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ABSTRACT 

- NOTICE-
This repoit was piepaied as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Energy 
Research and Development Adtnlnlstnition, nor any of 
their employees, not any of their contractors, 
subcontractors, or their employees, makes any 
warranty, express 01 implied, or assumes any legal 
tiabiiity or responsbility for the accuracy, completeness 
or usefulness of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned rights. 

Results of a comprehensive series of fracture toughness tests on oil 

shale from Anvil Points are presented. Since oil shale is layered and 

transversely isotropic, three-point-bend specimens representing 20 and 

kO gal/ton were tested in the three principal crack orientations - divider, 

arrester, and short transverse. 

These specimens were fatigue cracked to produce a sharp natural 

crack in a stable manner by means of loading between fixed limits of 

the crack opening displacement. Crack front position was marked by immer­

sing the specimen in a penetrating dye so that the crack length could be 

determined after final failure. 

Load-to-failure records of load vs. crack opening displacement showed 

evidence of crack surface interference or crack closure. Fracture tough­

ness was found to decrease by approximately kO percent for an increase in 

kerogen content from 20 to hO gal/ton. Highest values of fracture tough­

ness were found for the divider geometry, lowest for short transverse, 

and intermediate for arrester with the actual values varying from 0.3 to 
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INTRODUCTION 

Many failure criteria and theories such as the Mohr criterion exist 

that predict failure conditions for rock. However, these theories often 

deal only with competent rock and do not deal directly with fracture 

processes. As a result, they cannot be expected to deal with questions 

of crack propagation such as (1) the length of major crack extension in 

processes such as hydraulic fracturing, (2) failure loads necessary to 

extend pre-existing fractures as might be encountered in repeated borehole 

explosive tests, and (3) conditions for crack bifurcation or branching 

necessary to create rubble in a rock fragmentation process. These and 

similar problems are of obvious importance to the bed preparation techniques 

now being discussed and tested for in-situ oil shale retorting-. 

In the past 20 years, many investigations involving crack propaga­

tion in brittle metal alloys have employed the well-founded discipline of 

linear elastic fracture mechanics, LEFM, with great success. Although 

this theory is based on linear elasticity and is directly related to the 

Griffith theory [l], plastic flow and other nonlinear behavior can occur 

on a small scale without affecting its predictive success. Purely brittle 

behavior is not required and only when the size of the zone of nonlinear 

behavior at a crack tip cannot be considered small when compared to the 

crack length does recourse to more elaborate fracture theories such as the J 

integral [2] become necessary. 

LEFM is based on the stress intensity factor, K, which quantifies the 

intensity of the stress singxiLarity at a crack tip. Fracture mechanics 

states that a crack will advance when its stress intensity reaches a 

critical value, K_ , assuming that the crack tip is in a state of plane 
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strain. This value of K^^, known as plane strain fracture toughness, has 

been shown to be a measurable material constant for a vast number of 

metal alloys, glasses, polymers, and even some organic materials such as 

wood, paper, and rubber. 

Fracture mechanics is related to Griffith theory [l] which as modi­

fied by Orowan [3] and restated by larwin [4] equates the critical rate of 

strain energy release during crack extension, G , to twice the effective 

surface energy. 

G^ = 2Y „„ Ic 'eff 

The effective surface energy is considered to include dissipative energy 

processes such as plastic flow and microcracking. Several rock mechanics 

investigations [5-7] have soioght to measure y „„ directly. Difficulties 
ell 

arise, even if plastic flow can be neglected, when attempts are made to 

estimate the total surface area created in crack propagation. On the 

other hand, the fracture mechanics approach has simply been to measure 

the value of the other side of the equation, the critical strain energy 

release rate, G^ , by using a specimen with known crack geometry. G_ is 

directly related to K by the following equation: 
Ic 

Ic E Ic 

where v is Poisson's ratio and E is Young's modulus. 

Recent investigations have measured the fracture toughness, K , of 

several rocks [8-12]. These reported values should probably be considered 

preliminary or apparent fracture toughness, K , since specimen size require-

ments set by ASTM for toughness testing of metallic materials [ASTM Designa­

tion: E399-72T] were not completely fulfilled. No standards have, as yet, 



been set for fracture toughness tests of rock, but Schmidt [9] has 

indicated that the present standards for metals appear to be applicable, 

at least for one rock, Indiana limestone. In fact, the apparent fracture 

toughness of Indiana limestone is subject to effects of specimen size in 

a manner typical of aluminum alloys [9]. In addition, fracture tests 

performed on specimens of Indiana limestone loaded in a pressure vessel 

have shown that moderate confining pressures can cause a substantial 

increase in the fracture toughness of this material [12]. 

