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HIGH-PRESSURE MECHANICAL PROPERTIES 
OF KAYENTA SANDSTONE 

Abstract 

Pressure -vo lume , uniaxial s t ra in 
loading, uniaxial s t r e s s loading to 
failure, an i ultrasonic velocity ue te rmi -
nations have been performed on samples 
of Kayenta sandstone from the si te of 
the Mixed Company event. Hydrostatic 
p r s s s u r e of " GPa produces about 
23% volume compression, with 9% 
permanent compaction remaining upon 
unloading. The pressure-volume data 
indicate that c rush-up of porosity begins 
between 200 ana 300 MPa. In uniaxial 
s t ra in loading, the sandstone loads 
directly to the vicinity of the failure 
envelope, then para l le ls that envelope to 

the highest cQnfjr.ing p r e s s u r e (480 MPa). 
-4 

At s t ra in ra tes of abou- !0 , s, the load­
ing path in uniaxial s t ra in up to 200 MPa 
is coincident in p ressu re -vo lume space 
with the shock-loading path (at a s t ra in 

c: 

rate of about 10' ,'s) observed on samples 
from the same block. The permanent com­
paction, after unloading under conditions 
of uniaxial s t ra in from 625 MPa mean 

The mechanical response of mate r ia l s 
to the l«rge s t r e s s pulses typical of 
high-energy and nuclear explosives is a 
mat ter of importance for site hardening, 
as well as stemming and containment, 
in the underground testing program of 
the Defense Nuclear Agency (DNA). To 

p r e s s u r e , is about 3.t>%. Uniaxial s t r e s s 
loading indicates a bri t t le-duct i le t r ans i ­
tion between 400 and 500 MPa mean 
press i - re . Between 100 and 500 MPa 
mean p re s su re , the slope of the failure 
envelope is decreased considerably with 
respect to that below 100 MPa and be­
tween 500 and ÔO MPa. This plateau, 
which is not present in the failure 
envelope for mater ia l subjected to a 
700-MPa confining p re s su re before the 
uniaxial s t r e s s test, is interpreted as 
being due to pore c rush-up during hydro­
stat ic loading. As confining p r e s s u r e is 
increased from 0.1 MPa to 1 GPa, the 
measured compressional velocity 
inc reases from 3.0 k m / s to 5.0 k m / s 
and the shear velocity increases from 
1.5 k m / s to 2.4 k m / s . Small de­
c r ea se s in compressional velocity (~5%) 
between 10 and 40 MPa a re attributed to 
local bri t t le failure resulting from highly 
localized s t r e s s concentrations within 
the sample unJer hydrostatic loading. 

improve computer modeling techniques 
and to study the response of a porous 
sandstone, the Mixed Company event, a 
well-Instrumented experiment using 
high-energy explosives, was performed 
at a site in Mesa County, Colorado. As 
shown 5n Fig. 1, this site had been 

Introduction 
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Fig. 1. Map of the Mixed Company s i te , Mesa County, Colorado, showing the location 
of the PI core used in this study in relation to ground zero and other sampling 
in the a rea . This map is based on pre l iminary geologic -naps of the site area 
by J . Q. Ehrgott, U.S. Army Engineer Wa'.Tivays Experiment Station. 

extensively sampled to provide mater ia l 
for a variety of equation-of-state (EOS) 
tes t s at several s t ra in r a t e s , which 
were car r ied out at six l abora to r ies : 
Stanford Research Institute (SRI), Physics 
International (PI), T e r r a Tek Incorporated 
(TTI), Waterways Experiment Station 

(WES), Massachuset ts Institute of 
Technology (MIT), and the Lawrence 
Livermore Laboratory (LLL). This 
repor t presents the LLL EOS data on a 
sandstone from this s i te . 

Data were collected on samples of 
sandstone prepared from half of a core 
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(about ,'tr-ifi (Tim in diameter by 2fi0 mm 
lon(»). supplied by I!. P. Swift of PI. 
The cvlnider was part of core 1-1 from 

a depth of O.fi m and about ;t00 m from 
tbe working point ("PI r o r e " in l-'ig. I). 

The sandstone, from the Kavcnta forma­
tion, is poorly consolidated and mrduim-
io coarse-gra ined; it contains more 
than 90". quart;: with a im.i ' l amount 
of ra lc i te . 

Experimental Procedure 

Samples were prepared with diamond 
coring dr i l ls , using water as the coolant. 
Cores were oven-dried nt flO"t' for at 
leasl 24 hr before density measurements 
and jacketing. The density of the dry 
sandstone, is determined hv weighing 
and measuring several samples in air , 
was 2.04 i 0.03 Mg. m' . A dry grain 
density of 2.6HM \lg m was measured 
using a helium densitometer on samples 
ground to pass a 44-,mi sieve. The 
porosity is thus about 24%. 

Kight c i rcu lar cylinders varying from 
20 to 30 mm in diameter and 30 to 100 mm 
in length were deformed in a. variety of 
t es t s . The pressure -vo lume (I'-V) 
relationship was measured to '.4 GPa 
under hydrostatic conditions and to 
3.0 GPa under quasi-hydrostat ic condi­
tions. The intrinsic, compressibil i ty of 
this rock was determined to 4.0 GPa on 

a sample which had been ground to pins 
a 44-^m sieve, mi .ed with equal parts 
tin, and hot -pressed at 1 S0"C and 2 GPa 
Into the form of a quasi -s ta t ic P-V 
samp 'e . The failure envelope In com­
pression was determined to 1.05 GPa 
mean p res su re from uniaxial s t r e s s 
tes ts ; tensile s t rengths were d'-termlned 
by the Hra/.il test ai 0.1 MPa. Using 
foil s train gages, the n t r e s s - s i r a n . 
response of this sandstone was moni­
tored under conditions of uniaxial 
s t r e s s and uniaxial s t ra in loading. 
Shear and compressional velocities 
( rosonmt frequency, 1 MHz) were 
measured to 1.0 GPa confining p r e s ­
su re . All tests wo'.'r performed at 
s t ra in r i t e s of about l o ' / s . Experi­
mental techniques employed in this 

study a r e discussed in grea ter detail 
i v. ' 2 - 7 ) 

elsewhere. 

