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HIGH-PRESSURE MECHANICAL PROPERTIES
OF KAYENTA SANDSTONE

Abstract

Pressure-volume, uniaxial strain
loading, iniaxial stress loading to
failure, and ultrasonic velocity uetermi-
nations have been performed on samples
of Kayenta sandstone from the site of
the Mixed Company event. Hydrostatic
pressure of ” GPa produces about
23% volume compression, with 9%
permanent compaction remaining upon
unloading. Thc pressure-volume data
indicate that crush-up of porosity begins
between 200 ara 300 MPa. In uniaxial
strain loading, the sandstone loads
directly to the vicinity of the failure
envelope, then parallels that envelope to
the highest confiring pressure (480 MPa).
At strain rates of abou- !0-4,'3, the load-
ing path in uniaxial strain up to 200 MPa
is coincident in pressure-volume space
with the shock-1oading path (at a strain
rate of about 105 /3) observed on samples
from the same block. The permanent com-
paction, after unloading under conditions

of uniaxial strain froin 625 MPa mean

pregsure, is about 3.6%, Uniaxial stress
loading indicates a brittle-ductile trangi-
tion between 400 and 500 MPa mean
pressire, Between 100 and 500 MPo
mean pressure, the slope of the failure
envelope is decreased considerably with
respect to that below 100 MPa and be-
tween 500 and 100 MPa, Thig plateau,
which is not present in the failure
envelope for material subjected to a
700-I1FPa confining pressure hefore the
uniaxial stress test, is interpreted as
being due to pore crush-up during hydro-
static loading. As confining pressure is
increased from 0.1 MPa to 1 GPa, the
measured compressional velocity
increases from 3.0 km/s to 5,0 km/s
and the shear velocity increagses from
1.5 km/s to 2,4 km/s. Small de-
creases in compressional velocity (~ 5%)
between 10 and 40 MPa are attributed to
local brittle failure resulting from highly
localized stress concentrations within

the sampie under hydrostatic loading,

Introduction

The mechanical response of materials
to the large stress pulses typical of
high-energy and nuciear explosives is a
matter of importance for site hardening,
as well as stemming and containment,
in the underground testing program of
the Defense Nuclear Agency (DNA), To

improve computer modeling techniques
and to study the response of a porcus
sandstone, the Mixed Company event, a
well-instrumented experiment using
high-energy explosives, was performed
at a site ir, Mesa County, Colorado. As
shown in Fig. 1, this site had been
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Map of the Mixed Company site, Mesa County, Colorado, showing the location
of the PI core used in this study in relation to ground zero and other sampling
in the area. This map is based on preliminary geologic maps of the site area
by J. Q. Ehrgott, U.S, Army Engineer Wa’':rways Experiment Station.

extensively sampled to provide material {WES), Massachusetts Inatitute of

for a variety of equation-of-state (EQS) Technology (MIT), and the Lawrence
tests at several strain rates, which Livermore Laboratory {LLL). This
were carried out at six laboratories: report pregenta the LLL EOS data on a
Stanford Research Institute (SR1), Physics sandstone from this site.

International {P!), Terra Tek Incorporated Data were collected on samples of
{(TTI), Waterways Experiment Station sandstone prepared from half of a core
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(about 355 mm in diameter hy 250 mm
long), supplied by R, P, Swift of PI,
The cvhinder was part of core 1-1 from
a depth of 6.5 m and about 300 m from

the working point ("PlLcore” in Fig. 1.
H

The sandstone, from the Kaventa forma-
tion, is poorly consolidated and medium -
to coarse-grained: it contains more

than 907 quartz  with a ama’l amount

of (‘nlcnv.l

Experimental Procedure

Samples were prepared with diamand
coring drils, using water as the coolant.
Cores were oven-dried at 80°C for at
least 24 hr before density measurements
and jacketing. The density of the diy
sandstone, as determined by weighing
and meassuring several samples in air,
woxs 2,04 ¢ 0.03 Myr, m‘i. A dry prain
density of 2,688 My m" was measured
using a helium densitometer on samples
ground to pass a dd-am e-;\-:vu.1 The
porosity 15 thus abtout 24%.,

