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This report was prepared as an account of work
sponsosed by the United States Government. Neither
the United States nor the United Siates Energy
Rescarch and Development Administration, nor any of
theis  employees, nor any of their contractors,
subcontractors, or their employees, makes any
warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness
or usefulr!ess of any information, apparatus, product or
process dl§c|0§cd, of represents that its use would not
infringe privately owned rights.

CHARACTERIZATION OF ROCK MELTS AND GLASSES

FORMED BY EARTH-MELTING SUBTLERRENES

by

L. B. Lundberg

ABSTRACT

Rock melts and plasses formed by carth-melting Subterrenes have

been studied in some detail.

and the solid rock-glass products formed.

pata are presented on both the molten

The melting behavior, thermal

transport, viscosity, clectrical resistivity, and solidification bchavior

of scveral molten rock-glasses are described.

The visual appearance, gas

and water permeabilities, theemal expansion, thermal conductivity, and
crush strength of scveral solid rock-glasses are also documented.

I. INTRODUCTION

The penetration of the earth by melting, with
subsequent reforming of soils and rocks into useful
shapes, is a major advantage of Subterrene dcviccs.l
These devices are designed to:

¢ form holes in geologic formations,

® remove ¢xcess material, and

® lcave a sclf-supporting hole lining in a

single operation.

Most rocks and soils can be fused at high tenm-
peratures (1400 to 2200 K); and, becausc their major
constituent in most cases is silica (Sioz), the
melts formed during heating and the solids formed
during cooling can bc compared to silicate glasses.
llowever, the usual operating conditions of Subter-
rene devices generally do not form uniform glasses.
Rocks and seils are mostly complex mixtures of
oxides, which have been formed into solid solutions,
minerals, or glasses. When these mixtures are heat-
ed, the lower melting phases begin to flow and mix
with the remaining solid material, When the average
viscosity of the melt becomes low cnough, the mixture
flows out of the path of the penetrator and is de-
posited cither on the hole wall or is channeled into
a debris-removal system. Although the process of
melting rocks and soils with the Subterrcne system

has heen discussed in some detail before,2 we will
present herein an additional discussion of the melt-
ing process along with some data on the properties
of the glassy solid products formed during rock

penetration.

11. MOLTEN ROCK

The propertics of the molten rock or soil have
a significant cffect on the performance of a Sub-
terrene penetrator, The penetrator tip must raise
the temperature of the surrounding medium suffi-
ciently to make it flow. To design a melting pene-
trator, one necds to consider, c.g., the melting
behavior of the medium, the transport of heat to it
and through it, the viscosity of the resulting melt,
and the solidification of the melt, Thesc proper-
ties have been studied for some rocks and soils in
experimental vork that investigated their melting
behavior, the viscosity.and its electrical resisti-
vity of the melt.

A. Mclting Behavior

The melting behavior of rocks and soils was
studied in a Leitz high.temperature ricroscope
stage. A sample of the rock or seil was placed in
a small tantalum cruciblé set on a tantalum strip

that was heated by passing an electrical current




through it. The microscope stage was located in-
side a gas-tight chamber which was evacuated and
back-filled with argon prior to heating the speci-
men. The specimen was viewed through a quart: win-
dow, An optical pyrometer measured the temperature
in the tantalum crucible to about + 20 K.

The melting behavior of twelve different sam-
ples was studied in this apparatus. A summary of
the data is given in Table I.

In general, rocks and soiils melt inhomoge-
neously, with some gas evolution usually observed.
The inhomogeneous melting is caused by the fact that
rocks and seils are generally made up of a mixture
of solid phases (also gases and liquids) each of
which may or may not have a discrete melting point.
Some rocks and most soils are so inhomogeneous that
they show a very wide melting range plus .arge
changes in the melt properties during the melting
process. Bandelier tuff, for example, starts out
the melting process by forming a very tluid Jiquid
containing rather large quart: (Sioz) crystals. A

TABLE 1
MELTING BENAVIOR DATA

Melting
Temperatures, K

femarks

Material rt Comple

Bandcelier toff --- 1750 Melt viscosity ancreasoed as
quartz crystals were
consumed.