Test Results 

PK KSSU H E- VOLb ME M EASUR EMENTS 

The pressure-volume (P-V) relat ion­
ship was determined to 1.4 GPa on 
jacketed, 32-mm-diam by 76-mm-long 
specimens immersed in a hydrostatic 
p r e s su re flu'u. Axial and circumferential 
s train gages were bonded to the jackets 

to monitor volume changed. E3ecause 
lead jackets on this very porous, 
coarse-gra ined sandstone fenced to 
puncture at p r e s su re s above 100 MPa, 
a special dual-jacketing technique was 
developed, in which 0.5-mm-thick lead 
jackets were applied over 0.1-mm-thick 
copper sheaths . Before s ^ a i n gages 
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were applied, thi jal jacket was fitted 
to the rock by 0.4 MPa hydrostatic p r e s -
: are io ensure that \.he displacement of 
the jacket would accurately reflect 
s t ra ins in the rock during testing. 

Figure 2 shows the P-V relationship 
to 3.0 GPa as determined from five 
samples loaded hydrostutically to 1.4 
GPa and four samples load id under 
quasi -hydroj ta t ic conditions to 3.0 GPa. 
Between 0.3 and 1.4 GPa, tho data from 
both types of test a r e in good agreement . 
Below 0.2 MPa, hydrostatic data were 
favored in drafting the figure. Except 
for one sample tested hydrostatically, 
which had 5% less compression at 1.0 GPa, 
the resul t s for all measurements fall 
within the e r r o r ba r s shown in Fig. 2, 

By 3.0 GPa the K^yenta sandstone has 
undergone 23 ± l.b% volume compres ­
sion. On r e l e a s e of p r e s su re from 
3.0 GPa, this sandstone has 9% perma­
nent compaction. The P-V relationship 
as determined from another core from 
the same sampling site is included in 
Fig. 2. The two determinations a re in 
excellent agreement below 300 MPa, 
but they diverge above this p res su re , 
where c rush-up was observed to occur 
in the present study. 

The P-V curve has a ratli•-.• complex 
shape. Beginning with a low itiul 
slope, which is probably the result of 
closing of c racks with low aspect ratio, 
the bulk modulus (K) increases 'intil 
poi-e c rush-up begins (between 200 and 

3.0 

2.5 

2.0 

1.5 

1.0 

Q t 5 — Kayenta sandstone 

I p 0 = 2 . 0 4 M g / m 3 

1.000 

0.75 0.80 0.85 0.90 0.95 1.00 

v/v n 

Fig. 2. P r e s su re -vo lume relationship for dry Kayenta sandstone. The insert shows 
behavior in the first 60 MPa. Data from TTI (Ref. 8) on sandstone from the 
Mixed Company site a re included for comparison. 
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300 MPa). Over the p ressure interval 
of 300-400 MPa, ar. additional 5% volume 
compression occui s, yielding a low bulk 
modulus. From 0.4 to 3.0 GPa, the 
slope of the P-V curve increases smoothly. 
Table 1 l ists bulk moduli calculated 
from the slopes of the P-V curve in 
Fig. 2. The complex variation of bulk 
modulus with p r e s s u r e to 800 MPa is 
displayed grap! ically in Fig. 3. 

Figure 4 compares the specific 
volume {v) of the Kayenta sandstone with 
the intrinsic compressibil i ty determined 
on a powdered sample. Althougn the 
specific volumes differ by almost 3% at 
3 GPa, the slopes a re s imi la r . The 
slope for the sandstone is slightly less 

Table I. Bulk modulus of Kayenla 
sandstone. 

P ressure 
(MPa) 

0.1 
2 
5 

10 
30 

150 
270 
3 50 
500 

1000 
2000 
3000 

Bulk modulus, K 
(GPa) 

0.6 
1.2 
2.5 
4.2 
6.8 
9.8 
4.0 
1.0 
8.5 

14.1 
33.7 
46.7 

800 

£ 300 

4 5 6 7 

Bulk modulus, K — GPa 

Fig. 3. Bulk modulus as a function of p r e s su re . 
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than the slope for the powdei'. This 
implie; that there is 6 to 8% porosity 
remaining in tile rock and that some 
porosity will persist to p r e s su re s of 
10 GPa. Below 2 GPa, pore crush-up 
and crack closure dominate the P-i; 
relationship in the rock. 

Since the Kayenta sandstone is com­
posed mainly of quartz, the intr insic 
compressibil i ty is also compared with 

i)' that of quart/, in f ig . 4. 1 he higher 
initial specific, volume of the Kayenta 
sandstone is due to the presence of calcite 
and other impuri t ies including a possible 
small amount of magnetite. These 
impurit ies a re also cons i s ted witii the 
slightly higher compressibi l i ty of the 
intrinsic V-v curve compared with that 
of quartz . 

s. 

0.30 0.35 0.40 0.45 
Specific volume 

0.50 

Fig. 4. Specific volume of Kaycntn sand­
stone compared with the specific 
volume of powdered Kay em a 
sandstone and quart/.. 

