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CAVITIES PRODUCED BY UNDERGROUND NUCLEAR EXPLOSIONS

Abstract

This invesiigation studied the
displacement of rock that formerly
occupied cavities prcduced by under-
ground nuclear- explosions. There are
three possible explanations for this
displacement: rhe volume could be
displaced to the free surface; it
could occupy previnusly air-filled
pores removed from the surrounding
rock through compaction; or it could
be accounted for by persisting com-
pressive stresses induced by the

outgoing shock wave.

The analysis shows it unlikely

that stored residual elastic stresses
account for large fractions of cavity
volumes. There is limited experi-
mentz]l evidence that free surface
displacement accounts for a signifi-
cant portion of this volume. ‘thenever
the explosion mediums contain air-
filled pores, the compaction of these
pores most likely accounts for all the
volume. Calculations show that 47
air-filled porosity can account for
all the cavity volume within about 4
cavity radii and that even 1% can
account for a significant fraction of

the volume.

Introduction

Understanding cavity formation
is important for studying the
use of underground nuclear
explosions to create porosity

in a large mass of rock in which

in situ processes are being

considered. TFor example, in situ
oil-shale retorting and copper-ore
leaching require permeability
significantly greater than what is
present in deep ore bodies. Knowledge
of cavity formation and its control-
ling factors is also important in
containment studies.

When a nuclear device is

detonated deep underground, high-
pressure gas is produced that pushes
on the surrounding rock and forms a
cavity. As the cavity grows, the
internal pressure and temperature decay
until the pressure comes into
equilibrium with the stresses in the
surrounding rock. Cavity volume
can then be distributed as porosity.
This can occur bv the opening of
cracks in the fractured rocks as the
pressure decays in the fully formed
cavity, or by collapse from gravita-
tional force of the failed rock into

the cavity void.



The primary aspect of this study
of nuclear-explosion cavities was to
determine how the volume of rock that
formerly occupied the cavity void had
beer displaced. Anocher aspect of
nuclear cavities considered here was
the factors that control cavity
growth. From underground nuclear
explosions there are considerable
data on cavity radius, chimney height,

free field motion, free surface

motion, and collapse crater volume,
as well as on the properties of the
rock medium. Computer codes using
measured rock properties have been
developed that reproduce cavity
radius, free field motion, and free
surface motion with considerable
accuracy. These same computer codes
can also be used for parameter
studies to expand on and supplement

these measurements.

Explosion-Produced Cavities

The explosion of a nuclear
device is essentially a point source
of energy. The volume of the device
can be considered independent of
its energy content. When the
explosive is detonated, all the
energy is confined to a small volume
with an enormous temperature and
pressure. A strong shock wave
gener:ted by the explosion vaporizes
the surrounding rock, which partici-
pates in the expansion and soon
becomes the primary working gas.
Calculations have shown that about
70 tonnes of rock are vaporized per
kilotou (102

The gases continue to expand until

cal) of energy released.

the pressure within the cavity comes
into equilibrium with the counter-
balancing stresses from overburden
and from the strength of the rock.
Butkovich.calculated cavity pressures

at full cavity growth to be 2 to 2.5

-2-

times the overburden stress (pgh) for
granite and salt of low water content,
and about 1.4 pgh for much weaker

wet tuffs.1 Higgins and Butkovich
have developed a relationship from
measurements of the cavitv radii of
46 underground nuclear detonations in
tuff, alluvium, salt, and granite:
_ 100 w'/3

(on*

R
c

(D

where Rc is the cavity radius in
metres, W is the energy released in
kilotons, p is the average overburden

density in grams per cubic centimetre,

and h is the depth of burst in metres.?

The constant 100 is derived for
silicate rocks and in this sense is
independent of medium, containing such
things as the gravitational constant
and dimensional conversions. The

exponent 0 = 1/3y, where Y is the

= s



adiabatic expansion coefficient that

of thro

depends on the water oontent

medium. The value o is derived from

a simple silicate approximation that
considers rock to be Si0, except for
the water: it ranges from 0.3268 for
zero weight-fracrtion water to 0.273
for 257 wuight-fraction water.

