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ABSTRACT 

An empirical criterion is formulated to describe the compressive 
strength of the densely welded Apache Leap tuff. 
rates the effects of size, L/D ratio, loading rate and density varia- 
tions. The criterion improves the correlation between the test results 
and the failure envelope. Uniaxial and triaxial compressive strengths, 
Brazilian tensile strength and elastic properties of the densely welded 
brown unit of the Apache Leap tuff have been determined using the ASTM 
standard test methods. All tuff samples are tested dry at room tempera- 
ture (22 f 2"C), and have the core axis normal to the flow layers. The 
uniaxial compressive strength is 73.2 * 16.5 MPa. The Brazilian tensile 
strength is 5.12 * 1.2 MPa. The Young's modulus and Poisson's ratio are 
22.6 f 5.7 GPa and 0.20 * 0.03. Smoothness and perpendicularity do not 
fully meet the ASTM requirements for all samples, due to the presence of 
voids and inclusions on the sample surfaces and the sample preparation 
methods. The investigations of loading rate, L/D ratio and cyclic 
loading effects on the compressive strength and of the size effect on 
the tensile strength are not conclusive. The Coulomb strength criterion 
adequately represents the failure envelope of the tuff under confining 
pressures from 0 to 62 MPa. Cohesion and internal friction angle are 16 
MPa and 43 degrees. 
heterogeneous as suggested by large variations of the test results. The 
high intrinsic variability of the tuff is probably caused by the pres- 
ence of flow layers and by nonuniform distributions of inclusions, voids 
and degree of welding. Similar variability of the properties has been 
found in publications on the Topopah Spring tuff at Yucca Mountain. 

The criterion incorpo- 

The brown unit of the Apache Leap tuff is highly 
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EXECUTIVE SUMMARY 

The immediate objective of this work is to determine mechanical 
properties of the densely welded brown unit of the Apache Leap tuff. 
more fundamental, underlying objective is to identify and clarify some 
of the difficulties associated with mechanical characterization of 
highly nonuniform rocks such as tuffs. 
fundamental objective is an evaluation of standard (ASTM) test 
procedures and of sampie preparation procedures. A primary result of 
the investigation is the development of a semi-empirical failure 
criterion. By incorporating the effects of size, density, 
length-to-diameter ratio and loading rate, the proposed criterion 
considerably improves the predictability of the compressive strength of 
the densely welded Apache Leap tuff. Some systematic bias remains, and 
deserves further investigation. It would be desirable to validate the 
criterion for other heterogeneous rock types, and for a wider range of 
loading configurations, anisotropic and nonuniform stress fields, sizes, 
density ranges, moisture contents, and load durations. 

A 

Associated with this more 

The characterization tests include uniaxial and triaxial compressive 
strength tests, Brazilian tensile strength tests, and seismic velocity 
measurements. Test procedures, sample specifications and calculation 
methods follow, as much as possible, the ASTM standard praetices. 
Additional tests have been performed to investigate the effects of 
loading rate, length-to-diameter ratio, and of cyclic loading on the 
uniaxial compressive strength, as well as the effects of sample size on 
the Brazilian tensile strength. All samples have been tested dry and at 
room temperatures (22 * 2°C). The Apache Leap tuff samples are 
collected along an old mine road, near Superior, Arizona. Core drilling 
is performed in the laboratory normal to the flow layers. 

Table I summarizes the uniaxial and triaxial compressive strengths, 
Brazilian tensile strengths, and seismic velocities. The uniaxial 
compressive strength of the brown unit of the Apache Leap tuff 
determined using the ASTM (D2938) test method is 73.2 * 16.5 MPa. 
Young's modulus and Poisson's ratio determined using the ASTM (D3184) 
standard method are 22.6 * 5.7 GPa and 0.20 * 0.03. The elastic 
parameters are the tangent at 50% compressive strength. The uniaxial 
stress-strain relationship is virtually linear. The strengths obtained 
from long samples (L/D = 3; suggested by the ISRM test method) are more 
consistent than those from short samples (L/D - 2.5 and 2.0; recommended 
by the ASTM standard method). 
ratios minimize end effects which may cause the variation of the 
results, or because the tuff samples failed in shear yield more 
consistent failure stresses than the ones failed in tensile splitting. 
To study the effect of the loading rate, tests have been performed on 95 
nun and 102 mm diameter samples at a constant strain rate ranging from 
10-8 to 10-4 per second. 
splitting. 

The 

This is probably because larger L/D 

The high strain rates tend to induce tensile 
The low strain rates induce shear fractures. The effects of 

, 

t 
I 

I 

i 



Table I. Summary of Results of Mechanical Characterization Tests on 
Apache Leap Tuff, Brown Unit 

NOTES* 
Uniaxial Compression Tests 

~~ ~~ 

Uniaxial Compressive 73.2 * 16.5 D = 50 mm; L/D = 2.5; N - 13 
Strength (MPa) 

