No. 1 	Sandstone 

Primary 	 5.6 	 5.5 	 1 
Sec - 1 	 5.3 	 -4 
Sec - 2 . 	 5.7 	 3 

No.  2 	Sandstone 

Primary 	 6.8 - 	 6. 9 	 - 1 
Sec - 1 	 6.9 	 1  
Sec - 2 	 Broken 	 _ 

No. 3 	Sandy Shale 

Primary 	 4. 9 	 5.8 	-15 
Sec - 1 	 6. 8 	 18 
Sec - 2 	 5. 6 	 3 

* Compression modulus determined by the secant method. 

In specimens 1 and 2, agreement was found in compression 

modulus obtained for the primary and secondary cores. However,in 

specimen 3 there was a lack of agreement. Considering only 

specimens 1 and 2,the variation in compression modulus with specimen 

diameter (from 1.0 - 2.2 inches) was less than 4.0%. It was con-

cluded, therefore ,that variation of specimen diameter in this range of 
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PRIMARY SPECIMEN 4#1 SECONDARY 41-Z SECONDARY SPECIMEN 
SPECIMEN 

Figure 21 - Diagram illustrating dimensions of primary and 
secondary test specimens. 
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1.0-2.2 inches had little effect on the compression modulus deter-

mined by static testing. 

4. Effect of Off-Centre  Loading  

A short series of tests was performed to observe the effect 

of off-centre loading on the experimentally determined value of com-

pression modulus for a particular specimen. A 2.14 inch diameter 

specimen of sandstone was first loaded while centred in the testing 

machine. The strain was measured with increasing load, using the 

Martens extensometer, and the compression modulus determined by 

3  the secant method at 12.75 x 10 lb/ in2  . Next, the same specimen 

was moved off-centre 1/ 2 inch parallel to the extensometer knife 

edges, and again tested. Finally,the specimen was moved off-centre 

1/2 inch toward the back extensomete-r knife edge and the test re-

peated. The results are shown in Table 5. Figure 22 illustrates the 

position of the specimen in relation to the centre of the press plate 

for the three tests. 

TABLE 5 

Variation of Experimentally Determined  Compression Modulus with  

Specimen Position  

Experimentally 	Deviation from 

	

Determined 	Compression 

	

Compression 	Modulus of 

• 	
Specimen 	 Modulus 	Centred Specimen 	Percent 

Position 	 (lb/ in 2) x 10 6 	(lb/ in
2) x 10 6 	Deviation 

1) Centred 	 7.1 	 - 	 - 

2) Off- centre 1/2" 
to the right 	 6.0 	 1.1 	 15.5  

3) Off- centre 1/2" 

to the back 	 6.3 	 0.8 	 11.3 
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SPECIMEN CENTERED SPECIMEN OFF-CENTER

12 T
CIMEN

OWARDS RIGHTTOF
ON 1/2" TOWARDS BACK OF CAPPING CYLINDER

CAPPING CYLINDER CAPPING CYLINDER

I

Figure 22 - Diagram illustrating different specimen positions

for off-centre tests.
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It was therefore concluded that with the Martens extensometer 

an error in centring the specimen of approximately I/ 2 inch could re-

sult in an error of at least 10% in the compression modulus. 

5. Effect of Moisture  

It has been previously shown by the U. S. Bureau of Mines ( 2 ) 

that the presence of moisture in rock specimens greatly affects their 

elastic moduli. Figure 23 shows the variation of dynamic compres-

sion modulus with moisture content. However, the air-dried state 

was found by these workers to be a stable condition for test purposes. 

A standard drying period of 14 days (after preparation) at room 

temperature was considered ample. Reproducibility of test data was 

found to be good under these conditions. 

6. Comparison  of Compression , Modulus Values 
Determined  Using tho•Ma.rtens Extensometer  and 

Strain G3.7,es 

In some particular instances* it was found more convenient 

to use SR - 4 resistance-type strain gages, rather than the Martens 

extensometer, for measurement of longitudinal strain. So that all 

results would be comparable,a series of tests (18) was conducted 

to determine the relationship between the compression modulus as 

determined by the two test methods. A tentative correlation equation 

was obtained as follows: 

E
l = 0. 3 + O. 68 E2 	O. 65 	  (38) 

At times, test work in the Ottawa linoratories was supplemented by 
work conducted at other locations where Martens apparatus was 

not available. 
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where E1 = compression modulus determined by

Martens extensometer, and

EZ = compression modulus determined by
strain gages.

The fact that the results for one measuring system are not

exactly equal to those obtained by the other is due to the limitations

of the two methods, the strain gages being influenced by.minor

irregularities on the sides of the specimen whereas the Martens

extensometer is affected by the presence of irregularities at the end

faces of the specimen.

7. Daily Check of Test Procedure

To check on the stability of the test procedure from day to day

(i. e. Martens extensometer, testing machine, and operators), a

standard specimen of sandstone was selected and this specimen was

tested a number of times over a three-month period. During these

tests the specimen was loaded to 12. 75 x 103 lb/ in2 and the com-

pression modulus was determined by the secant method at that point.

These modulus values are illustrated graphically in Figure 24, and

are listed in Table 6 along with the mean, standard deviation and

percent standard deviation.

Although a few of the tests indicated large deviations from the

mean(tests 7 and 9), the percent standard deviation for all the tests was

only 6. 1°fo,which was considered negligible for the purposes of this

s tudy.
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TABLE 6 

Daily Check on Test Procedure  
(Summer, 1953)  

Compression+ 	 ' CompressiOn+ 
Test 	 Modulus 	Test 	 Modulus  

Number 	Date 	(lb/ in2)x 10 6  Number 	Date 	(113/ in2)x 10 6  

1 	June 5 	6. 7 	11 	July 3 	6.7 
2 	It 	10 	7.4 	12 	" 	6 	7.5 
3 	" 	11 	6.9 	13 	" 	6* 	6. 5 
4 	• 	12 	. 	6.6 	14 	ti 	7 	7.0 
5 	" 	15 	6.7 	15 	II 	7* 	7.2 
6 	" 	18 	7.1 	16 	It 	8 	7.4 
7 	" 	19 	7.8 	17 	" 	8* 	7.7 
8 	" 	22 	6. 7 	18 	tt 	9 	. 6. 9 
9 	" 	22* 	8.0 	19 	Aug 14 	6.8 

10 	July 	3 	6.8 	20 	Sept 7 	7.0 

Mean 	. 	 7.1 	*Second test carried out at end 
Standard Deviation 	0.43 	 of day. 

	

% Standard Dey- 	 +Determined by secant method 
iation 	 6. 1% 3 	i . 2 at 12.75 x 10 	lb/ in . 

_ 

8. Effect of Extended Storage 

The effect of storage on the compression modulus of a group 

of 15 prepared specimens (all sandstone) was determined. The 

compression modulus was first determined during the summer of 

1 953, and then redetermined in the summer of 1955 after 24 months 

storage. The results of these tests are given in Table 7. 