Right circular cyhinders vorying (rom

20 to 30 mm in diamecter and 30 to 100 mm

in lenpth were defermed in n variety of
tests, The pressure=-volume (1*-V)
relationship was measured to 1.1 GPa
under hydrostatic conditions and to

3.0 (iMa under yuasi-hydrostatic condi-
tions. ‘The imrinsic compressibility of

this rock was determined 1o 1.0 GPa on

a sample which had been ground to prss
add-um steve, mied with equal parts
tin, and hot-presged at 150°C and 2 GPa
tnto the form of a quasgi-static P-V
samp'e,  The fallure envelope in com-
pression was determined to 1,05 GPa
mean pressure from uniaxial streas
tests; tensile strengths were dr-termined
by the Hrazl teat av 0,1 MPa. Using
fotl strain gages, the stress-soraae,
redvonse of this sandstone was moni-
tored under conditions of uniaxiul
gtress nnd uninxial strain loading,
Shear and compreasional velocities
(resonont frequency, 1| MH2) were
neasured to 1.0 GPa confining pres-
sure. All tests weve performed at

strain rates of about 10‘4/5. Experi-

sludy are discussed in greater detatil

v'lsewhere.(z-”

Test Results

PRESSURE-VOLUME MEASUREMENTS

The pressure-volume (P-V) relation-
ship was deiermined to 1.4 GPn on
Jacketed, 32-mm-diam by 76-mm-long
specimens immersed in a hydrostatic
pressure flu'd, Axial and circumferential

strain gages were bonded o the jackets

to monitor volume changes. Because
lead jackets on this very porcus,
coarse-grained sandstone tenood to
puncture at pressures above 103 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!.ain gages

3
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were applied, thi. "aal jacket was fitted
to the rock by 0.4 MPa hydrostatic pres-
sare 1o ensure that the displacement of
the jacket would accurately reflect
astrains in the rock during testing.
Figure 2 shows the P-V relationship
to 3.0 GPa as determined from five
samples loaded hydrostatically to 1.4
GPa and four samples load :d under
quasi-hydrostatic conditions to 3.0 GPa,
Between 0.3 and 1.4 GPa, the data from

both types of test are in good agreement,

Below 0.2 MPa, hydrostatic data were
favored in drafting the figure. IExcept
for one sample tested hydrostatically,

which had 5% less compression at 1.0 GPa,

the results for all measurements fall

within the error bars shown in Fig, 2,

By 3.0 GPa the Knyenta sandstone has
undergone 23 t 1,5% volume compresg-
sion, On release of pressure {rom
3.0 GPa, this sundstone has 9% perma-
nert compaction. The P-V relationship
as determined from another core from
the same sampling site8 is included in
Fig. 2. The twc determinations are in
excellent agreement below 300 MPa,
but they diverge above this pressure,
where crush-up was observed to occur
in the present study,

The P-V curve has a rath. . complex
shope, Beginning with 3 low tial
slope, which is probably the result of
closing of cracks with low aspect ratio,
the bulk modulus {K) increases 'intil

pore crush-up begins (between 200 and
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Fig. 2. Pressure-volume 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 are included for comparison.



300 MPa). Over the pressure interval Table 1. Bulk madulus of Kayenta

of 300-400 MPa, arn additional 5% volume sandstone.

compression vecur s, yielding a low bulk Pressure Bulk modulus, K

modulus, From 0,4 to 3.0 GPa, the (MPa) (GPa)

slope of the P-V curve increases smoothly. 0.1 0.6

‘Table 1 lists bulk moduli calculated 2 1.2

from the slopes of the P~V curve in 5 2.5

Fig. 2. The complex variation of bulk 10 4.2

modulus with pressure to 800 MPa is 30 6.8

displayed grapi ically in Fig, 3. 150 9.8
Iigure 4 comparcs the specific 210 4.0

volume {r) of the Kayenta sandstone with 350 1.0

the intrinsic compressibility determined 500 8.5

on a powdered sample. Althougn the 1000 14.1

specific volumes differ by almogt 3% at 2000 33.7

3 GPa, the slopes are similar, The 3000 46.7

slope for the sandstone is slightly less
800 T T L— — T T T T —
700 "J
600 /*’ ]
500 +/ —]
400 + —