Jemez basale-18 - I570 Melts uniformly with somc
gas cvolutinn,

Jemez Pmsal!-Zh - 1510

Biresser basalt .- 1570

Charcaat gmru’tcc - 1670 Dash phase medted first and
then proceeded to consune
the matrix.

Westerly granite .- 1760

Sioux quartzite --- 1760

Heated to 2270 K without

Tennessee ping marble  --- .-
melting, some decomposition.

Discrety phase melting
accompaniced by gas cvalu
tion. Viscosity increased
as morc material melted.

Shale, Santa Fe 1470 1560
County, New Mexico

Caliche, Santa Fe 1570 1850
County, New Mexico
Green River Shale, 1550 1600
Culri, New Mexico
Concrete 1620 1700 Localized melting,  less
gas cvolution than from
shales or caliche.
Coal, Madrid, .- .- Heated to 2120 K without

New Mexico signs of melting.,

Astarted with rock fragments ~ 1 to 3 mn.
betarted with powder £ 1 mm.

“Also called St. Cloud gray granodiorite.

%

Fig. 1.

plotoncrograph ot unmelted Bandelicr tuff s seen
in Fig. 1. As the melting progresses, the liguid
starts to dissolve the quart: crystals and the vis-
COsITyY is seen to incresse.  Of course, pas i e
volving from the rock during heatup causing the aelt
tu froth continually {(if not pressurized).

Some rocks do not melt in the normal zemse.
As pointed out by Krupkn? limestenes diminish in
their propensity to melt as the caloite content in-
creases.  In an open system, calcite (CaCOJ) docon-
poses to a hiph-melting (2930 K} compound, caloius
oxide (Cad
ally oceurring minor constituents in limestone, such

and carbon-dioxide pas {Cﬂzl. Natur-
as water and silica, tend to improve the situation
with regard to melting. Water, for example, added
to caleite in a closed system can reduce the mini-
mim pressure and temperature conditions for molting
from 1 MPa and 1500 £%% 1o 1 uPy and 920 £07
Silica and valcite mix chemically to form phases
with sipnificantiy reduved awclting temperatures.
For instance, the iowest melting cutectic in the

CaSiv,-$30, systen netts v 1710 K.°

Bandelier tuff. Transparent inclusions are
quartz crystals,



#. shereal Teansport

The transport of heat through the molten rock
x4 process fundamental to the operation of a Sub-
terrene device. Heat energy is transfeorred into the
rovk te fuze 30 and out of the melt to solidify 3t.
The process of transferring heat from the penctrator
to the rock 3 complicated.  Because the oot s
furm: iy the leading surfaces of the penctrator,
there arce proilems of heat-coupling betwren the pene-
trator aad the rock,  These problems srise from,
.., rockosurface dvregularities, pas evolution
during twiting, and sotid particles in the melt, Az
the oelt passes toward the att areas of a penctralor,
the melt becomes tole wns¥orm and starf< to behave
trhe 4 mallen zlavs.  These peit charactevistics plus
the pressures built up in the oelt tend to reduyce
the voupling problems as the sl is moved toward
the aft regions of the penetrator,  The transfer of
heat through a sniform glass §s a cosplicated process
te.p., Hef, 9), bevause it ifivolves both radiation
and “trac” conduction,  The heat-flow pheaonens on
the ealoriar aft section of the pefctrator are siti-
lar to those encountered in machine-Yorming of glass
vontainesrs, which bas been s!udard.lu

A vritical review has been sade at LASL of the
Heal-teansfer behavior of rocks and yock nslt%.sl
ta rock: and rovk selts, as an glasses, therasl con-
ductavity s ket 4 Hundamental property so That an
Capparent vomduclivity' is measured 18 o3 steads-state
hest-flow caporiocnt.  (ata from Thin type caperiment
are affected by thickaess and other eaperisental de-
tarle.  The zhape of the temperaturc-vs-therasl con-
ductivity curves in Fig, & §s typical for rock aa-
tertais, These curves desoistrate thal a szoolh
fransation from one heat-transfor pruvess to another
1 rovks does nol petterally vecuy, as it doues an g
silica plass {see Carve 3, Fig, 23,