The rock's water content strongly
influences its shear strength.3
Michaud has developed a relationship

(1)

that includes a rock-strength term,

of cavity radius similar to Eq.

CS. in the denominator:

(2)

where in this case o refers to an

emplacement geometry (o = 1 for tamped

shots) and the units are i metres,

4
k:lotons, and bars.

Generally, the fractured rock
above the cavity falls into the
cavity void. The falling pieces
rotate and hulk, and the cavity
volume is distributed in the chimney
as bulking porosity. In strong rocks
such as granite, apical voids have
been measured at the top of the
chimnev, indicating tnat all the
cavity volume had not been distributed
at the level the chimney height reached
the maximum extent of fracture. It
might be expected, then, that the
bulking porosity would depend on the
physical properties of the rock, the
degree of pre-shot fracture, the
fracturing due to the passage of the
shock wave from the explosion, and
the rracturing due to the collapse
itseif. Unfortunately it is not
possible to separate these individual

effects in the available data.

Cavity Displacement

An important aspect of under-
standing the cavity volume produced
by underground explosions is to

determine what happened to the rock
that formerly occupied the volume

of the cavity void. There are three

possibilities: the volume could be
displaced to the free surface; the
volume could occupy previously air-
filled pores removed from the

surrounding rock through compaction;

or the volume could be accounted for
by persisting compressive stresses
from the outgoing shock wave. Any
one or combination of these is

possible.

FREE SURFACE DISPLACEMENT

There are very little data
regarding the free surface displace-
ment of cavity volume. One rather

obscure piece of information
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regarding such measurement is from
the Gnome Event in essentially pore-
free bedded salt. The Cnome Event
produced a standing cavity where the
only collapse consisted of a roof
fall to fill the lower hemisphere.
The surveyed ground displacenmnent
around ground zero indicated a dome-
shaped bulge.5 The approximate
volume of the dome determined by
surveys was 25 000 yd3 (19 200 m3).
Measurements of cavity volume6
obtained by pressurization with air
gave a volume of 28,000 * 10% m3.
This indicates that in this case most
of the cavity volume was displaced to
the free surface.

One can caiculate the fraction
of energy released by nuclear
explosions necessary to lift the
cavity volume to the surface. The
energy required to lift a spherical

cavity volume without friction is

E = (ogh) (g m ‘%3)' 3)

where pgh is the overburden stress
and Rc is the cavity radius. Com-
bining Eq. (3) with Eq. (1) and

putting both in the same units, the
fraction of energy required to lift

this volume to the surface is
E - 0.0098 (om)!7*, (4)

E/W was calculated for nuclear

eveats at the Nevada Test Site both
in alluvium and in tuff. The
assumptions were that cavities were
spherical and that all the cavity
volume was displaced to the free
surface. Cualculations of overburden
stress itsed an averagze overburden
density of 1.9 g/cm3. With these
assumptions, and with the measured
depth of burial, cavity radius, and
energy yield, E/W was determined for
each event. Table 1 summarizes the
results.

The calculation for E/W merely
demonstrates that only a small
fraction of the energy released in
nuclear explosions is needed to
displace all the cavity volume to the
surface. Of course, these are
maximum values and will be smaller
if some other process also accounts
for part of the volume of tue cavity

void.

COMPACTION OF AIR-FILLED PORES

Almost all rocks contain some
porosity, and small amounts of air-
filled, nonconnected pores may be
present even below the water table
where rock is considered to be fully
saturated. On passage of the shock
wave, some or all of the air-filled
pores are irreversibly removed from
the rock, depending on intensity of
the shock and duration of the pulse.

Hydrostatic pressure-volume (P-V)



Table 1. Calculated fraction of energy required to displace entire cavity
volume to surface for nus lear events at the Nevada Test Site
(spherical cavities assumed).