The average percent deviation from the original test values 

were -8.7% and +11.1%,and even larger values were noted, the max-

imum being +1 9%. However, assuming that each measurement of 

compression modulus is subject to a standard deviation of approx-

imately 6% (see daily check of test procedure), and assuming that the 
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15 tests listed in Table 7 were conducted on similar material, then 

the results of the storage test are fairly consistent* with the results 

of the daily test. In this  case,  storage of the specimens does not 

appear to affect the compression modulus, at least not over a two'-- 

year period. 

TABLE 7 

Effect of Stora_ge  on Compression Modulus  of Rock Specirnens 

Test 	Compression Modulus 	Percent 
Number 	(lb/ in2) x 10 6 	 Deviation 

1953 	1955  

361 	 4.4 	4.2 	 -4.6 
. 	372 	 5.2 	4.6 	 -11.5 

381 	 4.5 	4.2 	 -6.7 
385 	4.6 	5.2 	 +13.0 
388 	4.6 	5.3 	. 	+15.2 
394 	4.2 	5.0 	 +19.0 
397 	 5.3 	4.8 	 -9.4 
403 	4. 9 	4.1 	 -14.3 
408 	 3.5 	4.0 	 +14.3 
410 	4.8 	5.3 	 +10.4 
413 	 5.5 	5.1 	 -7.3 
417 	 5.7 	5.3 	 -7.3 
420 	4.5 	4.7 	 +6. 7  
423 	 4.1 	4.2 	 +2.4 
426 	4.5 	4. 9 	 +8. 9  

*The mean of the 15 tests conducted in 1953 was found to be 4.7 and, 
assuming a percent standard deviation of 6%, then the standard devi-
ation would be 0.28. Theoretically, the difference between two 
measurements (1953  and  1955) should then have a standard deviation 
of 0.28 ir2---= 0.4. The standard deviation of the difference between 
measurements on the same specimen for the two test periods was 
actually found to be 0.53. 
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Poisson's Ratio 

1. D efinition  

The usual definition of Poisson's ratio is as follows: 

If a uniform stress be applied to a specimen which is allowed to 

expand freely in all directions at right angles to the direction of the 

applied stress, the ratio of the linear* lateral (transverse) strain 

to the linear* longitudinal strain within the elastic limit of the 

material is defined as the Poisson's ratio. 

In these studies cylindrical specimens were used,and,since 

the transverse or diametric strain in a cylinder is equal to the cir-

cumferential strain (see appendix B),the transverse strain was ob-

tained by observing the resulting strain in the circumference of the 

specimen by means of attached resistance strain gages. 

For materials,such as rock,which exhibit non-linear stress-

strain curves,restrictions must be placed on the previous definition. 

It is necessary, as in the case of the longitudinal compression 

modulus, to state Poisson's ratio at a particular load (since the slope 

of the transverse as well as longitudinal stress-strain curves varies 

with stress). Considering the previous section, Poisson's ratio is 

defined by the following: 

= et/el 	. 	  (39) 

where 	ii  = Poisson's ratio, 

*" Linear Strain" does not refer to linearity of stress-strain curves. 

(See foot-note page 42 under definition of compression modulus.) 
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et = transverse strain observed for applied

]oad P, and

el = longitudinal strain observed for applied

load P.

However, this relation only holds true for linear longitudinal and

transverse stress-strain curves.
For a non-linear curve, Poisson's

ratio .is defined only over a small region, namely:

µ = !,. et/ L\ el . . . . . . . . . . . . . . . . . . . . . . . . (40)

The following procedure was decided on for determining

Pois-son's ratio:
The longitudinal and transverse strains were plotted

against the stress applied during the loading cycle.
Figure 25 shows

the longitudinal strain curve OA'A and the transverse strain curve

OB'B, plotted against applied stress.
Previously, longitudinal

compression modulus was defined as the slope of the tangent line

drawn to the longitudinal stress-strain curve at a stress of 6 x 103

n 2. Now, arbitrarily, Et is defined as equal to the slope of the
lb ^ i

tangent line drawn to the transverse stress-strain curve at the same

value of stress.

Therefore Et P/ Det = Bp •••••••••••• (41)

where Z-\ P = increment of stress,

Act = increment of transverse strain

produced by Z-\ P. and

Bp - slope of the tangent drawn to the
transverse stressZ strain curve

at 6 x 103 lb /in .
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Figure 25 - Diagram illustrating graphical method of obtaining

compression modulus and Poisson's ratio from stress-
strain curves.
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From (37) 	= P/ E c , and 

from (41) A et  = ,A P/ Et. 

Substituting these into (40) gives: 

= Ec/ Et = wp/ Bp 

where W = slope of tangent line drawn to the 
longitudinal stress-strain curve a.t 
a stress of 6 x 10 3  lb /in 2 . 

This relationship is particularly convenient for determining Poisson's 

ratio graphically. 

Throughout this report, Poisson's ratio is determined at a 

stress of 6 x 1 0 3  lb /in. 2 , using equation (42) and the graphical 

method described later. It should be noted that if both the longitudinal 

and the transverse stress-strain curves are linear, Poisson's ratio 

reduces to the basic definition 4.L = e t/ e1). 

2. Effect  Due to Non - Linear Stress -Strain 
Curves and Other Factors  

Since the values of E c and Et  are determined by the tangent 

method at a specified value of stress, the effect of non-linearity of 

the stress-strain curves merely means that Poisson's ratio will be 

a function of the applied stress. The numerous factors affecting the 

compression modulus, described in previous sections, will therefore 

also apply directly to Poisson's ratio. It should also be noted that 

the experimental error incurred in determining Poisson's ratio will 

be necessarily larger than that for compression modulus, since it 

will depend on the experimental errors in both the longitudinal and 

(42) 
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transverse measurements. 

Example showing Graphical Method of Obtaining 
Compression Modulus and Poisson's Ratio 

To simplify the determination of the compression moduius 

and Poisson's ratio, a standard plotting unit was designed and 

constructed. Figure 26 illustrates this unit, giving details of the 

strain plotting ruler, stress scale, and moduli protractors. One of 

the protractors was calibrated to read directly in longitudinal 

compression modulus and the other in (so-called) transverse 

compression modulus. Figure 27 shows a photograph of the 

completed plotting unit. 

The theory behind the graphical method has been discussed 

in detail in the previous sections, but for a clearer understanding of 

the method the following example is included: 

(a) Observed Data - The data given in Table 8 were taken 

from the test data obtained for a specimen of shale.* 

(b) Initial Calculations - The only calculation that was 

necessary before plotting began was the addition of Columns 2 and 3, 

and the multiplication of the results by 1000 to convert  th  em to strain 

(see equation (14)). These values were placed in column 4 as shown 

in Table 8. 

