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Executive Summary 

A major component of the Eastern Gas Shales Project being 
conducted by the Morgantown Energy Techno1 ogy Center i s  the development 
and evaluation of new and refined stimulation techniques which might  be 
sui table  f o r  stimulating Devonian shale wells. 
stimulation development program, several dynamic stimulation techniques 
employing combinations of explosives and/or propellants a re  being 
evaluated through a ser ies  of mineback experiments a t  the Nevada Test 
S i t e  (NTS). 
carried out i n  one of the volcanic tuff  formations found a t  the s i t e ,  
a complete evaluation of the f ie ld- tes t  results will require an adequate 
knowledge of the mechanical properties of the tuf f  rock. Several of the 
research firms and agencies participating in the EGSP have o r  will  con- 
duct calculations t o  simulate certain aspects of the stimulation t r ea t -  
ments being evaluated a t  the NTS. 
firms conducting these evaluations, i s  employing exp l i c i t  f i n i t e  difference 
programs to  simulate i n  both 1 - D  and 2-D calculations the various 
stimulation treatments being evaluated. 
calculations requires t h a t  sui table  material properties be available on 
the NTS tu f f .  

As part  of the EGSP 

As the experiments being conducted a t  the NTS a re  being 

Science Applications, as  one of the 

The  proper execution of these 

As the existing data base on the mechanical properties of NTS 
t u f f  is limited, i t  has been necessary t o  careful ly  review existing data 
on the t u f f  and t o  generate additional data as required. The review, 
experiments and evaluation which have been conducted have resulted i n  
the following principle conclusions: 

0 The yield surface defined by t r i ax ia l  experiments fo r  the 
G-Tunnel tu f f  is  s ignif icant ly  lower from tha t  defined for  
other tu f f  beds a t  the NTS. 

0 Direct-pull t ens i le  strength data obtained w i t h i n  this 
tes t ing program compares favorably w i t h  t ha t  obtained by 
Sandia on the same tuff  bed. 

0 The t ens i l e  strength of t h i s  rock, although qui te  variable, 
i s  moderately low w i t h  values on the order of 1.6 MPa being 
typical.  
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0 Fracture energy values measured f o r  the G-Tunnel t u f f ,  
averaging 9 J/rn2, a re  quite low as compared t o  most other 
rock types, and are  a measure of the very f r ag i l e  nature 
of the rock. 

0 Dynamic experiments employing modified S p l i  t-Hopkinson-Bar 
techniques, indicate tha t  the dynamic strength of this rock 
i s  only s l i gh t ly  higher than the s t a t i c  strength. 

0 The dynamic yield data suggests t h a t  quasi-s ta t ical ly  
determined yield surfaces would be su i tab le  fo r  inclusion 
i n  calculations t o  evaluate various dynamic stimulation 
treatments in the NTS t u f f .  

0 The dynamic data reveal t h a t  the sample deformation is  
characterized by an i n i t i a l  compaction followed by sample 
b u l k i n g  (dilatancy) associated w i t h  f a i lu re .  

0 As the relationships between compaction, yielding and mode 
of f a i lu re  will  depend strongly upon pore-pressure e f fec ts ,  
as  control led by the degree of sample saturat ion,  additional 
experimental data w i  11 be requi red t o  completely descri be 
the importance of saturation. 

2 



MATERIAL PROPERTIES OF NEVADA TEST SITE TUFF 

I n troduct i on 

i 

Dynamic stimulation treatments are  being experimentally evaluated 
a t  the Nevada Test S i te  (NTS) where a mineback allows d i rec t  observation of 
the resul ts  of the experiments. 
performed, as fol 1 ows : 

Five different  treatments have been 

Dynafrac - a fluid-decoupled explosive, 
Augmented Dynafrac - a fluid-decoupled explosive w i t h  

Kinefrac - a small diameter propellant charge w i t h  a 
a propellant booster, 

pressurized water pad,  
Multiple Kinefrac - three successive Kinefracs, 
High-Energy Gas Frac - a f u l l  diameter charge of a 

progressively burn i  ng propel 1 ant. 

The object i n  each case i s  t o  produce multiple fractures tha t  remain 
connected t o  the wellbore a f t e r  the treatment. Evaluation of the success 
or  fa i lure  of these treatments and t h e i r  potential f o r  use i n  other rocks 
i s  heavily dependent on a knowledge of the material properties a t  i n  situ 
conditions. The rock a t  the NTS i s  an ash-fall tu f f  whose properties d i f f e r  
markedly from those of most reservoir rocks. 
the experiments, computer codes a re  being used to  perform parameter 
sens i t iv i ty  studies. These codes require specif ic  material property data 
as i n p u t  as well as information on the var iab i l i ty  of these properties 
both w i t h i n  the t u f f  and between the tu f f  and other rocks being considered. 
An example of such a code i s  STEALTH/CAVS being used by Science Applications, 
Inc. (SAI) to  model the NTS experiments. Material properties required by 
the code are: (1) mass density,  ( 2 )  e l a s t i c  constants, ( 3 )  t ens i l e  
strength, and ( 4 )  yield envelope. Information on compaction and 
anisotropic behavior can a l so  be used i n  the code f o r  more refined models. 

To a s s i s t  i n  the analysis of 

The purpose of this report i s  to  co l lec t  as much material 
property data a s  possible t o  form a data base f o r  the analysis and evaluation 
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discussed above. A t  present, data being used t o  character ize the t u f f  are 

based on s t a t i c  t e s t s  run on samples o f  rock from locat ions other  than the 
actual s i t e  o f  the s t i m u l a t i o n  experiments. 1 y 2 y 3 y 4  These t e s t s  a r e  

inadequate i n  two respects. F i r s t ,  they are no t  s i te-speci f ic ,  and what 
few tes ts  have been run suggest t h a t  the t u f f  can be q u i t e  heterogeneous 
w i t h  respect t o  some mate r ia l  proper t ies such as t e n s i l e  ~ t r e n g t h . ~  
order t o  get more s i t e - s p e c i f i c  data, add i t i ona l  s t a t i c  t e s t s  were run  by 
Atkinson-Noland & Associates (A-N) on samples from G-Tunnel where the  
experiments are being run  and from a tunnel adjacent t o  G-Tunnel (see 
Appendix A) .  
e f fect  o f  the dynamic loads produced by these types o f  s t imu la t i on  t r e a t -  
ments. To f i l l  t h i s  gap i n  the data base, S A I  has run Split-Hopkinson- 

Bar (SHB) experiments t o  determine the dynamic mechanical p roper t i es  of 
the t u f f .  

I n  

Second, the  s t a t i c  t e s t s  are n o t  adequate f o r  evaluat ing the 

i 

I 
1 
I 
I 
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I n  S i t u  Conditions 

The s t imu la t i on  treatments were run i n  hor izonta l ,  15 cm holes 
d r i l l e d  12.2 m deep from the  tunnel. 
of the tunnel i s  8.6 MPa. The minimum hor i zon ta l  p r i n c i p a l  s t ress i s  
5.4 MPa and i s  or iented a t  15' t o  the d r i l l e d  holes. 

hor izontal  p r i n c i p a l  s t r e s s  i s  10.3 MPa. 

The overburden s t ress i n  the  v i c i n i t y  

The maximum 

-- I n  s i tu ,  a s i g n i f i c a n t  p o r t i o n  o f  the bulk mater ia l  i s  water. 

The tu f f  has a po ros i t y  o f  about 40% and i t  i s  water-saturated. 
3 density i s  only 1.8 gm/cm . 

not w e l l  connected. Under 

dynamic 1 oadi ng condi t ions , t h i s  1 ow permeabi 1 i t y  coul d cause pore pressures 
t o  b u i l d  up thus reducing the  e f f e c t i v e  stresses. This must be kept  i n  mind 
i n  analyzing the mechanical data presented. 

The mass 

Even though the p o r o s i t y  i s  high the pores are 
The permeabi l i ty  ranges from 0.01 md t o  0.80 md. 

S t a t i c  Tests 

E l a s t i c  proper t ies.  The two sources for  s t a t i c  e l a s t i c  p roper t i es  
a r e  Sandia Laboratories and the  work done by Atkinson-Noland (A-N) whose work 
i s  presented i n  Appendix A. 
a r e  4 GPa (600 k ~ i ) ' ' ~  and 5 GPa (725 k ~ i ) ~ .  

special e f f o r t  was made t o  keep the rock water-saturated gave a lower average 
Young's modulus - 2.76 GPa (400 k s i )  . 

Values fo r  Young's modulus published by Sandia 
Subsequent t e s t s  i n  which a 

5 However, i t  was emphasized i n  
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5 personal communication tha t  the number of t e s t s  was too  small t o  form a 
basis f o r  any conclusions about the e f fec ts  of water-saturation. I t  was 
f e l t  tha t  the variation i n  Young's modulus may be due more t o  the 
heterogeneity of the rock than t o  the e f fec ts  of water. 

The values for  Young's modulus obtained by A-N (see Table 1) are 
generally lower than those obtained by Sandia. 
i s  2.62 MPa (380 k s i )  f 0.80 MPa (117 k s i ) .  
reflected i n  two ways: first by the standard deviations and second by 
comparing averages from two different  tunnels (Series I and Series 11). 
The standard deviations are re la t ively large,  which supports Sandia's 
feelings about the heterogeneity of the rock. These standard deviations 
re f lec t  variations over a distance of about 3 m ,  which is  the length of 
core from which samples i n  a given group  were taken.  
f o r  Series I and Series I1 i n  Table 1 gives an idea of the heterogeneity on 
a scale of about 30 m (distance between tunnels. Again  the rock appears t o  
be heterogeneous, b u t  l ess  than i t  was on the smaller scale. 

The average from 25 t e s t s  
The degree of heterogeneity is  

Comparing the values 

In analyzing and modeling the s t a t i c  e l a s t i c  behavior of the rock, 
i t  i s  recommended tha t  A-N's overall average of 2.62 GPa be used for  Young's 
modulus. T h i s  average is  based on 25 t e s t s  a l l  r u n  under the same testing 
procedures and i n  which a special e f fo r t  was made t o  keep the rock water- 
saturated. 