Av water AV
Shot-point No. of content overburden Av
material events (wt fraction) density (g/cm”) E/W
Alluvium 103 0.103-0.023 1.9 0.0164-9.0064
Tuff 90 €.139:0.044 1.9 0.0215-0.0021
Sate? 1 0.04 2.3 0.0208

a .
Gnome Event

measurements on porous rocks show

that essentiallv all rhe air-filled
pores are irreversibly removed when
the rock is loaded above a certain

pressure, Pm. Smaller fractions of

the air-filled pores are removed at
‘ower pressures. Below some threshold

pressure, P the material behaves

Pre
more or less elastically. For a

number of tuffs, Pm ranges between

about 2.5 kbar to more than 40 kbar,
depending primarily on the strvngth
of the rock, which in turn is con-

trolled primarilv by its water

content. The same data show that PT
is also affected by water content but
controlled primarily by the initial
amount of air-filled porosity present
in the rock.7 Obviously PT cannot

be less than the lithostatic stress in

the rock.

Calculations iudicate what
fraction of cavity volume could be
accounted for by compaction of
air-filled pores around nuclear
explosions. The explosion envirom-
ment chosen fcr the sample calculation
was a high total porosity (40.93%)
paintbrush tuff from the Nevada Test
Site at fcur different saturations:
dry, 50%, 90%, and 977. Appendix a
shows the technique and calculations,
and Table 2 summarizes the resul:s.

These results were produced
assuming spherical cavities, which
make them minimum distances or
maximum percentages in which all thke
cavity volume can be accounted for by
compaction. Since the water content
of the rock strongly influences the
rock strength, the results shown for
higher saturations should te less

reliable.




Table 2. Results from calculations of fraction of cavity volume from compac-
tion of air-filled pores in rock surrounding nuc!car explosions in
paintbrush tuff of 40.9%; total porusity wit7 different saturations
and energy yields at scaled depth: of 120 wl/3m,

Material 1 2 3 4
Saturation
(%) 0 50 90 97
Bulk density
(mg/m3) 1.40 1.605 1.768 1.797
Initial air-filled
porosity 0.4093 0.2047 0.0409 0.0123
Wt-fraction water 0 0.1275 0.2084 0.2209
Cavity radius (m)
1 kt 16.9 20.5 22.0 22.2
10 kt 28.3 35.2 38.2 38.6
100 kt 47.4 60.7 66.5 67.3
Cavity vclume (m3 x lOA)
1 kt 2.0 3.6 4.4 4.6
10 kt 9.5 18.4 23.4 24.1
100 kt 44.7 93.7 123.1 127.5
o b N
1 kt 2.3 2.3 0.60 0.26b
10 kt 1:9 2.1 4.4 O.b“b
100 kt 1.8 1.9 3.5 0.92

aMultiples of cavity radius where volume of compacted air-filled pores equals
the cavity volume.

bFraction of cavity volume accounted for by ccmpaction of air-filled pores out
to radius of P > Pt'

EXPLCSION-INDUCED STRESSES for cavity volume. There has been
some speculation that permanent
The introduction of explosion- compressive stresses are induced in
induced stresses in the rock surround- the rock by the explosion. That is,
ing the explosion can also account after passage of the shock wave, the
b



rock out to some distance is at a
higher stress state than originally
present. It might be expected that
the amount of residual stresses would
be some function of the distance

from the explosicn center, but no
data exist. One can calculate the
stored permanent residual stress
above that present before the explo-

sion by assuming the additional stress

is at low levels; the compressibility of

the surrounding rcck is constant over
the stress increrient being considered.