This laboratory is currently investigating the fracture behavior of 

oil shale and, specifically, measirring the fracture toughness of this 

material. In addition, the effects of confining pressure and environmental 

factors on fracture toughness are to be assessed. This report in parti­

cular contains information that deals with a comprehensive set of uncon-

fined fracture toughness tests performed on two grades of oil shale on 

specimens 2 . 5 x 5 x 2 0 c m ( l x 2 x 8 in) in size and oriented in the 

three principal crack geometries. 

SPECIMEN PREPARATION 

Two large blocks of oil shale (B2 and D2), obtained from the Anvil 

Points mine near Rifle, Colorado, were selected as material for specimens. 

These blocks had been previously cored and characterized as to their kerogen 

content by nuclear magnetic resonance (NMR) and density. They were also used 

for obtaining samples for triaxial compression tests in a companion study and 

represent, nominally, 20 and kO gal/ton kerogen. The portions of the blocks 

used in this study were selected on the basis of competent unfract-ored material, 

consistent grade as determined from NMR analysis, and visual homogeneity. 

Areas containing lenses and other impurities were excluded. 
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Tl ̂  two large blor̂ ks were first cut ixito slabs 13 cm (5 in) thick uslr.̂  

a wire saw. Standard three-point-bend fracture specimens were then rough 

machined with a band saw and finished by grinding. Specimens were prepared 

in the three principal crack geometries - arrester, divider, and short 

transverse - as depicted in Fig. 1. Some difficulty was encountered in 

obtaining sufficient competent material for short transverse specimens since 

its longest dimension is perpendicular to the bedding planes and a majority 

of the flaws and cracks were found to lie in the bedding planf='s. 

EXrERIJvENTAL TECHNIQUES 

A 980 kN (220 kip) servo-controlled MTS load frame was used for both 

fatigue cracking and final fracture. The specimen loading configuration is 

shown in Fig. 2. In order to obtain stability during fatigue cracking and 

during the final load-to-failure, loading was performed by controlling 

the crack opening displacement, i.e. displacement across the notch. The 

necessary sensitivity for this displacement measurement was obtained using 

an LVDT displacement transducer having a linear range of ± 0.25 ™n (± 0.010 

in). Displacements were measured and controlled accurately to better than 

20 nm (1 microinch). 

A single fatigue crack was made to propagate from the machined notch 

by repeated loading to approximately 85 percent of the fracture load. 

This loading was actually performed by a sinusoidal variation of crack 

opening displacement. By controlling displacement, the load automatically 

decreases as the crack grows providing the stability needed to fatigue 

crack this brittle material. 

MTS Systems Corp., Minneapolis, Minn. 



In previous investigations [9] the average length of the fatigue crack 

was measured indirectly by comparing the specimen's compliance (inverse 

slope of load-displacement record) with a compliance calibration. The 

compliance calibration is made by measuring the compliance of a similar 

specimen In which a sharp notch of known length is cut into the specimen. 

This process is repeated several times with successively deeper notches. 

However, this procediire was deemed impractical for the oil shale investi­

gation since compliance calibrations would have to be performed for each 

crack geometry and for both grades of shale. Also, material inhomogeneity 

would make the accuracy of the results somewhat uncertain. 

Instead, the position of the fatigue crack was marked by immersing the 

specimen in a fluorescent dye penetrant called Zyglo after fatigue cracking 

was complete. After the final load-to-failure the specimen was then broken 

in half, making the marked crack front visible (Figs. 3, ^ ) . The average 

length of the fatigue crack was then determined by digitizing the position 

of the crack front from a photograph of the fracture surface and by computer 

reduction of this digitized data. 

Additional tests were performed to determine if the presence of penetra­

ting dye in the crack could affect the final results. Specimens were selected 

that closely matched the specimens that had been tested using Zyglo. Each 

specimen was fatigue cracked until the same level of compliance was achieved 

as in its companion test. Hence, the average crack length could be assumed 

to be the same in both tests before the final load-to-failure. The validity 

of this assumption of equal crack lengths was verified by direct measurement 

as discussed in the next section. 

Registered trademark of Magnaflux Corp., ChicagOj IL. 
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-•̂iinULTS AMD DISCUnSK.'! 

Photographs of fracture surfaces from specimens that were immersed in 

"jyglo after fatigue cracking are shown in Figs. 3, ^. Unlike fractures in 

'harcoal granite [8], the Zyglo was found to stain the fatigue crack surface 

sufficiently well to distinguish the crack front without necessitating the 

use of ultraviolet light. Fig. 3 shows "well-behaved" fatigue cracks for 

specimens in all three crack orientations. Occasional difficulty was encoun­

tered in producing uniform fatigue cracks, particularly in the short transverse 

."Tientation. Fig. k shows an example of how a fatigue crack in a short 

transversa specimen was drawn into a weak bedding plane that containea a fla-w. 

rince a measure of the average crack length would be meaningless for these 

•a'-es, such test results were discarded. 