126.2 * 13.4 D = 95 & 102 nun; L/D = 2; 
N = 10 

___ _ _ _ _ _ _ _  ~~~ ___ ___ ___ ~ 

91.2 * 25.1 D = 50 m; L/D = 2; N = 5 

99.7 * 19.3 D - 50 m; L/D = 2.5; N = 5 

107.0 * 3.6 D = 50 mm; L/D = 3; N - 5 
97.45 All samples 

~~~ ~~ ~~~~~ 

Young's Modulus (GPa)# I 22.6 * 5 . 7 1 ~  = 50 mm; L/D = 2.5; N - 5 
~~ ~~ 

Poisson's Ratio 0.20 * 0.03 D = 50 mm; L/D = 2.5; N - 5 
Brazilian Tension Tests 

Brazilian Tensile 5.7 * 1.2 D = 50 mm; L/D = 0.5; N = 27 
Strength (MPa) 

8.1 * 2.0 D = 25 mm; L/D = 0.5; N - 8 
6.5 * 1.0 D = 95 mm; L/D = 0.5 N - 8 

I 6.8 * 1.6 ID = 150 mm; L/D = 0.5; N - 8 

I 6.2 * 1.4 ID = 181 mm; L/D = 0.5; N = 5 

Young's Modulus (GPa)# I 127.1 * 94.7 ID = 181 nun; 50% strength 

I 112.5 * 63.0 ID = 181 nun; 10% strength 

Seismic Velocity Measurements 

P-Wave Velocity (m/s) 6420 * 1530 D = 100 mm; LID = 0.25; N = a 
S-Wave Velocity (m/s) 2320 * 380 D = 100 mm; LID = 0.25; N - a 
Dynamic Young's Modulus 35.7 * 9.9 D - 100 mm; L/D - 0.25; N - 8 
(GPa) . 

0.39 * 0.10 D = 100 mm; L/D = 0.25; N = 8 ~ Dynamic Poisson's Ratio 

 dry Density (g/cc) 2.3 - 2.5 All samples 

2 



Table I. Summary of Results of Mechanical Characterization Tests on 
Apache Leap Tuff, Brown Unit--Conti.nued 

Triaxial Compressive 
Strength (ma) 

Cohesion (MPa) 

(degrees) 
Internal Friction Angle 

NOTES* 

z = 15.9 + 0.0946, or 
6 1 = 73.4 + 5.346, 

16 

43 

Coulomb criterion 
R - 0.973 

*D = diameter of sample; L/D = length-to-diameter ratio; N I= number of 
samples; R = correlation coefficient 

#Rem1 t s highly uncertain 

3 



the loading rate, L/D ratio, and cyclic loading cannot be clearly 
determined. 
and the high intrinsic variability of the tuff. 

This is due to the insufficient number of tests performed 

The ASTM (D3967) test method determines the Brazilian tensile strength 
of the Apache Leap tuff as 5.7 * 1 .2  MPa. 
decrease as the sample size increases. 
is observed for all sizes tested. 

The tensile strength tends to 
Large variation of the strength 

The dynamic Young's modulus and Poisson's ratio determined from the 
seismic velocity measurements are 35.7 * 9.9 GPa and 0.39 * 0.10. 
values are higher than those obtained from the uniaxial compression 
test. 
and rock density. 

These 

There is no correlation between static and dynamic Young's moduli 

Triaxial compressive strength tests (ASTM D2664) have been performed on 
thirteen samples with confining pressures ranging from 3.4 to 62.0 MPa. 
The relationship between the major and the minor principal stresses at 
failure tends to be linear. Among all strength criteria evaluated, the 
Coulomb criterion gives the best representation of the failure envelope 
of the tuff. The criterion gives an internal friction angle of 43" and 
a cohesion of 16 MPa. The tuff behaves as a brittle material under the 
confining pressures from 0 to 62 MPa. 

Smoothness and perpendicularity of all samples tested do not fully 
satisfy the ASTM standard requirements. 
voids and inclusions on the sample surfaces and due to the methods of 
sample preparation. Conventional sample preparation (coring, cutting, 
grinding) may not be adequate for this heterogeneous tuff. 
be required to machine the samples. 
investigate whether machining would produce samples that meet ASTM 
requirements, and at what increase in time and cost required for sample 
preparation. Complementarily desirable would be an investigation of the 
extent to which deviations from the ASTM requirements affect test 
results. Insufficient tests have been conducted here to allow a 
discriminatory analysis. 

This is due to the presence of 

A lathe may 
It would be desirable to 

An empirical criterion has been derived to describe compressive failure 
of the Apache Leap tuff. 
size, L/D ratio, loading rate, and density variations. The proposed 
criterion gives a better strength prediction for the tuff than does the 
Coulomb criterion. The derivation method helps in explaining the 
variation of the strength with rock density and test parameters. 

The formulation incorporates the effects of 

The brown unit of the Apache Leap tuff is highly heterogeneous, as 
suggested by visual observation and confirmed by large variations of the 
mechanical properties. The high intrinsic variability of the tuff is 
probably caused by the presence of flow layers and by nonuniform 
distributions of the inclusions, voids and degree of welding. Similar 
variability of the mechanical properties has been found in the Topopah 
Spring tuff at Yucca Mountain. 
Apache Leap tuff occurs on a scale much larger than the size of the 
samples used in the characterization tests. 
understanding of the rock behavior and to increase the 

We believe that the nonuniformity of the 

To improve the 
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representativeness of the test results, the minimum size of the samples 
tested should be 25 cm diameter and a large number of tests is required. 
Sampling should be made along and across the flow layers 
horizontal and vertical variations in position) to identify whether the 
stratigraphy is reflected in the nonhomogeneity. 
characterization tests should be supported by chemical and 
petrographical analyses. 
welding, chemical composition, porosity, density and mechanical 
properties of each 'sample. 
explain the basic mechanisms responsible for the variability in strength 
and stiffness. In this investigation, density (and hence, presumably 
porosity) does ilot entirely explain the variability. 
observations of fracture initiation and propagation during and after 
failure may assist in identifying the contribution and effects of 
various components in the rock, e.g. minerals, intergrain contacts, soft 
and strong inclusions, etc., on the strength of welded tuff. The 
variability of the raw data for all mechanical properties is large, with 
standard deviations typically on the order of twenty percent, so that 
the modeling of such rocks as homogeneous materials may be questionable. 
On the other hand, after the normalization procedure developed in this 
report is applied to the data, the results show a good consistency. 
More biaxial and polyaxial strength results under a wide range of 
densities are needed to rigorously assess the predictive capability of 
the proposed empirical strength criterion. 

(i.e. 

The mechanical 

Correlations should be made among degree of 

Probably most helpful would be to try to 

Detailed 
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CHAPTER ONE 

INTRODUCTION 

The immediate objective of this investigation is to determine the 
mechanical properties of the densely welded brown unit of the Apache 
Leap tuff. 
Boreholes and Shafts in Tuff". 
are needed for designing the instrumentation and test procedures of the 
sealing experiments. The properties are used to analyze the experimen- 
tal results. 
comparisons of the sealing test results with results from other 
locations, particularly at Yucca Mountain. 

This work is part of a research project on "Sealing of 
The mechanical properties of the rock 

The characterization results of the Apache Leap tuff allow 

This report describes laboratory experiments performed to determine 
mechanical properties of tuff. The characterization tests include uni- 
axial and triaxial compressive strength tests, Brazilian tensile 
strength tests and seismic velocity measurements. 
is performed at nearly isothermal conditions (22 * 2°C). The samples 
are from the brown unit of the Apache Leap tuff. 
lected along the old mine road, approximately 2.5 miles east of Supe- 
rior, Arizona. Core specimens are prepared in the laboratory. The core 
drilling has been performed under unconfined conditions, i.e. simulation 
of in-situ drilling conditions is not attempted. 
normal to the flow layers. The sample diameters range from 2.5 to 15 cm 
and the lengths from 5 to 30 cm. The number of specimens used in 
various experiments varies from 5 to 27. 
The effects of pore pressure and degree of saturation are not studied. 

All experimental work 

Tuff blocks are col- 

The core is drilled 

All samples are tested dry. 

Test procedures, sample specifications and data reduction follow stan- 
dard ASTM practices. Deviations therefrom are indicated whenever they 
have been made. Redundant measurements of deformation, displacement and 
load are made where possible. 

This first chapter introduces the report by identifying the objectives 
of this research. 
itations of the studies. 
overview of the contents of this report. 
descriptions of the brown unit of the Apache Leap tuff samples are 
described in the four the section. 
tion, mineralogy and hydrological properties between the Apache Leap 
tuff and the Topopah Spring tuff are made. 
are identified. 

The second section briefly states the scope and lim- 
This third section gives a chapter-by-chapter 

Source location and general 

Comparisons of the chemical composi- 

Similarities and differences 
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Chapter Two describes the test methods used to determine the mechanical 
properties of the rock. 
compression tests, including the strength and elastic parameters. The 
effects of length-to-diameter ratio, loading rate, cyclic loading, and 
sample size are determined. 
(Brazilian tensile strength results, including the influence of sample 
size. 
third section. 
compressive strength tests. The conventional strength criterion which 
best represents the failure envelope of the Apache Leap tuff is deter- 
mined in section five. 
is derived in section six. Section seven discusses the effects of the 
inclusions, flow layers and degree of welding on the characterization 
results obtained from the ASTM test methods. 
ties between the Topopah Spring and Apache Leap tuffs is presented. 

The first section gives results of the uniaxial 

Section two gives the indirect splitting 

Results of the seismic velocity measurements are given in the 
The fourth section provides the results of the triaxial 

A new empirical strength criterion for the tuff 

Comparison of the proper- 

Chapter Three provides a summary of the work performed, the conclusions 
drawn therefrom, and an identification of information needs, leading to 
recommendations for follow-up investigations. The first section summa- 
rizes the methods and results of the experiments. Section two identi- 
fies remaining knowledge gaps in the determination of the mechanical 
properties of the tuff. 
required to improve the understanding of the rock behavior and to 
increase the representativeness of the test results. 

Suggestions are made for experimental work 

Appendix A gives the mechanical and petrographical properties of the 
non-welded unit of the A-Mountain tuff. Methods used to measure the 
seismic velocity of the rock and the dynamic elastic properties are 
described in Appendix B. 
coding system. 

Appendix C gives the rock sample designation 

d General DescUption of Tested Tuff . .  

Rock samples are from the densely welded brown unit of the Apache Leap 
tuff. 
mately from 30" 15" to 30" 45'N, and from 110" 45'W to 111" 30'W. 
The exposure is in the mid-eastern part of Arizona, near the junctions 
of Maricopa, Pinal and Gila counties. The easternmost exposure of the 
tuff is found at Globe. 
on Highway 60. Evans (1983) and Vogt (1988) describe the geology of the 
area and the origin of the rock. 
1960), this ash flow tuff has been divided into five units (from top to 
bottom): white unit, grey unit, brown unit, vitrophyre and basal tuff. 
The brown unit has the highest degree of welding. 

The tuff belongs to a dacitic ash flow sheet exposed approxi- 

The westernmost exposure is at Apache Junction 

Based upon degree of welded (Smith, 

The brown unit tuff samples are collected along the old Highway 60, 
about 2.5 miles northeast of superior, Arizona (Figure 1.1). Tuff 
blocks with sizes varying from 0.5 x 10.5 x 0.5 m to 0.5 x 1.0 x 1.5 m 
are transported to the University of Arizona where the sample prepara- 
tion is performed. 
ers. 

Core drilling is usually perpendicular to flow lay- 
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Figure 1.1 A, B and C are locations where the Apache Leap tuff 
specimens have been collected. S6 - shaft no. 6. 
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Table 1.1 gives the chemical composition of the brown unit of the Apache 
Leap tuff compared with those of Topopah Spring tuff and of the non- 
welded unit of the A-Mountain tuff. Appendix A gives a description and 
properties of the A-Mountain tuff, a rock type which early on in this 
project had been investigated in terms of similarities with the Topopah 
Spring tuff. Apache Leap tuff contains a higher iron oxide content and 
lower silica content than Topopah Spring and of A-Mountain tuff. 
percentages of calcium, magnesium and aluminum oxides of Apache Leap 
tuff are slightly higher than those of Topopah Spring and of A-Mountain 
tuff * 

The 

Table 1.2 gives the chemical composition of the matrix, inclusion and 
fracture-filled material of the Apache Leap tuff. 
forming the rock contain comparable amounts of the oxides. 
composition of Apache Leap tuff obtained from petrographic microscope 
studies is given in Table 1.3. 
Plagioclase (50-55%) in phenocryst and groundmass forms. Hematite prob- 
ably results from the alteration of Olivine and Magnetite. Apache Leap 
tuff contains two types of pumic inclusions, which can be distinguished 
by their color (reddish brown to light grey to white). The reddish 
brown inclusions contain slightly more iron oxides, are more porous, and 
are stronger than the rock matrix. The white inclusions are soft and 
usually appear as pockets of densely compacted powder. They probably 
are alteration products of feldspars. 
types is highly nonuniform. 
recognized by alignments of quartz and feldspar grains, and sometimes by 
orientation of the lenticular inclusions and vesicles. The flow layers 
do not appear as a perfect plane. 
are always observed from the scale of 1 x 1 mm to 50 x 50 cm. 
petrographic features are widely observed in other volcanic tuffs (Ross 
and Smith, 1960; Rippa and Vinale, 1983; Zimmerman et al., 1985; Nappi 
and Otaviani, 1986). 

The three phases 
Mineral 

The rock consists mainly of quartz and 

Distribution for both inclusion 
Flow layers in the rock matrix can be 

Twisting and curly characteristics 
These 

Table 1.4 gives the water hydraulic conductivities of the tuffs. 
permeability of the Apache Leap tuff is low and is comparable to that of 
the Topopah Spring tuff. 
magnitude lower permeability than the A-Mountain tuff. This is probably 
because the A-Mountian tuff has a higher porosity and lower density 
(Table 1.5). 
that of Topopah Spring tuff. 
tuff has a higher degree of welding. 
decrease the porosity nor increase the density. 
decreases the connectivity of voids, which leads to a decrease in the 
permeability of the tuff. 

The 

These two rocks have about two orders of 

The density of Apache Leap tuff is slightly higher than 
This does not mean that the Apache Leap 

The welding does not necessarily 
Welding usually 
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Table 1.1 Chemical Composition of Tuffs 

Non-Welded Brown Unit 
Unit o f  of Topopah Topopah 

A-Mountain Apache Leap Spring Spring 
Tuff Tuff Tuff Tuff * 

(%> (%> (%> (wt %) 

I I 1 

so3 c 0.1 

*From Malek and Roy (1985). 
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Table 1.2 Chemical Composition of Brown Unit of  Apache Leap Tuff 

Rock 
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Table 1.3 Mineral Composition of Apache Leap Tuff 

10% 

45% 

Average Sample Number 1 

15% 

50% 

AP19-1 
- 2 -MI4 

5% 

Grain 
Size 

5% 

AP19 - 1 
- 2 -MI1 

l x l p  5% 15% Olivine 

Plagioclase 
+ quartz 
phenocryst 

Plagioclase 
+ quartz 
groundmass 

Magnetite 

Hematite 

3 X 3 m m  50% 50% 

5% 5% 10 x 10 pl 

0.5 x 0.5 mm 10% 5% 

0.5 x 0.5 pl 25% 30% , 

Vesicles/ 
cavities 

l x l p  < 1% < 1% 
< I 

! 

Table 1.4 Water Hydraulic Conductivities of Saturated Tuffs 

I 

Hydraulic 
Conductivity 
(cm/s) 

c 10-11 - 10-9 

Test 
Method 

Radial 
Permeameter 

Test 

Apache Leap tuff, 
densely welded 
brown unit 
Topopah Spring 
Tuff 

Daemen 

< 10-10 - 10-8 Zimmerman et al. 
(1985) and 
Anderson (1981) 

Falling Head 
Test 

A-Mountain tuff, 
nonwelded unit 

c 10-8 - 10-7 
Daemen 

"Fuenkajorn, K. and J. J.K. Daemen, 1991, "Borehole Stability in Densely 
Welded Tuffs," Technical Report "REG/CR-5687, U.S. Nuclear Regulatory 
Commission. (In preparation) 
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i 

1 -  
1 Petrographical study 

Rock Porosity 

Tuff (Brown 

IBulk and solid density 
measurements 

n 

2.37 * 0.42 

2.4 

10 I 

Table 1.3 (Section 2.1) 

Ouyang and Daemen* 

Evans (1983) 0 

n 

A-Mountain 
Tuff 

Spring Tuff 
Topopah 

Table 1.5 Porosity and Density of Tuffs 

6.1-6.7 

5.91 0.07 

15 - 20 

6-20 

Measurement 
Methods 

1.92 * .30 Table A.3 (Appendix A) 

Bulk and solid density 
measurements 

~~ 

Mercury porosimetry 

Petrographic study 

Sources 

2.45 I Vogt (1988) 

2.0-2.3 I Anderson (1981) 

*Ouyang, S .  and J. J .K. Daemen, 1991, "Sealing Performance of Bentonite and Bentonite/Crushed Rock 
Borehole Plugs," Technical Report NUREG/CR-5685, U.S. Nuclear Regulatory Commission. (In preparation) 

I 

I 



CHAPTER TWO 

CHARACTERIZATION TESTING 

This chapter describes methods and results of the characterization 
experiments of the brown unit of the Apache Leap tuff. The effort is 
divided into four tasks: uniaxial compression, Brazilian tension, seis- 
mic velocity, and triaxial compression tests. The uniaxial test mea- 
sures the uniaxial compressive strength and elastic properties. 
effects of length-to-diameter ratio, of loading rate and of cyclic 
loading are investigated. 
ting tensile strength of the rock, including its size effect. 
Young's modulus and Poisson's ratio are determined from the seismic 
velocity measurements. The triaxial compression test measures the fail- 
ure stresses under confining pressures up to 62 MPa. 
that give the best representation of the failure envelope are 
determined. 
compressive failure of the tuff. 
comparisons of the mechanical properties of Apache Leap tuff with those 
of Topopah Spring tuff (at Yucca Mountain) are given at the end of the 
chapter. 

The 

The Brazilian test gives the indirect split- 
Dynamic 

Strength criteria 

A new empirical criterion has been derived to describe 
Discussion of the test results and 

on Test 

The prime objective of the uniaxial compression test is to determine the 
Young's modulus, Poisson's ratio and the uniaxial compressive strength 
using ASTM D2938 and D3184 standard practices. 
performed to study the effects of length-to-diameter ratio, loading 
rate, cyclic loading, and sample size. Sample diameters range from 50 
mm to 102 mm, the L/D ratios from 2 to 3 ,  and the constant strain rates 
from loe8 to The number of samples used for each set 
of test parameters varies from 5 to 13. 

Additional tests are 

per second. 

2.1.1 Uniaxial Compressive Strength and Elastic Properties. 

Uniaxial compression tests have been performed on thirteen Apache Leap 
tuff specimens. Sample preparation, test procedure and method of calcu- 
lation follow the ASTM standard practice (ASTM D2938), which is similar 
to the ISRM suggested method (Bieniawski et al., 1978). The cylindrical 
specimens are prepared from tuff blocks no. APll, AP13, AP14 and AP19. 
The nominal diameter and length are 50 mm and 128 mm, respectively. All 
samples, .except APll-2-2-UN2, meet the ASTM side smoothness require- 
ments. 
requirement (Table 2.1). 
to the presence of voids on the sample surfaces. 
in the test is 390 kPa/second. 

Fifty percent of the samples meet the end perpendicularity 
The lack of compliance of many samples is due 

The loading rate used 
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Table 2.1 Perpendicularity and Smoothness of Apache Leap Tuff Samples 
Used in Uniaxial Compression Test, Compared with ASTM 
Requirements (ASTM D2938, Section 4) 

Sample Side Smoothness End Perpendicularity 
Number (< 0.02 in) (< 0.005 in) 

AP11-1-2-UN1 0.013 * 0.007 0.004 * 
APll-2-2-UN2 0.028 0.004 * 0.007 
APll-3-2-UN1 0.020 * 0.004 * 0.006 

~ 

APll-4-2-UN2 I 0.014 * I 0.004 * I 0.005 * 
I I I 

AP13-1-2-UN5 I 0.018 * I 0.006 I 0.003 * 
AP13-2-2-UN6 0.018 * 0.002 * 0.005 * 
AP13-4-2-UN7 0.011 * 0.004 * 0.003 * 
AP14-1-2-UN8 0.017 * 0.006 0.005 * 
AP14-3-2-UN9 I 0.004 * I 0.004 * I 0.004 * 

~ ~ ~ ~ 

AP19 -1- 2-UN10 0.010 * 0.004 * 0.006 
AP19-2-2-UNll 0.012 * - - 
AP19-3-2-UN12 0.009 * 0.003 * 0.003 * 
AP19-5-2-UN13 0.009 * 0.004 * 0.003 * 

* indicates that the measurement meets ASTM requirements 
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Table 2.2 gives the results of the uniaxial compression tests. 
standard deviation of the uniaxial compressive strength are 73.2 and 
16.5 MPa, respectively. The failure planes usually make an angle of 
approximately 30 degrees with the core axis. 
the tested specimens. 

Mean and 

Figure 2.1 shows some of 

Electrical resistance strain gages have been installed on five uniaxial 
compression test specimens. 
axial strains. 
dure follow the ASTM D3184 standard practice, which is similar to the 
ISRM suggested method (Bieniawski et al., 1978). The elastic modulus 
and Poisson’s ratio are given in Table 2.3. 
is plotted as a function of the axial strain in Figure 2.2. 
gives the axial stress-strain curves. Mean and standard deviation of 
the elastic modulus are 22.6 and 5.7 GPa, respectively. 
strain strongly suggests that the Apache Lap tuff is not a linearly 
elastic rock, and hence that a description of the stiffness in terms of 
single elastic parameters E and v is not fully satisfactory. The (tan- 
gent) Poisson’s ratio at 50% of the compressive strength is 0.20 * 0.03. 

The gages measure the circumferential and 
Gage installation, method of measurement and test proce- 

The circumferential strain 
Figure 2.3 

The lateral 

2.1.2 Effect of Length to Diameter Ratio on Uniaxial Compressive 
Strength 

The purpose of this study is to determine the effect of the length-to- 
diameter ratio of specimens on the uniaxial compressive strength of 
Apache Leap tuff. The L/D ratio used here covers the range suggested by 
the ISRM (Bieniawski, 1978) test method (i.e. L/D = 2.5 to 3.0), as well 
as the range recommended by ASTM D2938 (L/D - 2.0 to 2.5). 
2.1.2.1 Rock Sample and Test Method 

Fifteen cylindrical specimens with a diameter of 50.2 mm are cut from 
core drilled normal to flow layers frpm an Apache Leap tuff block (no. 
AP40). The specimens have nominal length-to-diameter ratios of 2.0, 2.5 
and 3.0 (five samples for each ratio). 
ders are ground flat and parallel. 
each sample are measured in accordance with the ASTM (D2938) standard 
practice. 
samples satisfy both perpendicularity and smoothness requirements. 
samples do not satisfy the ASTM requirements due to the presence of 
voids, vesicles and inclusions on the rock surfaces. 
samples averages 2.45 * 0.01 g/cc. 

Both end surfaces of the cylin- 
Smoothness and perpendicularity of 

Table 2.4 gives the results of these measurements. Only four 
Most 

Density of the 

All rock cylinders are loaded to failure at an axial strain rate of 100 
microstrains per second in an SBEL (CT 500) load frame with servocon- 
troller. Failure load, test duration and failure mode are recorded. 
The compressive strength is calculated by assuming that the 
cross-sectional area remains constant during loading. 

2.1.2.2 Test Results 

Table 2.5 summarizes the results. 
rock cylinders having L/D ratios of 2.0, 2.5 and 3.0 are 91.18 * 25.08, 
99.70 * 19.30 and 107.04 * 3.56, respectively. 

The uniaxial compressive strengths of 

Figure 2.4 gives the 
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Table 2.2 Results of the Uniaxial Compressive Strength Tests on 
Apache Leap Tuff 

Average Aver age Uniaxial 
Sample Diameter Length Compressive Strength 
Number (mm> (mm) (MPa) 

APII-1-2-UNl I 50.5 I 127.2 I 83.0 
APll-2-2-UN2 50.5 127.5 87.9 
APll-3-2-UN3 50.5 127.7 69.0 

APll-4-2-UN4 50.4 127.5 70.9 
AP13-2-2-UN6 50.5 127.9 78.6 
AP13-4-2-UN7 50.5 127.7 84.3 
AP14-1-2-UN8 I 50.6 I 128.2 I 63.9 

~~~~ ~~ -~ 
AP14-3-2-UN9 50.6 127.9 59.8 
AP19-1-2-UN10 50.6 127.6 96.1 

AP19-2-2-UNll 50.6 127.7 98.2 

AP19-3-2-UN12 50.6 127.0 44.6 

AP19 - 5 - 2 -UN13 50.6 127.6 64.2 

Mean Standard Deviation: 
Coefficient of Variation: 

73.24 * 16.5 
22% 

NOTE: Loading rate is 390 kPa/s. 
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Figure 2.1 Apache Leap tuff specimens tested in uniaxial compression. 
The shear failure planes make an angle of approximately 30" 
with the core axis. 
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Table 2.3 Elastic Modulus and Poisson's Ratio of Apache Leap Tuff 
Obtained from Uniaxial Compression Tests: 
Peak Stress 

Measured at 50% 

AP11-1- 2-UN1 27.7 

AP13-4-2-UN7 17.3 
AP14-3-2-UN9 19.6 
AP19-2-2-UNll 29.8 
AP19 -5- 2-UN13 18.5 

0.22 

0.16 
0.20 

0.24 
0.19 
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Figure 2.2 Circumferential strain as a function of axial strain. The 
strains are measured from uniaxial compression tests speci- 
mens AP11-1-2-UN1, AP14-3-2-UN9, AP19-2-2-UN11 and AP19-5- 
2-UN3 (Apache Leap tuff). The samples are loaded to 
failure (X). The vertical scale is exaggerated. 
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Figure 2.3 Axial stress-strain of Apache Leap tuff obtained from uni- 
axial compression test specimens AP11-1-2-UN1, AP14-3-2- 
UN9, AP19-2-2-UN11 and AP19-5-2-UN3. 
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Table 2.4 Perpendicularity and Smoothness of Apache Leap Tuff 
Cylinders Compared with ASTM Requirements 

S €de Perpendicularity End 
Smoothness (< 0.005 in) Smoothness 

Sample Number (< 0.02 in) TOP Bottom (degree) 

AP40-10b-2-UN1 0.012 * 0.006 0.025 0.17 * 
AP40-4-2-UN2 0.020 * 0.023 0.010 0.67 
AP40-8-2-UN3 0.007 * 0.003 * 0.005 * 0.14 * 
AP40-6a-2-UN4 0.019 * 0.003 * 0.004 * 0.12 * 
AP40-9a-2-UN5 0.010 * 0.004 * 0.007 0.20 * 
AP40-10a-2.5-UN6 0.022 0.011 0.002 * 0.32 
AP40-9a-2.5-UN7 0.009 * 0.003 * 0.006 0.17 * 
AP40-9b-2.5-UN8 0.039 0.004 * 0.023 0.67 
AP40-10-2.5-UN10 0.019 * 0.016 0.003 * 0.46 
AP40-5-2.5-UNll 0.036 0.008 0.007 0.23 * 
AP40-7a-3-UN9 0.009 * 0.005 * 0.004 * 0.14 * 
AP40-7b-3-UN12 0.039 0.008 0.007 0.23 * 
AP40-3b-3-UN13 0.010 * 0.005 * 0.004 * 0.14 * 
AP40-4a-3-UN14 0.013 * 0.008 0.012 0.38 
AP40-4b-3-UN15 0.028 0.038 0.012 1.10 

I * indicates that the measurement meets ASTM Standard D2938 requirements 
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Table 2.5 Results of Uniaxial Compression Test of Apache Leap Tuff 
Cylinders with Different L/D Ratios 