From the definition of bulk modulus,

where LP is the increase in stress
above that preceding the explosion
and Au L= (VO-V)/V where VO-\’= v,
the corresponding change in specific

voiume. V_ as derfined here refers

0
to the specific volume of the rock
without additional sctored stress, and
V is the specific volume of the
surrounding rock due to compression
from the stored residual stress. If
tnere are air-filled pores in the
and K refer to

0
compacted specific volume and bulk

rock, then V

modulus of the surrounding rock:

Vv

0 =
T * and AP = Ku,

then

The spherical radius (Ra) for which
all of the cavity volume can be
accounted in uniformly stored
compressive stress in the surrcunding

rock is

A 1/3
hoo ()
a e LP

The fraction of the cavity volume (f)
that can be accounted for at a given

R is then

3
_[RY _2p_ &
£ = RC) TPHK 5

Fizure 1 is a plot of R/Rc,
muitiples of the ~avity radius, where
all of the spherical cavity volume
can be .iccounted for in uniformly
stored stress vs the elastic bulk
modulu¢ of the surrounding rock. An
examination of this figure suggests
that for the storage of residual
stresses in “he surrounding rock to
iccount for all or even a large
fraction of the cavity volume,
either large volumes of rock or
residual stresses in the hundreds of

bars would be required.
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Fig. 1. Multiples of cavity radius where residual stresses cam 2ccomunt for

entire cavity volume vs bulk modulus of rock.

It is generally assumed that the
cavity fcrmed by a nuclear explosion
is spherical. However, calculations
indicate that a spherical cavity
from a point source is a limiting
case.8 For instance, if the cavity
is still growing when the rarefaction
wave reflected fiom the free surface
returns, an acceleration of cavity
growti: cowards the free surface takes

place. This is observed in shallow

¢

tion. There is also eviZence that
cavity acceleration occurs for deeply
buried detonations in high-velocity
granite:%-9 The effect of the
decreasing overburden stress in the
direction of the iree surface also
causes greater cavity growth towards
that surface. The size of the cavirty
and degree of asphericity decreases
with greater depths of buriai. The




streagth of the rock is an important

factor controlling caviiy growth, and
che amount of water present in the
rock effectively determines the
strength of the rock. Generally, wetr
rocks cannot support large deviaroric
stresses and fail easily in shear.

in comtrast, dry ricks, even those
with significant initial poresities,
will support large shear stresses
vnce the miterial compacts. Calcula-
tions of cawitv growt)y 'm high—
porosity, drv, partially saturated,
and fully saturated rock reported by
Butkovich demonstrate l:iij;sg.s

Cavity radius is measured to the edge
of the cavicv below the shot point om
reentry drilling and determined from
radioactivity logs through the melt
glass which is concentrated atr the
bottom of rhe cawvity. On the basis
of experimental measurements, it is
geaerally assumed that all the
refractory nuclides are associated
with the melt. After post-shot
collapse, no measvrements on the

upper part of the cavity are possibie.

The cavity radii calculated from
Egs. (1) or (2) are based on these
measured values and are rtherefore
Additional experimental evidence
exists for aspherical cavities in the
form of volume measurements of
collapse craters. Sometime following
cavity formatioa, the rock above the

cavity ccllapses. In manv cases the
collapse propagates to the free
surface and forms a collapse crater.
During the collapse it might be
expected that the broken rock fallinz
into the cavity would rotate and
bulk. If the volume of the cavity
were aot completely occupied by
bulking porousity in the chimney, a
crater comtaining the residual

volume wovld form om the surface.

If there were no bulking during the
collapse, then the crater volume
{Vcr) would equal the cavity vo;a-e.
mm:mc:vaiun—n)rﬁx
for about a third of the over 200
events with measured collapse craters
{see Fig. 2). It might be suspected
that the extra volume would come from
compacting the rock around the cavity
that eventually colliapses to form the
chimmevy. Assuming vertical chimneyvy
walls, one can calculate that portion
from the ratio of the volume of the
chimney-collapse material, Vv, to the
cavity volume, Vc:

2 z A
v, {chimey) 7R E[uh(wi-wiav]

V_ (cavity) 45 g3
3 c

3/4 E[Ah(;’li-‘b)av}
= s (6)

R
c

where Ah is the increment of height
of chimney that had the initial air-
filled porosity, tbi, and (wi—w)av is

~5-

b bl

i o ki e i

R . D
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the average porosity removed from the
increment (see Appendix A).