A-N's t e s t s  a lso examined the dependence of  e l a s t i c  properties on 
confining pressure and direction o f  loading. 
fo r  variation of Young's modulus w i t h  confining pressure. 
i s  supported by the plot  of Young's modulus vs. confining pressure i n  
Figure 32 of Appendix A. 
small variation o f  Young's modulus w i t h  direction. 

Table 1 shows no c lear  trend 
T h i s  conclusion 

Table I11 of Appendix A (page 15) shows only a 

The  other e l a s t i c  constant, Poisson's ra t io ,  a lso seems t o  vary 
3 by a considerable amount. 

average value measured by A-N is  0.38 ? 0.16. 
greater than 0.5, sugges t ing  some i nel asti c d i  1 a tant  behavior a t  
relatively low stresses. 

The value published by Sandia i s  0.2 . The 
Four of the values were 

Tensile strength. Tensile strengths have been measured i n  three 
labs: Sandia's, SAX'S, and A-N's. Values f o r  t ens i le  strength published 

1 
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Table 1. Young's moduli for NTS tuff  from different locations 
(Series I adjacent t o  G-Tunnel, Series 1'1 i n  G-Tunnel). 
Numbers are given as  follows: GPa(ksi) s t anda rd  
deviation (number of  samples). 

Series 

I I 1  I & I 1  

1.79 (260) 2.60 (377) 2.42 (351) 
Unconf i ned f0.28 (40) t0.53 (76) f0.59 (85) 

( 2 )  (7) (9) 

3.12 (452) 2.35 (344) 2.74 (397) 
Confined t0.70 (101) f0.95 (138) tO.90 (131) 

(8) (8) (16) 

Unconfined 2.85 (413) 2.47 (358) 2.62 (380) 
& f0.84 (122) f0.77 (111) 20.80 (117) 

Confined (10) (15) (25) 
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by Sandia are  2.76 MPa (400 psi)3 and 0.70 MPa (100 psi)4. 
water-saturated sample showed a tensile strength of only 0.32 MPa (47 psi) . 
Again the feeling was tha t  this variation may r e f l ec t  overall rock 
heterogeneity rather than the e f f ec t s  of water. 
t e s t s  on 6 inch diameter samples. Direct-pull t e s t s  on 1.5 inch diameter 
samples performed by SAI gave a value of 0.84 MPa (122 psi). Pinch tests 
performed by SAI gave an indirect  t ens i l e  strength of 1.84 MPa (268 p s i ) .  
Another indirect  measure of tensile strength was obtained from Brazil t e s t s  
r u n  by A-N. The average for  24 tests was 1.58 MPa (229 psi). Tests on 
samples of different  orientation showed no s igni f icant  variation of tens i le  
strength w i t h  direction (see page 11 of Appendix A ) .  

A completely 
5 

The t e s t s  were direct-pull 

In summary, both the h i g h e s t  and lowest value for  tens i le  strength 
were given by Sandia. 
for  tensi le  strengths. 
1.58 MPa from A-N's tests i s  probably best since i t  i s  based on a large 
number of t e s t s  and f a l l s  near the middle of  the range of values measured 
i n  other laboratories. 

The range from 2.76 MPa t o  0.32 MPa i s  not  unusual  
For analysis and modeling purposes, the value of 

Compressive strength. Uniaxial compressive strengths are given 
by three sources. 
30 MPa (4350 psi).4 SAI obtained an average value of  12.1 MPa (1760 psi) ,  
which compares favorably w i t h  the value obtained by A-N of 13.6 MPa (1975 p s i ) .  
The values given by Sandia seem h i g h  compared t o  those obtained i n  other labs. 

Sandia gives values of 34.5 MPa (5000 and 

The resul ts  of d i f fe ren t ia l  compression tests r u n  by A-N are used 
t o  generate a yield envelope. 
least-squares parabala f i t  t o  this data gives: 

These data are summarized i n  Table 2. A 

Y = 14.56 + ).4847P - 0.005826 P2 

where 

Y = di f fe ren t ia l  s t r e s s  (MPa) 
P = confining pressure (MPa) 

Figure 1 compares this yield envelope w i t h  one based on t e s t s  r u n  by 
Terra Tek. 1 

Information on compaction behavior can be obtained from the 
hydrostatic compression t e s t s  in Appendix A ,  Figures 2-15. The curves i n  
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Table 2. Results of differential compression tes ts  on NTS t u f f .  

I 

I 

I 1  

I1 

I 

I 

I 1  

I 1  

I 

I 

I1 

I1  

I 

I 

I1 

I1  

Conf in ing  Pressure Differential Stress 
Series Test No. Group P (MPa) a t  Failure Y (MPa) 

3 

4 

11 

12 

5 

6 

13 

14 

7 

8 

15 

16 

9 

10 

17 

20 

A 

A 

A 

A 

B 

B 

B 

B 

C 

C 

C 

C 

D 

D 

D 

D 

0 

0 

0 

0 

17.2 

17.2 

17.2 

17.2 

34.5 

34.5 

34.5 

34.5 

51.7 

51.7 

51.7 

51.7 

14.7 

15.7 

13.8 

10.3 

26.1 

21.0 

30.8 

18.1 

28.5 

20.3 

18.8 

18.5 

31.0 

32.6 

18.2 

18.2 
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these figures may be characterized i n  three stages. 
the curve has a re la t ively low slope. 
microflaws and is typical behavior f o r  most rocks a t  low stresses .  
Between 3 and 15 MPa the curves steepen and become l inear .  
the rock i s  behaving e las t ica l ly  and the slope o f  the curve here is  the 
bulk modulus. 
Between 30 and 50 MPa the slope begins t o  decrease. This probably 
represents the onset of pore collapse. 

In the f i rs t  stage 
T h i s  is due t o  the closing of 

In this stage 

An average b u l k  modulus  fo r  these curves is  2.09 GPa. 

Fracture mechanics. Measures of strength from the p o i n t  of 
view of f racture  mechanics were obtained i n  two labs .  Sandia published 
values for  f racture  toughness of 495 kPafiZy3 and 400 k P a d .  SAI 

n 

obtained an average fracture energy of 9.16 J / r n L .  
values can be converted t o  fracture energies according t o  the fol lowing 
equation: 

The fracture  toughness 

G = K 2 (1 -v2 ) /E  

where 

G = f racture  energy 
K = f racture  toughness 
v = Poisson's r a t i o  
E = Young's modulus 

Using A-N's values of E = 2.62 GPa a n d v =  0.38 and Sandia's value of 
400 kPaJiii t o  calculate a fracture toughness gives 52.3 J/m which is  
much higher than the SAI value. 
values f o r  strength,  both t ens i le  and compressive, were higher t h a n  
those obtained by SAI and A-N. 

2 

I t  s h o u l d  be noted t h a t  Sandia's 
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Dynamic Tests 

While the quasi-s ta t ic  t r i ax ia l  experiments discussed above can 
provide well-defined y ie ld  surfaces and compaction behavior f o r  the NTS 
t u f f ,  the experiments do not provide any information on degree o r  
importance of dynamic-rate effects .  I t  was considered essent ia l  t o  con- 
duct some form of dynamic experiment so as t o  evaluate the potential 
importance of ra te  e f fec ts  i n  NTS tuff yielding and compaction. 
ra te  effects  are  minimal, then the yield surface and compaction equation- 
of-s ta te  derived from s t a t i c  experiments may be u t i l i zed  d i r ec t ly  i n  
calculations of dynamic phenomena. I f  dynamic-rate e f f ec t s  a r e  found t o  
be important then the appropriate modifications could be made t o  the 
descriptions of yield and compaction derived from the s t a t i c  experiments. 
As the maximum l o a d i n g  ra tes  t o  be experienced i n  the NTS mineback 
experiments would be comparable to  those realized i n  Split-Hopkinson-Bar 
(SHB) experiments, (10 t o  10 / sec) ,  i t  was decided to  use a modified 
SHB technique to  evaluate dynamic-rate e f f ec t s  i n  NTS tu f f .  

I f  the 

2 3 

The dynamic experiments were conducted i n  collaboration w i t h  the 
Thi  s 1 aboratory has 

T h i s  apparatus 

Geotechni cal Laboratory of Colorado Sta te  University. 
an operational modified SHB apparatus designed so tha t  electromagnetic 
i n-material parti  cal -velocity measurements may be made. 
which i s  described i n  de ta i l  i n  Appendix B comprises the two t radi t ional  
suspended bars between which the sample t o  be tes ted is placed. An a i r -  
driven canon i s  u t i l i zed  t o  accelerate an impact piston against the first 
(dr iver)  bar. 
the driver b a r  a r r i v i n g  a t  the sample. 
impedance and mechanical response, this incident s t r e s s  wave i s  par t ia l ly  
transmitted through the sample and pa r t i a l ly  ref lected back in to  the driver 
bar .  By means of s t r a i n  gages placed upon the two bars, the incident 

T h i s  impact generates a bar stress wave which propagates down 
Depending on the sample's 

s t r e s s  wave, the ref lected s t r e s s  wave and the stress wave transm 
t h r o u g h  the sample may a l l  be independently measured. Traditiona 
analysis of these waves i s  made so as  t o  deduce dynamic strength 
character is t ics  fo r  the sample material. As samples i n  SHB exper 
typically deform heterogeneously rather than homogeneously, i t  i s  

t t ed  
l Y ,  an 

ments 
valuable 

to  have information on the deformational behavior w i t h i n  the sample propper. 
Without specif ic  information on heterogeneous sample deformation, sample 
response can only be inferred as i f  the sample acted as a homogeneous C O U p l i n ;  

11 



i 

1 

media between the two bars. 
gages t o  measure d e t a i l s  of sample deformation, i t  i s  possible t o  calculate 
direct ly  the s t r e s s  and strains acting w i t h i n  various portions of the 
sample d u r i n g  deformation. 
ut i l ized to  measure the de ta i l s  o f  sample deformation are a l so  described in 
detai l  i n  Appendix B. 