UNIAXIAL STKKSS M KASUR KMENTS 
(FAI1.UHK) 

Both uniaxial compression and in­
direct tension (Brazil) tes ts were made 
on the dry Kayenta sandstone. In the 
former, Tygon-jacketed cylindrical 
samples (H> mm in diameter by 40 mm 
long) were compressed to failure at 
confining p r e s s u r e s ranging to 700 MPa. 
Tensile strengths were determined at 
atmospheric p r e s su re in the Brazil test 
by compressing a cylindrical sample 
along its diameter . 

Data were taken in the form of force-
displacement curves . After calculation 
to di f ferent ia l -s t ress vs axia l -s t ra in 
curves, either the ultimate strength (in 
those tes ts which .-'i.'wocl bri t t le behavior) 
or the differential s t r e s s taken at 5% 
strain (for those samples which were 
macroscopically ductile) was recorded. 
The values of the principal s t r e s s e s at 

failure for each test (as defined above) 
are summarized in Table 2. 

Brittle failure is characterized by a 
sudden decrease m the slope o! the M r c s s -
slrain curve at the yield point, followed 
either by a complete Ins.-, of cohesion of 
the material with a subsequent drop in 
differential s t r e s s to zero, or by 
continual fracturing and rchcaling of the 
material , character ized by sharp down­
ward breaks in the s t r e s s - s t r a i n curve. 
Ductile failure is defined as the absence 
of any sharp downward breaks in the 
s t r e s s - s t r a in curve beyond the yield 
point, with the material undergoing at 
least n"', permanent strain before frac­
ture . On the scale of ttie test sample, 
ductile behavior may result from 
homogeneously distributed mitt ^fractures 
.vith consequent small rotations of grains 
or by plastic flow (twinning or tran.slation) 
on any scale . 
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Table 2. Summary of uniaxial s t r e s s tests of dry Kayenta sands tc i e . 

Principal stresses (MPa) Shear 
Mean 

p ressu re . 

"l °2 °3 
strength, T 

(MPa) 
Pm 

(MPa) B e h a v i o r 

Rrazil tests 
4.2 0.1 -1.4 2.8 0 Bri t t l e 
4.» 0.1 -1.6 3.2 11 B r i t t l e 

32 0.1 0.1 

3 2 0.1 0.1 

14 8 25 25 
22 3 50 50 

3 1 0 100 100 

4 53 200 200 

600 300 300 

7!I4 400 4 00 

1 04 0 -.50 450 

I.'130 500 500 

1 334 500 500 

151 1 K00 fiOO 

14 5!' liOO 000 

173 5 700 7 00 

11 Bri t t l e 
1 1 Bri t t l e 
cc Bri t t l e 

1011 Bri t t l e 
170 B r i t t l e 
284 Transit ional 
4 00 Ductile 
531 Ductile 
617 Duct i le 
777 Duct i l e 
778 Duc t i l e 
004 Duc t i l e 
886 D u c t i l e 

1 04 5 Duct i le 

Un iax i a l s t r e s s t e s t s 

16 

16 

62 

87 

105 

126 

150 

197 

295 

415 

417 

4 55 

430 

517 

Un iax ia l s t r e s s t e s t s on s a m p l e s p r e p r e s s u r i z e d to 700 M P a 

123 

104 

304 

2 53 

315 

349 

In T ig . 5, t h e s h e a r s t r e n g t h , T, i s i s a d i s t i n c t dip in the f a i l u r e e n v e l o p e , 

p l o t t e d agi-uist m e a n p r e s s u r e , P . a s with a n e a r - p l a t e a u b e t w e e n 200 and 

c a l c u l a t e d f rom the p r i n c i p a l s t r e s s e s 500 M P a . T h i s f e a t u r e h a s b e e n o b -

l i s t e d in T a b l e 2 . R e s u l t s f r o m s e r v e d in the s a m e p r e s s u r e r a n g e in 

e a c h l e s t a r e shown a s open c i r c l e s ; t h e p o o r l y c o n s o l i d a t e d , h i g h - p o r o s i t y 

so l i d c u r v e is the l o c u s of t h e s e d a t a . tuf fs . ' (n t h o s e s t u d i e s t h i s b e h a v i o r 

T h e t r a n s i t i o n f rom b r i t t l e f r a c t u r e to w a s a t t r i b u t e d to p r o g r e s s i v e c o l l a p s e 

m a c r o s c o p i c d u c t i l e flow in t h i s s a n d - of the m a t r i x f r a m e w o r k into the e x i s t i n g 

s t o n e o c c u r s at 4 5 0 - 5 0 0 M P a . At m e a n p o r e v o l u m e . At h i g h e r m t a n p r e s s u r e s , 

p r e s s u r e s b e t w e e n 150 and 7 50 M P a t h e r e t h e tuffs i n c r e a s e r a p i d l y in s t r e n g t h . 

34 6 100 100 

5H7 200 200 

90H 300 300 
HOG 300 300 

102 0 400 4 00 

1 I4K 4 50 450 

182 Duct i l e 

329 Duc t i l e 

503 Duc t i l e 

469 Duct i l e 

610 Duc t i l e 

6 83 Duc t i l e 



600 

500 

400 
o In if \a\ moter io l 

0 P rcp rc i i u r i zcd motcr la l 

f a i l u r e in te rva l * from Rof . B 

Koyenla iond i fone 

r Q ?.0<i Mg 'm 3 

200 400 600 800 
Mean p r o j j u r c , P — MPa 

1000 »?00 

1-it;. :'». N ] e a r - . s t r e n j ; t h - v s - m e a n - p r e s s u r e f a i l u r e e n v e l o p e l n r i l r v Ka\«:»M.» s a n d - . t o n 
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C o m p a m M U ' a r c i n c l u d e d . 