Test Failure 
Sample Length Diameter Density L/D Duration Stress 
Number (mm) (mn-4 (g/cc) Ratio (min: s )  (MPa) 

AP40-10b-2-UNl 101.4 50.2 
AP40-4-2-UN2 98.9 50.2 
AP40-8-2-UN3 101.0 50.2 
AP40 - 6a- 2 -UN4 100.0 50.2 
AP40-9a-2-UN5 99.9 50.2 

Mean =t Standard Deviation 

Coefficient of Variation 

AP40-10a-2.5-UN6 128.1 50.2 
AP40-9a-2.5-UN7 124.1 50.2 
AP40-9a-2.5-UN8 124.4 50.2 
AP40-10-2.5-UN10 125.9 50.2 
AP40-5-2.5-UNll 127.2 50.2 

Mean =t Standard Deviation 

Coefficient of Variation 

AP40-7a-3-UN9 152.5 50.3 
AP40-7b-3-UN12 154.6 50.2 
AP40-3b-3-UN13 150.9 50.2 
AP40-4a-3-UN14 152.8 50.3 
AP40-4b-3-UN15 150.2 50.3 

Mean * Standard Deviation 

Coefficient of Variation 

2.45 
2.43 
2.44 
2.46 
2.45 

2.44 
2.46 
2.46 
2.45 
2.45 

2.46 
2.46 
2.46 
2.47 
2.46 

2.02 3:lO 
1.97 3:15 
2.01 3:18 
1.99 3:33 
U 4:09 

2.00 
f 0.02 
1% 

2.55 4:26 
2.47 4:18 
2.48 3:51 
2.51 5:38 

3:26 

2.51 
* 0.03 
1% 

3.03 4:14 
3.08 4:49 
3.00 4:22 
3.04 4.23 
3.98 4:Ol 

3.03 
* 0.04 
1% 

65.08 
67.33 
92.11 
121.31 
110.08 

91.18 
* 25.08 

28% 

114.35 
112.32 
114.68 
78.70 
78.47 

99.70 
* 19.30 

19% 

109.65 
100.99 
107.73 
109.65 
107.20 

107.04 
* 3.56 

3% 
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Figure 2 . 4  Uniaxial compressive strength as a function of length-to- 
diameter ratio. Test data (points) and linear regression 
results (line). 
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compressive strengths as a function of L/D ratio. 
analysis suggests that the strength (C,) increases as the L/D ratio 
increases: 
is statistically very uncertain. 
with the usual observation that the uniaxial compressive strength 
decreases with increasing L/D ratio (e.g. Jaeger and Cook, 1979, Section 
6.2). 
decrease with increasing L/D ratio. This implies that more consistent 
strength results are obtained by testing samples with large L/D ratios 
(about 3). 
minimize the end effect (i.e. friction between loading platens and sam- 
ple end surfaces) which may cause the variation of test results, or that 
the tuff samples failed in shear (observed from long specimens) yield 
more consistent failure stresses than do the ones failed in tensile 
splitting (observed from short specimens). These conclusions and impli- 
cations suggest that the L/D ratio of 2.5 to 3.0 recommended by the ISRM 
(Bieniawski et al., 1978) may be more appropriate for tuff testing than 
the ASTM-recommended L/D ratio of 2.0 to 2.5. More specimens need to be 
tested to confirm this conclusion, as well as to establish relations, if 
any, between strength and cylinder length. The shear failure planes 
have an angle of approximately 30" with the core axis. 

Linear regression 

Co = 62.1 + 14.81(L/D), for 2 I L/D I 3, but this relation 
This strength increase is in conflict 

Coefficients of variation of the strength (Table 2.2) tend to 

This might be explained by the fact that large L/D ratios 

2.1.3 Effect of Strain Rate on Compressive Strength 

The purpose of this testing is to determine the effect of the axial 
strain rate on the uniaxial compressive strength of Apache Leap tuff. 
The strain rate ranges from 0.022 x 10-6 to 96 x 10-6 second-l. 

2.1.3.1 Rock Samples and Test Method 

Ten cylindrical samples with L/D ratios of 2 have been prepared from 
Apache Leap tuff. 
drilled from tuff block no. AP21. Five samples having a diameter of 101 
mm have been obtained from tuff block no. APSHFT6. 
perpendicular to the flow layers. Smoothness and perpendicularity of 
the samples are measured in accordance with the ASTM (D2938) standard 
practice. Table 2.6 summarizes the results. Only four samples satisfy 
the side smoothness requirement. None satisfies the end perpendicular- 
ity requirement. 
surfaces. 
smoothness and perpendiculariy requirements for 50 mm diameter samples 
may not be appropriate for 101 mm diameter samples or that the sample 
preparation method is not adequate. 
2.47 g/cc. 

Five samples have been cut from 95 mm diameter core 

The sample axis is 

This is due to the presence of voids on the rock 
This lack of compliance implies that application of the 

Density of the samples averages 

An SBEL (CT 500) load frame with servocontroller is used to apply axial 
load to the samples at constant strain rates. The axial strain rates 
range from 0.022 x 10-6 to 96 x second-1. The axial and lateral 
strains are measured by means of electrical strain gages installed at 
the midsection of the cylinder. 
axial load-displacement curve and axial-lateral displacement curve are 
plotted using an X-Y-Y plotter. 

All samples are loaded to failure. The 
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Table 2.6 Dimensions of Apache Leap Tuff Specimens Used in Strain Rate 
Effect Study 

ASTM D2938 Specification 
Side End 

Sample Diameter Length Density Smooth- Perpendic- 
Number (mm> (mm) (g/cc> ness ularity 

AP21-5-SNUN1 
AP21-3-SNUN2 
AP21-4-SNUN3 
AP21- 6 - SNUN5 
AP21-7-SNUN4 
APSHFT6-5-SNUN6 
APSHFT6-4-SNUN7 
APSHFT6-3-SNUN8 
APSHFT6-2-SNUN9 
APSHFT6-1-SNUN10 

95.3 192.7 
95.4 190.3 
95.4 187.5 
95.3 190.1 
95.3 191.8 
102.1 200.7 
102.0 197.0 
101.9 197.1 
102.0 197.2 
101.9 197.3 

2.42 * 
2.42 * 
2.42 X 
2.42 X 
2.42 X 
2.53 X 
2.53 X 
2.53 * 
2.53 * 
2.53 X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

*: 
X: 

complies with the ASTM standard 
does not comply with the ASTM standard 
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2.1.3.2 Test Results 

Table 2.7 summarizes the results of the uniaxial compression tests. 
each sample size, the strength tends to increase with increasing strain 
rate. Figure 2.5 gives the compressive strength as a function of axiaJ 
strain rate. The average uniaxial compressive strength, elastic modu- 
lus, and Poisson's ratio are 126.19 * 13.42 MPa, 34.3 * 1.5 GPa, and 
0.21 * 0.02, respectively. Linear regression analyses have been 
performed on the three parameters for both sample sizes. 
gives the results. Figures 2.6 and 2.7 give the elastic modulus and 
Poisson's ratio as a function of strain rate. 
coefficient of correlation (R) is low. The number of tests is not 
statistically significant; therefore, no firm conclusions can be drawn. 
Observation on the post-test specimens shows that the high strain rates 
tend to induce splitting tensile fractures, whereas the low strain rates 
tend to induce shear failure, at an angle of about 30° to the core axis. 

For 

Table 2.8 

For all parameters, the 

2.1.4 Effect of Cyclic Loading on Compressive Strength 

The purpose of this study is to determine the effect of cyclic loading 
on the uniaxial compressive strength of Apache Leap tuff. The test is 
performed by rapid axial loading and unloading of the rock sample until 
failure. 

2.1.4.1 Rock Samples and Test Method 

Five cylinders with a nominal diameter of 102 mm and length-to-diameter 
ratio of 2 have been prepared from Apache Leap tuff. 
are perpendicular to the core axis. 
tuff block no. AP44 and have a density of 2.31 g/cc. 
pared from block no. AP47, has a density of 2.50 g/cc. Table 2.9 gives 
sample dimensions and loading parameters. 
perpendicularity and smoothness of the rock cylinders and compares them 
with the ASTM D2938 standard requirements. 
perpendicularity and end smoothness requirements. 
the side smoothness requirements. 
ing samples is probably due to the presence of inclusions and vesicles 
along the rock surfaces. 

The flow layers 
Four samples have been cored from 

One sample, pre- 

Table 2.10 gives the 

No sample satisfies all 
Three samples satisfy 

The difficulty encountered in prepar- 

Cycles of loading and unloading are applied using an SBEL (CT 500) load 
frame with a servocontroller. 
ure. 
recorded. 

Three samples have been tested to fail- 
Failure loads, number of loading cycles and mode of failure are 

2.1.4.2 Test Results 

Table 2.11 gives the results of cyclic loading tests. 
axial compressive strength of 102 mm diameter samples of Apache Leap 
tuff is 126 * 13 MPa. It had been planned to cyclically load Sample 
AP44-1-4-CL1 at 63 MPa (50% of the average compressive strength). 
sample failed at 53.76 MPa due to the presence of a previously unde- 
tected crack. 
MPa (75% compressive strength). The sample failed at 44.55 MPa. 

The average uni- 

The 

It had been planned to cycle Sample AP44-2-4-CL2 to 95 
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Table 2.7 Uniaxial Compressive Strength of Apache Leap Tuff Determined 
at Various Axial Strain Rates 

Axial Uniaxial 

Rate S t reng th Modulus Poisson's 
Strain Compressive Elastic 

Number (x 10-6 s-1)  (MPa) (GPa) Ratio 

AP21-5-SNUNl 
AP21-3-SNUN2 
AP21-4-SNUN3 
AP21-6-SNUN5 
AP21-7-SNUN4 
APSHFT6 - 5 - SNUN6 
APSHFT6-4-SNUN7 
APSHFT6-3-SNUN8 
APSHFT6-2-SNUN9 
APSHFT6-1-SNUN10 

1.1 
18 
96 
2.6 
0.55 
4.9 
0.098 
0.045 
0.022 
0.022 

Mean * Standard Deviation 

Coefficient of Variation 

130.8 
124.6 
131.9 
125.4 
109.1 
137.9 
142.5 
124.3 
98.7 
136.7 

126.19 
* 13.42 
11% 

33.7 
34.0 
32.5 
33.6 
32.1 
35.9 
33.8 
37.2 
34.7 
35.3 

34.3 
* 1.5 
4% 

0.24 
0.19 
0.21 
0.24 
0.17 
0.21 
0.19 
0.22 
0.21 
0.22 

0.21 
* 0.02 
11% 

i 

NOTE: The elastic modulus and Poisson's ratio are determined at 50% 
failure stress. 

i 
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Figure 2.5 Uniaxial compressive strength as a function of axial strain 
rate. 
increase in strength with increasing strain rate. 

A linear fit applied to each data set indicates an 

circles = 
squares = 101 mm diameter samples. 

95 mm diameter samples 
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Table 2.8 Results of Linear Regression Analysis; Uniaxial Test on 
Apache Leap T u f f  

Uniaxial Compressive Strength: Co=aER+b 

For 95 mm samples: Co=0.lO86,+ 120.3qPa; R2=0.237 

For 101 mm samples: C, = 3.1496, + 121 .SMPa; R2 = 0.177 

Elastic Modulus: E=dER+l 

For 95 mm samples: E = -0.0076, + 33.3GPa; R 2  = 0.1 19 

For 101 mm samples: E=0.056~,+36.6GPa; R2=0.014 

Poisson's Ratio: v = i E R +  j 

For 95 mm samples v = 0.21 ; R 2  = 0.003 

For 101 mm samples v = -0.0036, + 0.18; R 2  = 0.102 

where E, = strain rate in microstrains per second 
a , d , i  = slope of the curve 
b , I ,  j = intercept. 

.. 
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Figure 2.6 Elastic modulus as a function of axial strain rate. A 
linear fit applied to both data sets. 
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Table 2.9 Dimensions and Density of Apache Leap Samples (Brown Unit) 
Used in Cyclic Loading Test 

Sample 

-44-1-4-CL1 198.6 101.6 

AP44-2-4-CL2 199.1 101.5 

I AP44-3-4-CL3 1195.6 I 101.5 

AP47-4-4-CL5 198.1 101.4 

Density I Cyclic Loading I 
(g/cc) Parameters 
2.31 50% compressive 

I strength I 

I 2.31 -F-compressive 
s trenith 
Progressively increases 

75% revised failure 
load 

2.50 I Progressively increases I 

NOTES: Compressive strength of 101 mm diameter samples of Apache Leap 
tuff is 126.2 f 13.4 MPa 

Table 2.10 Perpendicularity and Smoothness of Apache Leap Tuff Samples 
(Brown Unit) used in Cyclic Loading Test, Compared with ASTM 
Standard D2938 Requirements 

Smoothness End I Side Perpendicularity I Sample Smoothness (< 0.005 in) 
Number (> 0.02 in) TOP Bottom (Degrees) 

AP44-1-4-CL1 

AP44-2-4-CL2 

AP44-3-4-CL3 

AP44-4-4-CU 

AP47-4-4-CL5 

0.032 0.031 

0.017 * 0.014 
0.014 * 0.014 
0.007 * 0.005 * 
0.034 0.059 

0.023 0.64 I 
0.021 I 0.50 

0.009 1.01. 

0.003 * 0.83 I 
* indicates that the measurement meets ASTM standard D2938 requirements 
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Table 2.11 Results of Cyclic Loading Tests on Apache Leap Tuff (Brown 
Unit) 

AP44-1-4-CLl 

AP44-2-4-CL2 

AP44-3-4-CL3 

AP44-4-4-CL4 

AP47-4-4-CLS 

63 1 53.76 

95 1 45.55 

33 + failure* 29 84.10 
62.02 10 62.02 

42 + failure* 57 126.50 

NOTE : Samples CL1 and CL2 failed 
reached. 

*Peak load increased by 1.2 

before the 

MPa during 

desired peak load had been 

each cycle. 

I '  
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Cyclic loading was applied to sample AP44-3-4-CL3 while progressively 
increasing the peak load of each cycle by approximately 1.2 MPa. The 
peak of the first cycle was 33 MPa. 
The number of loading cycles was 29. 

The sample failed at 84.10 MPa. 

Sample AP44-4-4-CL4 failed after 10 cycles. 
62.02 MPa. 
with increasing number of cycles. 
31.8 GPa for the first cycle to 24.8 GPa for the last cycle. 
displacement curves obtained from loading and unloading can not be dif- 
ferentiated. 
each load cycle. 

The peak of each cycle was 
Figure 2.8 shows a decrease of the secant Young's modulus 

The Young's modulus decreases from 
Load- 

The secant Young's modulus is calculated at the peak of 

Cyclic loading was applied to sample AP47-4-4-CL5 by progressively 
increasing the peak load of each cycle by 1.2 MPa. 
first cycle was 42 MPa. 
cycles. 

The peak of the 
The sample failed at 126.5 MPa, after 57 

All samples show shear failure planes with angles between 25 and 30° 
with the core axis. 

The test results are not conclusive. 
ber of loading cycles and the compressive strength can not be deter- 
mined. Due to the strong heterogeneity of tuff, a large number of tests 
is required to obtain statistically meaningful results. 
variability (e.g. compressive strength) of tuff can be seen by comparing 
the results of samples CL3 and CL5. The difference in the failure loads 
between these two samples is about 40 MPa. Sample CL3, obtained from 
tuff block AP44, has a density of 2.31 g/cc. 
tuff block AP47, has a density of 2.50 g/cc. 

The relationship between the num- 

The property 

Sample CL5, obtained from 

2.1.5 Size Effect on Uniaxial Compression Strength 

The purpose of this testing is to determine the effect of sample size on 
the strength, Young's modulus and Poisson's ratio obtained from uniaxial 
compression tests. This effort includes performing uniaxial compressive 
strength tests on large size specimens and comparing the results with 
those obtained from smaller samples (Sections 2.1.1-2.1.4). 

2.1.5.1 Rock Samples and Test Methods 

Seven cylindrical samples with L/D ratio of 2 have been prepared from 
Apache Leap tuff. 
samples have a nominal diameter of 101 mm. 
lar to that used for the 50 mm diameter samples (Section 2.1.1). 
for the sample size, the test is performed in accordance with the ASTM 
D2938 standard method. An SBEL CT-500 load frame with servocontroller 
is used to apply an axial load at a constant rate of 100 microstrains 
per second. 
strain gages installed at the midsection of the cylinder. 
are loaded to failure. 
lateral displacement curve are used to determine the Young's modulus and 
Poisson's ratio. 