Calculations were made using Eq.
(6) for the materials discussed
above, whose properties are shown in
Table 2. Table 3 summarizes the
results.

Shot-point material with air-
filled porosity of 407% or even 20%
at the Nevada Test Site is rare.

Even so, the data show (Fig. 1) that
about 15% of all shots with collapsed
craters have ratios of crater
voluries to assumed volumes of
spherical cavity greater than 1.3.
It is more likely that shot-point
materiails have air-filled porosities
ir the range of a few percent or
less. The additional cavity volume
would then be less than 10% for most
shots.

This suggests that cavity

volumes can be considerably larger

than those calculated by assuming
spherical cavities and using meas-
ured RC from the lower part of the
cavity. As an approximation, ifr

one considered the cavity to be made
up of two hemispheres, the lower

having a radius of R, and the upper

£
R , then
u

R = (2 C-l)l/3 RQ s
u

where C, as defined earlier, is the
ratio of the volume of a measured
crater to the volume of a spherical
cavity calculated from cavity radius
measurements. If C = 1.5, then R =
1.26 RQ, and if C = 2.0, then Ru =
1.44 Ri' Taling the data at face
value, one finds no obvicus reason
why C > 1 for a third of the .reats,
and C < 1 for the other two-thirds.

This phenomenon occurs equally as

Table 3. Fraction of cavity volume that can be accounted for by compaction
of chimney material for four different air-filled porosity materials.

Energy, W (kt)

Air-filled
Material porosity 1 10 100
1 0.4093 0.30 0.34 0.36
2 0.2047 0.24 0.25 0.26
3 0.0409 0.06 0.07 0.08
4 0.0123 0.02 0.02 0.03

-11-
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often .n alluvium and turf shot-point

mediums and at scaled depths of

burst between 100 and 160 Hll}

Summary and

The size of cavities formed by
underground nuclear detonations
depends on the energy yield of the
explosive, the overburden stress, and
the strength of the surrounding rock.

The displacement of rock formerly
occupying the cavity volume was
analyzed. The volume could be dis-
placed to the free surface, it could
occupy previously air-filled pores
removed from the surrounding rock
through compaction, or it could be
accounted for by persisting compras-—
sive stresses induced by the outgoing
shock wave. Any one or combination
of these is possible

There is limited experimental
evidence that free surface displace-
ment occurs that can account for all
or at least a significant portion of
the cavity volume. A calculation of
the amount of energy required to move
the cavity volume to the surface
without friction shows the values to
be about 2% of the energy released.
This process is entirely feasible
whenever there are insufficient air-
filled pores in the surrounding rock
to accommodate the cavity volume

created.

=12~

m/ktllj. Lower values of C, however,

occur at higher scaled depths of

burst (see Fig. 2).

Discussion

When the explosion mediums
contain air-filled pores, the compac-
tion and removal of these pores most
likely account for the cavity volume.
Calculations show that the distance
from the ccnter of the cavity for
which all the volume can be accounted
is dependent on the amount of air-
filled porosity present in the rock
and on the yield of the explosive.
The higher the air-filled porosi y or
the higher the energy vyield, the
lower the multiples of the cavity
radius which account fer all the
cavity volume. In the cases pre-
sented, about 4% air-filled pores can
account for all the cavity volume
out to about 4 Rc, and shot-point
rock with as little as 17 air-filled
porosity can account for a signifi-

cant fraction of the cavity volume.

It is unlikely that stored re-
sidual elastic stresses account for
large fractions of cavity volume.
Calculations suggest (Fig. 1) that
hundreds of bars of uniformly stored
residual stress (which did not exist
before the explosion) are required to

account for all the cavity volume



within a reasonable multiple of the
cavity radius.