1 0 

p r e s u m a b l e I M T . U I . M ' o f t he i n c r e a s e d h u l k 

i l c i i . s i i y and the n i i T e i n t e r l o c k i n g p a c k i n g 

of c o m p o n e n t g r a i n s as a r e s u l t o f t he 

d e c r e a s e in t i n - p u r e v o l u m e f r a c t i o n . 

I b i s hvpo t l i c . i l . - , r e l a t i n g t he p l a t e a u 

in the f a i l u r e r m c l o p i r to p o r e c o l l a p s e 

w.i.-, t e s t e d i»r. t he Kay<*nla s a n d s t o n e . 

H e t o r e t he >t; i [)<!. i ! d t e s t i n g .•.<-(| i i ; '(uc, 

e a c h . s a m p l e .'..is p i v s M i r i / e«j to 700 MJ 'a 

c o n f i n i n g p r e s s u r e ", ir^. 2 s h o w s t h a t 

s i y m l i r a n t j)or»».Mty i s r e m o v e d by t h i s 

p r e s s u r e ) and h e l d . i i t h a i p r e s s u r e b w 

10 m m . Then c o n f i n i n g p r e s s u r e w a s 

l o w e r e d t o t he d e s i r e d v a l u e a n d tJi• * 

s a m p l e w a s t e s t e d . i c c o r d m i j t o t h e 

s t a n d a r d p r o c e d u r e . 

T h e r e s u l t s t<>r i n d i v i d u a l s p e c i m e n s 

a r e r e p o r t e d in H e , , a, a n d the r e s u l t i n g 

f a i l u r e e n v e l o p e is s h o w n b \ t h e d a s h e d 

l i n e . All o f the p r e c o m p r r s s e d s a m p l e s 

u n d e r w e n t d u c t i l e f a i l u r e . Thus , t h e 

b r i t t l e - d u c t i l e t r a n s i t i o n o c c u r s at a 

m u c h l i i ' . o - r m e a n p r . n u c - K 1 .'!() M l ' . i i 

l o r th-- p r e p r e s s u n / * - ' ! |\ a . e n t . i s a n d ­

s t o n e t l i .m u>r i ha t A h i cb h a d no p r e . j . • 

h i g h e r - p r e s s u r e h is t r . r - \ ( I 7 0 M l ' . i l . I t 

i s r e . u J i h a p p a r e n t th. i t the- h \ d r o M a l i e 

p r e l r e . i t f i i e n l c i > n i p h - t e l \ er.!•.•••, . u n 

t r a c e .»• .i p l a t e . ( u :n the : . u l u r . - v . i r i . u <-

and th> - .u r ' .ace h « - i n m e - , n- . i - ru i tunic . i i t h 

a s l o p e de i r c i M i i j ; .-. i t h m e a n p r e s s u r e . 

I I l l s i s t h e u s u a l b e h a v i o r !<>r n i n , | 
, -I (. \1 l i t 

r o c k s . ' • i „ A h w h p o r i > s l l > e l i c i t s 

a r i - not d o m i n a n t *>w-r .. n a r r o w p r e s s u r e 

i r . t e r ' . - 1 . \\t- t hus < • - m d u d e tha t d ie 

p l a t e a u in t i n - ! a i ! u r > - e i < \ e l , , p r b e t w e e n 

I ".(I and :V>0 M P a is < a u s c d h> a c a t a ­

s t r o p h i c m a t r i \ c o l l a p s e i n t o e x i s t i n g 

J.ore s p a c e . 

Ti le s h e a r s t r e n g t h o i tJii.s s a n d s t o n e 

b e l o w (>00 M l ' . i m e a n n r e s s u r e , . m m n j ; 

the l o w e s t w e h a v e o h s i r-\ ed f o r .u.v <ir\ 

s a n d s t . , n i ' , is l i k e l y d ie c o n s en, uer ic e 

o f t h e a n o m a l o u s m a t r i x - p o r e i n t e r a c t i o n 
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discussed above. At p re s su res above 
the plateau region, the Kayenta sand­
stone rapidly attains a more normal 
strength behav lor. 

Also plotted in li j i . f» are failure data 
of (irt'cn et at. for several oilier core 
samples taken irom the Mixed Company 
.site. The bars indicate llie range of 
I ailure strength found for samples with 
• ler.Miy \aryine. from 1 .i)a to 2,'AO M«, m . 
Included among lhe.se are measurements 
on mater ial from the same core used m 
this .study. Helo" 1000 MPa mean p r e s ­
sure, except *t>r •',!• plateau region where 
apparent crush-up lowers the failure 
emejupr m Uie present study, the data 
agree wilhin e\perimerit,. 1 s ra t l c r , At 
lusher p re s su res , the results: of (Jreen 

H 

el al, may somewhat underest imate the 
strength of the Kayenta sandstone. 

THHKK DIMKNSKiNAl. STHKSS-STKA1N 
MKASrHKMKNTS 

!-oil strain images, bonded to jacketed 
r> It riders {] !J mm tn diameter by -10 mm 
long) n! the Kayenta sandstone, monitored 
the induced s t rains in this rock under 
i oiidiiio.i.N o! both uniaxial s t r e s s lo. liny 
lo lailur ' an.! uniaxial s train loading and 
unloading. . uniaxial s t r e s s loading, 
axial lo.i .s increased while constant 
confining p res su re is maintained. In 
uniaxial sir:; in loading, constant c i rcum­
ferential s train is maintained bv in­
creasing the confining p ressure as the 
axial s t r ess is increased. Tins \atter 
loading path is assumed to model loading 
during the passage of a plane shock 
wave. However, the strain ra tes 
during shock loading are about 10 -10 
t imes grea ter than those employed in 
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these laboratory tes ts . In both uniaxial 
Mlra'n and uniaxial s t r e s s loading, the 
principal s t ra ins are measured lo 
determine loading moduli as functions 
of dev latoric s t r e s s and confining p re s ­
sure along different loading paths. 
Samples for the uniaxial s t r e s s teats 
were jacketed with 0.f>-mm-thlck lead 
jackets seasoned to 0.4 MPa before 
installation of s train gages. These 
jackets maintained their integrity 
adequately at confining p r e s s u r e s up to 
100 MPa. 