Be employing electromagnetic velocity 

The electromagnetic gage techniques which  were 

Modified SHB experiments were u t i l i zed  to  measure and study i n  
detai l  both the axial  and radial deformation character is t ics  of NTS tuf f  

samples d u r i n g  dynamic loading and fa i lure .  The axial measurements were 
made by orienting the magnetic f i e ld  generated by a Helmholtz coi l  pair  
perpendicular t o  the axis  of the cylindrical  SHB sample, a s  i l l u s t r a t e d  
i n  Figure 2. 

axis of the sample as  i l l u s t r a t ed  i n  Figure 2.  These gages, which were 
simply conducting wire loops which would generate a voltage s i g n a l  d i rec t ly  
proportional t o  the strength of the magnetic f i e l d ,  the length of the 
active gage element and the average velocity of t h i s  gage element, were 
ut i l ized i n  two d i f fe ren t  geometries. 
Figure 2 ,  comprises an act ive gage element traversing the sample across i t s  
diameter perpendicular t o  the externally applied magnetic f ield.  
second geometry involved placing the gage elements on a circumference a t  a 
given rad i i ,  as is a l so  i l lus t ra ted  i n  Figure 2.  T h i s  geometry,designated 
as an arch gage, enabled the axial par t ical  velocity a t  a g i v e n  sample 
radi i  to  be measured as opposed to  the average axial velocity given by the 
diametral gages. Data obtained from the arch-type gages d i d  indicate  t h a t  
there was a large heterogeneity or radial  variation i n  axial par t ical  
velocit ies d u r i n g  sample response. 

Three electromagnetic-induction loops were placed along the 

One geometry, i l l u s t r a t ed  i n  

The 

Util izing the gage configurations f o r  making axial par t ica l -  
velocity measurements, modified SHB experiments were conducted on NTS t u f f  
samples a t  nominal impact piston veloci t ies  of twenty, t h i r t y ,  and for ty  
meters-per-second. A brief  summary of a l l  the axial velocity SHB tests r u n  
on NTS t u f f  is  given i n  Table 3. 
a 30 meter-per-second (600 MPa) t e s t  a re  shown i n  Figure 3. 
striking character is t ic  of these three gage records i s  the very severe 
attenuation of the par t ical  velocity along the sample. 
a d i rec t  consequence of the extreme yielding induced i n  a sample by this 

Three par t ical  velocity gage records for  
The most 

T h i s  at tenuation i s  
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Table 3. Summary o f  SHB t e s t s  done on NTS t u f f .  

TEST IMPACT PROJECTILE INPUT STRESS 
TEST # TYPE VELOCITY (M/S) AMPLITUDE (MPa) REMARKS 

TA- 1 
TA-2 
TA- 3 
TA- 4 
TA- 5 
TA- 7 
TA- 7 
TA-8 
TA-9 

TA- 10 
TA- 11 
TA- 13 
TA- 14 
TA- 15 
TA- 16 
TA-17 
TA-18 
TA- 19 
TA-20 
TA- 2 1 
TA-22 
TA-23 
TA-24 
TA-25 
TR- 1 
TR-2 
TR-3 
TR-4 
TR-5 
TR-6 
TR- 7 
TR-8 
TR-9 

TR-10 
TR- 11 
TR-12 
TR-13 
TAA- 1 
TAA-2 
TAA- 3 
TAA- 4 
TAA- 5 
TAA-6 
TAA- 7 
TAA- 8 
TAA-9 

Axi a1 
Axi  a1 
Axi  a1 
Axi a1 
Ax ia l  
Axi a1 
Axi a1 
Axi a1 
Ax ia l  
Axi a1 
Axi a1 
Axi  a1 
Axi a1 
Axi a1 
Axi  a1 
Ax ia l  
Axi a1 
Axi a1 
Axi a1 
A x i a l  
Ax ia l  
A x i a l  
Axi a1 
Axi a1 
Radi a1 
Radi a1 
Radi a1 
Radial 
Radial 
Radi a1 
Radi a1 
Radi a1 
Radi a1 
Radi a1 
Radi a1 
Radi a1 
Radi a1 
Arched 
Arched 
Arched 
Arched 
Arched 
Arched 
Arched 
Arched 
Arched 

14.8 
30.3 
37.8 
35.7 
33.9 
29.9 
30.8 
29.9 
30.1 
11.6 
30.0 
29.8 
30.3 
30.3 
30.1 
30.1 
30.2 
29.8 
29.9 
30.3 
44.3 
41.5 
19.7 
19.0 
29.3 
29.8 
29.5 
29.9 
30.4 
29.7 
23.1 
42.2 
30.0 
18.0 
17.2 
40.7 
38.9 
29.4 
29.6 
30.6 
30.3 
29.0 
29.0 
29.7 
28.9 
29.6 

290.5 
594.9 
742.1 
700.9 
665.5 
587.0 
604.7 
587.0 
590.9 
227.7 
588.9 
585.0 
594.8 
594.8 
590.9 
590.9 
592.9 
585.0 
587.0 
594.9 
869.7 
814.7 
386.8 
373.0 
575.2 
585.0 
579.1 
587.0 
596.8 
583.1 
453.5 
828.5 
589.0 
353.4 
337.7 
799.0 
763.7 
577.2 
581.1 
600.7 
594.9 
569.3 
569.3 
583.1 
567.4 
581.1 

pre l im.  t e s t  s e t  up 
pre l im.  t e s t  s e t  up 
pre l im.  t e s t  s e t  up 
somewhat no isy  data 
poor decreasing v e l o c i t j  
no i sy  data 
no h(3 gage 
semi-dry; premature t r i c i e r  
d r y  sample 
quest ionable t r i g g e r i n g  
no #3 gage t r i g g e r  
very no isy  data 
good data 
good data 
good data 
#1 gage f a i l e d  
e x c e l l e n t  data 
excel l e n t  data 
good data 
e x c e l l e n t  data 
e x c e l l e n t  data 
excel 1 e n t  data 
good data 
good data 
no #3 gage t r i g g e r  
good data 
quest ionable # 3  gage 
excel  1 en t  data 
good data 
no #3 gage t r i g g e r  
heavy gauge w i r e  used 
heavy gauge w i r e  used 
heavy gauge w i r e  used 
e x c e l l e n t  data 
e x c e l l e n t  data 
excel  l e n t  data 
excel  1 e n t  data 
good data 
very  no isy  data 
good data 
good data 
good data 
3 "d ia .  gages'' on same Fiane 
good data 
#1 gage f a i l e d  
good data 

- --_ 
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amplitude of applied stress wave. 

A second configuration of electromagnetic gage was u t i l i zed  
t o  measure radial deformation of the sample dur ing  fa i lure .  
designed t o  make radial  partical-velocity measurements require t h a t  the 
Helmholtz-coil-generated magnetic f i e ld  be aligned along the axis  of the 
sample as i l lustrated i n  Figure 4. 
these measurements comprise concentric loops of conducting wire w i t h  
pick-up leads located along radi i  of the sample, as  i l l u s t r a t e d  i n  Figure 4. 
As a sample is  axial ly  shortened i n  the modified SHB apparatus, the sample 
undergoes outward radial  displacements , both on the sample surface and 
within the sample. The concentric gage loops provided a d i r ec t  measure 
of the r a d i a l  veloci t ies  associated w i t h  the e l a s t i c  and p l a s t i c  deformation 
of the samples. A typical s e t  of r ad ia l  partical  velocity measurements 
obtained on a sample loaded by an impact piston a t  30 meters-per-second i s  
i l lus t ra ted  i n  Figure 5. The curves shown i n  F i g u r e  5 have been corrected 
for  active gage length so tha t  actual partical  veloci t ies  as a function of 
time a t  different radi i  are  given. 
by using a three-point r u n n i n g  average t o  numerically f i l t e r  out some of 
the high-frequency noise character is t ic  of raw gage records. 
character is t ic  feature of these radial-velocity gage records is  the marked 
decay radial ly  inward of partical-velocity amplitude. 
experiments conducted by Colorado State  University on 1 imestone and granite 
rock samples, an even stronger variation i n  radial  velocity as a function 
of rad ius  was noted. 
velocit ies could only be explained by a large increase i n  sample cross- 
sectional area par t ia l  ly  associated w i t h  dilatancy d u r i n g  sample failure. 
As will be discussed i n  more detail  l a t e r ,  the NTS tu f f  samples displayed 
an early-time compaction behavior followed by late-time dilatancy. I t  is  
important t o  note tha t  the accelerations necessary t o  achieve the veloci t ies  
i l l u s t r a t ed  i n  Figure 5 can only be effected i f  appropriate radial-driving 
forces or s t resses  a re  present. These radial stresses will a c t  as a 
confining s t r e s s  or  pressure on the material inside the material being 
accelerated. A knowledge of the radial veloci t ies  and accelerations as a 
function of radii  as obtained w i t h  the concentric electromagnetic gage 
loops enables the accelerations to  be integrated so t h a t  the radial  s t r e s s  
acting within the sample as a function of radi i  may be calculated.  

Gages 

The electromagnetic gage loops for 

Also, these curves have been smoother 

The  most 

In previous 

For these rocks, the strong divergence o f  radial 

For 
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1 

br i t t l e  rock, undergoing strongly d i l a t an t  behavior, these radial stresses 
may be on the order of one kilobar. 
dilatancy i s  much less pronounced, the peak radial  stresses were less  than 
5 MPa (750 psi). 

For the NTS tu f f  samples, i n  which 

W i t h  the axial  velocity data obtained from three different  - 
positions w i t h i n  the SHB sample, such as i l l u s t r a t ed  i n  Figure 3, i t  is 
possible t o  calculate  the average axial s t ress -s t ra in  relationships 
existing i n  the sample dur ing  i t s  dynamic deformation. 
the dynamic s t ress -s t ra in  relationships involves integrating the velocity 
curves a t  any of the gage positions w i t h  an appropriate description of the 
phase velocity fo r  wave propagation along the sample. 
Fowles & Williams two charac te r i s t ic  phase veloci t ies  a re  defined for  one 
dimensional wave propagation. 

Calculation o f  

As discussed by 
6 

These two phase ve loc i t ies  are  defined as: 

where h is  the Lagrangian coordinate position, t i s  time and p and u 
indicate the value of the derivative a t  constant p-wave stress and par t ic le  
velocity respectively. 