The basalt s completely molten above 1550 &,
and 11 <Yarts to relt gt « 1320 t.!s This change
af <tate causes the anflection point in the thermal
conductivity-temperatyre relationship,  The inflec-
Lion point scen an Curve 3 does dot corpespond Lo
vomplete meltog, but prosably represents the juge
tialion of partisl melting to a plass saterial dis-
tributed in such fashion ax to cavse o vadicat
change in the internal boundaries, t.e., 11 causes
the materlal te transmit signifficant quantities of

radiant « avrgy.

¥
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Fig., 2. Thernal conductivity of rocks and glasses.

The conplexity of the heat transfer to
and through the molten glass formed during rock-
melting sugpests that the fundamental thermophysi-
cal properties of these materials would be diffi-
cult, at best, To utilize in ar analytical treat-
neat of a Subterrene penctrating rock. Thus,
HCFafland'sls model! for heat transfer fvom a penc-
trator tust be compared extensively with experimen-
tal data before its uwtiliey can be assessed,
C. Vtscosity

for a Subterrene device to penctrate rock or
scil, the melt formed sust flow under modost
pressure, in general, the melt should be no more
visvous than commerical glass which is normally
worked below a viscosity of 103 Pa’s.lb A typical
Subterrene opierating envelope, based on this visco.
ity criterjon and the practical teaperature limi-
tations of 4 purc wwivbdenum penctrator, is defined
1 Fig. 3. This figurs also illustrates the fuct
that the visvosities of yvock and plass melts are
high!y temporature dependent: o small increase in
Telsperature can cause them to be much more casily
worked, 1.¢., rmore easily peactrated with a Subter-
rene deviee.  The viscosities, v, of both glass and
rochk relts foliow a temperature-dependence relation
ship of the form:

= Acxp YT,



where A and Q are approximately constant for a given
rock or glass. Note in Fig. 3 that the activation
energies, Q. for viscous flow of silica glasses and
stliccous rocks are similar, whercas there are

large differences in the frequency factor, A.

A contradiction between theory and practice is
illustrated in Fig. 3 in that the viscosity n2asured
for Bandelier tuff-glass indicates it canuot be
penetrated with a molybdenum penetrator, which is
contrary to both laboratory and field cxperience.
The explanation of this phenomenon lies in the fact
that, as pointed out earlicr, Bandclicer tuff is
quite inhomogcncous and the first-melting materials
vield a highly fluid liquid. 7The viscosity data
presented in Fig., 3 are for tuff that had been heat-

Jd 4 hoin air at 1720 K.

Figure 3 also illustrates that some natural
gevlogic materials cannot be easily penetrated with
a Subterrene device even when the temperature is
riaised very high.,  For example, even if the device
would raise pure Cristobalite quartz to its melting

point, 1980 K, the viscosity at this temperaturc is
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Fig, 3, Viscosity of glasses and roch-glasses.

well over 106 Pa-s. In such cases, the only

other alternative is to consider fluxing agents. A
few preliminary experiments were performed with

B203 as a flux for Bandelier tuff-glass because this
compound has relatively low viscosity (see Fig. 3)
ana 1s readily miscible with silica. The experi-
ments involved placing B;0; powder on the surface of
a tuff-glass hole lining and heating with an oxyhy-
drogen torch. A new glass formed quite readily, and

it had a viscosity much lower than the parent rock-
glass,

Viscasity data were also obtained for Jemez and
Presser basalts at Corning Glass Works as a func-
tion of temperature over the tempcrature range 1390
to 1790 K.
viscometry methods described in the appendix.
data are compared with published data for molten ba-