* Barnsley Specimen #3A from the Broadsworth Mine, England. 
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Figure 27 - Photograph of stress-strain plotting unit. 
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TABLE 8

Applied

Load

lb

0

750

1500

2250

3000

3750

4500

5250

6000

6750

7500

11250

15000

Stress-Strain Test Data for Shale Specimen

Mirror - 1

ca e

Redin
1.88
2.32
2. 66
2.90
3.10
3. 30
3.49
3.68

3.85
4.05
4.22
5.13
6.03

Longitudinal Direction

( Niartens Mirror)

Mirror - 2

Scaie
Readin

1.67
2.32
2. 65
2.93
3.15
3.37
3. 55
3.75
3. 92
4.11
4.27
5.16

6.o9

Specimen Diarraeter,l _ 00 inch --

Total-Mirror 1 and 2

(in/ in )x 10 6

3550

4640

5310

5830

6250

6670

7040

7430

7770

8160

8490

10290
12120

Transverse

Direction

(Strain

Gages)

n/ in ) x 10 6

7109

7129

7150

7178

7202

7230

7259

7288

731 Z

7345

7370

7528

7700

(c)
Plotting - One particular type of graph paper* must be

used with this particular graphical unit.
To use other types of paper,

the scales and rulers would require recalibration. The steps in

plotting were as follows:

(i)
The proper load conversion scale was selected

and fastened to the plotting board. The

correct scale was selected accordinh to the
diameter of the test specimen (since its purpose

Hughes Owens 315E-20 x 20,or any other make having 16 vertical

and 20 horizontal major divisions, 1/ 2 inch in length,each sub-

divi.ded into 10 equal parts.
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is merely that of converting total specimen 
load to specimen stress in lb/ in2 ). In this 
example the specimen diameter was 1.00 inch. 
The stress scale (vertical scale) for all specimens 
was the same regardless of specimen diameter, 
and only the total load scale varies. 

(ii) The ruler (R) was set so that the no-load longi-
tudinal strain (in this example 3550) fell at the 
zero point (Z). This point should correspond 
with the zero line on the graph paper„ 

(iii) The sliding square was shifted upwards over the 
paper until the ruler was parallel to the second 
load marking (750) on the stress scale (S). 
The appropriate longitudinal strain for this 
stress (4640) was marked on the graph paper. 
This process was continued for the third loading 
point, etc. 

iv) These points were then joined by straight lines, 
resulting in the completed longitudinal stress-
strain curve. 

(v) Steps (ii), (iii) and (iv) were then repeated for 
the transverse strain, giving the " transverse 
stress-strain curve". 

(It should be noted that the longitudinal strain 

was plotted at 1000 x 10 -6  inches/ inch per inch of 

graph, although the ruler was graduated at 2000 x 

-6 
1 0  inches/ inch per inch of ruler. However, 

since the sum of the two strains (mirrors 1 and 2) 

actually being plotted was twice the average strain, 
L 

this method results in the automatic averaging of 

the results from the two mirrors. The transverse 

strain, however, was plotted at a scale of 400 x 10 -6  

inches/ inch per inch of ruler on both the graph paper 

and the ruler.) 
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(vi) To measure compression modulus, the centre 
point of the protractor (Side A) was set at 
6 x 10 3  lb/ in2  on the longitudinal stress-strain 
curve, as shown in Figure 28, and with a clear 
plastic straight-edge the tangent to the curve at 
that point was obtained„ The slope of this tangent 
was observed on the protractor, directly, in units 
of compression modulus. In this example a value 
of E = 5.4 x 10 6  lb/ in2  was obtained. 

(vii) To obtain Poisson's ratio, the slope of the 
transverse stress-strain curve at 6 x 10 3  lb! inZ  
was obtained, using Side B of the protractor. In 

Z  this example a value of 32 x 10 6  lb/ in was 
observed. Then, using equation (42), Poisson's 
ratio was determined: 

= E C/Et = 5.4 x 10 6  
32 x 10 6 

 - 0.17 

(viii) The values of compression modulus and Poisson's 
ratio were then listed on the graph and on the 
test result sheets. 

Standard Test  Procedure for Determination  of Elastic Properties 

In accordance with the preceding sections, the following 

standard test procedure for the determination of compression modulus 

and Poisson's ratio was adopted: 

(i) If possible, a sample long enough to produce three test 

specimens should be selected from each section of strata to be in-
vestigated. The prepared specimens should be free of obvious cracks 
or fractures, unless this is characteristic of the material, and should 

be 0.75 to 2.25 inches in diameter and at least 1.5 inches in length. 

(ii) The specimens should be cut roughly to a right-cylindrical 

shape, using a diamond saw, and then ground accurately to the 
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Figure 28 - Diagram illustrating method for obtaining 
compression modulus and Poisson's ratio 
directly from stress-strain curves, using 
moduli protractors. 
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proper length (following the standard preparation procedure), using a
lap wheel and carborundum powder. A grinding jig should be employed

to ensure that the ends of the specimen are "plane-parallel".

(iii) Following the preparation, the specimens should be

allowed to air-dry at room temperature for 2 weeks. If the specimens
are not to be tested immediately, they should be sealed in a metal' con-

tainer (to prevent change of moisture content) until the tests are to be

carried out.

(iv) The diameter and length of the specimen are measured "

and the degree of parallelism of the ends determined. The specimen

is weighed and its specific gravity calculated. These data are tabulated

on the standard test data sheet a sample of which is shown in Figure

29.

(v) The two transverse SR-4 strain gages are attached to the

specimens, which are then placed in the drying presses. Forty-eight

hours should be allowed for the gage cement to harden properly.

(vi) The specimen, with its attached strain gages, is set be-

tween steel capping cylinders in the testing machine and the Martens
extensometer is attached to these capping cylinders. The strain gage

bridge is connected, and no-load ( zero) readings are taken on both the

strain gage bridge and the Martens extensometer.

(vii) The load is then cycled once over the path 0, 1, 2, 3, 4,

5, 6, 7, 8, 9, 10, 15, 20, 15, 10, 5, 0 (lb/ in2) x 103. At each load

point the values of longitudinal and transverse strain are observed

and tabulated on the test data sheet.

(viii) The stress-strain curves are then plotted for both

longitudinal and transverse strain. Following this, the compression

modulus and Poisson's ratio are determined by the standard graph-

ical method.

(ix) The calculated values of compression modulus and

Poisson's ratio are then tabulated on a standard test result sheet, a

sample of which is shown in Figure 30.