* 

These phase ve loc i t ies  represent the s2eed a t  which s t r e s s  
o r  par t ic le  velocity information is propagated along the sample. 
steady wave C and Cu would be equal and would equal the classical  
compressive wave velocity fo r  the material. A plo t  of wave amplitude 
arr ival  time vs. gage posit ion,  as i l l u s t r a t ed  i n  Figure 6, provides both 
a "contour map'' of the spacial and temporal d i s t r ibu t ions  of par t ic le  
velocit ies i n  the sample and a visual representation of the phase 
veloci t ies ,  Cu. 
vs .  gage-position plane of lines connecting points of equal par t ic le  
velocity. 
velocit ies are  indicated f o r  the rising and f a l l i n g  portions of the 
par t ic le  velocity gage records, respectively. When equal par t ic le  
velocit ies were measured a t  three gage positions, a parabolic f i t  was 
ut i l ized to  determine the phase velocity relationships along the sample. 
When only two gages measured a given par t ic le  veloci ty  a l i nea r  relationship 
was ut i l ized as i l l u s t r a t e d  i n  Figure 6. 

For a 

P 

The  phase veloci t ies  a re  simply the slopes in the time 

As indicated i n  Figure 6 ,  both posit ive and negative phase 

The axial  s t r e s ses  acting w i t h i n  
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the sample d u r i n g  deformation were obtained by numerically integrating the 
equation: 

which describes the relat ionship between s t r e s s  phase velocity,  par t ic le  
velocity and density. A s imilar  numerical integration of the equation: 

describing the relat ion between s t r a i n  and par t ic le  and phase velocity, 
yields a description of axial  s t r a i n  vs. time a t  the various gage positions. 
As phase velocit ies are  not defined fo r  the higher velocity portions of the 
f i rs t  gage, only the second and t h i r d  gage records may be fu l ly  integrated 
u t i l i z i n g  the two re la t ions  g i v e n  above. 
obtained from the velocity data i l l u s t r a t ed  in Figure 3 and the phase 
relations calculated from Figure 6 a re  given i n  Figure 7. 
curve for the middle gage reveals a character is t ic  knee occurring a t  23 MPa 
and 0.8% s t ra in .  
yielding of the sample. The secant slope of the middle gage s t r e s s  s t r a in  
record of 3.2 GPa (464 ksi) i s  s l i gh t ly  higher than the e l a s t i c  moduli 
determined from the t r i a x i a l  tests performed by Sandia and Atkinson-Noland 
on saturated samples. The  23 MPa strength indicated by the change i n  the 
slope of the stress s t r a i n  curve is s ignif icant ly  higher than the unconfined 
compressive strength determined from s t a t i c  tests. Assuming t h a t  a 5 MPa 
confining s t ress  is  e f fec t ive  due t o  the radial i ne r t i a  e f fec ts  discussed 
above, an 18 MPa stress difference is  indicated which compares closely w i t h  
the 17 MPa s t r e s s  difference obtained by Atkinson-Noland a t  a 5 MPa 
confining stress. 
for  the yield behavior o f  the NTS t u f f .  
velocity gage indicates a continuation of e l a s t i c  loading of the sample even 
a f t e r  the peak par t ic le  velocity has been obtained as i l l u s t r a t e d  i n  Figure 7. 

The axial-s t ress  s t r a i n  curves 

The s t r e s s  s t r a in  

T h i s  knee i s  associated w i t h  the onset of large-scale 

Certainly,  no major strain ra t e  dependency i s  observed 
Integration of the t h i r d  pa r t i c l e  

By combining the data obtained from comparable experiments w i t h  
axial and r a d i a l  par t ical-veloci ty  gages, i t  is possible t o  obtain the 
volume variation of various regions o f  the sample as a function of time. 
A volume vs. time curve calculated from comparable radial and axial velocity 
experiments is  i l l u s t r a t e d  i n  F igu re  8. 
curve i s  the early-time compaction followed by later-t ime dilatancy. 

The charac te r i s t ic  feature  of this  
The 
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t r a n s i t i o n  f rom compaction t o  d i l a t a n t  behavior  i s  be l i eved  t o  be 
associated w i t h  t h e  onset  o f  la rge-sca le  sample f a i l u r e .  

onset o f  f a i l u r e ,  t h e  l a r g e  p o r o s i t y  o f  t h e  rock  a l lows f a i r l y  s i g n i f i c a n t  
compaction t o  occur due t o  t h e  dominantly compressive s t resses  ac t ing .  
Once f a i l u r e  begins t o  occur  on a broad scale, however, t h e  sample under- 
goes r a p i d l y  a c c e l e r a t i n g  r a d i a l  s t r a i n s  which e f f e c t  a n e t  increase i n  
sample volume o r  c h a r a c t e r i s t i c  d i l a t a n t  behavior. As t h e  samples were 
completely sa tu ra ted  p r i o r  t o  t e s t i n g ,  any compaction would l e a d  t o  the  
p ressu r i za t i on  o f  t h e  pore f l u i d  and a consequent pore-pressure e f f e c t  

on a x i a l  f a i l u r e .  I t  was n o t  poss ib le  t o  analyze i n  d e t a i l  t h e  r o l e  of 

pore-pressure e f fec ts  i n  t h e  experiments conducted. 

P r i o r  t o  t he  
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Conclusions 

The material property data collected from other sources and 
generated i n  t h i s  program provide an adequate description of the G-Tunnel 
tu f f  a t  the Nevada Test S i t e  f o r  most modeling and analysis purposes. 
The available d a t a  should be adequate f o r  describing most experiments 
conducted i n  the ash f a l l  t u f f s  of the Nevada Test Si te .  Additional data 
would be required on the welded tuf f  rock i n  which some experiments have 
been conducted or proposed. 
sens i t iv i ty  calculations,  i n  the process of being completed by SAI as a 
separate subtask e f f o r t ,  should indicate  i f  refined data will be required 
fo r  any of the material properties u t i l i zed  i n  the numerical calculations.  

The results of a se r ies  of parameter 

A pressure dependent yield surface determined from the t r i a x i a l  

Si te- to-s i te  va r i ab i l i t y  i n  
experiments conducted on core from G-Tunnel i s  s ignif icant ly  lower than 
tha t  defined for  other tuff beds a t  the NTS. 
the rock however would require tha t  s i te -spec i f ic  yield surfaces be 
determined fo r  experiments on which highly precise analysis were t o  be 
performed. Between 15 and 50 MPa the yield surface is essent ia l ly  f l a t  
reflecting very l i t t l e  pressure dependence for  yield s t r e s s  i n  this 
region. Compaction curves show i n e l a s t i c  compaction or  yielding beginning  
under hydrostatic loads suggesting t h a t  the yield surface may be closed a t  
higher confining pressures. More tests would be required t o  define 
G-Tunnel t u f f  behavior a t  confining pressures greater than 50 MPa. 

The t ens i le  s t r e n g t h  data obtained by Sandia, Atkinson-Noland 
and on this program are consistent with each other b u t  a l l  display a 
h i g h  degree of var iab i l i ty .  T h i s  va r i ab i l i t y  may be at t r ibuted t o  the 
irregular dis t r ibut ion of depositional defects i n  the rock which r e su l t s  
i n  a broad i n i t i a l  flaw s i z e  d is t r ibu t ion  controlling tens i le  f a i lu re .  
Fracture energy measurements performed on this program were consistent 
and indicate a very low value f o r  the fracture  toughness of this rock. 

2 2 The average 9.2 3/m for  this rock i s  qui te  low compared t o  the 24 J/m 
determined fo r  Solenhofen limestone and the greater than 100 J/m determined 
f o r  competent granites and sandstones . 
energy measurements indicates t ha t  i t  is  the distribution i n  i n i t i a l  flaw 
s ize  t h a t  results i n  the va r i ab i l i t y  i n  t ens i l e  strength noted i n  d i rec t -  
p u l l  t ens i le  strength t e s t s .  

2 

7 The consistency of the f rac ture  
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The dynamic data obtained from the modif ied Split-Hopkinson- 
Bar experiments i n d i c a t e  t h a t  the dynamic s t rength o f  the G-Tunnel t u f f  
i s  not  s i g n i f i c a n t l y  greater  than the s t a t i c a l l y  determined values. 
dynamic experiments a lso reveal  an i n i t i a l  compaction o f  the rock fo l lowed 

by d i l a t a n t  behavior associated w i th  o v e r a l l  sample f a i l u r e .  As t h i s  
t r a n s i t i o n  from compaction t o  d i l a t a n t  behavior i s  probably c o n t r o l l e d  by 
pore-pressure e f f e c t s  occurr ing i n  the f u l l y  saturated rock add i t i ona l  
experiments would be requi red t o  determine dynamic y i e l d  behavior of 
p a r t i a l l y  saturated t u f f .  

The 
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Preface 

This report presents results obtained from a 
laboratory testing program conducted on tuff samples 
from the Nevada Test Site. This work was authorized 
by Science Applications, Inc. (SAI) Purchase Order No. 
67194 dated February 26, 1980 and Purchase Order No, 
67195 dated March 21, 1980. Tom Blanton, SAI, Fort 
Collins, Colorado served as SAI's technical repre- 
sentative. 

Associates, Inc. Project No. 7931 and was directed 
by Drm R.H.Atkinson. Laboratory facilites of the 
University of Colorado, Boulder were utilized for 
the experimental work. 

This work was conducted under Atkinson-Noland & 
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STRENGTH AND DEFORMATIONAL 
CHARACTERISTICS OF NEVADA 

TEST SITE TUFF 

Introduction 

A laboratory t e s t i n g  program w a s  conducted 
t o  determine both s t r eng th  and deformational 
cha rac t e r i s t i c s  of  ash f a l l  tuff samples obtained 
f r o m  t h e  Nevada Test  S i t e .  This r epor t  discusses 
specimen preparat ion methods , t e s t  equipment , t e s t  
procedures and presents  r e s u l t s  o f  t h e  t e s t i n g  
program. 

Specimen Storage and Preparat ion 

Tuf f  samples were del ivered t o  t h e  laboratory 
i n  two l o t s ,  t h e  first on December 17, 1979 and the  
second on March 7,  1980. The t w o  groups of samples 
re fer red  t o  i n  t h i s  repor t  as S e r i e s  I and S e r i e s  I1 
respectively,  were s l i g h t l y  d i f f e r e n t  i n  v i s u a l  
appearance. The Se r i e s  I t u f f  had a reddish c o l o r  
with inclusions of ash ranging i n  s i z e  up t o  1 cm. 
The Ser ies  I1 material ,  which w a s  obtained f rom 
Sandia Labs, had a pink c o l o r  and a smaller, more 
uniform gra in  s i z e .  