Pressure — MPa
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100
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Fig. 3. Bulk modulus as a function of pressure.
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than the slope for the powder. This
implie: that there is 6 to 8% porosity
remataing in the rock and that some
porasity will persist to pressures of
10 GPPa.

and crack closure dominate the P-v

Below 2 GPa, pore crush-up

rclationship in the rock,

Since the Kayenta sandstone is com-
posed mainly of quartz, the intrinsic
compresstbility is also comparced with
that of quart'l.” in Iig, 4. The higner
initial specific volume of the Kayenta
sandstone is due to the presence of calcite
and other impurities including a possible
small amount of magnetite,” These
impurities are also consisten, with the
slightly higher compressibility of the
iatrinsic P-v curve compared with that

ol quartz,

UNIAXIAL STRESS MEASUREMENTS
(IFAIT.URI)

Both uniaxial compression and in-
direct tension (Brazil) tests were made
on the dry Kayenta sandstone. in the
former, Tygon-jacketed cylindrical
samples (18 mm in diameter by 40 mm
long) were compressed to failure at
confining pressurcs ranging to 700 MPa,
Tensile strengths were determined at
atmospheric pressure in the Brazil test
by compressing a cylindrieal sample
along its diameter.,

Data were taken in the form of force-
displacement curves, After calculation
to differential-stress vs axial-strain
curves, either the ultimate strength (in
those tests which +.wed brittle behavior)
or the differential stress taken at 5%
strain {for those samples which were
macroscopically ductile) was recorded.

The values of the principal stresses at

T 7T LONE N B ] T T T ] Trr
s « -quarstz .
3t -
o L —Powdered 4
a L Kayenta E
© u sandstone h
I 2 b »
q, Koyenta
5 [ sandstone i
il Pe = 1
a | 3 4
. 2.04 Mg /m ]
i ]
0 NI |
0.30 0.35 0.40 0.45 0.50
Specific volume
Fig., 4. Specific volume of Kayeata sand-

stone compared with the gpectlic
volume of powdered Kayenca
sandstone and quartz,

failure for cach test (as defined above)
are summarized tn Table 2.

Hrittle failure is characterized by a
sudden decrease in the slape of the stress-
strain curve at the yiedd point, fallowed
either by a complete foss of cohesion of
the material with a subscquent drop an
differcntial stress to zero, or by
continual fracturing ardd rehealing of the
material, charac.crized by sharp down-
ward breaks in the stress-strain curve,
Ductile failure is defined as the absence
af any sharp downward breaks in the
stress=strain curve beyond the yield
point, with the material undergoing at
least 3 permanent strawn belore frac-
ture, On the scale of the test sample,
ductile behavior may result from
Pomogeneously distributed microfractures
with consequent small rotations of grauns
or by plastic flow (twinmng or translation)

on any scale,




Table 2. Summary of uniaxial stress tests of dry Kayenta sandste.ie,

Mean
Principal stresses (MPa) Shear pressuce,
7 %2 93 ﬂh‘(!;\;;;};::). § (l::?;n) dehavier
Brazil tests
4.2 0.1 -1.4 2.8 4 Brittle
4.8 0 -1.6 3.2 11 Brittle
Uniaxial stress tests :
32 C.1 0.1 16 1 Britle
32 0.1 0.1 6 [ Brittle
148 25 25 62 66 Brittle
223 50 50 87 108 Brittle
310 100 100 105 170 Brittle
453 200 200 126 284 Trangitional -
600 300 300 150 400 Ductile i
7494 300 400 197 531 Ductile
1040 +50 450 295 647 Ductile
1330 500 500 415 177 Ductile
1334 500 500 417 778 Ductile
1511 600 600 455 964 Ductile
1450 600 600 430 846 Ductile
1735 700 7700 517 1045 uctile
Uniaxial stress tests on samples prepressurized to 700 MPa
346 100 100 123 182 Ductile
547 200 200 194 329 Ductile
908 30C 300 304 503 Ductile
806 3060 300 253 4694 puctile
1029 400 400 315 610 Ductile
1148 450 450 349 683 Ductile