Fracture Properties

Introduction

The following section describes the complete test procedure

for determining four of the fracture properties of rock specimens,
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namely ultimate compressive strength, fracture angle, fracture 

classification, and strain ener,Yy at failure, and includes the defin-

ition of terms, method of calculation, and studies conducted to check 

the effect of such variables as specimen geometry, moisture and 

rate of loading on these fracture properties. Very briefly, the test 

procedure was as follows: 

The prepared specimens (previously prepared to study elastic 

properties) were centred in the testing machine between the spheri-

cally seated upper compression block and a fixed lower one. The in-

itial load was applied slowly, to allow alignment of the spherical 

block. To protect the operator from rock fragments projected dur-

ing failure, a heavy cloth was wrapped about the specimen. The load 

wà.s then increased slowly at a constant rate until the specimen 

failed. 

The ultimate compressive strength was determined from the 

load required to produce failure and from the geometry of the spec-

imen. The fracture angle was measured and the fracture fragments 

were examined and classified. Finally, the strain energy at failure 

was calculated from the previously determined value of compression 

modulus and from the ultimate compressive strength. 

L 

Ultimate  Compressive  Strength 

1. 	Definition 

The ultimate compressive strength was defined as the stress 

required to induce failure in a cylindrical specimen with diameter 
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and height equal, and in the absence of side constraint. Failure of 
• 

the specimen was considered to have taken place when a sudden drop 

in applied load was observed and no further load could be supported. 

The calculation of ultimate compressive strength for a 	' 

cylindrical specimen with equal diameter and height follows directly 

from the definition above, namely: 

P
u 

= Lf / A 	  (43) 

where 	Pu = ultimate compressive strength, lb/ in2, 

L
f 

= load required to produce failure, lb, and 

A = cross-sectional area of the test specimen, 
sq in. 

This ,equation applies to specimens of cylindrical and square 

prismatic shape,provided their length and diameter (or lateral 

dimensions) are equal. However,many bore hole core samples 

received from the field are of small diameter (0.75 - 1.50 inches), 

and as it is found impractical to use test specimens shorter than 

1.50 inches, because ofdifficulty in attaching strain gages, the tests 

must be carried out on specimens with length considerably greater 

In these cases equation (43) was replaced by one 

(19) 
developed by the A. S. T. M. 	for studies on natural building stone 

and later found by the 13. S. Bureau of Mines (2)  to hold for all rock 

types: 

than diameter. 

Pu ::  
Pu 

(O. 778 + O.  222  D/ H) 	  (44) 
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= ultimate compressive strength of an 
equivalent specimen with Di H = 
1.00, lb/ in2 , 

Pu  = apparent ultimate compressive strength 
of actual test specimen, lb/in 2 , 

D = diameter or lateral dimensions of 
specimen, in inches, and 

H = length of specimen, in inches, 

When D is less than H,  P 	less than Pu  owing to a tendency 

of the specimen to bend. Figure 31 shows the dependence of Pu/Pu  

on D/ H. 

2.  Effect of Specimen Length  and Diameter  

Aside from the effect of the D/H ratio, it has been shown prey- 

( 2 ) iously 	that variation of specimen diameter and/ or length in the 

range 0.5 to 4.0 inches has little or no effect on the ultimate com-

pressive strength. 

3. Effect  of Capping Material  

It has been shown ( 2 ) that if capping material (for example, 

blotting paper) be placed between the test specimen and the compres-

sion blocks, the standard deviation of results will be slightly reduced. 

However, the average value of ultimate compressive strength will 

also be reduced. It was decided not to use any capping material in 

these tests. 

4. Effect of Moisture 

Tests conducted by other workers (2)  indicate that the 

ultimate compressive strength of rock specimens increases with 
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Figure 31 - Variation of calculated ultimate compressive
strength with D/H ratio for experimentally

determined values of failure stress.
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decreasing and decreases with increasing moisture. The air-dried 

state was found to give the most reproducible results, and was 

selected by these workers as the standard. All specimens studied 

at thé Fuels and Mining Practice Division were allowed to air-dry 14 

days (after preparation) before testing. 

5.  Effect of Rate df Loading 

It has also been shown (2)  that there is no significant difference 

in ultimate compressive strength values determined by tests on 

specimens of similar material using different rates of loading (rates of 

100, 200 and 400 lb /in 
2

per second were tried). A standard rate of 

2 
loading of 200 lb /in per second was adopted for these studies. 

Fracture Angle  

In many cases the major rernnants of the specimen after 

failure were found to be either conical or bounded by a plane of shear 

failure inclined to the axis of the original specimen, the latter type 

of failure being termed diagonal (see Figure 32). In the conical case, 

tec. 
the apex angle c<r was measured and the fracture angle p = -7- was 

calculated. In the diagonal case, the fracture angle was determined 

directly as the minimum angle between the plane of failure and the 

side of the specimen. These angle data were then tabulated with the 

other test results. Figure 33 shows a number of photographs of 

fractured rock specimens. 

According to Phi1lips (20) , most coal measure rocks fail like 

brittle bodies even though time-strain (creep) is exhibited in most 
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(A) 
CONICAL FRACTURE 

(8) 

DIAGONAL FRACTURE 

(i) 	 (ii) 
NO INTERNAL FRICTION INTERNAL FRICTION 

Figure 32  -  Diagram illustrating the relationship of shear 
planes and principal stresses in a stressed body. 
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(A) Specimens labeled 4,7,13 and 14 are representative of conical fractures. 
Specimens 4 and 7 appear to be wedge shaped,whereas the base cones in 
13 and 14 are better developed. 

/ 7  

(B) Specimens 3 and 8 are represent-
ative of diagonal fractures. These 
appear well defined. 

(C) Specimen 17 illustrates longitudinal 
fracture fragments. 

Figure 33 - Photographs of fractured rock specimens, 

illustrating various modes of failure. 
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cases. This has been found to be the case with many of the

specimens tested at the Mines Branch. Most brittle bodies, when

subjected to a compressional stress, fail along planes of shear.

Consider the specimen subjected to a triaxial system of stress with

principal stresses P1> PZ>P3 P1 is the longitudinal stress and P2

and P3 are the lateral ( or transverse) stresses. Under these

conditions the greatest shear stresses lie in the plane of Pl and P3

and are given by:

S= 2 (P1 - P3) Si' 2 9 ...... ........... (45)

where S shear stress acting on a plane whose

normal lies in the plane of P1 and P3, and

9= angle between shear plane and direction

of P1.

The shear stress will be a maximum

where
dS

= 0, namely A= 45° and 135°.
dA

For most specimens studied at the Mines Branch, however,

the observed values of the fracture angle (i did not correspond to the

direction of maximum shear stress, namely 45° (or 135°). The

majority of specimens had values well below 45°. This condition is

explained by a theory, due to Coulomb(21) (and later Navier), which

Actually the tests discussed in this report were performed under

conditions of approximately uniaxial stress since P>>P2 or P3;

P10, 000 lb. and P2 = P3 15 lb. (atmospheric pressure).

However, for completeness the P2 and P3 terms will be retained.
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considers the influence of internal friction on the direction of fracture. 