Three samples have a nominal diameter of 144 mm; four 

Except 
Sample preparation is simi- 

The axial and lateral strains are measured by means of 
All samples 

The axial load-displacement curve and axial- 
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Figure 2.8 Young's modulus as a function of loading cycle number. 
Results from cyclic loading tests of samples -44-4-4-CU. 
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2.1.5.2 Test Results 

The results are combined with those of smaller samples as a function of 
sample diameter in Figures 2.9 through 2.11. The uniaxial compressive 
strength for 101 mm diameter samples ranges from 101 to 137 MPa, and for 
144 mm diameter samples from 86 to 88 MPa. The tangent Young's modulus 
and Poisson's ratio are calculated at 50% failure stress. No relation- 
ship between the mechanical properties (compressive strength, Young's 
modulus, and Poisson's ratio) and the sample diameter can be determined. 
There is no obvious trend of change of the properties with the sample 
size. This is probably because the Apache Leap tuff has high intrinsic 
variability of the properties. A clear correlation appears to exist 
between rock stiffness (E, Fig. 2.10) and rock strength (Fig. 2.9). The 
100 mm and the 50 mm diameter samples have been cored from different 
blocks; hence, the difference in average strength may be associated with 
differences in position within the tuff horizon. 

2 . 2  Brazlllanion Test - .  

2.2.1 Brazilian Tensile Strength 

Brazilian tension tests are performed to determine the splitting tensile 
strength of Apache Leap tuff. Sample preparation, test procedure and 
method of calculation are performed in accordance with ASTM standard 
practice (ASTM D3967), which is similar to the ISRM suggested method 
(Bieniawski and Hawkes, 1978). 

Twenty-seven tuff specimens are prepared from tuff blocks no. APll, 
AP12, AP13 and -14. 
length to diameter ratio of 0.5. The flow layers are perpendicular to 
the core axis. 
rate controller (Soiltest CT-5000) is used for testing. Each specimen 
is loaded to failure at a rate of 3.5 MPa/minute. Cardboard is placed 
at each contact between loading platen and tuff specimen. 
are recorded to the nearest 10 N. 

The samples have a nominal diameter of 5 cm with a 

A Soiltest Versatester compression machine with loading 

Failure loads 

Table 2.12 gives the results. 
dicularity requirement (0.50). All samples satisfy the side and end 
smoothness specifications (less than 0.50 mm). Figure 2.12 shows some 
post-failure specimens. 
diameter. The average Brazilian tensile strength, standard deviation, 
and coefficient of variation are 5.12 MPa, 1.20 MPa and 23%, respec- 
tively. 

None of the samples meet the ASTM perpen- 

All samples failed in tension along the loading 

The maximum and minimum strengths are 7.06 MPa and 2.07 MPa. 

2.2.2 Size Effect on Brazilian Tensile Strength 

The Brazilian tensile strength of Apache Leap tuff has been determined 
for four sample sizes (24.8, 95.4, 150.0, and 180 mm diameters). The 
primary purpose is to investigate the size effect. Except for the 
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Figure 2.9 Uniaxial compressive strength as a function of sample diam- 
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Table 2.12 Results of Brazilian Tensile Strength Tests on Apache Leap 
Tuff 

B raz i 1 i an 
Failure Tensile 

Sample Diameter Thickness Load Strength 

Number (mm) (mm) (x 10 N) (MPa) 
3 

AP11-1-2-BZ1 

APll-2-2-BZ2 

APll-2-2-BZ3 

APll-3-2-BZ4 

APll-4-2-BZ5 

APll-4-2-BZ6 

APll-5-2-BZ7 

APll-5-2-BZ8 

AP12-1-2-BZ9 

AP12-2-2-BZ10 

AP12-3-2-BZll 

AP12-7-2-BZ12 

A.Pl3-1-2-BZ13 

AP13-1-2-BZ14 

AP13-2-2-BZ15 

AP13-2-2-BZ16 

AP13-3-2-BZ17 

AP13-3-2-BZ18 

AP13-3-2-BZ19 

AP13-4-2-BZ20 

AP13-4-2-BZ21 

AP13-5-2-BZ22 

AP13-6-2-BZ23 

AP13-6-2-BZ24 

AP14-1-2-BZ25 

AP14-3-2-BZ26 

AP14-3-2-BZ27 

50.50 

50.47 

50.52 

50.44 

50.34 

50.39 

50.50 

50.55 

50.42 

50.52 

50.47 

50.55 

50.50 

50.52 

50.52 

50.50 

50.47 

50.60 

50.47 

50.55 

50.50 

50.52 

50.47 

50.52 

50.52 

50.50 

50.55 

26.09 

25.88 

26.59 

26.24 

26 -01 

26.09 

26.39 

25.40 

25.81 

25.70 

25.78 

26.52 

26.59 

25.86 

26.24 

25 .50 

25.73 

25.65 

26.01 

26.04 

26.09 

26.42 

26.29 

25.83 

26.06 

26.49 

25.81 

15.61 

12.01 

14.01 

11.12 

10.40 

4.27 

11.25 

12.99 

8.50 

7.47 

10.94 

12.68 

13.43 

7.92 

10.68 

6.32 

13.03 

11.03 

12.45 

14.59 

11.57 

9.43 

11.74 

9.21 

8.72 

10.59 

8.45 

4.37 

5.84 

6.63 

5.35 

5.10 

2.07 (minimum) 

5.37 

6.44 

4.15 

3.66 

5.35 

6 -01 

6.79 

3.86 

5.37 

2.98 

6.39 

5.84 

6 -03 

7.06 (maximum) 

5.59 

4.50 

5.63 

4.49 

4.21 

5.04 

4.12 

Mean +_ Standard Deviation 
Coefficient of Variation: 

5.12 +_ 1.20 
23% 

.. 
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Figure 2.12 Brazilian test specimens of Apache Leap tuff after failure. 
Some representative 50 mm diameter tuff disks loaded to 
failure in diametrical compression. 
induced along the loading diameter. 

Tensile crack is 
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sample size, the test method follows the ASTM standard D3967. Flow 
layers are perpendicular to the sample axis. 
390 kPa/min. 

All samples are loaded at 

Tables 2.13 through 2.16 give results for the 24.8, 95.4, 150.0, and 
181.5 mm diameter specimens, respectively. All samples fail along the 
loaded diameter. For each sample size, the tensile strength shows a 
high coefficient of variation. 
decrease consistently as the sample size increases. This does not mean 
that the size of the specimen has no influence on the tensile strength 
nor that the distribution of the pore spaces within the rock is uniform. 
Large variation of the tensile strengths observed from each sample size 
suggests a strong effect of inclusion content. 

The tensile strength does not seem to 

Table 2.17 summarizes the results of the Brazilian tests on different 
sizes of specimens. The number of specimens tested for most sizes is 
less than ASTM D3967 specifies. 
least 10 specimens be tested. 
10 if the coefficient of variation is less than 5%. 
tuff, a large coefficient of variation is observed for all specimen 
sizes. 
number of the tested specimens as indicated by testing 27 disks of 50 mm 
diameter. 

The ASTM standard requires that at 
The number of specimens can be less than 

For the Apache Leap 

This strength variation may not be reduced by increasing the 

The inclusions in tuff may cause large variations of the mechanical 
properties as demonstrated here. ASTM standard D3967 specifies that the 
sample should have a diameter of 49 mm or that the diameter should be 10 
times larger than the average grain size. Even though the average grain 
size of the Apache Leap tuff is less than 2 x 2 mm, the sample diameter 
(49 mm) specified by ASTM might be too small due to the inclusion 
effect. 
the tuff mechanical properties, the sample diameter should be at least 
250 mm. 
the inclusions (average size of 10 x 25 mm). 

We believe that in order to obtain a representative value of 

This suggested diameter is ten times larger than the size of 

Electrical resistance strain gages are installed at the center of the 
disks to measure the strains normal to and along the loading diameter. 
The strain gages are connected to a strain indicator and a switch-and- 
balance unit. During loading, the strain gages are read every minute 
until failure. The strains are used to calculate the elastic modulus 
and Poisson's ratio of the rock. Hondros (1959) gives solutions to 
calculate the elastic parameters (E,v) from a Brazilian test specimen 
as: 

.=-( 3 ~ 0  + E, ) 
3 € ,  + € 0  

6P(1-y2)  E =  
n D t ( E , + V € , )  
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Table 2.13 Brazilian Tensile Strengths of Apache Leap Tuff Samples 
with Nominal Diameters of 25 mm 

Brazi 1 i an 
Failure Tensile 

Sample Diameter Thickness Load Strength 
Number (mm) (mm) (kN) (ma) 

A;P35-12A-l-BZl 
AP35-12B-1-BZ2 
AP35-12C-1-BZ3 
AP35-12D-l-BZ4 
AP35-12E-1-BZ5 
AP35-12F-l-BZ6 
AP35-llA-l-BZ7 
AP35-llB-l-BZ8 

24.7 
24.8 
24.7 
24.8 
24.8 
24.8 
24.7 
24.9 

13.7 
12.8 
12.6 
14.0 
12.9 
13.3 
13.6 
13.5 

3.70 
4.93 
4.93 
3.87 
4.84 
4.31 
4.66 
2.24 

7.02 
9.88 

10.08 
7.10 
9.63 
8.32 
8.84 
4.25 

Mean .t Standard Deviation 
Coefficient of Variation 

8.14 .t 1.96 
24% 

Table 2.14 Brazilian Tensile Strengths of Apache Leap Tuff Samples 
with Nominal Diameters of 95 mm 

Brazilian 
Failure Tensile 

Sample Diameter Thickness Load Strength 
Number (mm) (mm) (kN) (ma) 

AP35-3A-4-BZ1 
AP35-3B-4-BZ2 
AP35-3C-4-BZ3 
AP35-3D-4-BZ4 
AP35-4A-4-BZ6 
AP3 5 -4B-4 -BZ7 
AP35-4C-4-BZ8 
AP35-4D-4-BZ9 

95.4 
95.4 
95.4 
95.4 
95.4 
95.4 
95.4 
95.4 

51.8 
53.0 
50.8 
51.5 
50.7 
52.0 
51.6 
53.7 

59.84 
39.47 
46.86 
48.53 
54.56 
43.56 
50.95 
60.72 

7.71 
4.97 
6.16 
6.29 
7.18 
5.59 
6.59 
7.55 

Mean Standard Deviation 
Coefficient of Variation 

6.51 & 0.95 
15% 
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Table 2.15 Brazilian Tensile Strengths of Apache Leap Tuff Samples 
with Nominal Diameters of 150 mm 

Brazilian 
Failure Tensile 

Sample Diameter Thickness Load Strength 
Number (nun) (mm) (IrN) ( ma) 

AP2-2-6-BZ1 
AP30-3A-6-BZ2 
AP30-3B-6-BZ3 
AP35-1A-6-BZ4 
AP35-1B-6-BZ5 
AP35-1C-6-BZ6 
AP35-2B-6-BZ7 
AP35-3A-6-BZ8 

150.3 
150.6 
150.5 
150.0 
149.9 
149.9 
150.5 
149.9 

81.1 
76.9 
76.8 
76.5 
78.0 
78.1 
78.2 
77.6 

94.60 
103.84 
170.28 
122.76 
146.08 
153.12 
91.08 
117.48 

4.94 
5.71 
9.38 
6.81 
7.95 
8.33 
4.93 
6.43 

Mean 5 Standard Deviation 
Coefficient of Variation 

6.81 5 1.63 
24% 

Table 2.16 Brazilian Tensile Strengths of Apache Leap Tuff Samples 
with Nominal Diameters of 181.5 mm 

Brazilian 

Sample Diameter Length Strength 
Average Average Tensile 

Number (mm) (mm) (MPa) 

AP42-2A-7-BZ1 181.5 
AP42-2A-7-BZ2 181.4 
AP42- 2A-7iBZ3 181.2 
AP42-2A-7-BZ4 181.5 
AP42-2A-7-BZ5 181.7 

Mean * Standard Deviation 
Coefficient of Variation 

86.3 
93.1 
86.5 
86.3 
94.3 

5.06 
5.36 
5.60 
6.33 
8.43 

6.16 * 1.36 
22% 
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Table 2.17 Brazilian Tensile Strength of Apache Leap Tuff Obtained from 
Different Sample Sizes 

Length Brazilian Coefficient 
Nominal to Tensile of Number 
Diameter Diameter Strength Variation of 

(mm) Ratio (ma) (%) Samples 

25.0 0.5 8.14 5 1.96 24 8 

'50.5 0.5 5.12 & 1.20 23 27 

95.4 0.5 6.51 & 0.95 15 8 

150.0 0.5 6.81 & 1.63 24 8 

"181.5 0.5 6.16 - + 1.36 22 5 
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where E, v = elastic modulus and Poisson's ratio of the rock disk 
P - diametrical load 
D = disk diameter 
t = disk thickness 
E,= strain normal to loaded diameter 
e r =  strain along the loaded diameter. 

Table 2.18 gives the tangent elastic modulus and Poisson's ratio calcu- 
lated from the strains at the disk center. 
calculated at 10% and at 50% of the tensile strengths. 
ratio calculation gives meaningless values, except for samples AP41-2A- 
7-B23 and AP42-2A-7-B25. 
able. 
presence of flow layers, vesicles (voids) and inclusions, which induces 
a complex strainfield. 
length may be preferable to electrical resistance strain gages, espe- 
cially short ones, f o r  monitoring strains on welded tuff. 

Figure 2.13 gives the Brazilian tensile strength of Apache Leap tuff as 
a function of sample size (disk diameter). 

The elastic parameters are 
The Poisson's 

The Young's moduli appear equally question- 
This is probably caused by heterogeneity of the rock due to the 

Mechanical strain gages with a larger base 

In order to determine a mathematical relationship between strength and 
size, Evans' power law and Lundborg's logarithmic expression (Jaeger and 
Cook, 1979, pp. 196-199) are used in linear regression analysis. Table 
2.19 gives the results of the regression. Figures 2.14 and 2.15 give 
curve fits and experimental data. Both criteria show a low coefficient 
of correlation (R). Mathematically, the strength decreases as sample 
size increases. The size effect criteria (Evans' law and Lundborg's 
expression) do not fit the experimental data. A large coefficient of 
variation is obtained from all sample sizes. 
strength to a larger scale (i.e. toward in-situ conditions), samples 
with larger diameters should be tested. 

To extrapolate the tensile 

2.3 Seismic Velocity Meas-ents . .  

Seismic velocity measurements have been performed to determine the 
dynamic Young's modulus and dynamic Poisson's ratio of Apache Leap tuff. 
The tests are performed on disks with a diameter of approximately 10 cm 
and a thickness to diameter ratio of 0.25. The test procedure (Appendix 
B) follows a method given by Structural Behavior Engineering Laborato- 
ries, Inc. 
(primary and secondary waves) via transducers through the rock sample. 
The signal is displayed by an oscilloscope (Tektronix T912). 
times are shown by the digital display of the seismic analyzer. 
minimum of four delay time readings are obtained for each sample and 
each wave type. 
and secondary wave velocities. The dynamic Young's modulus ( E , )  and 
Poisson's ratio (vd) are calculated from: 

A seismic analyzer (SBEL 2007H) is used to send signals 

Delay 
A 

The average delay time is used to calculate the primary 
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Table 2.18 Elastic Modulus and Poisson's Ratio of Apache Leap Tuff, 
Obtained from Brazilian Tests 

Poisson's Ratio Elastic Modulus (GPa) 
Measured Measured Measured Measured 

Sample at 10% at 50% at 10% at 50% 
Number Strength Strength Strength Strength 

AP42-2A-7-BZl 1.304 1.661 142.08 173.06 
AP42-2A-7-BZ2 -0.106 -0.062 29.30 41.63 
AP42-2A-7-BZ3 0.418 0.418 63.25 55.03 
AP42-2A-7-BZ4 0.662 0.874 151.10 269.54 
AP42-2A-7-BZ5 0.186 0 .OS1 176.83 96.15 

Table 2.19 Results of Size Effect Calculation of Brazilian Tensile 
Strength of Apache Leap Tuff 

Evans' Power Law: UB-  k'D'" 

I 

Apache Leap Tuff: 6, = 8.521 D-0.0627 R2 = 0.305 

Lundborg's Expression: In us = A'- (1 /m')ln V 

Apache Leap Tuff: lnu, = 1.979- (1 /4?.?9)1nV; R2= 0.303 

where U, = Brazilian tensile strength in MPa 
D = sample diameter in mm 

k', Q), A', m' - empirical constants 
I/- sample volume in cc 
R - coefficient of correlation 
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Figure 2.13 Braz i l ian  t e n s i l e  s t rength  of Apache Leap t u f f ,  obtained 
from d i f f e r e n t  sample s i z e s .  
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Figure 2.14 Evans’ power law fit to Brazilian tensile strength data as 
a function of disk diameter. 
average tensile strength of 5 to 20 tests. 