In Iig. 5, the shear sirength, 7, is
plotted ageanst mean pressure, Pm' as
calculated from the principal stresses
Table

each test are shown as open circles; the

2,

listed in Results from

solid curve is the locus of these data.
The transitiyn from brittle fracture to
macroscopic ductile low in this sand-
stone occurs at 4530-500 MPa, At mean

pressures between 150 and 750 MPa there

is a distinct dip in the failure envelope,
with a near-plateau between 200 and
500 MPa.

served in the same pressure range in

This feature has been ob-

poorly consolidated, high-porosity
10,11
tuffs,

was attributed to progressive collapse

In those studies this behavior

of the matrix framewors 1nto the existing
pore volume. At higher mean pressures,

the tuffs increase rapidly wn streagth,
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The prepreessurized samples weee pressurized taay g gy

Farlure inter
Compansy s are sncluded,

presumably because of the mcereased bulk
dens iy and the more anteriocking paching
uf component praisns as a result of the
decrease n the pore volume l’r;m(mn.lo

Phas hypothesis relating the plateau
i the tanlure envelupe Lo pore collapse
Was tested on e Kayenta sidstone,

:
Burtore the standard testing .~.«~-¢u:'nn-,.'
cach sumple was pressurtzed to 700 MNP
confhining pressure fag. 2 shows that
Signncant porosity 15 removed by this
pressure) and held at that pressure Tor
10 min. Then confiming pressure was
Iowered to the desieed value and the
sample was tested aecording to the
standard procedure,

The results for individual specimens
ace reported an bFig, 5, and the resulting
failure envejope ts shown by the dashed
Yine, Al of the precompressed samples
underwoent ductile fadure,  Thus, the

brittle-duetile transition occurs at a

- 8-

T00 MPy,

(s determined by TTH (Rel, 1) on sandstones (ram the Mives

rmuch lower mean prossuare F2000 Mo
tor the prepressutized Rasenta sand-
stone than tor that shich bBad no pree
hgher-pressure historey G170 NP0 Tt
o rewdily appapent that the hydrostatu
preteeatment completely crases oy
trace o 4 plateau tn the Laalure sartace
and the surtace hecomes monotonie ath,
Woslope doecreasing s tth Mean prossure,
Phis s the usual behnor tor most
rocks,’ St m oahich porosity offects
dre Dot domanant oL el g farrow pressure
inters o), We thus conciude that the
plateauan the talure covelope hetween
150 and 550 ATR 18 caused by acata-
strophie matens collapse into exasting
pore space,

The shear strength o Uns aandstone
below 600 MPa mean bresasure, amnmong
the Jowest we have ohsceved for any drey
sandstone, b ts hikely the conacquence

of the anomalous matrix-pore rmnteraction

'
|
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discusiced above, AU pressurces above
the plateau region, the Kayenta sand-
stonce r:lplt!]_\.‘ attains o more normal
stroength behavior,

Also plotted an Fig, 5 are fatlure data
ol Green ot ;11.” for several other core
samples taken trom the Mixed Company
s1te,  ‘The bars indicate the range of
flure strength found for samples with
density varying from 195 to 2,30 Mg, m™,
Included amaony these are measurements
anmaterial from the same core used in
thix study,  Below 1000 MPa mean pres-
sure, except for e plateau region where
apparent crush-up lowers the fatlure
covelope 1in the present study, the data
agiree within experimentad seatter, At
higher pressures, the results of Green
(R ;.1,“ may somenhat underestimate the

strength of the haventa sandstone,

THREL DIMENSIONAL STRESS-STRAIN
MEASURBMENTS

anl stran gages, bonded to jacketed
e hinders 0% mman dinmeter by A0 mm
foagd o the Kayenta sandstone, manttored
the induced strawns an this rock under
conditiogs of hoth uniaxial stress los ling
to Gnlure and tnaxaal strain Joading and
unfoading, Samastal stress loaduag,
aninl joa osoancreased wihile constant
confimng pressure s maintained, In
umaxial stean loading, constant circum-
ferential stran (s maintained by in-
creasing the confining pressure as the
antal stress s oancereased,  This latter
laading path 1s asxsumed to model oading
(1[1!‘\1.1;_: the passuape of & plane shock

wianve, However, the strain rates

3 0
during shock loading are about 10()--10l

times greater than those employed in

these laboratory tests,  In both uniaxial
strarn and uniaxial stress loading, the
principal strains are measured to
determine loading modult ay functiong
of deviatoric stress and confining pres-
sure along different loading pathe.
Samples for the uniaxial stress tests
were jacketed with 0.5-mm-thick lead
jackets seasonced to 0.4 MPPa before
ingtallation of strain gages, These
Jackets maintained thewr integrity
adequately at confining pregsures up to
100 MPa,