This causes the material to fail along a plane of "most effective 

shear" rather then along the plane of maximum shear. From these 

theories the fraçture angle may be determined as follows: 

=  0.5  tan -1
(1/ K) 	  (46) 

where 	K = coefficient of internal friction. 

If 	 K = 0, then (3 = 45° as required. 

It should be noted that according to this theory the angle (3 

should be dependent on the specimen material and be independent of 

both the specimen geometry and the confining pressure (P,  P3 ) .  3 • 

Recent experiments by Birch and Le Comte ( 22 ) on limestone indicate 

a possible dependence of (3 on the diameter-to-height (D/H) ratio of 
• 

the test specimen. For specimens with D/H = 1.0, it was found 

that f3 = 45°. For D/H = 0.5 and 0.33 it was found that 20°< f3 < 

30°,with no obvious difference in angles for either value of D/ H. A 

recent paper by Bredthauer, ( 23 ) on the strength characteristics of 

rock samples under hydrostatic pressure, lists fracture angles for a 

number of different rock types subjected to various degrees of con-

fining pressure. From these results there appears to be some 

dependence of fracture angle on confining pressure. Since only a 
L 

few tests were conducted on each rock type,no definite conclusions 

can be drawn. 

Fracture Classification 

A qualitative record was maintained for the mode of failure 



(i) Degree (ii) Shape  (iii) Fragment Size 

80 

of each specimen. This included very approximate descriptions of, 

first, the degree of failure as indicated by the noise produced; second, . 

the shape of the major fracture fragments; and third, the size distri-

bution of the fragments. It was planned to attempt, at a future date, 

a correlation between this description and the ultimate compressive 

strength and/ or the strain energy at failure. 

To simplify this description,a standard code was evolved as 

follows: 

Fracture Classification 

1. very violent 
2. violent 
3. semi-violent 
4. quiet 
5. no data  

a - top cone 
b - bottom cone 
c - double cone 
d - longitudinal 
e - diagonal 
f - irregular 
g - no data 

A - dust 
B - 1/16" -  1/4"  
• -  1/4"  - 
D - larger than 1/ 2" 
E - mixture 
F - no data 

For example, a specimen which failed very violently, leaving a double 

cone and a mixture of small and large fragments, would be coded as 

1 - c- E. 

Strain Energy 

1. Definition 

Another physical property of mine rock which is of particular 

interest is its ability to store strain energy. The strain energy is 

defined as the sum of all the work done on a body during a compres- 

sion or extension of that body. (1)  When a rock specimen is 



81

compressed,work is done on the specimen,; this work is stored as

potential or strain energy in the material. If the specimen is truly

elastic, this energy is completely dissipàted during the unloading

process, provided it takes place slowly. If,however, the specimen

should fail suddenly while loaded, the potential energy suddenly be-

comes available to do external work ( e. g. , projection of fracture

fragments, or production of sound and seismic waves), A knowledge

of the magnitude of the strain energy stored in mine rock is therefore

of the utmost importance.

Consider a unit volume of material to be subjected to a normal

stress in one direction only, as indicated in Figure 34. The stress

is allowed to increase slowly from zero to P, causing a strain e in

the specimen. The resultant stress-strain curve for the material is

of the general shape shown in Figure 34,and, since materials such as

coal and rock are being considered, this curve is usually of a non-

linear nature. (16 The shaded area under the curve Ob is the work

done on the specimen, during compression,up to the point b. The

total strain energy stored in the specimen at the point b is, therefore:

- Sf PaW (P) dP . . . . . . . . . . . . . . . . . . . . . (47)
0

where W strain energy at stress Pa l

f (P) = functional relationship between stress
and strain, and

P = applied stress.
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Figure 34 - Diagram illustrating the concept of elastic strain energy.
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This integral may be calculated once the form of f(P) is known. 

2. Calculation  

The strain energy stored in a specimen under conditions of 

uniaxial stress with no lateral constraint may be derived as follows: 

Assume the strain to be a linear function of stress, namely: 

f Œ:)  = Pi Ec 	  (48) 

where Ec = compression modulus. 

Now substituting (48) into (47) gives: 
Pa 

a 	

Pa 

W =ff (p) dP = ;:-.1  PdP = 1  

	

r.. 	2-Ê 

	

.c 	 c 
0 	 0 

2 1 and 	 W a  = — P /E c 	  z 	a 	 . 

where Pa = stress at which strain energy is calculated. 

The strain energy at failure is determined by setting P a  = Pu  

(ultimate compressive strength), and is: 

2 
Wu - 	Pu  /E 	 (50) c 

■ 
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Standard Test Procedure for Determination of Fracture Properties 

After considering the preceding facts, the following standard 

test procedure was adopted for the determination of fracture prop-

erties: 

(i) A group of three test specimens (usually the same speci-
mens previously used to obtain the elastic properties) should be 

selected from each section of strata to be investigated. The speci-: 
mens should be free from obvious fractures or planes of weakness, 

unless this is characteristic of the strata. Although they may have any 

convenient length and diameter, calculations are simplified if D/ H = 
1.00. Other specimen requirements are similar to those required 

when obtaining the elastic properties. 

(ii) The specimens should be air-dried at room temperature 

for 14 days prior to testing. (This is only necessary when specimens 

have not been previously dried for other tests.) 

(iii) The specimen is then placed in a standard testing mach-

ine, between an upper spherically seated compression block and a 

lower rigid one. An initial load of ZOO lb/ inZ is first applied slowly 

to ensure proper alignment of the spherical block. A heavy cloth is 

wrapped around the specimen, to prevent the projection of rock 

fragments at failure. 

(iv) The load is then increased on the specimen at a rate of 

ZOO lb/ inZ per second until the specimen fails. 

(y) The ultimate compressive strength of the material is 

calculated, using equation (43) or (44) depending on the value of the 

D/ H ratio. 

(vi) The fracture angle is determined and the fracture is 

classified according to degree, shape and fragment size. The data 

are recorded, using the standard code. 

(vii) The calculated values of ultimate compressive strength 

and fracture classification are tabulated on the standard test result 

sheets shown in Figure 30. 

(viii) The strain energy at failure is calculated from equation 
(50), using the value of ultimate compressive strength just determined 
and the values of compression modulus and Poissonts ratio, deter-

mined previou51y. 
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ANALYSIS OF TEST DATA 

Introduction 

After the specimens have been tested and their physical 

properties determined, using the methods and formulae described 

in the preceding sections, there remains the task of analysing these 

results. For each mine a large number of test specimens have been 

studied (200 is an average number) for some 10 physical properties, 

and consequently a great mass of data (approximately 2000 indiv-

idual values) must be analysed to yield a group of representative 

quantities both for internal comparisons within a particular mine and 

for inter-mine comparisons. In spite of the large mass of data thus 

on hand, it was considered advisable to report all such data in order 

that other workers would be able to make their own statistical eval-

uations. To include only the author's interpreted values would have 

seriously reduced the value of the report. The physical propèrties 

of all specimens tested should be presented in tabular form as well 

as in the following two important reduced forms: first, graphs of the 

more important physical properties against distance (in the bore hole) 

from the seam, and second, distribution diagrams of a number of the 

more important properties. 