‘The data were obtained by rotational
These

salt in Fig. 4, Notc that the published data show a
break in the log m-vs-1/T curve at ~ 1500 K, whereas
the present data exhibit no such break. This dif-

ference is believed to be caused by supercooling of

the melts in the present work. In other words,
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Fig. 4. Variation of basalt viscosity with tempera-

ture in the melting range.



crystallization was suppressed, and the glass state
was maintained to a lower-than-normal temperaturec,
The equations that best describe the data from the

present study are, for Jemez basalt,
n (Pa-s) = 9.95 x 1075 exp (30000/T)

and, for Dresser basalt,
n (Pa-s) = 1.0177 exp (28600/T}.

The viscosity data for homogeneous rock or soil
melts should be used with caution in analyzing pene-
trator nerformance primarily because, in the opera-
tional situation, the melt contains both gas bubbles
and solid particles, Analysis of the real problem
should include the effects of these i1nhomogencitics
(see for example Refs. 21 and 23), at least in an
cxploratary fashion to determine whether the pene-
trator performance predictions are significantly

affected,

N, Llectrical Resistivity

Electrical resistivity data on molten rocks and
soils arc especially important to advanced Subter-
rene concepts which involve electrical self-heating
of the melt, This glass-heating process is found in
the Pochet furnace used in glass manufncturc.24
Bucon'sl9 data for nine different rock types indi-
cate that molten rocks (see Fig., 5) have resistivi-
ties in the semiconducting range (0.0} to 10 {im)
and that they behave like molten electrolytesuz5

We have obtained experimental data on clectri-
cal resistivity of molten Jemez and Dresser basalts
over the temperature range 1390 to 1790 K simulta-
neously with the viscosity data using the experimen-
tal methods described in the Appendix. The tempera-
ture dependence of electrical resistivity, p, of
molten rocks is of the same form as for viscosity.
The cquation that best fits the data from this study

for Jemez basalt is

p (rm = 4.87 x 1072 cxp (18200/T);

and for Dresser basalt,

2

P = 2.28 x 107° exp (19100/T).

Temp(K)
3 2000 1600 1900 1200 1000
10 T 1 T T T j
r
: 4
2
[ -]
b o 3
L 1
| _
£ ol .
3 | 3
< | |
-
> 3 4
< | 4
F
* gt -3
- 1
B T M iete Guah R 19 k
7 sty Gianw, Wet 19
F 3 Lew Graraore Ret 13 1
4 Bers Gronia. Mad 19
7 5 Owroosl Gearot, Bet 19
10’ § mopmtmsiae
< B Jymai Senn 3
2 9 Dututh Gatwo Aot 18
/ 10 Gebarp idys Ret 72 i
[ 1
1
w0l 1 L 1 s J

G-
[

74 8 9 10 W
YT

Fig. 5. Electrical resistivity of rock as a
function of temperaturec.

‘the electrical-resistivity data obtained in
this study have been converted to conductivity and
plotted in Fig. 6 for comparison with other data
for basalt. This figure reveals the rather large
variations in the conductivity of basalts. However
the least variation is found in the molten state.
The large variation at lower temperatures, in the
solid state, is caused to a large extent by the de-

gree of crystallinity,

Prcsnallzb has demonstrated the cffect of the
amount of crystallinity very convincingly by plot-
ting the conductivity change of a crystalline ba-
salt with increasing temperature (lower curve, Fig.
6) and comparing changes with the behavior atr de-
creasing temperature (upper curve). In the cooling
case, the basalt docs not completely recrystallize
during the experimeni. The breaks seen in Pres-
nall's cooling curve and in Curves 1, 2, and 4 arc
near the temperatures at which we observed crystal-
lization in the two basalts we investigated: 1331
K for bresser basalt and 1318 K for Jemez basalt.