The samples, which were i n  the  form of  6 inch 
diameter core lengths ,  were s to red  under w a t e r  f rom 
the time of del ivery u n t i l  t h e  specimens were cored. 
The specimens f o r  t h e  hydros ta t ic  and t r iaxial  tes t s  
were cored from t h e  6 inch cores  with t h e  t e s t  
specimen core ax i s  p a r a l l e l  t o  t h e  6 inch core ax i s  

I Atkinson-Noland & Associates, Inc. /Consulting Engineers 



The o r i en ta t ion  o f  specimens f o r  t he  uniax ia l  and 
t e n s i l e  s p l i t t i n g  t e s t s  a r e  described i n  a l a t e r  
sect ion.  The specimens were cored as NX core 
(2.125 inch diameter - nominal) and were cu t  t o  a 
length o f  approximately 4.25 inches. 

A few specimens f r o m  S e r i e s  I ,  (Nos. 1,2, and 3) 
were cu t  t o  a s h o r t e r  length due t o  lack of  mater ia l .  
The end surfaces  o f  t he  specimens were ground f l a t  
and p a r a l l e l  t o  a tolerance o f  0.002 inch using a 
diamond wheel mounted on a Bridgeport m i l l .  The 
prepared specimens were s tored  under water u n t i l  
removed f o r  t e s t i n g .  

Test  Equipment 

T r i a x i a l  

The t r iax ia l ,  uniaxial and hydrostat ic  t e s t s  
were conducted using a modified type Hoek t r iax ia l  
c e l l .  This c e l l  is equipped with i n t e r n a l l y  mounted 
strain-gaged can t i l eve r s  which serve t o  measure 
t h e  l a t e r a l  deformation o f  t he  specimen a t  mid-height, 
Figure 1. The ax ia l  specimen deformation is measured 
by a p a i r  o f  strain-gaged can t i l eve r s  mounted t o  
the  upper loading p la ten .  The a x i a l  force is measured 
by a l o a d  c e l l  placed i n  the  a x i a l  loading column. 

The l a t e r a l  confining pressure is applied t o  the  
specimen through a standard Hoek membrane. 
pressure is generated by a hand pump and monitored 
by a Bourdon tube pressure gage. 
applied by a 3OO,OOO l b .  Baldwin hydraulic t e s t i n g  
machine. 

The 

The ax ia l  load is 

hkinson-Noland & Associates, Inc, /Consulting Engineers A\ 
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The ax ia l  and l a t e r a l  deformation tranducers 
and t h e  load c e l l  are  f u l l  bridge s t r a i n  gage c i r c u i t s  
which are  powered by a 10.000 VDC HP power supply. 
The output s i g n a l s  a r e  p l o t t e d  on an Esterline-Angus 
X-Y-Y' recorder .  

Cal ibrat ion 

A l l  transducers were ca l ib ra t ed  a t  the beginning 
and a t  t h e  end o f  the  t e s t i n g  program. The load c e l l  
was ca l ib ra t ed  using a standard laboratory t e s t i n g  
machine which has a c a l i b r a t i o n  t raceable  t o  t h e  
Bureau of  Standards. The a x i a l  can t i l eve r s  were 
ca l ibra ted  using a micrometer t o  supply a known 
deflect ion.  The l a t e r a l  can t i l eve r s  were ca l ib ra t ed  
i n  place using an  expanding mandrel t o o l  which per- 
m i t s  deforming t h e  inside o f  t h e  membrane r a d i a l l y  
outwards by known amounts. 

Under increasing hydros ta t ic  l o a d i n g ,  t h e  increase 
i n  the  i n t e r n a l  confining pressure produces a deforma- 
t i o n  of t h e  c e l l  body which r e s u l t s  . i n  deformation 
of the l a t e r a l  can t i levers  which a r e  mounted t o  the  
end cap o f  t h e  c e l l .  This deformation under increas- 
ing confining c e l l  pressure w a s  determined by sub- 
ject ing a s t e e l  specimen t o  a hydros ta t ic  loading 
cycle. The measured l a t e r a l  response, when corrected 
f o r  t he  s t e e l  specimen deformation, yielded a C a l i -  

b ra t ion  curve f o r  c e l l  deformation due t o  changing 
in t e rna l  pressure.  

Test Procedure (Tr i ax ia l  Tes t s )  

The t e s t  specimens were removed from t h e  s torage 
tank immediately p r i o r  t o  t h e  t e s t .  I n i t i a l  values 
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of  length and diameter were obtained and the  specimen 
w a s  placed i n  t h e  t e s t  c e l l .  Porous metal d i scs  
approximately 0.10 inch th ick  and w i t h  a diameter equal 
t o  the  specimen diameter were placed a t  e i t h e r  end 
of  the specimen t o  provide drainage f o r  any pore f l u i d s  
expelled during the  t e s t .  The upper l o a d  p la ten ,  l oad  
c e l l ,  and a x i a l  deformation t ransducer  were mounted 
and the  c e l l  centered i n  the loading bed of the  300 kip 
loading machine. The three channels of information 
f r o m  the  t e s t  were connected t o  t h e  p l o t t e r  such t h a t  
the  l o a d  was p lo t t ed  along the  X a x i s ,  the  a x i a l  deform- 
a t i o n  along t h e  Y ax i s ,  and t h e  l a t e r a l  deformation 
along the  Y' ax i s .  

A l l  specimens were subjected t o  an i n i t i a l  load-  
unload cycle of  500 l b s .  t o  s e a t  t he  specimen. The 
hydrostat ic  loading w a s  obtained by increasing o r  
decreasing the  a x i a l  l oad  and the  f l u i d  confining 
pressure i n  unison. By using a r e l a t i v e l y  s l o w  r a t e  
of  loading, the  two  r e su l t i ng  s t r e s s e s  could be main- 
ta ined equal t o  within 100 p s i .  
s t r e s s  w a s  applied at an approximate r a t e  o f  500 p s i  
per  minute. A l l  hydrostatic loadings were conducted 
w i t h  the  th ree  channels o f  t h e  p l o t t e r  s e t  a t  t h e  
most s ens i t i ve  s e t t i n g  of  1 mv/inch. 

The hydrostat ic  

Hydrostatic s t r e s ses  were increased t o  l e v e l s  
of 2500 p s i ,  5000 p s i ,  and 7500 p s i ,  a t  which poin t  
t he  l a t e r a l  confining pressure w a s  maintained a t  
a constant l eve l .  The a x i a l  l o a d  w a s  increased u n t i l  
f a i l u r e ,  characterized by a drop i n  a x i a l  l oad  r e s i s t -  
ance, o r  a yielding behavior, character ized by con- 
s t a n t  load  res i s tance  under increas ing  a x i a l  deform- 
a t ion ,  w a s  observed. Except f o r  specimen No. 5, the  
p l o t t e r  s e n s i t i v i t y  f o r  a l l  channels w a s  s e t  t o  a 
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reduced s e n s i t i v i t y  o f  10 mv/inch f o r  t he  devia tor ic  
loading. The devia tor ic  loading w a s  conducted a t  
a r a t e  such tha t  t he  axial  s t r a i n  r a t e  w a s  on t h e  
order of  per  second. 

The uniax ia l  t e s t s  contained i n  the  program on 
the  Se r i e s  I and S e r i e s  I1 rocks were conducted 
following t h e  same procedures as used f o r  the  tri- 
a x i a l  t e s t s  except t h a t  they were conducted w i t h  
a l l  data channels s e t  a t  t h e  1 mv/inch s c a l e .  

Data Reduction 

A .  Hydrostatic Loading 

Data from the  hydros ta t ic  loading phase of a 
t e s t  was reduced t o  y i e l d  a value of  volumetric 
s t r a i n ,  AV/V,, a t  each 250 p s i  increment of hydro- 
s t a t i c  loading. The a x i a l  s t r a i n  w a s  computed 
using the  recorded cha r t  response, the  c a l i b r a t i o n  
f ac to r  o f  t he  axial c a n t i l e v e r s ,  and specimen length.  
A correction f o r  t h e  apparent s t r a i n  r e s u l t i n g  from 
axial compression o f  the s t e e l  p la tens  and porous 
s t e e l  d i scs  w a s  included i n  t h e  ca lcu la t ion .  The 
radial specimen s t r a i n  w a s  computed using t h e  r e -  
corded chart  response, t h e  l a t e r a l  can t i l eve r  cal ibra-  
t i o n  f a c t o r ,  t he  measured c e l l  deformation ca l ib ra t ion ,  
and the  pressure and the  specimen diameter. From 
the calculated values o f  a x i a l  and radial  s t r a i n ,  
bo th  the volume change, AV, and t h e  volumetric 
s t r a i n ,  A V / V ~ ,  were computed. 
calculator  w a s  used f o r  t h e  data reduction. 

A programmable hand 
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B. Deviatoric Loading 

The recorded char t  data from t h e  devia tor ic  
loading phase w a s  reduced t o  y i e l d  values o f  devia- 
t o r i c  a x i a l  and l a t e r a l  s t r a i n  vs. devia tor ic  s t r e s s .  
The cor rec t ion  f a c t o r  f o r  compression o f  the s t e e l  
p la tens  w a s  aga in  included i n  t h e  data reduction 
procedure f o r  a x i a l  s t r a i n .  As t h e  l a t e r a l  confining 
pressure w a s  maintained constant during the  devia- 
t o r i c  l o a d i n g ,  t h e  cor rec t ion  f a c t o r  f o r  c e l l  expan- 
s i o n  w a s  not necessary. 

Results - T r i a x i a l  Tes ts  

The dimensions o f  the  specimens and t o t a l  f a i l u r e  
s t r e s s  computed using both  the  peak value o f  s t r e s s  and 
the  value a t  0.002 s t r a i n  o f f s e t  a r e  given i n  Table I .  
The 0.002 s t r a i n  o f f s e t  w a s  taken t o  be p a r a l l e l  t o  t h e  
a x i a l  s t r e s s  - a x i a l  s t r a i n  curve where no i n i t i a l  
s t i f f en ing  behavior w a s  observed. 