The tables of results for individual specimens were used 

directly to prepare both the graphs and the distribution diagrams. 

These data will be invaluable for future statistical studies of rock 
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characteristics.
The graphs of physical properties of individual

test specimens against position in the bore hole give a rapid and vis-

ual insight into the variation of the physical properties of the rock

in relation to the seam.
Finally, the data presented in the foim of

distribution diagrams immediately point out the mode and spread of

the physical properties for each type. The mean, the.standard de'i-

ation and the percent standard deviation, calculated from these dis-

tribution data, will be employed for inter-mine comparisons.

To check the quality of the results for each rock type, signi-

ficance tests were carried out to determine whether the mean values

for different rock types were sigriificantly different.

Variation of Physical Properties with

Distance from the Mineral Seam

Tabulation of Results

All physical properties determined in the preceding tests

are listed in tabular form. Separate tables are established for each

bore hole, and the data are arranged in order of position of the test

specimen with respect to the mineral seam. Table 9, for example,

shows the tabulated data for a bore hole (No. 12) at the McGillivray

mine, Coleman, Alberta. (Z4 ^
All physical properties that were

determined are listed for each test specimen.
Although the present-

ation of data for all test specimens increases the work required in

producing a final report, it is considered justified, since this provides

the basic data for any future calculations or statistical analyses

which might be required.



	

Specimen Description 	Grain 
Strata 	Rock 	 Size 
Group 	Type 	Remarks 	(1) 

Apparent 
Specific 	Mohs 
Gravity 	Hardness 

p. (3) 	W(3) 	Fracture 
Data 

(Lb/ in 2 )x10 6 	(Lb/ in 2 )x10 3 	In-Lb / in 3  (2) 	Degrees 

Ec(3) 	 Pu(3) ft (3) 

Shale 

Shale 

Sandstone 

1 

2 

3 

4 Sandy 
Shale 

N. C.  

N. C. 

M.G. 

N. C. 

M.G. 
M. G. 

	

2,4 	12-1 

	

28,4 	12-2 

	

35,4 	12-2 

	

45,4 	12-2 

	

70,6 	12-3 3-4 Sandstone 70,0 5 (a) 
(b) 

Bore Hole 	Test 
Position 	No. 

Footage 
(Ft, In)  

Start 	End 

497 	2,0 

498 	28,0 

499 	35,0 

1400 	45,0 

1401 
1402 

2 	 4.4 	 22.5 	0.07 	57 	2 - c - F 

3  S 	 3.7 	 20.4 	0.08 	56 	2-c-F 

3-4 	 1.7 	 11.8 	- 	41 	4-d-F 

3-4 	 3.4 	 24.7 	0.05 	90 • 	2-g-F 

	

3.0 	 20.6 	0.08 	71 	2-c-F 

	

1.9 	 12.3 	 38 	4-d-F 

(1) Grain Size Classification (2) Fracture Classification  (3) Summary of Symbols and Units 

TABLE 9 

Tabulated Data for Bore 1-lole No. 12, McGillivray Mine, Coleman, Alberta. 

SUMMARY OF SYMBOLS USED IN TABLE 

OD 

F.G. - fine grain (up to 0.2 mm in diameter) (i) Degree  

M. G. - medium grain (up to 0.5 mm in diameter) 

C.G. - coarse grain (up to 0.8 mm in diarneter) 

N.C. - not classified 

(ii) Shape 
1 - very violent 	a - top cone 
Z - violent 	 b - bottom cone 
3 - semi-violent 	c - double cone 
4 - quiet 	 d - longitudinal 
5 - no data 	 e - diagonal 

f - irregular 
g - no data 

(iii) Fragment Size  
A - dual  
B - 1/16" - 1/4" 
C - 1/4" - 1/2" 
D - larger than  1/2' 
E - mixture 
F - no data  

Symbol 	 Property 	 Units 

Ec* 	compression modulus (Lb/ in 2 )xl 0 6  
Pu 	ultimate compressive (Lb/ in 2 )x10 3  

strength 
iL 5 	Poisson's ratio 	 --- 

W 	strain energy 	 In-Lb/ in 3  
(at failure) 

3 	fracture angle 	Degrees 

* Values of Ec and determined from stress-
strain curves at 6 x 10 3  Lb/ in2. 
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Variation of Physical Properties over 
Small Vertical Distances (1-10 Inches)  

From previous test data it was observed that the physical 

properties of one particular rock type varied greatly from one bed to 

another. However, closer inspection of the data showed that large 

variations in the physical properties were also evident, even in 

adjacent specimens selected from the same rock bed. A series of 

tests was performeed in an attempt to observe this variation and to 

determine whether or not it was of a random nature. Briefly, the 

procedure was as follows: two pieces of rock core (about 12" in 

length) were obtained from what appeared to be two homogeneous rock 

beds. In each case,five adjacent specimens (2" in length) were re-

moved from each piece of core. These ten rock specimens were then 

tested by the method developed in this report,and values of corn—

pression modulus and ultimate compressive strength were obtained 

for each specimen. The results are given in Table 10 and shown 

graphically in Figure 35. In both groups of test specimens an àbvious 

change in physiçal characteristics was observed over the 12 inch 

length of core sampled. 

The large variation in the physical properties of a number of 

different rock specimens from a single bed indicates that it would 

be incorrect to consider one specimen from that bed as represent- 

ative of the whole. It should also be noted that, although the specimens 

in Groups 1 anc1 . 2 show a fairly continuous variation of physical 
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TABLE 10 

Variation of Compression Modulus and Ultimate Compressive 
Strength of Rock Specimens over Small Vertical Distances 

Ultimate 

	

Compression 	 Compressive 
Modulus+ 	 Strength 

Test 	(lb/ in 2) x 10 6 	(lb/ in2) x 10 3  

No. 	 % Dev'n 	 % D ev'n 
from Mean 	 from Mean  

1 	747 	3.0 	- 9, 1% 	26.8 	-16.2%  
Group 	2 	748 	3.1 	-6.1% 	26.8 	-16.2%  
No. 1 (*) 	3 	749 	3.4 	3.0% 	32.8 	 2.5% 

4 	750 	3.5 	6.1% 	36.8 	15.0% 
5 	751 	3.7 	12.0% 	38.0 	18.7% 

Mean 	3.3 	 32.0  

1 	223 	5.6 	- 8.2% 	22.7 	30. 0% 
Group 	2 	224 	5.8 	- 4. 9% 	- 	 - 
No. 2(**) 3 	2 25 	6.3 	3: 3% 	39.8 	21. 7% 

4 	226 	6. 5 	6.5% 	24.8 	-24.0% 
5 	227 	6.5 	6.5% 	43.4 	33.0% 

Mean 	6.1 	 32.7 

+ Secant value at 6 x 1 0 3  lb/ in2  stress. 
* Specimens from Springhill, Nova Scotia. 