IFor the uniaxial strain test, however,
Jackets made of 0.5-mm-thick lead were
not suitable for two reasons: (1) the
Jacket deformed winto the relatively large
surface holes af the samples as confiing
pressure was increased, distortiap the
strann gages and giving false strain
reading s, and (2) at pressures preater
than about 100 MPua, the jacket was
intraded into the surface pores sufficiently
to be punctured, thus allowing fluid to
enter the rock,  Hoth problems were
solved by the use of 4 O.l=-mm-thick
copper sheath bencath the lead jacket,
Except for one instance noied in Taole 3,
jackets were fitted to the rock with 0,4
MPa hydrostatic pressure prior to
installation of stran gages,  This
copper sheath permitted confining pres-
sures ol at least 500 MPa to be used
without jacket rupture and apparently
climinated spurious strain readings,
Below 100 MPa, the data for uniaxial
stress loading of single- and double-
Jacketed specimens agree wel' {(see, for
example, Fig, 8 and Table 3). In both
uniaxiul stress and umaxial strain loading,

the strength of the jackets was taken

into account in the data analysis.
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Table J,

Moduly and velocities caleulated from imtial quasi-statie toading, Kayenta

sandstone,
Compres-
Nhesr Hulk Shear s1onal
Fig. 8 Paisson's  maodulua, maotulus, velocity, velocity,
Jacket material, curve 3 ratio, I [N Vg
scasomng pressure No,  (MPa) v (GPa G ki, ) (km 8)
Uniaxial strian tests
Pb, 0.4 MPa | 0.1 0,23 3.1 1.7 1.23 1.93
PL, 0.4 MPa 2 0.7 0.14 2.0 2.1 [CRGY 1.645
Pho+ Cu, 0.4 MPua 3 0.5 0.23 3.3 1.4 1,27 2,10
PL o+ Cu, 300 MPa 1 0.4 0.20 3.4 7.1 1.62 KR IN
Umaxial stress tests
PL, 0.4 MPa 0.1 0,21 2.4 6,0 1.08 Y2
Ph, 0.4 MDPa 0.5 0.21 2.0 K | R toda
Ph, 0.4 MPa 20,0 0.30 .3 17.06 2.02 {7 a
b, 0.4 MPa 20,9 0.33 7.8 20,0 1.96 KRN
Ph, 0.t MPu 50.0 0.049 6.5 5.8 1.78 2.bu
P, 0.4 M1 100.0 0.17 10,3 2.0 2.24 34T

Uniaxial Stress

Figure 6 shows stress-strain paths
for untaxial stress tests performed at
0.1, 20, 30, und 100 MPu confimng
pressure,  Duplicate tests were per-
tormed at 0.1 and 20 MPa. At confining
pressures ol 20 MPaoand less, this
sandstone imtiully loads above the hydro-
stat in uniaxial compression,  This
unusual loading behavior has been ob-
served previously in saturated mn‘s“‘ 15
and was atlributed to dilatation on nitial
loading in these reiatively weak tuffs,
‘This behavior is in direct contrast to
that observed for less porous sundstones
{(~ 107, purosxt_\'),ﬁ‘ 14 where shear-
enhanced compaction often causes the
sandstone to compact below the hydrostat
on initial uniaxial stress loading.