. s t i f f e n i n g  behavior w a s  noted, t h e  o f f s e t  w a s  taken 
p a r a l l e l  t o  t h e  i n i t i a l  l i n e a r  po r t ion  of  t he  s t r e s s -  
s t r a i n  curve. 
specimen f a i l u r e  occurred before t h e  0.002 o f f s e t  
s t r a i n  point.  
o f  the  bulk modulus, K ,  determined f rom the  l i n e a r  
range o f  response and t h e  e l a s t i c  parameters, E, 
Young's modulus, and 3 ,  Poisson's r a t i o ,  determined 
from tangent values at  50% of t h e  peak devia tor ic  
s t r e s s  

Where the  i n i t i a l  

F o r  t h ree  o f  t h e  t e s t s  w i t h e 3  = 0 ,  

I n  Table I1 a r e  presented the  values 

P l o t s  o f  t he  hydrostat ic  loading response i n  
the  form o f  AV/ V O  versus hydros ta t ic  s t r e s s  a r e  
presented i n  Figures 2 t o  lj. P l o t s  of a x i a l  s t r a i n  

I 
I 
I 
1 
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i and l a t e r a l  s t r a i n  versus deviator ic  s t r e s s  a r e  
contained i n  Figures 16 t o  31. 
from the  X-Y-Y' recorder  a r e  contained i n  the  Appendix. 

The r a w  da ta  p l o t s  

Discussion of Resul ts  

The bulk modulus, K, determined from t h e  
hydrostat ic  loading phase o f  t he  t e s t s  ranged from 
231 k s i  t o  588 k s i  with an average value o f  361 k s i  
f o r  t he  14 determinations avai lable .  These values 
were determined f o r  that port ion o f  the  curve which 
had t h e  most l i n e a r  response. The e f f e c t s  of i n i t i a l  
l o w  modulus values ,  t h e  abrupt s t i f f e n i n g  noted i n  
Specimen 10 ,  13, and 15, and the sof tening noted a t  
high s t r e s s  l e v e l s  i n  Specimens 1 and 17  were t h u s  
excluded i n  t h e  determination o f  the  bulk modulus. 

The values o f  Young's modulus, E ,  and Poisson 's  
r a t i o , - ,  determined f rom tangent values a t  a s t r e s s  
l eve l  equal t o  50% of  t h e  peak devia tor ic  s t r e s s  
value, show considerable s c a t t e r  ranging from 152 k s i  
t o  565 k s i  f o r  E and f r o m  0.19 t o  0.73 f o r 3 .  
Figure 32, values o f  Young's modulus a r e  p lo t t ed  versus 
confining pressure.  
w i t h  increasing values o f  confining pressure is seen. 
The Se r i e s  I1 rock shows a s t ronger  r e l a t ionsh ip  than 
the Se r i e s  I rock. A s i m i l a r  p l o t  o f  Poisson 's  r a t i o  
versus confining pressure is presented i n  Figure 33.  
The Se r i e s  I rock shows a s ign i f i can t  increase i n  
Poisson's r a t i o  w i t h  increasing confining pressure 
whereas the  S e r i e s  I1 mater ia l  exhib i t s  no r e l a t i o n -  
ship between Poisson 's  r a t i o  and confining pressure.  

I n  

A t rend o f  decreasing modulus 

Atkinson-Noland & Associates, Inc. /Consulting Engineers J7 



8 

I The peak f a i l u r e  s t r e s s e s  f r o m  t h e  devia tor ic  
loadings a r e  p l o t t e d  versus confining pressure i n  
Figure 34. 
data provides the following s t r eng th  r e l a t i o n ;  
df = 2,000 + 1.5 
batches t e s t e d  show no decernable difference with 
respect t o  peak s t r eng th .  

A v i s u a l  f i t  o f  a s t r a i g h t  l i n e  t o  t h i s  

( p s i ) .  Mater ia l  f rom t h e  two rock 
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Direct ional  Property Study 

i 
I -  

To inves t iga t e  possible anisotropy of  t h e  t u f f  
rock, a s e r i e s  of  uniaxial  and t e n s i l e  s p l i t t i n g  
t e s t s  were run on Se r i e s  I1 rock. An o r thogona l  
X-Y-2 coordinate system w a s  es tabl ished with t h e  
2 axis  along t h e  6" diameter core axis and with t h e  
X and Y axes a r b i t r a r i l y  or ien ta ted .  Because t h e  
individual pieces  o f  the 6 inch core were not match 
marked, t he  X and Y axes chosen f o r  t h e  uniax ia l  
specimens may not correspond t o  those se l ec t ed  f o r  
t he  t e n s i l e  t e s t s  as t w o  d i f f e ren t  pieces o f  6" 
core were used t o  prepare specimens. 

Results f r o m  the  uniaxial  t e s t s  a r e  presented 
i n  Table 111. Specimen No. 1 9 ,  or ig ina l ly  planned 
f o r  a t r iax ia l  t e s t ,  was inadvertenly subjected t o  
a uniaxial  t e s t  and is therefore  included i n  those 
r e s u l t s .  The data indicate  t ha t  both t h e  un iax ia l  
s t rength and Young's Modulus show a d i r e c t i o n a l  
var ia t ion  with t h e  2 axis  having t h e  g rea t e s t  s t rength  
and modulus . 
chosen, it is possible  t h a t  a g rea t e r  degree o f  
anisotropy could have been measured w i t h  a d i f f e r -  
en t  X-Y axes or ien ta t ion .  

Although t h e  above data  ind ica tes  d i r e c t i o n a l  
properties e x i s t ,  t h e  number of  t e s t s  a r e  inadequate 
t o  accurately def ine the  d i r ec t iona l  values o f  t h e  
uniaxial  s t r eng th  and modulus. 

Since the X-Y axes were a r b i t r a i l y  

Specimens f o r  t he  Braz i l ian  t e n s i l e  s p l i t t i n g  
t e s t  were prepared f r o m  NX s i z e  core d r i l l e d  p a r a l l e l  
(2 axis) and perpendicular ( X  and Y axes) t o  t h e  
ax i s  of  t he  6'' core.  For each Braz i l ian  d i s k ,  two 
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possible o r i en ta t ions  o f  t h e  t e n s i l e  f a i l u r e  plane 
a re  possible .  For example, a disk from a X core 
could be t e s t e d  t o  measure t e n s i l e  s t rength  along 
e i t h e r  t h e  X-2 plane o r  t h e  X-Y plane. 

The o r i e n t a t i o n  of  t he  X-Y-2 coordinate system 
Using all of  w a s  maintained on a l l  d i sc  specimens. 

t h e  remaining 6 inch core,  it w a s  possible t o  prepare 
a t o t a l  o f  24 t e n s i l e  specimens which were equal ly  
divided between t h e  X ,  Y, and 2 or ien ta t ions .  Equal 
numbers o f  specimens from each coring d i r ec t ion  were 
t e s t ed  i n  each o f  t he  two possible  d i rec t ions  as 
described above 

Tensi le  t e s t  specimens were s to red  under water 
u n t i l  s h o r t l y  before t e s t i n g .  
w a s  measured and the  d i s k  w a s  wrapped with a double 
thickness o f  masking tape.  A l l  specimens were from 
NX core having a diameter o f  2.137 inch. Specimens 
were t e s t e d  i n  a t e n s i l e  t e s t  loading device meeting 
the requirements o f  the ISRM "Suggested Methods f o r  
Determination o f  Tensile Strength".  
using the formula 
fa i lure  load,  D t h e  specimen diameter and t is t h e  
specimen thickness 

Specimen thickness 

Data was reduced 
= 0 .636  P/Dt where P is t h e  

Results of  t he  individual  t e s t s  a r e  presented 
i n  Table 111. From the  individual  t e s t  r e s u l t s  the  
following average values o f  t e n s i l e  s t rength  a r e  
obtained: 

I Atkinson-Noland & Associates, Inc. /Consulting Engineers A\\ 
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Fa i lu re  
Plane 

i Direct ion of 
Tensi le  S t r e s s  

X 

Y 

z 

Y-Z 

x-z 

X:Y 

Tensi le  
Strength, p s i  

223 

226 

238 

No d i r ec t iona l  v a r i a t i o n  i n  t e n s i l e  s t r eng th  
is apparent i n  the above data. 
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TABLE I1 
STIFFNESS DATA 

! 

Specimen S e r i e s  H y d r o s t a t i c  D e v i a t o r i c  D e v i a t o r i c  
No. Bulk Young's P o i s s o n ' s  NO 

Modulus-ksi Modulus-ksi R a t i o  

288 

231 

1 I 

2 I 

405 

596 

19 I 3 
31 

37 
4 I - 

294 

405 
465 

349 

352 

517 
- 

519 I 5 
6 316 

477 

32 I 

57 I 7 
.61 

73 
377 

364 

565 
460 

8 I 

I 9 
57 I 10 
24 I1 11 

12 

13 
14 

33 333 

538 

436 

342 

317 

152 

152 

I1 
n a a a  I1 

a 22 

35 
I1 

I1 15 

16 32 I1 

31. I1 17 
28 I1 
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Core 
Axis 

TABLE I11 
UNIAXIAL DIRECTIONAL PROPERTIES 

S E R I E S  I1 ROCK 

Modulus, E Specimen Cf 
NO p s i  p s i  

X Ia 1640 391 , 750 

1710 396,200. 

Y . IIa 1340 279 100 

I I b  1390 302,400 

z 11 2000 459,830. 

12 1490 330,800. 

19 2400 4-78 9 550 

qtkinson-Noland & Associates, Inc. /Consulting Engineers A% 



I 

Spec. 

N O .  