Each data point represents an 
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Figure 2.15 Lundborg's logarithmic expression fit to Brazilian tensile 
strength data as a function of disk diameter. 
point represents an average tensile strength of 5 to 20 
tests. 

Each data 
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t' V p = -  
TP 

t' Vs=- 
Ts 

where Vp = primary wave velocity (m/s) 
Vs = secondary wave velocity (m/s) 
t' = sample thickness (m) 
Tp = delay time for primary wave ( s )  
Ts = delay time for secondary wave ( s )  
y - unit weight of the sample (kg/m3) 
g = acceleration of gravity (9.81 m/s2). 

Table 2.20 gives the seismic velocities. 
to 2.42 g/cc, and average 2.37 * 0.42 g/cc. 
vary from 4212 to 7930 m/s. Velocities of secondary waves vary from 
1723 to 2851 m/s. 
the maximum and minimum values at 46.66 and 20.00 GPa, respectively. 
The average dynamic Poisson's ratio is 0.39 0.10. 

Densities vary from 2.31 g/cc 
Velocities of primary waves 

Dynamic Young's moduli average 35.69 * 9.94 GPa, with 

Triaxial compression tests have been performed on thirteen Apache Leap 
tuff specimens. Sample preparation, test procedure, and method of cal- 
culation follow the ASTM standard practice D2664. 
prepared from blocks AP12, AP13, AP14, -19, and AP24. Flow layers are 
normal to the cylinder axis. 
3.4 to 62.0 MPa. 
rates of 2.0 x 10-5 per second or 12.0 x 10-5 per second. 
gives the results. 

The specimens are 

The applied confining pressures range from 
The samples are axially loaded at constant strain 

Table 2.21 

2.5 Strex@h Criteria of Apache Leap Tuff 

The purpose of this study is to determine the strength criterion that 
best represents the failure of tuff. This involves selection of the 
strength criteria and determination of the material constants (fitting 
parameters) of these criteria by means of regression analyses. Data 
used are the uniaxial and triaxial compressive strengths and Brazilian 
tensile strengths (Tables 2.2, 2.12, 2.21). For the Brazilian test 
data, the minor principal stress, 03, equals the tensile strength of the 
rock and the major principal stress, ul, is compressive and equals three 
times the tensile strength calculated at the center of the disk sample 
where failure is initiated (Jaeger and Cook, 1979, pp. 169-173). 
analysis assumes that the tuff samples are isotropic, or that all 
strengths are measured normal to the flow layers. 

The 

I 
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Table 2.20 Results of Seismic Velocity Measurements of Apache Leap Tuff 

Wave Velocities 

Ed Sample Density (m/s) 

Number (glee) P-Wave S-Wave (GPa) V d 

AP18-la-4-DYl 

AP18-2-4-DY2 

AP18-2b-4-DY3 

AP18 -3 a-4-DY 4 

AP19-6 a-4-DY5 

AP19-6b-4-DY6 

AP19-6c-4-DY7 

AP19-6d-4-DY8 

2.35 

2.31 

2.33 

2.35 

2.40 

2.41 

2.42 

2.41 

7930 

6722 

4432 

7519 

7409 

7808 

4212 

5342 

2657 46.66 

1723 20.00 

2851 43.48 

2192 32.82 

2400 39.85 

2557 45.21 

1894 23.65 

2251 33.86 

0.44 

0.46 

0.15 

0.45 

0.44 

0.44 

0.37 

0.39 

Mean & Standard 
Deviation: 2.37 6422 2317 35.69 0.39 

+, 0.042 f- 1534 & 379 9.94 f- 0.10 
Coefficient of 
Variation: 1.8% 24% 16% 28% 26% 
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Table 2.21 Results of Triaxial Compressive Strength Tests on Apache 
Leap Tuff Specimens 

Sample Diameter Length Strain Rate a a 

Number (nun) (nun) (X 10-51s) (ma) (MPa) 
3 1 

AP12-1-2-TX1 

AP12-3 -2-TX2 

AP12-6-2-TX3 

AP12-7-2-TX4 

AP.13-3-2-TX5 

AP13-6-2-TX6 

AP14-2-2-TX7 

AP19-4-2-TX8 

AP24-3-2-TX9 

AP24-4-2-TX10 

AP24-5-2-TXll 

AP24-6-2-TX12 

AP24-7-2-TX13 

50.4 

50.3 

50.5 

50.5 

50.5 

50.5 

50.6 

50.8 

50.3 

50.2 

50.2 

50.3 

50.3 

127.5 

128.6 

127.6 

126.7 

127.9 

128.4 

127.6 

126.5 

127.3 

127.1 

127.5 

127.3 

127.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.9 
2.0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.4 

6.9 

34.5 

10.3 

13.8 

3.4 
3.4 

13.8 

55.1 

55.1 

48.2 

62.0 

I 48.2 

145.7 

107.6 

186.1 

139.0 

107.6 

94.2 

123.3 

150.2 

358.7 

421.5 

361 .O 

361.0 

361.0 

55 

I 
I 



2.5.1 Coulomb Criterion 

The Coulomb criterion is the simplest and best-known criterion of fail- 
ure for rock (Goodman, 1980, pp. 75-79; Brady and Brown, 1985, pp. 
106-108). 
principal stresses at failure as: 

The criterion can be expressed in terms of major and minor 

a , = a c + a , t a n v  (2.7a) 

where u l , u 3 =  major and minor principal stresses 
u,= uniaxial compressive strength 

tany,=(l +sin$)/(l -sin$) 
+ = internal friction angle. 

The criterion can be expressed in terms of shear and normal stress at 
failure, as: 

?: = c +  antan  @ ( 2 . 7 ~ )  

where t , a , =  shear and normal stresses on the incipient failure plane 
c - cohesion. 

The uniaxial compressive strength is related to c and +by: 

2ccos4 
1 - s i n @  

ac = (2.7d) 

Regression analysis on Eq. (2.7a) gives a uniaxial compressive strength 
6, of 73.4 MPa and tanp of 5.341. calcu- 
lated from (Eq. 2.7b) is 43". The cohesion calculated from Eq. (2.7d) 
is 15.9 MPa. The regression gives the coefficient of correlation R as 
0.973. Figure 2.16 gives the normalized major principal stress (al/u,) 
as a function of the normalized minor principal stress (u3/uc). 
represents the best curve fit and the points represent experimental 
data. 

The internal friction angle 

The line 

2.5.2 Bieniawski Criterion 

Bieniawski (1974) gives the following empirical power law strength cri- 
terion: 

Q 1  -= 1 + A (  2) k 
Q c  

(2.8a) 

or 
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'i 2 

Figure 2.16 Coulomb criterion: cume fit and experimental data. Major 
principal stress as a function of minor principal stress at 
failure. 
Cohesion c - 15.9 MPa. 
Coefficient of correlation R = 0.973. 

Uniaxial compressive strength a,- 73.38 MPa. 
Internal friction angle 9 -  43". 

Curve fit: 6,/6,= 1 +S.341(6JaC) 
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where 

( 2 . 8 b )  

( 2 . 8 ~ )  

(2.8d) 

A, k, B, C are empirical constants. 

The regression of the strength data of Apache Leap tuff on Eq. (2.8a) 
gives constants A and k as 4.497 and 0.853. The uniaxial compressive 
strength acis predefined to be 73.2 MPa (averaged from the uniaxial 
compression test results). The coefficient of correlation is 0.923. 
Figure 2.17 gives the major principal stress as a function of the minor 
principal stress for both experimental data and the curve fit. 

2.5.3 Hoek and Brown Criterion 

Hoek and Brown (1980, pp. 137-140) present an empirical relationship 
between the major and minor principal stresses associated with the fail- 
ure of rock: 

(2.9a) 2 (112) 
6 ,  = Q , + ( ~ Q , ( I , + ~ ( I , )  

where o1.cr3= major and minor principal stresses at failure 
a = =  uniaxial compressive strength 
m, s = empirical constants (s = 1 for intact rock). 

Hoek and Brown (1980, App. 5, pp. 513-516) give methods to calculate uc, 
m and s .  
compressive strength ac and parameters m and s are 80.5 MPa, 19.9 and 
1.0, respectively. The coefficient of correlation is 0.948. Figure 
2.18 gives the normalized major principal stress as a function of the 
normalized minor principal stress. 
ure can be calculated using the following equation: 

For the brown unit of the Apache Leap tuff, the uniaxial 

The normal and shear stress at fail- 

(I= (I3 + - c ~ / ( z r n + m a , / 8 )  (2.9b) 

where U . Z =  normal and shear stresses at failure 
I 

Z, = Z ( O  1 - 03). 
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Figure 2.17 Bieniawski criterion: curve fit and experimental data. 
Major principal stress as a function of’minor principal 
stress at failure. 
MPa. 

.Uniaxial compressive strength a,= 73.2 
Coefficient of correlation R = 0.923. 

Curve fit: cr,/u,= 1 +4.497(cr,/~,)~~~~~ 
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Figure 2.18 Hoek and Brown criterion: curve fit and experimental data. 
Major principal stress as a function of minor principal 
stress at failure, m - 19.9, s - 1.0. Uniaxial compressive 
strength 6,- 80.5 MPa. Coefficient of correlation R - 
0.948. 
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The uniaxial tensile strength u1 can also be calculated from Hoek and 
Brown's empirical relations: 

(2.9d) 

The uniaxial tensile strength of Apache Leap tuff calculated from Eq. 
(2.9d) is 4.0 MPa.. 

2.5.4 Yudhbir Criterion 

Yudhbir et al. (1983) present an empirical non-linear relation between 
the major and the minor principal stresses at failure: 

where D', E' and f are empirical constants. 

(2.10) 

The criterion is derived specifically to describe the rock failure under 
high confining pressure in the ductile range. The parameter f usually 
ranges from 0.65 to 0.75. When f = 1, the Yudhbir criterion and Coulomb 
criterion are identical. For this condition the parameter I)' = 1, and 
E' = tan q. 

Regression analyses are made on Eq. 2.10 by predefining the parameter f 
to be 0.6, 0.70, 0.75, 0.90 and 1.0, and calculating D and E. Table 
2.22 gives the regression results. The correlation coefficgent 
increases with increasing f. 
che experimental results of the dl -a3  relationship. The best fit is 
obtained when f = 1.0, which results in D' = 0.998. E' = 5.341, and 
correlation coefficient - 0.9730. 

Figure 2.19 compares the curve fits and 

2.5.5 Griffith Criterion 

Griffith (1924) proposes a failure criterion based upon the concept that 
fracture of brittle materials initiates tensile stress concentrations at 
the tips of microcracks distributed throughout the material. The crite- 
rion relates to stresses when the microcrack begins to propagate, and 
does not necessarily relate to rupture on a large scale (Franklin and 
Dusseault, 1989, pp. 262-263). The criterion is expressed as: 

( a ,  - 03)2- 8 T , ( u ,  + 0,) = 0 if u, +3u3 > 0 (2.1 1 a) 

u 3 + T o = 0  if u 1 + 3 a 3 < 0  (2.1 1 b )  

where To = uniaxial tensile strength (positive number). 
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Table 2.22 Summary of Strength Analyses of the Brown Unit of Apache Leap Tuff 

Coulomb (Eq. 2 . 1 )  U I = 73.38 + 5.341 Us 

u c = 7 3 . 3 8 M P a , v = 7 9 . 4 " , $ =  43 .2",c= 15.9MPa 
0.973 

Bieniawski (Eq. 2 . 2 )  L 1 / U c =  1 + 4.497(U3/UC)0.853 
~ u, = 73.24 M P a ,  A = 4.497, k = 0.853 

Hoek & Brown (Eq. 2 . 3 )  

Yudhbir (Eq. 2 . 4 )  

0.923 

0.948 

( I~ /u ,=  D + E ( u ~ / u , ) ~ :  aC=73.24MPa 
f = 0.65 + D ' =  0 . 8 6 3 0 ,  E ' =  4.710 
f = 0 .70  + D ' =  0 . 8 8 4 3 ,  E ' =  4.817 
f = 0 .75  + D ' -  0 . 9 0 5 1 ,  E ' =  4.929 
f = 0 .90  + D' = 0 .9663 ,  E ' =  5.179 
f = 1.00 + D' = 0 . 9 9 8 0 ,  E ' -  5 . 3 4 1  

0.957 
0.962 
0.965 
0.972 
0.973 

Griffith (Eq. 2 . 5 )  



f = 1.0 

b" 
\ + 
b 

f 

-0.2 0.0 . 0.2 0.8 1 .o 

Figure 

I 1  1u 
-0.2 0.0 . 0.2 0.4 , 0.6 0.8 1 .o 

f = 0.65 

2.19 Yudhbir criterion: curve fit and experimental data. Major 
principal stress as a function of minor principal stress at 
failure. Uniaxial compressive strength a C =  73.2 MPa. 

Curve fit: f = 0.65; coeff. corr. = 0.957 

Curve fit: f = 1.0; coeff. corr. - 0.973 a,/a,= 0.863+4.710(~,/~,)~~~~ 

61/6,= 0.998+ 5.341 (aslac) 
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The criterion can be expressed in terms of the shear stress, z, and the 
normal stress, a, acting on a plane containing the major axis of the 
crack: , 

The uniaxial tensile strength of the brown unit of Apache Leap tuff has 
not been determined experimentally. 
(2.11a) give a uniaxial tensile strength of 10.02 MPa. The coefficient 
of variation is 82%. This calculated tensile strength exceeds the Bra- 
zilian tensile strength of the rock (us - 5.72 MPa). 
Brown criterion (Section 2.5.3), the calculated uniaxial tensile 
strength of the Apache Leap tuff is 4.0 MPa. 
experimental data with the calculated results for both To = 10.02 MPa 
and To - 4.0 MPa. 

The regression results of Eq. 

For the Hoek and 

Figure 2.20 compares the 

2.5.6 Discussion of the Strength Criteria of Tuff 

All criteria except the Griffith criterion adequately describe the 
strength of Apache Leap tuff. 
representation. 

The Coulomb criterion gives the best 

The linear relationship between the major and the minor principal 
stresses at failure is confirmed by the regression results of the Yudh- 
bir criterion. The coefficient of correlation increases as the stress 
exponent, f, approaches 1 (Table 2.22). When the stress exponent f - 1, 
the Coulomb and Yudhbir criteria are identical. 

The tuff behaves as a brittle material. 
used here (62 MPa) is insufficient to induce ductile behavior. The 
brittle-to-ductile transition confining pressure of the Apache Leap tuff 
is higher than 62 MPa. 

The maximum confining pressure 

The strength analysis of the Apache Leap tuff performed here assumes 
that the rock samples are isotropic. 
axis perpendicular to the flow layers. 
anisotropic behavior. 
properties of the rock has not been determined. 

The rock samples have the cylinder 
The flow layers could cause 

The effect of the flow layers on the mechanical 

The data used in the analysis is obtained from tuff samples tested dry. 
Prior to testing, the samples are oven dried for at least 24 hours. 

Price (1983) uses the Coulomb criterion to describe the strength of 
Topopah Spring tuff. His analysis gives an internal friction angle of 
67" and cohesion of 17.5 MPa for dry conditions. 
drained tests conditions, the friction angle and cohesion are 23.5" and 
34.5 MPa. Under dry conditions, the friction angle and cohesion of 
Apache Leap tuff are substantially lower than those of Topopah Spring 
tuff. 

Under saturated and 
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Figure 2.20 Griffith criterion, cume fit and experimental data. Major 
principal stress as a function of minor principal stress at 
failure. Uniaxial compressive strength a,- 73.2 MPa. 
10.02 MPa (regression result) - 4.0 MPa (from Hoek and 
Brown criterion). 

To = 

[:-$I2= 1.09~[>+2]  c a c  
f o r T o =  1 0 . 0 2 M P a  
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This section presents an empirical approach to develop a compressive 
failure criterion for heterogeneous tuff. 
sis includes the effects of rock heterogeneity, sample size and shape, 
and loading rate. 
homogeneity is relative, depending upon the scale of interest. As the 
scale increases, rock becomes relatively more homogeneous. The crite- 
rion is presented in a form as general as possible in order to allow 
correlating to other criteria. 
used to modify any existing or new criteria so that they can be applied 
to heterogeneous rocks. 
assessed by performing biaxial compressive strength tests. 
tested are prepared from the welded Apache Leap tuff. Even though the 
criterion derived here is for this tuff, the approach is applicable to 
other heterogeneous rocks. 