Both calculation and experi-
mental evidence indicate aspherical
cavity growth. The size of the
cavity and degree of asphericity
decrease with greater depths of
burial. From volume measuremets of
collapse craters, one knows that about
a third of over 200 collapse craters
are larger than would be assumed
from spherical volume calculated from
measured RC of the lower hemisphere.
By trying to account for the extra
volume from the compaction of rock
around the cavity that eventually
collapses to form the chimney, one
concludes that this would probably
be less than 107 of the cavity
volume for most events at the Nevada

Test Site. An approximation of

asphericity using the same data shows
4 ratio of upper radius to lower
radius as great as 1.5. This value
was derived assuming no bulking and
would be greater if there were some
bulking. This study did not address
the subject of the occurrence or

nonoccurrence of bulking.

For aspherical cavities, the
amount of energy necessary to lift
the cavity volume to tae surface is
proportional to that volume. For
aspherical cavities, the amount
obtained for assumed spherical
cavities shouid be multiplied by C.
Likewise, the radii for which all the
cavity volume can be accounted by
compaction of air-filled pores are
minimum values when obtained by

assuming spherical cavities.

-13-
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Appendix A: Results of Calculations of Contribution of Air-Filled Pores
in Surrounding Rock on Cavity Volume

The relationship between peak

LA (Fig. Al) was

p-essures and R/W
obtained from calculations shown in a
report by Butknvich.s Fhe 97°
saturation curve was estimated by
interpolating between the 90  and
1007 saturation curves. The rela-

tionship between air-rilled porosit

]

10% :
1025- =
% B 3
3 s 3
& - -
- Saturation -
«Q@ ]05‘ ‘?
i f §
=
(7, ] =
H
5 F 3
x - 3
(=] ™ 4
3] - n
c- - -
1015 3
10-2 L lllllIJ.l 1 llllllll2 1 LU LLLLL 3
1 10 10 10
Scaled distance, R/WI/3 — m/kt”3
Fig. Al. Calculated peak pressure as

a function of scaled dis-
tance for different
saturations of porous dry
tuff. See Table 2 for
properties of materials.

==

and peak pressure was developed from
the model used in the PMUGEN cudv.7
PT, the threshold pressure at which
air-filled pores begin to fill, and
Pm’ the pressure at which all the
air-filicd pores are irrevers:.bly
removed, were calculated by the
method shown in the same report
(Fig. A2).

Al-A4 were obtained from calcula-

Results shown in Tables

tions in the following manner. The
symbol ¥ is air-filled porosity.
When y = 0, all the air-filled pores
have been removed. Fig. A2 gives

the peak pressure, Pm’ at which ¥

= 0. Figure Al gives the appropriate
distance, R/HU3 for the Pm. v/W,
the volume of rock per kiloton is

calculated from

3
_4 133 4R
¥-3 mT(R/W )" = 3 m W
This is repeated for each increment
of Y. The volume of che voids (air-
filled pores) per kiloton, vv/w, is
obtained by

o, v L m ok
i av W w

where Vi is the initial air-filled
porosity and (wi—w)av is the average
porosity of the increment. Summing

from y=0 to Q=wi gives Z(Vv/w).




Peak pressure, § — kbar

Air-filled porosity

¢ 0.01 0.02 0.03 0.04 0.05

T ‘ 1 |

oL Ll

10 3
1 3
10 Pr
= . & 3
- ""; T w’. T -
= o © -
L 5 7 3
1072 | | | 1
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Air-filled porosity

This was compared with the cavity

volume obtained from

This calculation assumed an average
overburden density of 1.9 g/cm3 and
a scaled depth of burst of 12( w1/3

1/3
m/kt .

such a material can exist at a depth

The question of whether

where pgh > Pt was not considered.