Kor the uniaxial s train test, however, 
jackets made of O.ii-nun-thick lead wore 
not suitable for two reasons : (1) the 
jacket deformed into the relatively large 
surface holes of the samples as confining 
p re s su re was increased, distorting the 
strain gages and giving false s train 
r e a d m r i , and (2) at p r e s s u r e s grea ter 
than about 100 MPa, the jacket was 
intruded into the surface pores sufficiently 
to be punctured, thus allowing fluid to 
enter the rock. Moth problems were 
solved by the use of a 0.1 -mm-thick 
copper sheath beneath the lead jacket. 
Kxeept for one ins!ancc noted in Table 3, 
jackets were fitted to the rock with 0.-1 
MPa hydrostatic p re s su re prior to 
installation of s t ra in gages. This 
copper sheath permitted confining p r e s ­
su res of at least 500 MPa to be used 
without jacket rupture and apparently 
eliminated spurious strain readings. 
Hclow 100 MPa, (he data for uniaxial 
s t r e s s loading of single- and double-
jacketed specimens agree wel' (see, for 
example, Pig. H and Table 3). In both 
uniaxial s t r e s s and uniaxial strain loading, 
the strength of the jackets was taken 
into account in the data analysis . 
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T a b If a". Moduli and v e l o c i t i e s c a l c u l a t e d I rum ini t ia l q u a s i -Mat u load ing , Kaycnla 
s a n d s t o n e . 

C u m p r c s 
Mii-.-r Hulk ,->hear s i o n a l 

P i g . H P o i s s o n ' s m o d u l u s , m o d u l u s , w l o e i l y . v e l o c i t y . 
J a c k e t m a t e r i a l , c u r v r 'A r a t i o , JJ K V,. Vp 

s e a s o n i n g p r e s s u r e Nu, (Ml ' i i l r (CiPa) HJPa I ( K I T , .•*) (km s ) 

I ' n i ax ia ) . s t ra in t e s t s 

Pb , 0.1 M l J a I 

Ph. (M MPa 1! 

Pb • Cu, O.-J M P a .i 

Pb * Cu, 300 M P a I 

0.1 0.2.1 3.1 •1.7 1.2:1 1 .HI! 

n.7 O . M 2 .0 2.1 o . i i i i 1 .1 . a 

o.r. 0.2:1 :I.:I •l.!l 1.27 2 . 1 U 

0.-1 0 .20 ."1.1 7.1 1 .U2 2.«:t 

1 m a x 11 1 s t r c v , . l i - . s l s 

I 'b, 0.- Ml ' ; . 0 .1 0 . 2 1 2 . 1 li.O 1 .011 2 . 1 2 

I'IJ. 0 . - .Ml'a O.a 0 . 2 1 2 . . ) a . . . 1.1 1 I .11.1 

l'l) . 0 .1 .MI'a 2 0 . 0 o.:*o II..'1 17.1, 2 . 0 2 . 1 . 7 .1 

i 'b, O.-I A l l ' a 2 0 . 0 o.:i:i 7.11 2 0 . 0 l.IKI . l . l l l i 

I'l), O.-I .MI'a f>0.0 0 .0 ! ) l l . : " > 5.11 1.711 J . l i l i 

I'b, O.-I M I ' a 1 0 0 . 0 0 . 1 7 10.; i 1 2 . 0 2.2-1 . I . - I7 

F n i a x i a l S t r e s s 

F i g u r e f> s h o w s s t r e s s - s t r a i n p a t h s 

for un i ax i a l s t r e s s t e s t s p e r f o r m e d at 

0 . 1 , 20, f>0, ami 100 M P a conf in ing 

p r e s s u r e . D u p l i c a t e t e s t s w e r e p e r ­

f o r m e d at 0.1 and 20 M P a . At conf in ing 

p r e s s u r e s of 20 M P a and l e s s , t h i s 

s a n d s t o n e i n i t i a l l y loads above t h e h y d r o -

s t a t in un i ax i a l c o m p r e s s i o n . T h i s 

u n u s u a l l o a d i n g b e h a v i o r h a s b e e n o b -
11 15 s e r v e d p r e v i o u s l y in s a t u r a t e d t u t t s 

and was a t t r i b u t e d to d i l a t a t i o n on in i t i a l 

l o a d i n g in t h e s e r e l a t i v e l y weak tu f f s . 

T h i s b e h a v i o r is in d i r e c t c o n t r a s t to 

that o b s e r v e d for l e s s p o r o u s s a n d s t o n e s 
6 1-1 

(~~ }0"'.. p o r o s i t y ) , ' w h e r e s h e a r -
e n h a n c e d c o m p a c t i o n often c a u s e s the 
s a n d s t o n e to c o m p a c t below the h y d r o s t a t 
on in i t i a l un i ax i a l s t r e s s l o a d i n g . 