The multiaxial stress analy- 

The formulation is based upon the concept that 

The proposed derivation method can be 

Predictive capability of the criterion has been 
Rock samples 

2.6.1 General Form of the Proposed Failure Criterion 

The second invariant of stress deviation(J,,)1’2 at failure is presented 
as a function of the first invariant of stress ( I I ) ,  rock volume, and key 
parameter: 

(2.12) 

where J,, = ( (a  - a,), + (a, - a3)‘ + (a3 - (I 1),)/6 

I1 = U 1 + 6 2 + 6 3  

u1 ,a2 ,a3  = principal stresses at failure 
I/ = volume of rock sample 
p = key parameter. 

The key parameter p represents the most prominent physical or chemical 
factor affecting the rock strength for all sizes. 
account for the heterogeneity effect on the strength. 
the parameter is not necessarily equally pronounced for all sizes. 
rock types may have more than one key parameter. 
whose effect may be represented by the key parameter are density (for 
tuff, sandstone or coal), percentage of impurities such as iron oxides 
or clay minerals (for salt, limestone or sandstone), grain size (for 
well-graded sandstone or conglomerate), welding or grain bonding (for 
volcanic or metamorphic rocks), porosity, pore size, moisture content, 
etc. The parameters are selected by investigating the results from 
characterization testing for various samples sizes. Mathematical (em- 
pirical) relationships between each key parameter and sample volume must 
be identified. 
the variation of the heterogeneity effect with size, but also corrects 
for the size effect on rock strength. 

It is incorporated to 

Some 
The influence of 

Examples of variables 

Incorporation of the sample volume not only describes 

The intermediate principal stress ( a , ) ,  absent in many strength crite- 
ria, may affect rock strength (Murrell, 1966; Handin et al., 1967; Mogi, 
1967; Hoskins, 1969; Lundborg, 1972). The proposed criterion considers 
all principal stresses at failure. Even though the effect of 6’ is not 
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analyzed here due to lack of test data, determining the strength in 
terms of (J2D)1'2  as a function of ( I I )  allows incorporating this effect 
(Desai and Siriwardane, 1984, pp. 240-282). The proposed derivation 
method is not limited to the strength in terms of (JZD) ' l2 .  
strength can be defined in several alternative forms, for example as a 
function of octahedral shear stress, deviatoric strain energy density, 
total strain energy density (Jaeger and Cook, 1979, pp. 123-125), or 
third stress invariant (Kim and Lade, 1984). For two-dimensional analy- 
sis, the strength can be defined in terms of the shear stress, major 
principal stresses, or deviatoric stress. Similarly, the effect of 
confining pressures or stress states under which the failure is induced, 
incorporated here in 11, can be expressed as a function of mean stress 
or volumetric strain energy density, and for two-dimensional analysis by 
confining pressure. The derivation method presented here can be used to 
modify any existing criteria to allow describing failure for heteroge- 
neous rocks. 

Rock 

2.6.2 Formulation of Proposed Failure Criterion 

The objective of the investigation is to derive a compressive strength 
criterion in terms of (JZD)'"  as a function of I , ,  rock volume and key 
parameters. The test results used in the derivation must be isolated 
from the effects of other test parameters, such as loading rate, sample 
shape (length to diameter ratio), etc. In practice, maintaining these 
test parameters constant is sometimes difficult, particularly for test- 
ing on a wide range of sample sizes. 
methods to formulate the failure criterion from the uniaxial and 
triaxial test results and to isolate these results from the effects of 
loading rate and length to diameter ratio. 

The following derivation gives 

2.6.2.1 Heterogeneity Effect - Key Parameter 
Under an identical set of test parameters (i.e. size, shape, confining 
pressure, loading rate, etc.), variation of rock strength among samples 
is governed only by the key parameter. 
therefore be presented as: 

The (J2D)1'2at failure can 

( J 2 0  1 "2 (2.13) 

If the rock is homogeneous, f{p)  becomes constant. 
rocks, a mathematical relationship between (JZD)'" and f{p) must be iden- 
tified. 
parameter governing the variation of the strength for the Apache Leap 
tuff. Many investigators (e.g. Knudsen, 1959; Hoshino, 1974; Price, 
1983; Sammis and Ashby, 1986; Howarth, 1987; Nimick, 1988) have discov- 
ered a good correlation between compressive strength and porosity for 
porous rocks, including volcanic tuffs. Based upon fracture mechanics, 
they derive empirical relations between cohesion, friction angle and 
porosity, and incorporate them in the Coulomb strength criterion. In 
practice, it is difficult and time-consuming to obtain a precise poros- 
ity for mechanical test samples, particularly for rocks with low poros- 
ity, a large amount of unconnected (isolated) pores, and large variation 
of mineral composition. Influencing the mechanical heterogeneity of the 

For heterogeneous 

In this investigation, bulk density is selected as the key 
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Apache Leap tuff are not only porosity but also welding and variations 
in chemical and mineralogical composition. 
priate to consider bulk density as a key parameter. 
uniaxial tests indicate that the compressive strength is highly 
sensitive to differences in density (Figure 2.21). 
sizes, the strengths increase with density. For each sample size (vol- 
ume), the ( J P D ) * / *  at failure can be presented as a linear function of p : 

It is therefore more appro- 
Results from the 

For all sample 

( J 2 D ) 1 / 2  = Ap + B (2.14) 

Equation (2.14) is assumed valid if all samples have an identical size, 
or if the effect of the density variation is equally pronounced for all 
sizes. The relationship between(J2D)1’2 and the key parameter is not 
limited to a linear equation; different forms of best fitted equations 
may be used (power, exponential, logarithmic, etc.). Based upon the 
proposed concept, the effect of rock heterogeneity should decrease as 
the scale increases. 
tion of rock volume: 

The parameters A and B should therefore be a func- 

A = A ’ { V }  
B = B ’ { V )  

(2.1 Sa) 
(2.1Sb) 

The function A ’ { V }  represents the rate change of rock strength with 
density for various sample sizes and can be calculated from the uniaxial 
test results. 
Regression analyses show that A decreases exponentially with volume and 
can be best represented by: 

Figure 2.22 gives the variation of Awith rock volume. 

A = a e x p ( - h V )  (2.16) 

where 

For the Apache Leap tuff, a = 347.3 MPa (g/cc)-l and A - 279.4 m-3, with 
a coefficient of correlation (R) of 0.999. By substituting Eq. (2.15) 
and Eq. (2.16) into Eq. (2.12), we obtain: 

a and A are empirical constants. 

( 2 . 1 7 )  1 /2  
( 5 2 0 )  = a p e x p ( - h V )  + B ’ { V }  

To correlate the strengths from samples with identical size and shape 
but with different densities, Eq. (2.17) can be rewritten as: 

( J 2 D ) : / 2  = a P a  e x p ( - h V )  + B * { V }  ( 2 . 1 8 ~ 1 )  
and 

( J 2 D ) L ‘ 2  = a P b  e x p ( - h V )  + B ‘ { V }  ( 2 . 1 8 b )  
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where (JzD);" = second invariant of stress deviation at failure for 
sample with volume V and density pa 
second invariant of stress deviation at failure for 
sample with volume V and density P b  

( J 2 D )  :I2 

By subtracting Eq. (2.18b) from Eq. (2.18a), we obtain 

2.6.2.2 Effect of Length-to-Diameter Ratio 

The length-to-diameter ratio (L/D) for uniaxial test samples has been 
maintained as close as possible to 2.5, which satisfies both ASTM 
(D2938-79) and ISRM (1979) standards. For large samples (10 and 14 cm 
diameters), it is difficult to obtain samples with length of 2 . 5  times 
the diameter without including major cracks and fractures. 
samples have therefore been prepared with L/D ratios between 2.0 and 
2.2. It is recognized that the variation of the L/D ratios influences 
the mechanical responses of rock samples (i.e. end effect - Hudson et 
al., 1971; Turk and Dearman, 1986). Prior to correlating the strength 
( J Z D ) ' / '  from different sample sizes, the effect of L/D variation has 
been investigated. 
strain rate of 0.29 x 10-6 per second and having a density of 2.46 g/cc 
and L/D ratios between 2 and 3 are used in a linear regression. Figure 
2.23 gives the test results and curve fit. 
(J2D)"2with increasing L/D ratio can be represented best by a loga- 
rithmic equation: 

All large 

Uniaxial test data from samples tested under a 

The decrease of strength 

where C and Tj are empirical constants. 

The regression gives C = 83.49 MPa, Tj= 19.64 MPa and coefficient of 
correlation of 0.898. 
different L/D ratios, Eq. (2.20) can be rewritten as: 

To correlate the strengths from samples with 

where (JzD);"  = strength obtained from sample with 

( J 2 D ) 2 ' 2  = strength obtained from sample with ( L I D ) , .  

The derivation of Eq. (2.21) is similar to that of Eq. (z.19). The 
heterogeneity and L/D ratio effects can be combined by substituting Eq. 
(2.21) into Eq. (2.19): 

(2.22) 

I 

I 

I 
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(JZD)’I2 = 83.494 - 19.638 In[L/C 
R = 0.898 

lo: 0 1.5 2.0 2.5 3.0 3.5 

Figure 2.23 ( J zD) l ’ z  at failure as a function of L/D ratio, from uniax- 
ial test samples with density of 2.46 g/cc. 
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This mathematical combination assumes that the effect of density varia- 
tion on strength is equally pronounced within the range of L/D ratio 
between 2 and 3. - 2.5, Eq. (2.21) from samples with density = 2.46 g/cc. Therefore, 
( L / D ) b  should be set equal to 2.5, and pa should be 2.46 g/cc. These 
reference values (common test parameters) link the heterogeneity effect 
(Eq. 2.19) to the L/D ratio effect (Eq. 2.21). Equation (2.22) can be 
rewritten as: 

Equation (2.19) has been derived from samples with L/D 

(2.23) 

where (LID) '  = reference L/D ratio (taken here as 2.5) 
p *  = reference density (taken here as 2.46 g/cc) 
( J 2 D ) r 2  e strength from samples with ( L I D ) '  and p*  

( J 2 D )  b'" a strength from samples with ( L I D ) ,  and P b  

All samples used in determining the constants for Eqs. (2.19) through 
(2.23) have been tested under an axial strain rate of 0.29 x 

2.6.2.3 Effect of Loading Rate 

Recognizing that fracture propagation in rock is time-dependent (Bie- 
niawski, 1970; Kranz, 1983; Horii and Nemat-Nasser, 1985; Costin, 1987), 
the effect of loading rate on strength of the tuff has been 
investigated. 
higher strength than one loaded at a lower rate. 
uniaxial tests have been performed at rates from 10-8 to 
ond. To investigate the time-dependent effect, the strength results 
must be isolated from the effects of density and L/D ratio. Equation 
(2.23) is used to calculate a new set of strength data isolated from 
those effects. In this case, (J2,)2'2 represents the original strength 
(calculated from experimental results), a density of P b  and length-to- 
diameter ratio ( L I D ) , .  ( J 2 D ) r 2  represents the new (adjusted) strength 
corresponding to p *  (= 2.46 g/cc) and(L/D)' (= 2.5). 
compares the original and adjusted strengths as a function of strain 
rate (E~). The increase of the adjusted strengths with eR can best be 
represented by a logarithmic equation: 

In general, a rock sample loaded at a high rate has a 
Strain-rate-controlled 

per sec- 

Figure 2.24 

where e R  = axial strain rate (microstrain) 
K , D  = empirical constants. 
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Regression gives K - 5.310 MPa and D -  66.41MPa, with a correlation 
coefficient - 0.900. Similar to Eqs. (2.19) and (2.21), Eq. (2.24) can 
be rewritten in a correlated form as: 

where 

By de 

(JzD):" 

( J Z D ) y 2  = strength from samples tested at strain rate ( E ~ ) ~ .  

= strength from samples tested at strain rate ( E ~ ) ~  

lning ( E ~ ) ,  as a reference strain rate (E;) equal to 0.29 x 10-6/s 
(strain rate from which Eqs. (2.19) and (2.21) have been'derived in this 
numerical example), and substituting Eq. (2.25) into Eq. (2.23), we 
obtain: 

where ( J Z D ) y 2  = strength from sample with p * ,  ( L I D ) ' ,  E; 

( J z D ) y 2  = strength from sample with pa.  ( L I D ) , .  ( E ~ ) ~ .  

2.6.2.4 Size Effect 

Lundborg's logarithmic expression is used to correlate the strength to I 
sample size (Lundborg, 1967; Jaeger and Cook, 1979, pp. 196-198). Prior 
to investigating the size effect, all strength data from uniaxial test- 
ing have been isolated from the effects of p ,  L I D .  and eR,  by using Eq. 
(2.25). 
L I D  = 2.5 and eR = 0.29 p/s. 
adjusted strengths (averaged from each size) as a function of sample 
volume. 
Lundborg's expression can be written in terms of (JZD)"' and volume as: 

The adjusted strength data correspond to p =I 2.46 g/cc, 
Figure 2.25 compares the original and 

The adjusted strengths decrease with increasing sample size. 

(2 27) 1/2 - 
( J 2 D )  - m-qln (v )  

where m,  q = empirical constants. 

Regression on the new strength data gives m -  46.38 MPa and q - 2.04 
MPa with a correlation coefficient of 0.899. Equation (2.27) can be 
written in a correlated form as: 
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where (J2D)y2 = strength from sample with volume V, 

(J2D)f12 = strength from sample with volume Ve. 

By defining I/, as a reference volume V*, and equal to 2.5 x 10-4 m3 
(volume of samples from which Eqs. ( 2 . 1 9 ) ,  ( 2 . 2 1 )  and ( 2 . 2 4 )  have been 
derived), Eq. ( 2 . 2 8 )  can be substituted into Eq. ( 2 . 2 6 ) :  

(2.29) 

where (J2D);I2 - strength from samples with p’. ( L I D ) ’ ,  E;, and V’ 

(J2D);I2 = strength from samples with P b r  ( L I D , ,  ( e R ) ,  and v@. 

The second through fourth terms on the right-hand side of Eq. ( 2 . 2 9 )  
represent a correction term (CT) for the strength (J2D)112 determined 
from uniaxial compression tests. The correction term equals zero if 
( J 2 D ) ; ”  is obtained from samples with density - 2.46 g/cc, length to 
diameter ratio - 2 . 5 ,  strain rate - 0.29  p/s, and volume - 0.00025 m3. 
Equation ( 2 . 2 9 )  can be rewritten as: 

(2.30) 

where (52D)II2 - strength calculated from uniaxial compression results 
(JzD);I2 = adjusted (new) strength corresponding to reference 

CT = q{ln(I/,> - In(V’))+ r{In(ei)- In(E,),)+ P{ln(L/D)- In(L/D):) 
parameters 

+ a ( P * - P b )  e x p ( - h V )  (2.31) 

2.6 .2 .5  Effect of Confining Pressure 

The strength criterion incorporates the effect of confining pressure in 
terms of the first stress invariant ( I J .  The analysis uses the results 
from uniaxial and triaxial testing. Equation (2.30) is used to isolate 
(J2D)112from the effects of p,  L / D  and E ~ .  This gives a new set of 
strengths corresponding to the reference parameters. I l  can be isolated 
from the effects of test parameters for triaxial and uniaxial testing 
(where a*= a,), by using the relation: 
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and 

or 

(2 .32)  

By substituting Eq. (2.33) into Eq. (2.32), we obtain 

(JzD)y '  represents the strength for triaxial and uniaxial samples after 
removing the effects of deviations of the test parameters from the ref- 
erence conditions. The I ,  calculated from Eq. (2.34) corresponds to the 
reference parameters. To formulate the criterion from the results of 
biaxial or polyaxial testing (where u1 f u2 f u3), I , corresponding to the 
reference parameters must be derived directly from the experimental 
results. The derivation method is similar to that for (JzD)"', i.e. 
paralleling the development from Eq. (2.13) through (2.31). Figure 2.26 
gives (JzD);" as a function of I ,  calculated from Eq. (2.34). For the 

Apache Leap tuff, (JzD):" increases linearly with I ,  and can be repre- 
sented by : 

where x, v =  empirical constants. 