** Specimens from International Mine, Coleman, Alberta. 

characteristics with distance, many similar groups of three or four 

adjacent specimens, tested in the Mining Section, showed very random 

variation in the same physical characteristics. Both conditions, i. e. 

the random and the continuous variation of the physical characteristics of 

a group of specimens selected within inches of each other, suggest 

just how variable and heterogeneous is the material under study.  As 

it is impossible to sample every inch of a particular rock seam,it 

was decided to select (if possible) three specimens, constituting 
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Figure 35 - Variation of compression modulus and ultimate
compressive strength of two sets of rock specimens

selected over small vertical distances.
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a test set, at each sampling point. 

The problem of averaging the values of a particular physical 

property for a test set under conditions of wide random variation in 

the values of the individual specimens is being considered. 

Variation of Physical Properties Over  
Large Vertical Distances (1-100 Feet)  

The variation of a number of the physical properties, namely 

compression modulus, Poisson's ratio, ultimate compressive 

strength, and strain energy at failure, are illustrated graphically so 

that variation with distance along the bore hole may be easily observed. 

For this purpose the average of each test set is plotted against the 

distance from the seam, different markings on the graph being used 

for each rock type. Figure 36 shows this variation in physical pro-

perties for the data listed in Table 9. 

This was considered the most convenient method of displaying 

the variation of physical properties for different depths above or 

below the seam. The complete analysis for any mine should include 

such graphs for each bore hole studied. 

Distribution Diagrams 

Introduction  

It must be understood that this analysis is not considered to 

be a perfect statistical picture of the results, for three important 

objections to its absolute validity arise. First, statistical evaluation 
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• requires a random sampling which was not strictly adhered to in this 

case, for the test specimens were taken at intervals of approximately 

10 - 12 inches along the drill core, and also at all points where there 

was a definite change in the type of strata. If a thick bed of one rock 

type exists, it is obvious that more specimens will be taken from this 

rock layer than from a thinner one. As a result the distribution dia.  - 

gram will be somewhat distorted. Secondly, the number of specimens 

tested is limited by time and the manpower available, and it will be 

appreciated that for a good statistical analysis many thousands of 

specimens may be required. Finally, the problem of classification 

of rock type, which is often found difficult, (11 ) may also tend to 

distort the distribution diagram. It is usually a simple matter to 

differentiate between a pure sandstone and a soft black shale, but the 

classification of the intermediate rocks (j. e. shaley sandstone, sandy 

shale, etc) is very difficult. It is the writerts opinion that a useful 

classification can only be made if a chemical and a microscopic 

analysis are done on each specimen tested, or if new primary stand-

ards of classification based on controlled scratch hardness or re-

bound hardness are adopted.  A program of thin-section photography 

and chemical analysis, as well as hardness studies, is planned for 

the future. 

The above three factors tend to produce distorted distribution 

diagrams. Therefore, great care must be taken to treat these 

diagrams with caution, always remembering that they are meant to 
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show trends and limits and are not intended to express an exact

mathematical function.

When considering the results of a particular test on a number

of specimens,it is convenient to separate the total range of variation

of the particular variable into intervals.
The number of specimens

per interval is then plotted against that interval, giving a diagram

which indicates the distribution of that variable for a number of tests,

each on a different specimen. In the case where repeated tests

are being performed on the same specimen, the distribution curve

would represent the range and magnitude of the experimental error.

If (as in this work) a series of tests is conducted, each on a separate

specimen of the same type of material (i: e. shale, sandstone, etc.),

then the resulting curve would represent the expected range of var-

iation for a particular physical property (for that material), as well

as the range in which one would expect to find a certain percentage

of the test results.
The rock test data from all mines investigated

To illustrate the general proc-
were analysed in the same way.

(24)
edure involved, test data from the McGillivray mine

were used.

Preparation of Distribution Diagrams

Distribution diagrams are generally prepared for the

following properties: compression modulus, ultimate compressive

strength, Poisson's ratio, strain energy at failure,and fracture

angle the distribution interval for these being
0.4 x 106 lb/ in2

^

4. 5 x 103 lb/ in2; 0. 04, 29 in-lb/ in3 and 4 degrees respectively.
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These intervals are, in general, of the same order of magnitude as 

the experimental errors in the different properties. As an example 

of the manner in which the distribution data are tabulated, the results 

for compression modulus for McGillivray mine rock ( 24 ) are shown 

in Table 11. Figure 37 shows these distribution data plotted in the 

standard form. A similar technique is used for tabulation and graph-

ing of the data for the other properties, the only difference being in 

the value of the distribution interval. In all cases the scale of the 

ordinate (number of specimens in any interval) is adjusted to a con-

venient value to fit the distribution data. 

Determination of Mode, Mean, Standard  
Deviation and Percent Standard Deviation  

The following is a short review of the necessary statistical 

theory ( 25 ) used in the calculation of the final values of the experi-

mentally determined physical characteristics. 

Mode - The mode is defined as the value of the principal 

maximum of the distribution diagram. Values of the mode are 

normally indicated on the distribution diagra.m. Figure 37 shows 

four examples. 

Mean - The mean (or average) of a number of values is 

determined as follows: 

Consider a set of values 

Xl, X2, X3, 	  Xn 

The average for these n values is given by: 

Average 	= xl + X2 + 	 +Xn 
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TABLE 11

Tabulated Data for Compression Modulus Distribution Diagrams---- --- -- -

(McGillivray Mine, Coleman, Alberta)

Compression
Modulus

Interval

(lb / in4) x 10

0.0-0.4
0.5-0.9
1.0-1.4
1.5-1.9
2. ()-2.4

2.5-2.9
3.0-3.4
3.5-3.9
4. 0-4: 4
4.5-4.9
5.0-5.4
5.5-5.9
6.0-6.4
6.5-6.9
7.0-7.4
7.5-7.9
8.0-8.4

8.5-8.9
Number of
Specimens (N) 33

Number of Specimens per Interval

Moda1 Value 1 4. 7x10

Mean Value

Standard

D eviation

Percent

Standard

D eviation

28% 23%

0
0

28%
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Example: - The following values of ultimate compressive strength 

were obtained for tests on a set of three shale specimens. 

X1 =: 15.1, X2 = 17.2, X3 = 13.5 

Therefore 	5-c = 15.1 + 17.2  + 13.5 	45.8.  
3 	 • 3 

= 15. 3 . 