The a p p a r e n t d i l a t a t i o n on i n i t i a l 

l oad ing o b s e r v e d at p r e s s u r e s of 20 M P a 

and l e s s in F i g . (> is s i m i l a r to th.U 

o b s e r v e d in the s a t u r a t e d tuff f rom NTS 

tunne l F I 2 e . 0 ( i . '' Moth r o c k s . ; . •• highls 

p o r o u s and r e l a t i v e l y u, eak in .s l icu . 

T h e m o s t p l a u s i b l e i-xplan.it ion lor 

d i lu t a l io . i a l b e h a v i o r on in i t i a l load ing 

is tha t , l oca l l y , the m a t r i x c e m e n t is 

e a s i l y b r o k e n wllh a m i n i m u m load and 

that u n c e m e n t e d g r a m s .trv ab l e to 

r o t a t e o r t r a n s l a t e at low v a l u e s of 

app l i ed d i f f e r e n t i a l . . t r e s s . At m e a n 

p r e s s u r e s suf f ic ien t to induce c r u s h - u p , 

f a i l u r e of the rock is c a u s e d by c o l l a p s e 

of g r a i n s and m a t r i x into the p o r e 

v o l u m e , p r o d u c i n g only s l igh t d i l a t a t i on 

o r c o m p a c t i o n prior to f a i l u r e . 

At a conf in ing p r e s s u r e of 100 MPa . 

only s l i g h t i m t i a . d i l a t a t i o n is no ted ; 

f a i l u r e o c c u r s a f t e r c o m p a c t i o n below 

the h y d r o s t a t . At ">0 M P a , die n i c k 

l o a d s s l i g h t l y above the h y d r o s t a t and 
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0.96 

•P-V curve from Fig . 2 

20MPa 

Koyento tandstono 
p Q = 2.04 M g / m 3 

0.1 MPo 

0.97 0.98 0.99 1.00 

v/v n 

1.01 

Fig. K. Volume change as a function of mean pressure in uniaxial s tress loading for 
dry Kayenta sandstone, compared with P-V curve (Fig. 2). Vertical strokes 
at the ends of the curves indicate fracture of the samples. 

tunds tn diverge Irum tiie hydrostat at 
higher mean p r e s s u r e s . At p re s su res 
nf 20 MPa and lower, the amount of 
dilatation prior to failure is noticeably 
increased. The marked change in 
behavior between 20 ami 100 MFa is 
probably related to the initiation of the 
crush-up process in response to the 
confining p r e s s u r e The beginning of 
the plate.ui in the failure envelope at 
50 MPa confining p res su re (Kig. 7 and 
Table 2) was shown to be related to 
rru>h-up of porosity and is consistent 
with l'ig. 0. In addition, the velocity 
measurements presented below also 
indicate s t ructural changes in response 
to confining p r e s su re s greater than about 
10 Ml';i. Although the l'-V relationship 
M-'ig. 2) shows no gross crush-up prior 
to about 300 Ml1;., the uniaxial s t r e s s 
and velocity data indicate that some 
inelastic behavior is occurr ing below 
50 MPa. 

Uniaxial Strain 
Figure 7 shows the uniaxial strain path 

for a sample which was compressed to 
5% s t ra in . The sample was rejacketed. 

s 
1 

500 
Kayenta sandstone 

- p Q = 2.04 M g / m 3 

Kig. 

100 200 300 400 500 

Confining pressure — MPa 

Stress loading path in uniaxial 
s t ra in loading for dry Kayenta 
sandstone, compared to failure 
envelope (Table 2). Two cycles 
on the same sample a re shown 
(see text). 
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regagod and then compressed to an 
additional <!"« s t ra in . As in the 
luffs, ' ' ' the umaxial-s t ra in loading 
path of this rock follows slightly below 
the failure envelope. Hased on our 
experience with the tuffs (wet and dry) 
and svilh this sandstone, it appears that 
rocks which undergo failure by mass ive 
pore collapse a re typified by uniaxial-
s t ' a in loarhng curv^n that intersect , or 
nearly intersect , the failure envelope 
in the plateau region. This is in contrast 
to the behavior of low-porosity granite 
(_,l"'„ porosity) and graywacke sandstones 

("10"' porosity), where uniaxial s train 
loading fallows .1 path whose locus is 
about half the shear s trength. ' 

f igure H compares 1' vs -A\ , V,. for 
the hydrostat (calculated irom l-'ig. 2) 
with that for uniaxial s train runs made 
on lour samples . Although the data 
sca l ier is relatively large, the uniaxial 
s t ra in funs show consistent behavior 
despite variations in jacket mater ia l and 
seasoning p res su re noted in Table .1. 
The loading paths show an initial slialhnt 
slope, followed bv a s teeper region which 
loads above the hvdrostal . This is 

700 

600 

500 

400 

300 

-| , 1 , 1 1 r- -I 1 r-

200 

Kayenta sandstone 

P Q = 2.04 M g / m 3 

0.11 
-AV/V n 

Fig. H. Volume change as a function of mean p r e s s u r e in uniaxial s t ra in loading for 
dry Kayenta sandstone, compared with P-V curve (calculated from Kig. 2). 
Numerically identified curves refer to Table ,'i. Dotted portions of the uniaxial-
strain unloading paths indicate hydrostatic unloading. 
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followed by a decrease in slope at about 
I".',, volume s t ra in (P var ies (U this point m ' 
from 70 to 100 MI'n) and an ultimate 
intersection with the hydrostat at about 
.'il'.. volume strain (P varies from 170 m 
to 1!)0 MPul. 