Regression gives x = 0.293 and 
cient of 0.991. For rock types for which the relationship between 
(JZD)"' and I ,  is not linear, different forms of the equation may be 
used. By substituting Eq. (2.35) into Eq. (2.30), a complete form of 
the failure criterion for uniaxial and triaxial test samples is 
obtained : 

= 32.64 MPa with a correlation coeffi- 

For generalized predictions, the correction term (CT)may be reduced to: 

CT = q{ln(V)-ln(V*)}+a(p*-p)exp(-hV) (2 .37)  

By substituting the constants and reference parameters into Eqs. (2.36) 
and (2.37), the compressive strength of the intact Apache Leap tuff can 
be predicted from: 

(JZD) '"  = 0.2931, +32.64-2.041n ~ -347.3(2.46-p)exp(-279.41/) (2.38) ( o.ovo25 ) 
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2.6.2.6 Failure Envelopes 

Failure envelopes for the tuff can be drawn from Eq. (2.38). Figure 
(2.27) gives (52D)"2 as a function of z1,  for various densities. The 
linear rate of increase of the strength with Zl is the same for all 
densities. At a density of 2.46 g/cc, Figure 2.28 shows the variation 
of the strength with I l  for various rock volumes. 
strength is more sensitive to density variation (heterogeneity effect) 
than to volume variation (size effect). 
(approximately under uniaxial compression), the variation of strength 
with size for various densities is shown in Fig. 2.29. The effect of 
density variation decreases with increasing sample size, and disappears 
when the volume exceeds 0.02 m3. This agrees with the proposed concept 
that rock heterogeneity depends upon the scale of interest; as the size 
increases, the rock becomes relatively more homogeneous. The size 
effect is equally pronounced for all densities. 

For this tuff, the 

For I l  equal to 112.6 MPa 

Different failure envelopes will be obtained for different values of the 
reference parameters. Selection of these parameters, however, does not 
affect the results of failure predictions, as long as the same values 
are used consistently throughout the derivation and predictions. These 
reference parameters must be selected within the range of the test 
parameters used in the regression. If possible, they should represent 
common test parameters from which all empirical equations have been 
derived. 
relative strength for the tuff, corresponding to the reference 
parameters (i.e. p * ,  Vl>. 

The (52D)"'from Eq. (2.38) may therefore be considered as a 

2.6.3 An Evaluation of the Predictive Capability of the Proposed 
Criterion 

Biazial compressive strength testing has been performed to assess the 
predictive capability of the proposed failure criterion. Rectangular 
blocks of Apache Leap tuff have been loaded to failure. 
volumes vary from 0.0012 to 0.002 m3. 
detailed test and sample preparation procedures. 
stress remains zero during the test. The ratio of the intermediate to 
major principal stresses at failure is varied from 0 to 0.1. 
2.30 gives ( J 2 D ) " 2  calculated from the principal stresses at failure as 
well as those predicted by the proposed criterion (Eq. 2.38) and by the 
Coulomb criterion. 
calculating Z l  from the failure stresses and measuring p and I/ from the 
block samples. 
rion is calculated from the uniaxial compressive strength (averaged from 
all samples - Figure 2.21). 

The block 
Fuenkajorn and Daemen* give 

The minor principal 

Figure 

The proposed criterion predicts the strengths by 

Since u3 is zero, (52,)"2predicted by the Coulomb crite- 

The proposed criterion gives better predictions than the Coulomb crite- 
rion, because it incorporates the effect of the intermediate principal 

*Fuenkajorn, K. and J.J .K.  Daemen, 1991, "Borehole Stability in Densely 
Welded Tuffs," Technical Report NUREG/CR-5687, U.S. Nuclear Regulatory 
Commission. (In preparation) 
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stress, rock heterogeneity (density) and sample size. These effects are 
not considered in the Coulomb criterion nor in many other strength cri- 
teria. 
strength by about 6 to 12 MPa; the variations for both actual and 
predicted strengths with p are virtually identical. 
results provide a rigorous assessment for the predictive capability of 
the criterion. 
indicates that the cricerion derived from uniaxial and triaxial test 
data is capable of adequately describing the strength under biaxial 
stressfields. Nevertheless, a systematic bias appears to exist, and 
deserves further investigation. 

Even though the proposed criterion underestimates the actual 

The biaxial test 

The comparison between the actual and predicted results 

The method derived here to predict the strength of heterogeneous rock 
seems to be valid. 
strength data are obtained after they have been isolated from the effect 
of rock heterogeneity. 
effects of p and L I D ,  the rock strength does not correlate to the strain 
rate. 
after the strengths have been isolated from these effects. Similarly, 
Figure 2.25 shows that size effect is not detectable from the original 
(raw) strength data. 
size is revealed by removing the effects of p, L / D  and E ~ .  
tion of the heterogeneity effect into the strength criterion also 
improves the correlation between the triaxial test results and the 
failure envelope (compare Figures 2.16 and 2.26). 

This is indicated by the fact that reasonable 

Figure 2.24 shows that prior to removing the 

An increase of the strength with strain rate can be observed 

A decrease of the strength with increasing sample 
Incorpora- 

2.6.4 Strength Criterion for Nonlinear Heterogeneous Rocks 
i '  

The criterion given in Eq. (2.36) does not consider the effect of heter- 
ogeneity on the rock stiffness. Most heterogeneous rocks do not behave 
as linearly elastic materials. In addition, the heterogeneity probably 
induces variations of the load-deformation response among the samples. 
A more fundamental approach is proposed here to develop an empirical 
strength criterion for nonlinear heterogeneous rdcks. 
enting the rock strength in terms of (J2D)1'2,  the total strain energy 
density at failure is used. Equation (2.12) is replaced by: 

Instead of pres- 

where W - maximum strain energy density which the rock can sustain 
before failure. 

If the rock sample is linearly elastic, the strain energy density at 
failure can be calculated by (Jaeger and Cook, 1979, pp. 123-125): 

(2.40) 

where E I , E Z , E ~ =  major, intermediate and minor principal strains at 
f allure. 

Equation (2.40) shows that the strain energy density can be represented 
by the sum of the triangular areas under stress-strain curves measured 
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in three principal directions. For nonlinear rocks, the strain energy 
density can be obtained by measuring the actual area under the stress- 
strain curves monitored during loading. 
from three principal axes gives the strain energy density required to 
induce failure. By repeating the derivation from Eq. (2.12) to (2.38) 
and replacing (JZD)"' by W measured from each sample, an empirical 
strength criterion for nonlinear heterogeneous rock can be derived. 
This approach implicitly includes the effects of nonlinear behavior and 
stiffness variation into the criterion. The failure criterion in terms 
of W can not be derived for the Apache Leap tuff because insufficient 
stress-strain curves have been obtained from the uniaxial and triaxial 
test samples. 

The sum of these areas obtained 

2.6.5 Discussion 

Accuracy and reliability of the proposed criterion depend upon the range 
of parameters used in the rock characterization testing, and upon how 
good the empirical equations, linking p and I/ to ( 3 2 D ) ' / 2 ,  fit sets of 
test data. As shown in Figure 2.26, the strength is highly sensitive to 
the density variation. 
range of key parameters. 
the range of a key parameter may not be valid. 
is not very sensitive to size (Figure 2.27). 
derived for intact rock, extrapolation toward in-situ scale is limited 
by the discontinuities. 
valid, is governed by the joint spacing. 

Rock testing should be conducted over the full 
Predictions of the rock strength far outside 

The strength of the tuff 
Since the criterion is 

The maximum size for which the criterion is 

The underpredictions of the criterion for the biaxial testing may be due 
to the fact that density is not the only key parameter governing the 
strength variation. 
or more key parameters could be very complex because a mathematical 
relationship between strength and each key parameter must be incorpo- 
rated. The number of key parameters used in the criterion derivation 
therefore depends on the desired accuracy. 
strength testing should be performed to assess the predictive capability 
of the criterion. 
used. 

Derivation of a strength criterion containing two 

Biaxial, or polyaxial 

A wide range of stress ratios and of I ,  should be 
Samples should have wide ranges of key parameters and sizes. 

2.6.6 Conclusions 

An empirical criterion has been formulated to describe compressive fail- 
ure for intact heterogeneous rocks. The criterion is presented in terms 
of the second invariant of stress deviation at failure as a function of 
first stress invariant, rock density and volume. A heterogeneous welded 
tuff has been used in the investigation. Uniaxial and triaxial compres- 
sive strengths are used in the regression to determine the empirical 
constants. The effects of L / D  ratio and of loading rate are 
incorporated. Inclusion of all principal stresses at failure allows the 
criterion to describe the strength bf rock under various stress condi- 
tions. 
effect of heterogeneity caused by nonuniform distribution of pores, 
inclusions, mineralogy, welding and grain bonding. 
is incorporated to allow predicting rock strength for various sizes. 
Predictive capability of the criterion has been assessed by performing 
biaxial compressive strength tests. The criterion adequately predicts 

The rock density is included as a key parameter to minimize the 

The volume variable 
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the strength of biaxial samples, although some as yet unexplained sys- 
tematic error remains. 
the correlation between the test results and the failure envelope. 
Accuracy and reliability of the predictions depend upon the range of the 
test parameters (p, V) used in determining the empirical constants. 

The derivation method has improved considerably 

2.7 DiscJlssisn of 

2.7.1 Heterogeneity of the Apache Leap Tuff 

Large variations of the mechanical properties of Apache Leap tuff lead 
to a question as to how well the results obtained by the ASTM standard 
methods can represent the actual properties of rock, particularly for 
large-scale (e.g. in-situ) conditions. The variations are probably 
caused by the effects of inclusions, flow layers, degree of welding and 
porosity of the rock. 
tropy and inhomogeneity of the rock, particularly for the sample sizes 
specified by the ASTM test methods (as 49-50 mm diameters with length to 
diameter ratios between 2.0 and 2.5). The inclusions in the tuff usu- 
ally appear lenticular, with the major axes parallel to the flow layers. 
The shape of the Apache Leap tuff inclusions relates to the depth at 
which they occur. 
increases with depth and degree of welding (Peterson, 1961; Ross and 
Smith, 1960). 
millimeters (Figure 2.31). 
They are not uniformly distributed throughout the rock. 
graphic studies indicate that mineral compositions of the inclusions and 
of the rock matrix are similar, but that the inclusions contain finer 
grains and slightly lesser amounts of magnetite and iron oxides. This 
observation agrees with Peterson (1961). 
than the rock matrix and appear to have a higher degree of weathering. 
Observation of some post-test specimens shows that the inclusions may 
affect the failure characteristics of tuff. Some uniaxial and triaxial 
samples tend to fail along the plane that has the highest concentration 
of soft inclusions. This implies that the stress distribution within 
the samples may not be homogeneous and the calculated strength of the 
samples may not be accurate. 

These tuff characteristics increase the aniso- 

The length to thickness ratio of the inclusions 

The average sizes range from 1 x 2 micrometers to 10 x 25 
Sizes larger than 100 x 100 mm are common. 

The petro- 

Some inclusions are softer 

The flow layers of Apache Leap tuff can be recognized by alignments of 
quartz and feldspar grains (light bands) and by orientation of the len- 
ticular inclusions and vesicles. The flow layers do not usually appear 
as a perfect plane. Twisting and curly characteristics are observed 
from the scale of 1 x 1 mm to 50 x 50 cm. 
on the mechanical properties of the rock has not..been quantitatively 
determined. The tuff tends to be weaker in the direction of the flow 
layers as observed during sample collection and preparation. 
edly, the existence of the flow layers increases the inhomogeneity of 
the rock and induces large variations of the mechanical properties. 

The effect of the flow layers 

Undoubt- 

The rock unit of the Apache Leap tuff used in this research has been 
classified as a densely welded ash flow (Evans, 1983; Vogt, 1988). 
Visual observation from the block and core surfaces shows that the 
degree of welding is not uniform. 
porosity of the rock and connectivity of voids and pore spaces (Vogt, 

The degree of welding relates to the 
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1988). 
the porosity. 
properties of the rock. The nonuniform distribution of the pore spaces 
increases the effect of sample size on the mechanical properties (Jaeger 
and Cook, 1979, pp. 196-197). Even though the size effect has not been 
clearly observed from the test results, probably due to coupled effects 
of inclusions and flow layers, the elastic and strength parameters pre- 
viously determined may significantly overestimate the actual properties 
of the rock under in-situ conditions. 

A higher degree of welding reduces connectivity and may decrease 
This affects the mechanical behavior and hydrological 

The heterogeneity of tuff affects sample preparation. Most tuff samples, 
do not fully satisfy tE;e smoothness and perpendicularity requirements of 
the ASTM standards. This is due to the presence of inclusions and voids 
on the sample gurfaces and due to the methods of sample preparation 
(i.e. drilling, cutting and grinding). Inclusions and pore spaces make 
the sample surfaces rough. 
matrix and are sheared off during grinding. 
poorly bonded inclusions creates vibrations in the drill and therefore 
generates rough core surfaces. 
field drilling. 

Some inclusions are softer than the rock 
Coring in tuff with some 

This is observed in both laboratory and 

2.7.2 Comparison Between Topopah Spring and Apache Leap Tuffs 

Table 2.23 summarizes the mechanical properties of Apache Leap tuff 
determined here and those for Topopah Spring tuff given by Scully 
(1984), Zimmerman (1982), Anderson (1981), Price et al. (1982), Price 
(1983, 1986), and Price and Bauer (1985). Apache Leap tuff has lower 
uniaxial compressive strength and Brazilian tensile strength than does 
Topopah Spring tuff. 
tuff are slightly lower than those for Topopah Spring tuff. 
show large variations in properties. 
the elastic modulus and compressive strength of Yucca Mountain tuff 
(Paintbrush tuff, tuffaceous beds, and crater flat tuff: Anderson, 
1981; Price, 1983) decrease as the rock porosity increases. The poros- 
ity of Yucca Mountain tuff ranges from 5 to 52%. 
welded and nonwelded tuffs. The Topopah Spring member gives a narrower 
range of porosity (6 to 20%). The porosity of the densely welded brown 
unit of the Apache Leap tuff calculated from dry bulk density and solid 
density (after grinding) falls between 7 and 10%. 
Apache Leap tuff averages 2.37 f 0.42 g/cc. 
Topopah Spring member ranges from 2.0 to 2.3 g/cc. 

Poisson's ratio and elastic modulus of Apache Leap 
Both tuffs 

Price and Bauer (1985) show that 

This range covers both 

The dry density of 
The dry density of the 

Results of chemical analysis indicate that the Topopah Spring specimen 
contains a higher percentage of quartz (Si02) than do the Apache Leap 
specimens. This helps explain why the Topopah Spring tuff is stronger 
than the Apache Leap tuff. Both rocks tend to have comparable amounts 
of calcium, sodium, potassium and magnesium oxides. 
contains approximately three times more iron oxide than does Topopah 
Spring tuff. 
of olivine and magnetite. 

Apadhe Leap tuff 

The iron oxides (Fe2O3 and FeO) result from an alteration 
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Table 2.23 Mechanical and Physical Properties of Brown Unit of Apache 
Leap Tuff and of Topopah Spring Tuff 

Uniaxial Compressive 
Strength (ma) 73.2 * 16.5 95.9 f 35.5 

Elastic Modulus 22.6 * 5.7 26.7 * 7.7 

Poisson's Ratio 0.20 * 0.03 0.14 * 0.05 
Brazilian Tensile 

Strength (MPa) 5.72 * 1.2 

P-Wave Velocity (km/s) 6.4 * 1.5 

Internal Friction 
Angle (degrees) 43 

Cohesion 16 

Dry Density (g/cc) 2.37 * 0.42 

Porosity (%)  7 - 10 

12.8 * 3.5 

4.1 - 4.6 

67 

ia 

1.32 (nonwelded) 
2.0-2.3 (welded) 

6 - 20 

*The properties of Topopah Spring tuff are obtained from Scully (1984), 
Price and Bauer (1985), Zimmerman et al. (1985), and Anderson (1981). 
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CHAPTER THREE 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

The uniaxial compressive strength seems to be insensitive to the axial 
strain rates used (ranging from 10-8 to 10-4 per 
slightly increases with increasing L/D ratio. 
(L/D near 3) tend to give more consistent strength results than the 
shorter ones. 
compressive strength are 22.6 * 5.7,GPa and 0.20 * 0.03, respectively. 
The stress-strain curves are linear. The lateral strain-axial strain 
curves are not. The tuff fails in a brittle mode. The compressive 
strength averaged from all samples is 97.5 ma. 

second). The strength 
Long cylindrical samples 

The Young’s modulus and Poisson’s ratio measured at 50% 

8 .  

I ’  
! 
! 
! 