Fig. 5 is a photograph of a fracture surface that was not marked with 

Zyglo. Notice, however, that the regions of fatigue cracking, load-to-

failixre, and final separation are distinguishable. This change in appear­

ance of the fracture surface had not been observed for the previous fracture 

tests on other rocks. The crack front location of the fatigue precrack was 

digit-ired and an average crack length calculated. This value was found to 

differ by only 0.6 percent from the assumed value as deduced from a sirrilar 

specimen precracked to the same compliance and immersed in Zyglo. The frac­

ture surface of Fig. 5 was examined using a scanning electron microscope, 

however no difference in detailed features was observed. 

Typical load vs. crack-opening-displacement records at various stages 

of fatigue cracking are shown in Fig. 6, The general trends of these 

records are the same as for the two previously tested rocks, Indiana lime-

_ 
Final separation was accomplished by simply breaking the specimen in half 
manually, 
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stone [9] and charcoal granite [8]. Before any crack is advanced the load 

cycle is nearly linear elastic. As cracking begins the initial loading 

is nonlinear becoming linear at moderate loads but nearly all displacement 

is recoverable. The change from nonlinear to linear behavior indicates 

that crack surface interference, sometimes called crack closure, is occurring 

in which the crack surfaces do not fit together perfectly and, hence, con­

tact each other upon unloading before zero load is reached [9,13]. The 

slopes of all the curves near zero load are approximately equal to the slope 

of the first loading cycle when there was no crack. This means that the 

crack is tightly closed at zero load such that the initial loading takes 

place as if there were no crack present. 

Since the machined notches on all specimens were of the same length, 

the slope of the first loading cycle can be correlated with Yoxing's 

modulus. The slopes, although not significant in themselves, correlate 

very well with the modulus values obtained from the unconfined uniaxial 

compression tests on oil shale from the same blocks. Note that the initial 

slope of records for the short transverse geometry would compare to the 

compression tests in which stress is perpendicular to the bedding planes. 

The arrester and divider geometries correlate with tests parallel to 

bedding. 

The final load-to-failure was performed in each test by slowly in­

creasing the crack opening displacement, COD, at a constant rate of 

0.8U lam/s (33 \j, in/s). The typical load vs COD record of Fig. 7 shows the 

initial nonlinearity as the crack opens, a linear portion where the crack 

is fully openj followed by further nonlinearity as the crack tip zone of 

microcracking expands, and finally stable crack growth as the load drops. 
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Anomalous results were obtained, however, for two specimens frem block ,) 

(4o gal/ton) and tested in the arrester geometry which produced load vs 

COD records that were rather nonlinear throughout and, consequently, 

values of fracture toughness from these tests are of questionable accuracy. 

Anomalous resiolts were also obtained in the arrester geometry for 

specimens of block B (20 gal/ton) as typified by Fig. 8. While this 

record shows a linear portion, the crack growth was not completely stable. 

Sharp load drops occurred which were accompanied by audible crack bursts. 

Also, load increases occurred when the crack was seen to begin propagating 

ill the bedding planes causing crack tip blunting and delamination. These 

sizable and audible crack bursts, while not unexpected for this geometry, 

have not been previously observed, to our knowledge, on tests such as these. 

The existence of audible crack bursts may have some significance for the 

detection of crack growth during quasi-static hydraulic fracturing. 

Preliminary values of fracture toioghness are calculated from crack 

length and load at "failure" [l^]. Crack length determination was previ­

ously discussed. The "failure" load. P., which is that load corresponding 

to an "effective" crack extension of 2 percent, is determined by the 

intersection of the load vs, COD record with a secant line of the required 

slope [15] (Fig. 7). The resulting value of fracture toughness is con­

sidered preliminary since tests on larger samples have not, as yet, been 

performed to determine if the limiting value, K , has been adequately 

evaluated. Tensile strengths will also need to be determined from "direct 

pull" tests. 

Values of preliminary fracture toughness are presented in Fig. 9-

Tests that were performed in pairs show that there is little or no effect 

of the Zyglo immersion on toughness. Also scatter between pairs of tests 
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is remarkably small considering the variability of oil shale and the fact 

that scatter in fracture toughness of metal alloys is often 10 percent or 

more. 

By comparing results among tests of similar kerogen content, fracture 

toughness is seen to be highest for the divider geometry and lowest for 

the short transverse with the arrester results being intermediate. 