The apparent dilatation on initial

loading observed at pressures of 20 MPa

-10-

and less in Fig, b s sinalar to that
obscrved i the saturated waff fram NUS

B

tunnel 120,06, Both rocks . highls
porous and relatively weak in sheas
The most plausible explanation tor
ilatattoaal behavior onimtal toading
is that, locally, the matrmx cement s
castly broken with a nuovmum load and
that uncemented grains are able to
rotate or translate at low values of
applied differential otress. At mean
pressures sufficient to induce crush-up,
fatlure of the rock s caused by collapse
of grains and matrix into the pore
volume, producing only shpht dilatation
or compaction priovr to latlure,

At 4 confining pressurc of 100 MPu,
only slight imtia, dilatation 15 noted;
farlure ovccurs after compaction below
the hydrostat, At 50 MPa, he rock

loads slightly above the hydrostat and
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Fig, 6. Voulume change us a function of mean pressure in uniaxial siress 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.,

tends to diverge trom the hydrostat at niaxial Strain

higher muean pressures. At pressures Figure 7 shows the uniaxial strain path .
o 20 MPa and lower, the amount of for a sample which was compressed tlo

dilatation prior to fatlure 1s noticeably 5% strain, The sample was rejacketed,

increasced,  The marked change in

behavior between 20 and 100 MPa is 500 T ) 7
prohably related to the initiation of the Kayenta sandstone
crush-up process in responsce to the 400 o =2.04 Mg/m3 /,_
conlining pressure  The beginning of o -Foilure envelope ////
a.
the plateau tn the failure envelope at 3 (Table 2) //
300 7/ /
50 MPa confiming pressure (KFig, 7 and | /
™ ”~
fable 2) was shown to be related 1o [ N /"/Cycle 2 /
) -~
crush-up of porosity and is coasistent —_ 200 /
©
with I'ig. 6. o addition, the velocity /4 Cycle ‘//
measurements presented below also 100 /4 / I
indicate structural changes in response / /
. s ures s an 0 [ A L
to confining pressures greater than about 0 100 200 300 400 500

10 MPa. Although the P-V relationship Confining pressure — MPa

Fig. 2) shows no gross crush-up prior

te dbout 300 MEP:, the uniaxial stress Fg. 7. ::E;?: l'ﬁj(?il:gg r;;ilt;;; r:;;,;i‘al
and velocity data indicate that some sandstone, compared to lailure
envelope (Table 2). Two cycles )
on the same sample are shown

56 MPu. (see text),

inelastic behavior 1s occurring below

-11- R



repaged and then compressed te an
adaitionul 8% strain,  As in the
\ul‘rs,m‘) 115 the umaxial-strain joading
path of this rock follows shightly below
the failure envelope.,  Based on our
experience with the tuffs (wet and dry)
and with this saadstone, L appears that
rocks which undergo fadure by masswve
pore collapse are typfied by uniaxial-
strain leoading curves that intersect, or
nearly intersect, the fatlure envelope

in the plateau region. This s an contrast
to the behavior of low-porosity granite

(.17 porosity) and graywacke sandstones

{(=10” porosity), where umaxial strain
loading follow s a path whose locus s
about hialf Athe shear s\ronn\h.ﬁ'm
Faigure d compares l’m ve =&V V 0 for
the hydrostatl {(calculated trom g, 2)
with that for umaxial stramn runs made
an taur samples,  Afthough the data
scatter s relatively laege, the untaxial
strain runs show consustent behaviar
despite variations on jacket material and
seasonng pressure noted an Table J,
The loading paths shaw an imtial shallow
slope, followed by o steeper region which

loads above the hydrostat, ‘This s

700 T T T T T T T LIS St A A A B R S ™
| Kayenta sandstone
600 Pg=2.04 Mg/m3
500
&
=z
'E 400 17 %27
o hydrattat
o
2
& 300
a
c
o]
Q
b3
200
100
0 — Kl g‘ 1 { b i i JL e i ~1
0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.1
AV Vg
Fig. 8. Volume change as a function of mean pressure in uniaxial strawn loading for

dry Kayenta sandstone, compared with P-V curve (calculated from Fig, 2),
Numerically identified curves refer to Table 3. Dotted portions of the uniaxial-
strain unloading paths indicate hydrostatic unloading,

~12-~



followed by o decrease wn slope at about
1% volume strain (Pm varies al this point
from 70 to 100 MI’a) and an ultimate
interscection with the hydrostat at about
3% volume strinn {Pm varies from 170

to 190 MPul.