The Brazilian tensile strength measured from 50 mm diameter disks (ASTM 
standard size) averages 5.7 * 1.2 MPa. Statistically, the strength 
decreases as sample size increases. 
181 mm diameter Brazilian disks is 127.1 * 94.7 GPa at 50% strength and 
is 112.5 f 63.0 GPa at 10% strength. 
Poisson‘s ratio obtained from the seismic velocity measurements are 35.7 
* 9.9 GPa and 0.39 * 0.10, respectively. 
between static and dynamic Young’s moduli and rock density. 

The Young’s modulus measured from 

The dynamic Young’s modulus and 

There is no correlation 

The Coulomb strength criterion adequately represents the strength of the 
Apache Leap tuff under confining pressures from 0 to 62 MPa. The coef- 
ficient of correlation is 0.973. The rock has a cohesion of 16 MPa and 
an internal friction angle of 43”. 
the Apache Leap tuff measured from all characterization test samples 
ranges from 2.3 to 2.5’ g/cc. 

The brown unit of the Apache Leap tuff is highly nonhomogeneous as sug- 
gested by visual observation and confirmed by the large variations of 
the mechanical properties. It is believed that the high intrinsic 
variability of the rock is caused by the flow layers and by nonuniform 
distributions of the inclusions, voids and degree of welding. 
uniformity occurs on a scale much larger than the size of the samples 
used in the characterization testing, 

The dry density of the brown unit of 

The non- 

The proposed empirical strength criterion adequately fits the compres- 
sive strength data. 
strain rate and density variations improves the correlation between test 
results and failure envelope, and reveals relationships between the tuff 
strength and test parameters. 
with density. 
density variation, the tuff strength decreases with increasing sample 
size and L/D ratio, and increases with increasing strain rate. 

Incorporation of the effects of size, L/D ratio, 

The strength tends to increase linearly 
After the test data have been adjusted for the effect of 
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3 . 2  Recommendations for Future TuffLharacterizaLhn 

In order to determine the effects of inclusions, flow layers, welding 
and porosity on the mechanical properties of tuff, and to improve the 
representativeness of the experimental results, additional test parame- 
ters and test methods are suggested beyond the standard test procedures. 
Tuff cylinders for mechanical property testing should be at least 250 mm 
in diameter. This suggested diameter is ten times larger than the aver- 
age size of the inclusions (10 x 25 mm) in the Apache Leap tuff. For 
the uniaxial compressive strength test, the axial and circumferential 
deformations of the specimen should be monitored at several points 
around the cylinder to assess the homogeneity of the rock. 
after failure, samples should be inspected to visually assess the influ- 
ence of inclusions on failure. 

During and 

Coring and grinding of the Apache Leap tuff usually produces rough sur- 
faces, due to the presence of soft inclusions in the stronger rock 
matrix. 
and smoothness requirements. 
standards for highly nonhomogeneous rock such as Apache Leap tuff is 
difficult. Coring and grinding may not be sufficient to obtain ASTM 
required samples. 

This is why most samples do not satisfy ASTM perpendicularity 
Obtaining samples satisfying the ASTM 

A lathe may be required to machine the samples. 

The anisotropic behavior of the rock caused by the flow layers should be 
determined experimentally. 
in terms of compressive and tensile strengths, static and dynamic 
Young's modulus and Poisson's ratio, and mode of failure. Determination 
of mechanical anisotropy should be accompanied by assessments of hydro- 
logical anisotropy and by petrographic mineralogical, microfracture and 
microfabric pattern studies. 
number of rock samples and experiments. 
prepared to have flow layers perpendicular and parallel to the direction 
of applied load and to the expected failure plane. If such 90" measure- 
ments confirm anisotropy, additional determinations at intermediate 
orientations (e.g. 30", 60") would be desirable (Hoek and Brown, 1980, 
Ch. 6 ) .  

The mechanical anisotropy should be tested 

Such an effort would require a large 
The rock samples should be 

The tuff has a relatively high porosity (7-10%). 
space distribution may not be uniform; therefore, at least three sample 
sizes should be used for each characterization test. The smallest size 
should be about 250 mm in diameter. The test results might indicate how 
significantly the sample size affects the rock properties. 
allow an extrapolation of laboratory test results to the larger scale 
(toward in-situ conditions). 
porosity and the mechanical properties should-be investigated (Rippa and 
Vinale, 1983; Price and Bauer, 1985). Such relations have been found 
very useful for Yucca Mountain tuffs. 
Leap tuff tested to date is so narrow as to virtually preclude such 
correlations. 

The void and pore 

This would 

The relationship between rock density, 

The density range of the Apache 
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A wide range of test parameters ( p , V )  should be used to determine the 
empirical constants of the proposed strength criterion. 
polyaxial strength testing should be performed to assess the predictive 
capability of the criterion. The tests should be conducted under vari- 
ous stress ratios and for different values of I , .  

Biaxial and 

Chemical compositions of the rock matrix and of the inclusions should be 
determined. 
relatively small (1 cm3) , several samples should be collected across the 
flow layers and at several locations within the rock unit. 

Since the.rock volume used in the chemical analysis is 

The effect of water content (pore pressure) within the rock on the 
mechanical behavior should be investigated (Abey, 1981). At the Yucca 
Mountain repository site, even though the repository horizon is above 
the ground water table, the tuff still has relatively high saturation 
(up to 80%: Zimmerman et al., 1985). The mechanical properties should 
be determined at various degrees of saturation. 
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APPENDIX A 

PROPERTIES OF NON-WELDED UNIT OF THE A-MOUNTAIN TUFF 

A-Mountain tuff is collected at Sentinel Peak, the easternmost edge of 
th& Tucson Mountains, in the southwestern part of Tucson, Arizona. 
eral geology of the site and the location where the tuff samples are 
obtained are described in detail by Daemen et al. (1983, Section 4.2). 
Ten tuff blocks have been collected. 

Gen- 

A.l Mechanical Properties of A-Mountain Tuff 

Uniaxial compregsion, Brazilian tension, ring tension and seismic veloc- 
ity measurements have been performed. 

Uniaxial compression tests have been performed on ten A-Mountain tuff 
specimens. Sample preparation, test procedure, and method of calcula- 
tion follow the ASTM standard D2938. All specimens are prepared from 
tuff block no. T1. Flow layers are perpendicular to the core axis. The 
nominal diameter and length of the samples are 50 and 100 mm, respec- 
tively. 
Pate of 390 kPa/second. 

The samples are axially loaded to failure at a constant stress 

The mean and standard deviation of the uniaxial compressive strength are 
36.21 MPa and 5,60 MPa, respectively. 
of approximately 20" with tlie core axis. Elastic (tangent) modulus mea- 
sured from stress-strain curves (at 50% failure stress) averages 3.89 
GPa with a standard deviation of 0.35 GPa and a coefficient of variation 
of 9%. 

The failure planes make an angle 

Bulk density averages 1,790 kg/m3 * 30 kg/m3. 

Brazilian tension tests are performed to determine the splitting tensile 
strength. Sadnple preparation, test procedure and method of calculation 
are performed in accotdance with ASTM standard D3967. 

Eleven disk specimens have been prepared from block no. T1. 
have a ndmiinal diameter of 5 cm with a length to diameter ratio of 0.5. 
The flow layers are perpendicular to the core axis. 
loaded to failure at a rate of 3.5 MPa/min. 

The samples 

The specimens are 

The average Brazilian tensile strength, standard deviation, and coeffi- 
cient o€ variation are 5.57 MPa, 0.82 MPa, and 15%, respectively. All 
samples failed ih tension along the loading diameter. 

.. 

101 



Tension tests have been performed on three disk sizes (50, 152 .and 282 
mm diameter). 
T3. Fuenkajorn 
and Daemen (1986, sections 3.2 and 3.3, pp. 44-58) give test methods and 
sample preparation. 
solution given by Ripperger and Davids (1947): 

The samples are prepared from tuff block nos. T1, T2 and 
The cores are drilled perpendicular to the flow layers. 

The ring tensile strength is calculated using a 

where a =  ring test tensile strength 
P = failure load 
D = disk diameter 
t = disk thickness 
K = stress concentration factor. 

Hobbs (1964, p.  387) gives an approximate value of the stress concentra- 
tion factor as: 

K = 6 + 38(r)' ; for 1.0 > r0.l ( A  * 2) 

Table A.l gives the results. 
sample size increases. 
function of disk diameter. 
and specimen size can be established by using.an empirical equation 
given by Fuenkajorn and Daemen (1986, pp. 90-91): 

The tensile strength decreases as the 
Figure A.1 gives the ring tensile strength as a 

A relationship between the tensile strength 

where N = strength coefficient 
1' = size coefficient. 

The size coefficient, A', ranges from 0 to 1. 
indicates a smaller effect of the sample size on the tensile strength. 
Table A.2 compares the size and strength coefficients of A-Mountain tuff 
with those of Grande basaltic andesite and Pomona basalt. 

A lower value of X' 

14.1.4 Dynamic Yo une's Mod ulus and Poisson's Ra tio of A-Mountain Tuff 

Seismic velocity measurements are performed to determine the dynamic 
Young's modulus and dynamic Poisson's ratio of A-Mountain tuff. 
three disks have been tested. 
100 mm with thickness to diameter ratio of 0.25. 
from tuff block no. T5. The test procedure (Appendix B) follows a 
method given by the Structural Behavior Engineering Laboratories, Inc. 
The rock density averages 1.924 * 0.034 g/cc. 
and secondary waves are 3842 * 1047 m/s and 1993 * 624 m/s, respec- 
tively. 
11.7 GPa and 0.28 0.14, respectively. 

Twenty- 
The samples have a nominal diameter of 

All specimens are cut 

The velocities of primary 

Dynamic Young's modulus and dynamic Poisson's ratio are 20.5 
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Table A.l Mechanical Properties of A-Mountain Tuff 

Mean * Standard Coefficient of 

Uniaxial Compressive 
Strength (MPa) 

Tangent Young's 
Modulus (GPa) 

Brazilian Tensile 
Strength 

Ring Tensile Strength 
(MPa) 

Dynamic Young's 
Modulus (GPa) , 

Dynamic Poisson's 
Ratio 

Deviation 

36.21 * 5.60 

3.89 * 0.35 

5.57 * 0.82 

12.79 * 1.99 
9.82 * 1.36 
8.67 * 0.28 

(50 mm diam.) 
(150 mm diam.) 
(280 mm diam.) 

20.5 * 11.7 

0.28 * 0.14 

Variation 

15 % 

9% 

15% 

15% 
14% 
3% 

57% 

53% 

Table A,2 Size Effect of the Ring Tensile Strength of A-Mountain 
Tuff, Andesite and Basalt 

Rock Type N (MPa/mm) d 
A-Mountain tuff 30.76 0.225 

Grande basaltic 

andesite 
* 

* 
Pomona basalt 

285.5 

488.5 

0.340 

0.408 

* 
Fuenkajorn and Daemen (1986, p.  91) 

-x I NOTE: uR = N (D) 

u = ring test tensi le  strength (HPa) R 
D = disk diameter (mm) 
N = constant factor of s;rength-size function 
k =  s i z e  exponent ( 0  < x < 1) 

i 

i 
I 
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Figure A . l  Experimental results (mean and standard deviation) and curve fitting of the ring tension test 
on A-Mountain tuff. 
strength decreases as sample size increases. 
(R*) of 0.998. 

Ring test tensile strength as a function of the disk diameter. The 
The cume fit gives a correlation coefficient 
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8 - 2  C o m p s i L i i  

Mineral composition and petrographic features (grain, size, flow layer, 
vesicles and cavities) of the nonwelded unit of the A-Mountain tuff are 
determined by means of a petrographic microscope. Four thin sections 
are cut from tuff block no. T5. Each section covers an area of 2 x 4 
cm. 
cut parallel to the flow layers. The investigation is made at magnifi- 
cations of 10 to 320 diameters (i.e. the image is enlarged 10 to 320 
times). 

Two sections are cut perpendicular to flow layers; the others are 

Table A.3 gives the results of the petrographic studies of A-Mountain 
tuff. 
groundmass form), magnetite, olivine, and hematite (alteration product 
of magnetite). The flow layers are obvious and can be determined from 
the trend of hematite minerals. All minerals, except plagioclase, seem 
to be nonuniformly distributed within the rock. 
chemical composition of the A-Mountain tuff. 

The rock is composed of plagioclase and quartz (in phenocryst and 

Table A.4 gives the 
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Table A,3 Mineral Composition of A-Mountain Tuff 

Average Sample Number 
Grain T5-1- T5-1- T5-1- T5-1- 
Size 12-MI1 12-MI2 12-MI3 12-MI4 

Olivine 5x5 pm 10% 0.5% 5% 2% 

Plagioclase + 1 x 1 mm 10% 20% 15% 15% 
Quartz Phenocryst 

Plagioclase + 4 x 8 pm 23% 50% 30% 30% 
Quartz Groundmass 

Magnetite 30 x 10 pm 17% 5% 15% 15% 

Hematite 0.5 x 0.5 pm 25% 25% 30% 20% 

Vesicles / l x l p m  15% 20% 1540 20% 
Cavities 

Table A.4 Chemical Composition of  A-Mountain Tuff 

76.9 
3.7 
3.9 
0.4 
0.21 

12.2 
1.0 
0.05 
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APPENDIX .B 

Procedure for Seismic Velocity IIeasurements 

Seismic velocity testing is performed to determine the P-wave and S-wave 
velocities. 
(Young's modulus and Poisson's ratio). 

These values are used to obtain dynamic elastic constants 

SBEL 2007 H Seismic Analyzer with P-and S-wave emitter/detector trans- 
ducers, an oscilloscope, and extremely viscous coupling material (SBEL 
accoustic couplant #7 , vaseline , or grease) . 

Requirement: 

- A circular disk with a minim+ diameter of 10 cm is generally used 
to match transducer diameter. However, different specimen shape, 
such as a cube, can be used. 

- Thickness of the disk should be approximately 2.5 cm. 
disks can be used but may result in poor S-wave signal transmis- 
s ion. 

End surfaces should be ground smooth (to within 0.'25 mm) and paral- 
lel (to within 0.25"). 

Thicker 

- 

Measurement: 

Diameter: 3 measurements at 60" from each other, to the nearest 
0.25 mm (0.01 in). 

- Thickness: 4 measurements at 90" from each other, to the nearest 
0.25 mm (0.01 in). 

- 
Description: 

Weigh specimen to an accuracy of 0.01%. 
A 

- Obvious lithological and structural features. 

- Approximate mineral grain size. 

Note: refer to "Operating Instructions for 2007 H Seismic Analyzer" 
write up for detailed instructions. 
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1. Connect cables from seismic analyzer to oscilloscope and transduc- 
ers (see cable hook-up data iri the hInstructions"). 

2. Determine delay time wiehout specimen. 

- Place transducers face to face with adequate amount of coupling 
material. Alignment marks (arrow mattk) in the transducers 
should coincide. 

- Obtain face to face delay time both for P-wave (LIP,) and for 
S-wave (AS,). 

- T r y  both manual and auto modes. 

3 .  Determine delay tithe with specimen 

- Place specimen bn between the transducers. 

- Check that propef alignment of the ttansducelts and good coupling 
are obtained. 

- Determine delay time for the specimen of thickness t, for both 
P-wave and S-wave. Use manual mode and auto mode. 

B - 5  Calculations 

1. P-wave velocity: 

Pbwave delay T,- A P , - A P ,  (pS) 

(m/s or ft/s) t P-wave velocity V,, = - 
T* 

2. S-wave velocity: 

S-wave delay Ts= A S , -  A S o  (Ps) 

S-wave velocity v#=-!- (m/s or ft/s) 
7, 

where t - specimen thickness. 
3 .  Dynamic Young's modulus: 

(MPa or psi )  

4. Dynamic Poisson's ratio: 

v2p-2v; 
2 ( V 2 , - V 3  

U d  = 
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where: y - unit welght of the specimen 

g = acceleratgon of gravity (32,2 ft/s2 or 9.81 m/s2). 

I 
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APPENDIX C 

ROCK SAMPLE DESIGNATION CODING SYSTEM 

AP 

Tuff 

2 - 5 - 2 - U N 3  
I 
Sample Number I 

Test Type : 
UN - Uniaxial 
BZ - Brazilian 
DY - Seismic velocity . 

TX - Triaxial 
CL - Cyclic Loading 
SNVN - Strain-rate controlled 

uniaxial 

Sample Diameter (inches) 

Core Number 

Block Number 

type : 
AP - Apache Leap 
T - A-Mountain 
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