Standard Deviation  - The standard deviation is a convenient 

means of expressing the variation in a series of tests. For the 

simple case,where only a few tests are being considered,the standard 

deviation may be found from the following formula: 

Standard 
De•viation 

2 
\/ 	

2 	2 
.= s tr. (5-  - X1) + (5-C - X2). 	- Xn) ;. --i' ( 5-e 	'  

n-1 

where X—  is the average as found in the previous section, 

XI, X2, -- are individual test results, and 

n is the total number of test results. 

Example: - Using the previous values, 

X1 = 15.1, X = 15,3 

X2 = 17. 2, n  =3  

X3 = 13.5 

V 	  s = 	(15.3 - 15.1) 2 4. (15.3 - 17.2) 2 +  (15.3.-  13.5 

s = 	1.8  

Percent Standard Deviation  - The percent standard deviation is 

defined as follows:- 

2 

, 2 
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s 	x 1 0 0% 
X 

Example:- Again using the previous values, 

s 	
1.8 

% s ---- x 100% - 	 x100% 
.3Z 	 15.3  

%s --e 12% 

The above values are listed for each physical property at the 

bottom of the corresponding data sheet (see Table 11). 

Significance Tests 

By carrying out additional statistical tests on the determined 

values of the physical properties, it is possible to determine whether 

apparent differences (for a particular physical property) between two 

rock types are significant or not. This.  involves the use of so-called 

significance tests. Details of these methods are described in text 

books on statistics, ( 25 ) and consequently no details will be given here. 

Correlation Diagrams 

Where a functional relationship between two variables is 

suspected, a correlation diagram should be prepared. This involves 

plotting the two variables, one against the other, for each specimen 

tested .  If, after a sufficient number of specimens have been plotted 

in this manner, some definite geometric pattern is produced, it would 

be correct 	to assume that a definite relationship exists between the 

two variables. If the mathematical nature of the relationship is re-

quired, then standard formulae of statistics (regression) may be 
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TABLE 12 

Data for Correlation Dim. ram 

Compression Modulus Versus Ultimate Compressive Strength  - 
(Sandstone McGillivray Mine,  Coleman, Alberta)  

Grain Diameter 

0. 2 mm down 	O. 	5 mm down 	 0. 8 mm down 

* 	, ** 	„_, 	 Pu 	Ec 'c 	r-u 

25.0 	4. 9 	9. 8 	2.4 	17.0 	3.8  
26.0 	4.8 	14.1 	2.2 	18.0 	5.5  
26.5 	5.5 	23.1 	5.7 	25.4 	2.7  
27.3 	5.3 	24.6 	4.2 	30.8 	5.1 
27. 8 	3. 8 	26. 0 	6. 3 	32. 0 	3. 7 
28. 0 	4. 2 	27. 0 	4. 3 	33. 0 	4.4  
28. 0 	4. 6 	27, 0 	2. 7 	35. 8 	5. 2 
28. 0 	5.1 	27.4 	5. ,3 	38.0 	3.4 
32. 0 	4. 0 	27. 7 	4. 3 	38. 8 	5. 2 
37.7 	5.5 	29.5 	4. 9  
38.9 	4. 4 	30.4 	4.2  

	

30.4 	2.3  

	

32.2 	5.1 

	

36.8 	4.6  

	

42.5 	5.0  

Pu - Ultimate compressive strength, (lb/ 	x 

Ec - Compression modulus, (lb/ in2) x 106 . 

applied to gain this information. At present, however, the main 

interest is whether or not a relationship exists. 

There are a number of correlations of particular interest, 

na-mely; compression modulus (and ultimate compressive strength, 

Poisson's ratio, violence of fracture,and fracture angle) versus 

grain size; compression modulus versus ulti-mate compressive 

strength; and violence of fracture versus ultimate compressive 

* * 
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strength (and fracture angle). For example, consider the possible

correlation between compression modulus and ultimate compressive

strength for sandstone specimens from the McGillivray mine. The

data are shown in Table 12, subdivided under grain size. Figure 3"

shows the resultant correlation diagram.

this particular case.)

(Little correlation exists in

DISCUSSIGN

This bulletin has presented the experimental procedures and

methods of analysis employed by the Mining Research Section of the

Fuels and Mining Practice Division to study the physical properties

of mine rock under short-period uniaxial compression.

A considerable amount of such investigation has been carried

out. Uniaxial compression data for rocks from six Canadian coal

mines and one Canadian iron mine, and for a selected group of rock

and mineral specimens from coal and iron ore mines in Europe, are

being analysed and will be presented in the manner discussed in this

bulletin. The studies of physical properties of mine rock that have

been issued to date are:

FRL 243 - Physical Properties of Mine Rock Under Short-

Period Uniaxial Compression.

Part (1) - McGillivray Mine (côal), Coleman, Alberta.

Part (2) - International Mine ( coal), Coleman, Alberta.
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It is hoped that from a detailed study of these results more 

light may be shed on the role which the physical properties of mine 

rock play in the problems of strata control. 
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APPENDIX A 

Automatic Averaging of Two Strain Gage Readings  

The balance condition for the Wheatstone bridge is given in 

equation (27), namely: 

R2 Rd --  R 1  R 	 (i)  a 	  

and the unbalance due to a changeAR a  is given by equation (29), 

namely: 

R2 = ( Ril R d  )AR a    (ii) 

If the measuring gage R a  is replaced by two separate gages R a ' and 

R a", in series, where  R 	R a" = R a  and Rd is replaced by 2R d' then 

(i) becomes 
2R 2 R = R 1 (R a' + R a") 	  (iii) 

and therefore 

R2 Rd = R I  R a
. 

The initial balance condition remains the saine. Now in equation 

(iii), consider a changeAR and R" in R  r  and R" 
a 	a 	a 	a 

2A R 2  R d  R 1 (A R fa  +A 

	

AR - 	AZA H2R )/ 

	

2 R- 	(R + a   (iv) 

Therefore the term (AR al  +A R'at )/ 2 1/4  replaces the term AR a  in 

equation (ii) and represents the average change in resistance of the 

two strain gages. 

respectively, 
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APPENDIX B

ntial

Correspondence of Transverse (D
iametric) and Circumferential

Srrains i_►-, Gylin^lrical ^pecimen

Poisson's ratio has been defined by equation(40) as

µ=A et Qel where et is the transverse strain in the specimen. In

a cylindrical
specimen the transverse strain would be represented by

the diametric strain. In this present series of tests it was not con-

venient to measure the diametric strain directly,
However, the cir-

cumferential strain was easily obtained:using attached resistance

strain gages.

It is now necessary to determine what relationship exists

between the diametric and circumferential strains.
Consider a

cylinder with diameter d and circumference c.

, (i)
d = c/n .............................

An increase _"^i d in d will
result in an increase A c in c;

therefore
..... (11)

Ld =4,c/ n ......................

Dividing equation (ii) by (i)

A d Q. .......................... (iii);.

d

From equation (iii) it is noted that in a cylindrical
specimen the

transverse (diametric) and circumferential strains are equal.
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