As in the upiaxial stress runs dis-
cussed above, shear-enhanced compac-
tion probably does not occur at low mean
pressures; rather, the presaence of shear
stress tends to inhibit compaction in
this porous sandstone at mean pregsures
less than about 150 MPua in uniaxial
strain (Mg, 8), At mean pressures
pgreater than about 150 Mg, both uniaxial
striana and uniaxial stress tests indicate
that this sandstone compacis below the
hydrostat,  The umaxial strain data
(Fig. H) indicate sygmitficant enhanced
compachon up to 300 MPa, The be-
havioy of the samdstone beyond this
puint is uncertain because the strain
gages indicated more than 5% strain,
the Timit of reliability of our gages,
Thus the Kayenta sandstone exhibits
shear-enhanced compaction similar to
that observed tor other, less porous
sumislunus(; but at lower pressures,
Attempts to gather additional data beyond
% sirain by rejacketing and regaging
samples which had been previously sub-
lected to B compression in uniaxial
straia loading were thwarted by jacket
failure, The permanent compuction
ovbserved after unloading in uniar-ial
strain varited from 1.2%, for a sample
which had becen to 190 MPa mean pressure,
to about 2%, for samples which had been
to mean pressures of 210 and 310 MPa,
For the sample which had been to 600 MPa,
the 3.6% permanent compaction is

unreliable since the strain gages had

-13-

been deformed beyond the llmit of their
reliability,

In Fig. 9, the o, vs -AV/\/0 loading

path 1n uniaxial slr)uin a4y observed at
strain rates of ~ 10-4/.‘; 18 compared
with the iwo Innding paths observed at
strain ratey of ~ IOJ/H on material from
the same hlock.17 The agreement up to
250 MPa is surprisingly good. Apparently,
the response of this sandstone to %,

leading is strain-rate independent at
pressures less than that required to
produce crush-up (i, e,, the quasi-elastic
region),  The Kayenta sandstone is the
first rock of which we are aware that has

a region in which =, loading ia apparcatly

1
independent of strain rate.

At pressures
sufficient o initiate crush-up (Fig. B),
there is apparently a strain-rate effect,
[f we average the high-strain-rate ex-
periments (3.5% strean), 1t appears that
g
alo

shear strength (7) by about 35%, or 4%

increase in loading rate increases
per decade of rate, This 1s similar to
the rate effects observed for failure in
unjaxial stress loudmg.ﬁ'ls’ls
The inttial loading moduli and the
shear and compressional velocities
derived therefrom are presented in
Table 3.
loading modult observed 1n uniaxial

The agreement between initial

strain for single- and double-jacketed
specimens indicates that the two jacketing
procedures adopted here produce no
discernible dispartties, The agreement
between loading moduli for uniaxial
strain and uniaxial stress lesis at con-
fiing pressures between 0.1 and 0.7 MPa
is quite good also. The initial loading
meoduli in uniaxial strawn for the sample
seasoned to 300 MPa before strain gage

installation are much stiffer, indicating



1000 T T T T T T T T ] T T T T [ T T T T T

Kayenta sandstono

00~ p0=?.04 Mg/m3 { -
LLL Test 3, /7
le ?
800 - e /Il
!
/0
/|
700 |- SRl // 1]
Xren 1209 / !
| / ,
/
§ 600 |- / I’
| SRI ,’ /
—_ Test 1200 / Fi
B
~ 500 // / .
4 / /
5 /
3 !
X 400}- /’ -
/
/
300 | //
L /
/
/
200 |— . _

|
100 L

0.05 n.046 0.07 0.08 0.09 0.10 0.1
-AV/VO r

Fig. 9. Volume change as a function of axial stress (o]) in uniaxial strain loading
(10'4/5) for dry Kayenta sandstone. Also shown for comparison are SRI data
for shock loading (107 s} (Ref, 17). Complete loading and urloading data for
both cycles of test No, 3 (Table 3) are shown. Dotted portions of the uniaxial-
strain unloading »aths indicate hydrostatic unloading,

a possible loss of some initial porosity 50 MPa, The decreasc in moduli
by either crush-up or crack closure. between 20 and 50 MPa may be

The uniaxial stress tests indicate related t~ the initiation of pore c~l-
a possible maximum in initial shear lapse in this weak, highly porous
and bulk moduli between 0.5 and sandstone.