Axis 

TABLE IV 
BRAZILIAN T E N S I L E  TEST DATA 

Failure et 
Plane D i r .  

t 

inch 

P 

lbs . 
6't 
p s i  

X 

X 

X 

X 

X-Z 

X-Z 

X-Z 

X-Z 

Y 

Y 

Y 

Y 

1.016 

933 
986 

1.011 

700 

780 

620 

820 

X 

X 

X 

X 

x-Y 

x-Y 

x-Y 

x-Y 

1.027 990 

855 660 

1.014 740 

1 .O38 1320 

9 

10 

11 

12 

Y 

Y 

Y 

Y 

Y-Z 

Y-Z 

Y -2 

Y-z 

X 

X 

X 

X 

1.067 

1.075 

996 

. 981 

720 

820 

620 

900 

13 

14 

15 
16 

Y 

Y 

Y 

Y 

Y-x 

Y-x 

Y-x 

Y-x 

1.044 

1.012 

9 972 

1.047 

840 

660 

620 

580 

17 z 2-x . Y 1.065 800 223 

18 

19 

z 
z 

Z-X 

z -X 
Y 

Y 

1.020 

1.043 

760 

820 

222 

234 
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TABLE I V  (cont.) 
BRAZILIAN TENSILE TEST DATA 

Spec. Axis Failure et t P 6't 
No. Plane  D i r .  inch lbs . psi 

21 z 2 -Y X 1.001 820 244 

22 z Z-Y X 1.007 780 2 30 

23 Z z -Y X ' 997 640 191 

2 4  z Z -Y X 1.077 840 232 

I 
I 
I 
1 
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SECTION VIEW OF TRIAXIAL CELL 

FIGURE 1 
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LATERAL INERTIA EFFECTS ON ROCK FAILURE 
I N SPL I T-HOPK I NSON-BAR EXPER I MENTS 

by C. Young and C.N. Powell, 
Colorado State  Univ. 

This paper was presented a t  the 20th U.S.Symposium on Rock Mechanics, held i n  Austin,  Texas, .rune 4 - 6 ,  1979. The material  i s  
subject  t o  correct ion by the author.  Permission t o  copy i s  r e s t r i c t e d  t o  an abstract  of not more than 300 words. Write: 
Dr. Ken Gray. U. of Texas a t  Austin,  Petroleum Engineering Dept. 

ABSTRACT 

Large increases i n  rock strength observed in s p l i t  
Hopkinson-bar (SHB) experiments have often been 
attr ibuted to a t ransi t ion to  more strongly r a t e  depend 
ent fa i lure  mechanisms. In more recent studies,  i t  has 
been suggested tha t  la te ra l  iner t ia  can play a 
s ignif icant  role in the fa i lure  of rock i n  SHB t e s t s .  
The electromagnetic gage method for  measuring in-mater- 
i a l  par t ic le  veloci t ies  has been modified for  use in 
SHB t e s t s  so as t o  provide a direct  measure of radial 
par t ic le  veloci t ies  associated with sample fa i lure .  
Experiments on samples of Westerly granite and Solen- 
hofen limestone under a variety of SHB loading 
conditions demonstrate tha t  sample fa i lure  does not 
occur homogeneously b u t  , ra ther ,  begins a t  the 
exter ior  of the sample and propagates in a progressive 
fashion towards the axis of the sample. Integration 
with time of the par t ic le  and phase veloci t ies  a t  any 
point within the sample provides direct ly  the cross- 
sectional volume of the sample a t  tha t  point. 
Integration inward w i t h  radial distance of the material 
accelerations provides a measure of the radial s t resses  
acting within the sample during fa i lure .  These radial 
s t resses  ac t  as an effect ive confining pressure and 
can increase s ignif icant ly  the axial s t resses  a t  which 
fa i lure  takes place. The radial s t resses  induced, and 
the consequent increases i n  strength,  can be coupled 
to  the mode of fa i lure .  The granite undergoes a 
predominantly b r i t t l e ,  pressure sensi t ive mode of 
fa i lure ,  wherein dilatancy requires large radilal 
velocit ies , accelerations and s t resses .  The radi a1 
s t resses  a c t  as confining s t resses  giving the rock 
s ignif icant ly  greater axial strength. In contrast ,  
only moderate radial confining s t resses  in the lime- 
stone are  required to  induce predominantly duct i le  
failure,with a concordant reduction in dilatancy and 
radial accelerations. The resul ts  i l l u s t r a t e  tha t  the 
tradit ional inferrence of high sample strength a t  SHB 
loading rates  i s  due to  the coupling between progres- 
s ive sample f a i lu re  and a Mohr-Coulomb fa i lure  surface 
and i s  not an in t r in s i c  ra te  effect .  While tradit ional 
SHB t e s t s  may t h u s  be of limited value, properly 
instrumented SHB t e s t s  can provide much valuable data 
on high-rate sample fa i lure  and the re la t ive  importancc 
of geometrical versus in t r in s i c  r a t e  effects .  

I INTRODUCTION 

I References and i l lus t ra t ions  a t  end of paper. 

The evaluation of novel d r i l l i ng  and rapid excava. 
tion techniques and the further optimization of 
conventional rock blasting both require an improved 
understanding of rock strength and fa i lure  character- 
i s t i c s  a t  h i g h  ra tes  of loading. As split-Hopkinson- 
bar (SHB) devices can provide rates of loading 
comparable to  those of many rock breakage processes , 
they have been extensively used t o  deduce dynamic 
strengths for  a large variety of rock types. 

Using an SHB technique Green and P rkins i1968) 
found for  s t ra in  ra te  increases from 10 to  10 /sec. 
a sharp exponential increase in  fa i lure  s t ress  for  
Solenhofen limestone. Similar behavior was detected 
for  porphyritic tona l i te  in the region of 103/sec. 
(Perkins e t  a l . ,  1970). Perkins e t  a l .  (1970) have 
attr ibuted these apparently anomalous strengths t o  a 
t ransi t ion to  a more strongly ra te  dependent fa i lure  
mechanism. Using data from s t a t i c  t r iax ia l  compres- 
sion t e s t s  Janach (1977) has predicted a fa i lure  
strength for  Westerly granite a t  high s t r a in  ra tes  
which suggests a very weak s t ra in  ra te  dependence. 
A question as to  whether the s t a t e  of s t ress  was one 
of uniaxial s t ress  o r  uniaxial s t ra in  a t  h i g h  s t r a in  
ra tes  was raised by Green and Perkins (1968). 
they a t t r ibu te  increases in fa i lure  strength a t  h i g h  
s t ra in  ra tes  t o  thermally activated fracture  mechan- 
isms. 
interpret  th i s  behavior t o  be the resul t  of a 
t ransi t ion from uniaxial s t r e s s  t o  uniaxial s t ra in .  

In more recent studies of rock fa i lure  a t  high 
s t ra in  ra tes ,  such as associated with SHB t e s t s  there 
has been a move to  incorporate the e f fec ts  of la teral  
iner t ia  (Janach, 1976; Glenn and Janach, 1977). 
Janach (1976) developed a model (showing t h a t  l a te ra l  
iner t ia  could play a controlling role in SHB type 
rock fa i lure  and would be very important i n  the 
presence of dilatancy. 
conducted t r iax ia l  compression t e s t s  a t  confining 
pressures up t o  8 k b ,  i n  which the amount of dilatancy, 
o r  ine las t ic  volume changes, was found to  be between 
. 2  and 2 times the e l a s t i c  volume change. This range 
i n  magnitude was found to  be f a i r l y  independent of 
confining pressure. 
porosity of a rock increases due to  the formation of 

5 

However 

Brace and Jones (1971), and Janach (1976) 

Brace e t  a l .  (1966) have 

During d i la tan t  behavior the 



Because o f  t h e i r  i n a b i l i t y  t o  undergo l a r g e  r a d i a l  
deformations the  i n -ma te r ia l  gages f a i l e d  r e l a t i v e l y  
e a r l y  as seen by the  sharp d i s c o n t i n u i t i e s  f o r  Gages # 
and #3 i n  Figs. 3 and 6. I n  cont ras t ,  t he  
c i r cumfe ren t ia l  gages had a zig-zag conf igurat ion,  and 
were ab le  t o  undergo q u i t e  l a r g e  r a d i a l  displacements 
before f a i l u r e .  

records corresponds t o  the e l a s t i c  response o f  the  
rock samples t o  s t ress  waves propagating back and 
f o r t h  i n  the  samples as they "rang" up t o  the i n p u t  
s t ress  l e v e l  o f  the  d r i v e r  bar.  The negat ive v e l o c i t y  
i nd i ca ted  f o r  the  f i r s t  such motion i n  the  g r a n i t e  
samples (Fig.  6) may be due t o  an anomalously negative 
Poisson's r a t i o  under SHB load ing  cond i t ions  o r  may 
be due t o  i n i t i a l  p i e z o e l e c t r i c  no ise  generated i n  the 
quartz-bear ing rock. As soon as s i g n i f i c a n t  sample 
f a i l u r e  begins t o  occur a l l  o f  the v e l o c i t y  records 
d i sp lay  the  l a r g e  r e g u l a r l y  inc reas ing  s igna ls  shown 
i n  Figs. 3 and 6. 

The va r ia t i ons  i n  r a d i a l  v e l o c i t y  over sample 
rad ius  can be q u a n t i t a t i v e l y  descr ibed by the  phase- 
ve loc i t y ,  Cu, where CU = (ah/at)u,  and where h i s  t he  
Lagrange coordinate pos i t i on .  Cu i s  the  v e l o c i t y  a t  
which a given r a d i a l  p a r t i c l e  v e l o c i t y  i s  t ransmi t ted  
r a d i a l l y  through the  rock.  As a means o f  determining 
the value of Cu a t  each o f  the  i n i t i a l  gage loca t i ons  
and a t  a l l  intermediate pos i t ions ,ve loc i ty - t ime data 
f o r  each gage has been transformed t o  t / h  coordinate 
space and second-order polynomials used t o  connect 
po in ts  having the  same r a d i a l  p a r t i c l e  v e l o c i t i e s .  
Values of Cu were determined by tak ing  the  inverse- 
s lope o f  the  polynomial a t  each gage loca t i on ,  and 
were used i n  the i n t e g r a t i o n  t o  determine the  cross- 
sec t iona l  volumes o f  the rocks du r ing  f a i l u r e .  