The fact that the values for short transverse are lowest is not surprising 

if the bedding planes are considered planes of weakness, but one might 

expect arrester results to be highest. Man-made composites made of plates 

of different materials are typically tougher in the arrester orientation 

as a result of crack tip blunting at material interfaces. Oil shale is 

not, however, simply made up of two discrete materials and the material 

properties of the various layers do not differ as much as those of typical 

composites. 

Fracture toughness of material from block B with 20 gal/ton is seen 

to be consistently higher (by about Uo percent) than block D (UO gal/ton) 

suggesting that fracture toughness decreases with an increase in kerogen 

content. This result was also somewhat unexpected since uniaxial compression 

tests on Anvil Points oil shale had previously shown little change in 

compressive strength for an increase in kerogen content from l6 to kl 

gal/ton [16]. However, recent compression tests on material from the 

same blocks that were used for the toiaghness tests do show a 33 percent 

decrease in strength for an increase in kerogen content from 20 to ̂ 0 gal/ton. 

On the other hand, since these compression tests indicated a large 

increase in the "failure" strain for an increase in kerogen content, one 

might deduce that more energy is required to fracture the richer material 
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implying an increase in fracture toughness. But substantial crack growth 

and dilatancy are known to occur in compression tests of rock long before 

maximum stress or "failure" strain is reached. If the stress at maximum 

volume strain is assumed to correspond to a point of significant crack 

growth, then it is reasonable to use the axial strains at this stress 

level rather than the "failure" strain in a comparison of the relative 

fracture energies. In the recent compression tests, little difference 

was noted between values of the axial strain corresponding to maximum 

voliime strain for the 20 and 40 gal/ton shale, implying that the reason­

ably good correlation of simple compressive strengths to fract\ire tough­

ness should not be entirely unexpected. Comparison of tensile properties 

with toughness may prove to be more appropriate and will be correlated 

when the tension test results are available. 

Although the fracture specimens were taken from blocks of oil shale 

that were nominally 20 and kO gal/ton, it is Important to obtain the 

actual kerogen content of specimens tested and the extent of variability 

within each specimen. Small cores can be removed from each specimen 

that was tested successfully, and nuclear magnetic resonance analysis 

of these cores will be included in a future report. 

SUMMARY 

1) Three-point-bend fracture toughness specimens of oil shale from the 

Anvil Points mine representing 20 and 40 gal/ton were machined in 

three orientations — divider, arrester, and short transverse. 

2) These specimens were fatigue precracked in a servo-controlled MTS 

load frame using a sinusoidal variation of the crack opening displace­

ment as measured by a short range LVDT. 
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3) Crack lengths were determined after fatigue cracking by immersing the 

specimens in a fluorescent dye penetrant, marking the fracture surface 

so that the average crack length could be determined after the specimen 

was broken in half. 

k) Specimens were loaded to failure using the same configuration as for 

fatigue cracking. 

5) Load vs crack opening displacement records showed evidence of crack 

surface interference or crack closure, 

6) Final crack growth was stable except for tests of 20 gal/ton in the 

arrester geometry for which audible crack bursts were detected. 

7) Fracture toughness was found to decrease by approximately kO percent 

for an increase in kerogen content from 20 to kO gal/ton. 

8) Highest values of fracture toughness were found for the divider geo­

metry, lowest for short transverse, and intermediate for arrester. 

"3/2 

9) Fracture toughness varied from 0.3 to 1,1 MN m ' with little scatter 

of results. 

10) Compliance and fracture toughness obtained in the present fracture 

tests were found to correlate well with Young's modulus and compres­

sive strength, respectively, obtained from earlier uniaxial compres­

sion tests on similar material. 
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GEOMETRIES 

BEDDING PLANE 

i 1 
ARRESTER (A) 

DIVIDER (D) 

SHORT TRANSVERSE f ST) 

Fig. 1 Illustration of the principal crack orientations with respect 
to bedding planes. 
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THREE-POINT BEND 
SPECIMEN 

LOAD CELL 
FOR READOUT 

P/2 

^ T O CONTROLLER 

1 ^ JO 
CONTROLLER 

LVDT ± 0.25mm RANGE 
(DISPLACEMENT TRANSDUCER) 
FOR CONTROL & COD READOUT 

20.32 cm-

5.08 cm 

P/2 

Fig. 2 Three-point-bend test configuration. 
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Fig. 3a Fatigue crack surface marked with Zyglo In divider geometry. 
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Fig. 3b Fatigue crack surface marked with Zyglo In arrester geometry. 
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Fig. 3c Fatigue crack surface marked with Zyglo in short transverse 
geometry. 
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Fig. 4 Fatigue crack surface marked with Zygio for short transverse 
specimen showing unacceptable crack front shape caused by 
preexisting flaw. 
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Fig. 5 Fatigue crack surface not marked with Zyglo in divider geometry. 
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