UL TRASONIC VELOCITY MEASURE- The trend to nereasing \.’p during crugh-

MENTS up has been observed in a highly porous
vadiolarian earth, 21 aandstone and lime-

tlitrasonte velocities were calculated ﬂmnc‘22,23 and poioua lunay m:t(crt:\l.z"

from travel times meusl\:,rcd by a pulse- The shear velacity alsa shows a large

transmission technique ™ employing increase on initial application of confining

1-MHz coramic transducers, Samples pressure; however, no pronaunced dis=

were cylinders (18 mm an diameter by continuitics in V_ are evident below

25 mm long) encapsulated in a low=-shear- 300 MPa. This is consistent with data

| itoe »olyurcthane epon, 1"or shear- .
steength polyut ane e * on low=porosity rocks, which suggest

ave travel-time measurements, 0,05- .
wave travel c ! ns, that V_ is mare sensitive than V _ to

. b 2
amall changes in crack concentration,

wn

mm-thick copper disks were inserted

Mtwee » transducers and rock to . .
between the n tn the region of gross crudii=up of this

; -elinble mechanical and electrieal .
ensure reliable nical ¢ ec : sandstone, the sh=ar velocity shows a

act during crush-up, Data were .
contact H i slight decrease over a larger pressure

corrected for the additional time delay interval than obrerved for V

- the copper tisks,  The measured o . L
hrough the copy ¢ The velocity data indicate that the in-

snear and compressional travel times
snear @ ! ! ternal structure of the rock is uadur-

; arc presented in Fipg, Y ites . .

] (ts' tp) wre preseated in Fig, 105 velocites poing change cven at low confining pres-

(v, V )] calculated using these travel
s ;

sure and that anomalous behavior occurs

R v o L P-v prelati ‘ c . )
| times and the 1 relationship are prior to the beginning of large-scals

plotted in Iig. 11. crush-up in-icated by the P-V data,

e icates that V__increases . .
Figure 11 indicates that o' cases However, it should be emphasized that

rapidly with an initial incrcase of con- t .t and the P-\ relationship, which
ficong pressuce, presumably because of \fcrz ueed to caleulate V ; and V_, were
crack closure.” At about 10 MPa, not determined on the :;.ltnv s:\m&;)lc but
however, \"P b v to decrease and has on different samples from the same black
a local minimum 5t about 20 MPa., This of sandstone,
small decrease in \"P (~1%) may be The V_and V_ caleula.ed from travel-
associated with local brittle failure at time meaiz;urcmc:!:s are higher than
poinis of stress concentration within the those calculated frony initial uniaxial-
sample.  This oceurs at a slightly lower stress and uniaxial-strain loading data
mean pressure than where compaction at similar confining pressures, cicept
toward the hydrostat is observed in at 20 lPa. At 20 MPa, a minimum occurs
uniaxial stress loading (Fig, 6). A dis- in the ultrasonic V' and a maximum
continuity in \'p securs at =200 MPa, a occurs in the V. calculated from the
pressure slightly lower than the beginning quasi-static data. This discrepancy may
of the crush-up region of the P-V curve be the result of cracks normal to g,
(Fig. 2). Although \,p does not show a which are open at 20 MFPa confining pres-

'! decreuase, the slope of the 100-t0-200~ sure but clise as a,1s ine cased to the

: MPa region is noticeably steeper than 20-to-40-MPa level, where the quasi-

that at pressures greater than 300 MPa, static velocities were calculated, This

-15-



possibility should be investigated by

s multaneous measurement of \'.‘, A2

o

Trave! time — s

N

Fig.

g’

and principal strains i this rock using

g
the technigue of Honner et a1,%"

Kayenta sandstone

T T = /‘F T T T ] T T T T T
.___‘—-0—""_—'—’_‘:
/"—.—0/
1]
__ - ..,_.-“
e
/./.- .)' ompressional (rp)
// e 0, =25.86 mm
: / -
e’ ’“’

sure for dry Kayenta sands.one,
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I | ol 1 ] L ] 1 | s | !
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10, Compressional- and shear-wave travel times as functions of confining pres-



w
i

Velocity — km /s

2 Sheor (V) ~
] —
Kayenta sondstone
b = 2.0 Mg /m° 1
0 ! | 1 ] 1 | L I L
0 200 400 600 800 1000
Pressure — MPa
Fig. 11. Compressional and shear velocities as functions of confiming pressure for
dry Kayenta sandstone.
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