F i n i  te-di f ference approximations t o  the equations 
fo r  the  conservat ion of mass and momentum (Fowles, 
1970) were der ived  and u t i l i z e d  t o  c a l c u l a t e  the cross 
sec t iona l  volume ( a x i a l  shortening i s  ignored) and 
r a d i a l  stresses ac t i ng  dur ing  SHB sample f a i l u r e .  The 
volume i n t e g r a t i o n  revealed tha t ,  f o r  s i m i l a r  load ing  
cond i t ions  , the g r a n i t e  samples underwent s i g n i f i c a n t -  
l y  g rea ter  cross-sect ional  volume increases than the  
l imestone samples. 
a t t r i b u t e d  t o  the  grea ter  d i l a tancy  occur r ing  dur ing  
f a i l u r e  of the  g r a n i t e  samples. This increased volumc 
has two important consequences on the  ana lys is  and 
i n t e r p r e t a t i o n  of sample f a i l u r e .  Conservation o f  
momentum requ i res  t h a t  increased r a d i a l  v e l o c i t i e s  an( 
thus acce le ra t ions  be associated w i t h  d i  l a t a n t  volume 
increases. Consequently , the  r a d i  a1 stresses 
ca l cu la ted  fo r  f a i l i n g  g r a n i t e  samples i s  much greatel  
than fo r  comparably loaded l imestone samples. As 
t e n s i l e  hoop stresses, developed as an SHB sample 
deforms r a d i a l l y ,  w i l l  con t r i bu te  t o  the generat ion 
of r a d i a l  compressive stresses, a sample n o t  under- 
going t e n s i l e  f a i l u r e  w i l l  develop l a r g e r  r a d i a l  
stresses. I n  the i n t e g r a t i o n  f o r  c a l c u l a t i n g  r a d i a l  
stresses, a c r i t e r i a  fo r  t e n s i l e  hoop f a i l u r e  was 
based upon the  cross-sect ional  r e l a t i v e  volume. As 
discussed i n  g rea ter  d e t a i l  below, the  l a rge  volume 
i ncreases associated w i t h  f a i  1 u re  o f  the  g r a n i t e  
specimens r a p i d l y  d i c t a t e d  t h a t  t e n s i l e  hoop stresses 
cou ld  n o t  be sustained. 

The e a r l y  time, o s c i l l a t o r y  p o r t i o n  o f  the  gage 

This increased volume i s  

The f i n i  te-di f ference equation f o r  conservat ion 
o f  momentum was used t o  evaluate the e f f e c t  o f  f o u r  
d i f f e r e n t  sets of assumed cond i t ions  upon ca l cu la ted  
sample response. 
presence o r  absence of a hoop t e n s i l e  s t rength  dur ing  

One cond i t i on  r e l a t e d  t o  the 

sample r a d i a l  f l o w  and f a i l u r e .  
invo lved cons ider ing  o r  i gno r ing  the  small  changes i n  
radius and dens i t y  occur r ing  w i t h  sample f a i l u r e .  
Permutation o f  these two cond i t ions  made the  fou r  
sets considered. It was found t h a t  i n c l u s i o n  o f  actual 
r a d i i  and dens i t i es  had a n e g l i g i b l e  e f f e c t  upon 
ca lcu la ted  r a d i a l  stresses wh i l e  i n c l u s i o n  o f  a t e n s i l t  
hoop s t rength  cou ld  s i g n i f i c a n t l y  increase the  
ca lcu la ted  r a d i a l  stresses. 

Eva lua t ion  o f  cases where t e n s i l e  hoop stresses 
could con t r i bu te  requ i red  a c r i t e r i o n  f o r  t e n s i l e  
f a i l u r e .  Although r a d i a l  displacement and the  
consequent hoop s t r a i n s  would appear t o  be an adequate 
reference f o r  t e n s i l e  f a i l u r e ,  l a rge  hoop s t r a i n s  coulc 
r e s u l t  from d u c t i l e  f l ow  w i thou t  any concordant tensi lc 
f a i l u r e .  
cross-sect ional  r e l a t i v e  volume (V) as a reference f o r  
f a i l u r e ,  on the bas is  t h a t  an inc reas ing  r e l a t i v e  
volume would be i n d i c a t i v e  o f  d i l a t a n t  and, by i n f e r -  
ence, b r i t t l e  f a i l u r e .  
sec t iona l  r e l a t i v e  volume o f  1.02 was employed as t h e '  
c u t  o f f  f o r  the  existence o f  a 200 bar t e n s i l e  hoop 
s t rength .  Despi te the  crudeness o f  t he  c r i t e r i o n ,  the 
r e s u l t s  i 11 u s t r a t e  we1 1 the  important r o l e  t h a t  hoop 
t e n s i l e  s t rength  e f f e c t s  can play.  

As changes i n  rad ius  and dens i t y  had a n e g l i g i b l e  
e f f e c t ,  on l y  the  e f f e c t s  o f  hoop t e n s i l e  s t rength  
w i l l  be discussed here. h Fig. 4 r a d i a l  stresses fo r  
t he  two t e n s i l e  s t rength  cases a t  d i f f e r e n t  t imes are 
p l o t t e d  as a f u n c t i o n  o f  p o s i t i o n  w i t h i n  the sample fo ,  
the  Solenhofen l imestone t e s t  whose raw v e l o c i t y  data 
i s  shown i n  Fig. 3. A t  a l l  th ree  times shown, the 
cases i n  which a 200 bar  t e n s i l e  s t rength  i s  included 
g i ve  a s i g n i f i c a n t l y  h igher  r a d i a l  s t ress .  For a l l  
cases the  r a d i a l  s t ress  i s  found t o  increase towards 
the ax i s  o f  the  sample as would be expected. Curves 
f o r  the two cases a t  the  l a t e s t  t ime shown (93.8 psec) 
a re  on l y  s l i g h t l y  d i f f e r e n t  as t e n s i l e  f a i l u r e  has beel 
genera l l y  invoked by the relat ive-volume c r i t e r i o n .  
The ca l cu la ted  l oss  o f  t e n s i l e  s t rength  dur ing  sample 
f a i l u r e  i s  i l l u s t r a t e d  i n  Fig.  5, where the  r a d i a l  
s t ress  a t  Gage #3 i s  seen a t  e a r l y  times t o  be some 
th ree  times grea ter  f o r  the tensi le-hoop-strength case 
than f o r  the  zero-strength case. 
t ens i l e -s t reng th  case r a d i a l  s t ress  r a p i d l y  approaches 
the  zero-strength case. 

g r a n i t e  samples d isp layed s i g n i f i c a n t l y  h igher  
acce le ra t ions  and peak v e l o c i t i e s  such as shown i n  
Fig.  6. The h igher  acce le ra t ions  observed i n  g r a n i t e  
samples are  be l ieved t o  be a d i r e c t  consequence of 
d i l a tancy  dur ing  b r i t t l e  f a i l u r e  and the  conservat ion 
o f  mass and momentum. As shown i n  Fig. 7 the  r a d i a l  
stresses ca l cu la ted  f o r  the  v e l o c i t y  records of Fig.  6 
a re  much l a r g e r  than f o r  l imestone f a i l u r e  under 
comparable load ing  cond i t ions .  

w i t h  the  relat ive-volume f a i l u r e  c r i t e r i o n  on r a d i a l  
s t ress  computations f o r  Westerly g r a n i t e  i s  much less  
than f o r  l imestone. For Experiment 44, Fig.  8, the  
i n i t i a l  value o f  r a d i a l  s t ress  a t  the p o s i t i o n  of 
Gage #3 i s  on l y  20% greater  than the corresponding 
value f o r  the zero- tens i le -s t rength  case. The 
in f l uence  o f  t e n s i l e  rock s t rength  a l so  became 
n e g l i g i b l e  a t  a comparat ively e a r l i e r  t ime than f o r  
the  l imestone experiments. 
i n f l uence  o f  t e n s i l e  rock s t rength  drops o f f  r a t h e r  
ab rup t l y  f o r  Experiment 44 i nd i ca tes  t h a t  the  cross- 
sec t iona l  r e l a t i v e  volume increases ab rup t l y  and t h a t  

The o the r  cond i t i on  

Consequently i t  was decided t o  u t i l i z e  the  

Q u i t e  a r b i t r a r i l y  a cross- 

A t  l a t e r  times the 

I n  con t ras t  t o  the  l imestone samples, Westerly 

The e f f e c t  o f  i nc lud ing  t e n s i l e  rock s t rength  

The f a c t  t h a t  the  
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29.9 
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46.4 

.FIGURE 1 LEGEND 

Main H-Channel Support 
Gas-Gun H-Channel Support 
Gas-Gun Reservoir 
Gas-Gun Bar re l  
Impact Bar 
Receiver Bar 
Bar Support-Yoke 
Bar Guide-Block 
Pneumatic Control Valves. 
Rock Specimen 
Helmhol t z  Coi 1 s 
Strain-Gage Bridge 
Electromagnetic Ve loc i t y  Gage Leads 
Compressed-Nitrogen Storage-Tank 
P lex i  -Glass A1 ignment Block 
Shim-Stock Tr igger  
Impact Absorber 
Time I n t e r v a l  Counter Trigger-Wire 
Co i l  Support 
Suspension Wire 
P l a s t i c  P is ton  
Alignment Screws 
Ent ry  Por t  
P is ton  Valve-Seat 
Gas-Gun Breech 
Gas-Gun Alignment-Set-Screws 

5.53 3.1 

4.55 2.8 

8.58 3.0 

TABLE 1. 

Pr inc ipa l  Test Condit ions and Resul ts.  

45.8 

47.1 

46.7 

99.5 

149.5 

99.5 

Solenhofen 
1 imestone 

Sol enhofen 
1 imestone 

Westerly 
g ran i te  

Westerly 
g ran i te  

‘clesterly 
g ran i te  

199.5 

46.0 1 199.5 

I 
51.0 I 99.5 

Cal cu l  ated 
Average 
Strength 

3.5 1 

Fracture 

Fracture 

F r i c t i o n  
Fracture 
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SHOT# 37 
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SOLENHOFW LIMESTONE 
ROCK TARGET LENGTH - 51.0 II 

SHORT PROJECTILE 
IMPACT VELOCITY 81.4 d o  
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FIG. 4 - CALCULATED RADIAL STRESS vs RADIAL POSITION FOR SHOT #37 FOR TWO TENSILE 
STRENGTH C A S E S .  
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FIG, 5 - RADIAL STRESS (AT GAGE #3) vs TIME FOR SHOT #37 FOR TWO TENSILE STRENGTH 
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I N F E R  AL STRENGTH VS RADIAL POSITION FOR kkh %46 AND s!b? #84 ON WESTERLY GRANITE. 
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FIG, 10 - INFERRED AXIAL STRENGTH VS RADIAL POSITION FOR 
THREE TESTS ON SOLENHOFEN LIMESTONE. 