As in the uniaxial s t r e s s runs d is ­
cussed above, shear-enhanced compac­
tion probably does riot occur at low moan 
p r e s s u r e s ; ra ther , the presence of shear 
s t r e s s tends to inhibit compaction in 
this porous sandstone at mean p re s su res 
less than about 150 MPa in uniaxial 
s train H-'ig. tl). At mean p re s su re s 
grea ter than about ISO MPa, both uniaxial 
s t ra ta and uniaxial s t r e s s tests indicate 
that tins sandstone compacts below the 
hydrostat . The uniaxial s train data 
(Kig. H) indicate significant enhanced 
compaction up to 300 MPa. The be­
havior of the sandstone beyond this 
point is uncertain because the s t ra in 
gages indicated more than -fl[. s t rain, 
the limit of reliability of our gages. 
Thus the Kayenta sandstone exhibits 
shear-enhanced compaction s imi la r to 
that observed K r other, less porous 
sandstones ' but at lower' p r e s s u r e s . 
Attempts to gather additional data beyond 
:V-!. s train by rejacketing and regaging 
samples which had been previously sub­
jected to !>": compression in uniaxial 
strai.i loading were thwarted by jacket 
failure. The permanent compaction 
observed after unloading in uniaxial 
s train varied from 1.2%, for a sample 
which had been to 1 !>0 MPa mean p res su re , 
to about 2°.!., for samples which had been 
to mean p re s su re s of 210 and 310 MPa. 
For tile sample which had been to 600 MPa, 
the 3.6"/;, permanent compaction is 
unreliable since the strain gages had 
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been deformed beyond the limit of their 
rel iabil i ty. 

In Pld. 0, the a vs -dV/V loading 
path in uniaxial s train as observed at 
s train ra tes of ~ 10 / s is compared 
with the two loading paths observed at 

5 
s t ra in ra tes of ~ I 0 / s on mater ia l from 

17 
the same block. The agreement up to 
250 MPa is surprisingly good. Apparently, 
the response of this sandstone to o. 
loading is s t r a in - ra t e independent at 
p r e s s u r e s loss than that required to 
produce crush-up (i. e , , the quasl-olnst ic 
region). The Kayentu sandstone is the 
first rock of which we a re aware that has 
a region in which v loading is apparently 
independent of strain rate . At p r e s su re s 
sufficient to initiate c rush-up (I'"ig. B), 
there is apparently a s t r a in - r a t e effect. 
If we average the h igh-s t r a in - ra te ex­
periments (3.5% strain), it appears that 

g 
a 10 increase in loadmg rate increases 
shear strength ( T) by about 35%, or 4% 
per decade of ra te . This is s imi lar to 
the ra te effects observed for failure in 

• , . , , 6,13, IS 
uniaxial s t r e s s loading. 

The initial loading moduli and the 
shear and compress tonal velocities 
derived therefrom are presented in 
Table 3. The agreement between initial 
loading moduli observed in uniaxial 
s train for single- and double-jacketed 
specimens indicates that the two jacketing 
procedures adopted he re produce no 
discernible d ispar i t ies . The agreement 
between loading moduli for uniaxial 
s train and uniaxial s t r e s s tes ts at con­
fining p r e s s u r e s between 0.1 and 0.7 MPa 
is quite good also. The initial loading 
moduli in uniaxial strain for the sample 
seasoned to 300 MPa before strain gage 
installation a r e much stiffer, indicating 
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Kayenta sandilono 
p Q = 2.04 M g / m 3 

-SRI 
Tost 1209 

0.05 0.06 
-AV/V„ 

0.11 

Fig. 9. Volume change as a function of axial s t r e s s (<j\) in uniaxial s t ra in loading 
(10~^/s) for dry Kaye_nta sandstone. Also shown for comparison are SRI data 
for shock loading (10°/s) (Ref. 17). Complete loading and unloading data for 
both cycles of test No. 3 (Tablt 3) a re shown. Dotted portions of the uniaxial-
strain unloading oaths indicate hydrostat 'c unloading. 

a possible loss of some initial porosity 
by either crush-up or crack c losure . 

The uniaxial s t r e s s tests indicate 
a possible maximum in initial shear 
and bulk moduli between 0.5 and 

50 MPa. The decrease in moduli 
between 20 and 50 MPa may bo 
related f the initiation of pore col­
lapse in this weak, highly porous 
sandstone. 
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I l . T H A S O N i r VK.l OCITY MK.ASURK- T h e t r e n d to i n c r e a s i n g V (> dm-lntf c r u a h -
MK.NTS up h a s b e e n o b s e r v e d in .» h ighly p o r o u s 

? 1 rnc l in l a r lnn e a r t h , l a n d s t o n e and l i m c -
U l t r a s o m c v e l o c i t i e s w e r e c a l c u l a t e d r . , t o n o , 2 2 - 2 3

 n n n - porout . lunar m a t e r i a l . 2 1 

f rom t r a v e l t i m e s m e a s u r e d by a p u l s e - .,., H h c a r velocity alsn shown a large 
19 J r . 

t r a n s m i s s i o n t e c h n i q u e e m p l o y i n g i n c r e a s e on in i t i a l a p p l i c a t i o n of conf in ing 
1-MHz c e r a m i c t r a n s d u c e r s . Sample : ! p r o c u r e ; h o w e v e r , no p r o n o u n c e d d t s -
w o r e c y l i n d e r s (1!) m m in d i a m e t e r by c o n t i n u i t i e s in V_ a r e ev iden t be low 
25 m m long) e n c a p s u l a t e d in a l o w - s h e a r - 3 0 Q M P a _ T W ( , ' 1 H c o n f l i . s l c „ t w l t n <|ota 
s t r e n g t h p o l y u r e t h a n e epnn . Kor s h e a r - o n l o w _ p o r n H , t y , . , , c k S i which s u g g e s t 
wave t r a v e l - t i m e m e a s u r e m e n t s , 0 . 0 5 - ( h a t v i s r n ( l r c a p n s l U V 0 t l l a n y^ t o 