Fig. A2. Relationship between air-
filled porosity and peak
pressure for four rocks of
different saturations.
Relationship used from
PMUGEN. 9
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Table Al. Dry paintbrush tuff.
We-fraction water = 0
0y = 1-40 g/cm’ 1 ke, = 16.57m, ¥ = 2.0 10° m’
1 = 0.3268 10 ke, R = 28.28m, V_=9.47 « 10" )
vy = 0.4093 100 ke, R = 47.41m, V_ = 4.46 - 10° m’
v/w VglM VW) o
~ 1/3 3 3 3 NV
) : p. R/W 173 (m ka.) (m /ks) (m /ks)

;i (24=¢)  (kbar)  (m/kt) - 10 ~ 10 - 10 1 ke 10 ke 100 ke
0 0.4093 50 4.7 0.043 c.018 0.018  0.009 0.02 0.04
0.02 0.38 37 5.1 0.012 0.0057  0.023  0.011 0.02 0.05
0.04 0.36 26 5.75 0.024 0.0089  0.031  0.015 0.03 0.07
0.06 0.34 19 .3 0.025 0.0088  0.040  0.020 0.04 0.09
0.08 0.32 14 7.05 0.042 0.014 0.056  0.026  0.0% 0.12
0.10 0.30 10 7.8 0.052 0.016 0.070 0.036 0.0 0.16
0.12 0.28 7.1 8.9 0.097 0.028 0.098  0.048 0.10 0.22
0.14 0.26 5.2 10.0 0.12 0.033 0.13 0.064 0.14 0.29
0.16 0.24 3.8 11.0 0.14 0.035 0.17 0.031 0.18 0.37
0.18 0.22 2.7 12.2 0.20 0.047 0,21 0.104 0.23 0.47
0.20 0.20 2.0 13.4 0.25 0.053 0.26 0.130  0.28 0.50
0.22 0.18 1.4 15.1 0.43 0.083 0.25 0.170  0.36 0.77

24 0.16 1.03 16.8 0.54 0.093 0.4 0.22  0.46 0.97
0.26 0.14 0.76 18.9 0.84 0.13 0.57 0.27 .59 1+
0.28 0.12 0.54 21,5 1.3 *% 0.74 0.95 ' 0,74 -
n.30 0.10 0.4 24.0 1.6 0.13 0.92 0.46  0.97 -
0.32 0.08 0.29 27.5 2.9 0.26 1.2 0.59 1+ -
0.34 0.06 0.21 31.0 3.8 0.26 1.4 0.72 - -
0.36 0.04 0.15 35.5 6.3 0.31 1.8 0.88 - -
0.38 0.02 0.106 41.0 10.0 0.30 23l 1+ - -
0.4093 0. 0.077 48.0 17.0 0.17 2.2 - - -

Radius at which SVV o v2.3 R, “1.9 R_"1.8 R,
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Table A2.

507 saturated paintbrush tuff.

Wt-fraction water = .

g = 1.605 afcn’ 1 kt, R, = 20.46m, V_ = 3.59 16" ot
. = 0.2914 10 kt, R_=35.24m, V_ = 1.8}~ 10> w’
4y = 0.2047 100 ki, R_ = 60.70 m, V_=9.37 - 10> m’
e vo/w Ly /W) £
5 R/l\'”z 3 3 3 .'.\V/\U
. , P (m /kz) (m /kz) (m /kz) s
v (Ji‘v) (kbar) (m/kt) - 10 - 10 =~ 10 1 kt 10 kt 100 kt
0 0.2047 4.6 12.2 0.76 0.16 0.16 0.043 0.084 0.16
0.02  0.18 3.1 14.5 0.52 0.10 0.25 0.070 0.14  0.27
0.04 2.1 17.0 0.78 0.13 0.39  0.11  0.21 IR
0.06 0.14 1.4 20.0 1.3 0.19 0.58 0.16  0.31 0.6l
0.08 0.12 0.91 24.2 2.6 0.34 0.92  0.25  0.48  0.96
0.10  0.10 0.61 29.0 4.3 0.47 1.39  C.38  0.74 1+
0.12 0.08 0.42 34.5 7.0 0.63 2,02 0.55 1+ =
0.14 0.06 0.27 43.5 17.0 1.2 3.22  G.88 = =
0.16 0.04 0.T8 52.5 26.0 12.0 46.0 1+ = =
0.18 0.02 0.12 66.0 61.0 18.0 64.0 - - -
0.20 ] 0.08 82.0 111.0 11.0 75.0 - - -
2.3 R 2.1 R 1.9 R