m m - l l i i c k c o p p e r d i s k s w e r e i n s e r t e d s m a l l c h a n g e s in c r a c k c o n c e n t r a t i o n . 2 5 

b e t w e e n the t r a n s d u c e r s and rock to [ n , n e r e g U m o f R r o s s c r l K l | l . U I , „ r ,),»„ 

e n s u r e r e l i a b l e m e c h a n i c a l and e l e c t r i c a l s a r u | n t o n e , the s h v a r v e l o c i t y s h o w s a 
contact dur ing c rush -up . Data were s l igh t d e c r e a s e o v e r a l a r g e r p r e s s u r e 
c o r r e c t e d for the a d d i t i o n a l t i m e de l ay . . . . . . . r „ . , 
u J i n t e r v a l than o b . ' e r v e d for V . 
h r o u u h the c o p p e r d i s k s . The m e a s u r e d .... , ., . . .. , ,. , ,. 

^ ' ' I he v e l o c i t y da ta i n d i c a t e that the i n -
s n e a r and c o m p r e s s t o n a l t r a v e l t i m e s . . . . . , . . 

' t e r n a l s t r u c t u r e of the rock is u n d e r -
(t , t ) a r e p r e s e n t e d in Kip . 10; v e l o c i t c s . . . . . 
' s p g° tng c h a n g e even at low conf in ing p r e s -
(V , V ) c a l c u l a t e d u s i n g t h e s e t r a v e l , ., , , . , . 

s p s u r e and tha t a n o m a l o u s b e h a v i o r o c c u r s 
t i m e s and the l ' -V r e l a t i o n s h i p a r e . . .i > • r i i 

' p r i o r to the b e g i n n i n g of l a r g e - s e a l - ? 
p lo t ted in K I R . I I . c r u s h - u p i n d i c a t e d by the P -V d a t a . 

F i g u r e 11 i n d i c a t e s t ha t V i n c r e a s e s , . , . , , . . . . ,, , 
h a H o w e v e r , it shou ld be e m p h a s i z e d that 

r a p i d l y with an in i t i a l i n c r e a s e of c o n - . , , .. n ,, , , , . , . , 
p •> t , t , and the P-V r e l a t i o n s h i p , which 

I ' vn i f p r e s s u r e , p r e s u m a b l y b e c a u s e of , , , , , .. , , , 
<•> I , ' ' J w e r e u t c d to c a l c u l a t e \ and V ,, w e r e 

c r a c k c l o s u r e . " At about 10 M Pa , n o t d c t c r m L n o t | n f l t h ( , N , m , , K a m p l o L , u t 

h o w e v e r , V p LK - l e to d e c r e a s e and h a s Q n d i r f c r o n t K a m p K . s , r o m the s a m e b lock 
a loca l m i n i m u m :,! about 20 M P a . T h i s o f s a n d s t o n 0 

s m a l l d e c r e a s e in \ ' o (~-l%) m a y b e T h c v a n ( j v c a k . u i ; u e < 1 f r n r r . t r a v e l -

P P a s s o c i a t e d with l oca l b r i t t l e f a i l u r e a t t | m e m t , a ' H u r e m c r , ; ! , a r c h l ( , n e r t n a n 

poin t s of s t r e s s c o n c e n t r a t i o n wi th in the ( h o S ( , c a l c u l a t e d f r ( j r i . , n , . l a l u n i a x i a l -

s a m p l e . T h i s o c c u r s at a s l i gh t ly l o w e r s ( r o s s a n ( | U n , a x l a i - H t r a l n l oad ing d a t a 

m e a n p r e s s u r e than w h e r e c o m p a c t i o n a t s i m i l a r c o n I l n i n g p r t . . , s u r e s . e x c e p t 
t o w a r d the h y d r o s l a t is o b s e r v e d in a t 2 ( J f u p a _ M .,Q M p a _ a m l m m u m o c c u r s 

u n i a x i a l s t r e s s load ing ( F i g . 6 ) . A d i s - m [ h e u U r a s o m c v a m , a m a x i m u m 
con t inu i ty in \ ' n o c c u r s at ~ 200 M P a , a o c c u r s [ n t h e y c a

P

l c u h U e d f r o m t h e 

P P p r e s s u r e s l igh t ly l o w e r than the beg inn ing q U d s i _ s t a U c d a f a . T n L s d i s c r e p a n c y m a y 
of the c r u s h - u p r e g i o n of the P - V c u r v e b e ( h t r e s u h Q | . c r a c k a n o r m a , ( Q a 

(Fie". 2) . Although V does not show a . , , .,,. , . u „ ,. 
1 h b p which a r e open at 20 M Ha c o n t i n i n g p r e s -

d e c r e a s e . the s l o p e of the 1 0 0 - t o - 2 0 0 - s u r e but cl<>se a s a is in. e a s e d to the 

M P a r e g i o n is n o t i c e a b l y s t e e p e r than 2 0 - t o - 4 0 - M P a l e v e l , w h e r e the q u a s i -

tha t at p r e s s u r e s g r e a t e r than 300 M P a . s t a t i c v e l o c i t i e s w e r e c a l c u l a t e d . T h i s 
- 1 5 -



possibility should be investigated by 
s multaneous measurement of V , V 

and principal s t ra ins in this rock usm^ 
the technique of Homier et al.*" 
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Fig. 10. Compress ional - and shear-wave travel t imes as functions of confining p r e s ­
sure for dry Kayenta sandstone. 
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Kig. U . Compressional and shear velocities as functions of confining p re s su re for 
dry Kayenta sandstone. 
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