Radius at which FZVV = \'(_

=]7=




Table A3. 907 saturated paintbrush tuft,

E Wt-fraction water = 0.20%4 4 3

é Co = 1.768 g/‘_m3 1 kt, R = 21.96 m, \" = 443 ¢ l”s m;

I . = 0.2784 10 kty R_= 3800 m, Vo= 284 - lnh m’

} <y = 0.0409 100 kty R_=b6%7m, Vo= 1.23 - 10" m

i VW «vv/wi o

i E R'/wtf,i (m]'k[) m"ktn i,mj.kL’) SR \-"’-’~\-‘.—-- SR

i M (v;=v)  tkbar)  (m/ke 575 10 - 03 - 10 1 kt 10 kt 100 kt

% 0 0.0409 2.9 19.0 2.9 1.2 ) 0.0626  0.050 0,094
0.005 0.035 2.0 220 1.6 .60 1.8 T.040 0 0.076 0,142
0.01 0.03 1.39 26.5 3.5 1l 2.9 0.065 0.1 0.228
0.015 0.025 0.94 3.5 6.6 1.3 4.7 0.10 0.20 0,373
0.02 0.02 0.64 39.0 10.5 2.4 7.0 n.16 0.130 0.562
0.025 0.015 0.4 48.0 S5 3.8 10.3 0.24 0.46 0,536
0.03 0.01 2.3 60.0 2401 T 16.3 0.36 0.69 1.+

I 0.035 0.005 0.21 75.0 36.2 6.5 23.0 0.51 0.95 -

; 0.04 0 0.14 94.0 170.0 4:3 27.0 0.60 1+ -

; Radius at which ﬁvv =¥ 4.4 R, 3R,

; e e R z) e SN W N N 1 SN NN S S PSR

|

i
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Table A4. 977 saturated paintbrush tuff.

Wi=fraction water = 0,2204

2
- 3 l kt, K = 22.16m V = 4.55 » 10° m°
‘o T 1,797 g/cm ¢ [§ 5 3
. = 0.2767 10 ke, R =138.61lm V = 2.41 > i0" m
S ' E 6 3
[, = 00123 100 ke, R_= 67.26m V_=1.27 - 10 m
v/W i By iw v it
Lk 2 3 5 A
P 173 (m /kt) (m”/kt) (m Iks)
v (.;=e)  tkbar) (m/kt''") - 104 - 103 - 10 1 kt 10 kt 100 kt
0" 0.01 2.3 22.0 4.5 0.45 0.45 0.010 0.018 0.035
a.001 0,009 2.05 25.0 i 0.20 0.64 0.014 0.027 0.050
9.002  0.008 1.5 29.0 3.7 0.31 0.96 0.021 0.040 0.075
0,003 0,007 fiail 34.0 6.2 0.47 1.4 0.031 0.057 0.11
0.004% 0.006 0.85 39.0 8.4 0.55 2.0 0.043 0.032 0.15
0.005 0,003 0.062 46.5 17.0 0.95 2.9 0.053 0.12 0.23
0.006  0.004 0,57 54.0 24.0 0% | 4.0 0.038 0.17 0.31
0007 0,003 0. 34 66.0 54.0 1.9 5.9 0.43 0.25 0.46
LOGS 6002 0.25 30.0 94.0 2.4 8.2 2.i8 0.34 0.65
00009 0,001 0.19 94.0 130.0 2.0 10.3 0.23 0.43 0.80
n.01 n 0.14 115.0 290.0 1.4 11.7 0.26 0.49 0.92
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