Temp(K)
2000 1600 1400 1200 1000
L T T T
10, n
(1 -
,.':' [+] 9 - -1
is -:u:::°=:
~
G -1 .
o 1 Ret 27
3 2 Mesting, et 78
3 Coohing, Rel 28
4 Ret 79
-2+ b R
6 Rel 30
7 At X
8 et 31.p 1N
3 A
-3 10 tsting end coateyy. Ret 26
11 Orenes Barall, o0king, Ret 19
127 Jemes Barlt. cooling. thiy work
13 Ocesiet Basalt. EONng, this work k]
4 { i i 1 1
05 ae ar 08 09 t0 1}
1000/T(K")
Fig. G. Comparison of electrical conductivity

data for liquid, glassy,and crystalline
basaits at l-atm pressure.

Figure 6 also indicates the variation of clec-
trical conductivity with the experimental condj-
tions, Note a rather large varjation between our
duata for bresser basalt and the data published by

<
Bavon et ;|I.“ The

major difference hetween the
toa eaperimental methods is in the atmosphere over
the melt during the measurements.  Bacon's data were
obtatned in argon whereas we obtained our data in
atr.  Because molten basale behaves like an clectro-
fvte, the tonic motion, which governs the conducti-
vitvewttl be affected by the oxidation state of the
rons, Phos oxidation state is governed hy the at-

mosphere over the melt,
I, Rockh=Glass Solidification

fhe molten mtterial Formed by a Subterrene is
veneral by cither pressed against the wall of the
barchole and/or passed through a central opening in
the penetrator for eventual removal from the hole.
In cither case the melt s generally cooled rapidly
crough to tform a glassy solid which, as pointed out
cariter, usually contiains gas bubbles and crystal-
Line particles,

The prohlem of melt cooling and solidification

on the horchole has been modeled on the computer for

t

$0- and 75-mm-diam consolidating penetrators.32 In
our study we found that the cooling is strongly
affected by penctrator afterbody and stem design,
which indicates that controlled cooling of a bore-
hole lining {to minimize residual stresses in the
glass) could be achieved by design., Experimental
data are compared in Fig. 7 with the numerical re-
sults for a 75-mm penctrator in Bandelier tuff. The
“effective” thermal conductivity, A, used for the
rock is seen to influence the analysis significantly,
which indicates that accurate thermal-property data
for the rock being penetrated arc needed if we wish

to predict the cooling rate of the borehole lining
I11. SOLID ROCK-GLASS

The glassy solid bodies formed by a Subterrene
fall into two categorices:

e hcle linings, and

e hole debris,
both of which have useful properties. The proper-
ties of the hole linings studied include:

e visual appearance,

® pas and water permeabilities,

® thermal conductivity, and

& crush strength.

Only visual cxaminations have been made on hole

debris.
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Fig. 7. Comparison of experimental temperature
data with results from computer apalyses.
7S-mmn penetrator in tuff.



A. Visual Appearance
The hole linings in loose formations are es-

pecially useful in preventing cave-ins immediately
after removal of the hole former. A typical hole

lining made in Green River shale rubble with a con-
This hole

lining was simply dug out of the surrounding rubble;

solidator penetrator is seen in Fig. 8,

it had sufficient structural integrity to be han-
dled without excessive care, To be sure, the hole
lining contains many defects, such as cracks and
voids (both closed and open), but, as illustrated in
the figure, it is structurally much sounder than the
parent formation.

A typical cross-sectional view of a longitudi-
nal section of a hole lining is shown in Fig. 9(a).
Bandelier tuff is, petrologicilly, an aggregate of
rhyolitic ash, quartz crysta:s, and feldspars {see
Fig. 1), and the hole lining is 2150 an aggregate
consisting of a glassy matrix that contains par-
tially melted quartz crystals and feldspars. The
dark streaks in the lining are melted, unmixed,
dark-colored minerals which were deposited during
These streaks delineatc the flow
The radial

hole formation,
pattern around a moving penetrator.
cracks in this hole lining have resulted from ten-
sile stresses built up during cooling by axial
shrinkage relative to the parent rock. Some radial
cracks are also caused by circumferential thermal
The hole lining in tuff, Fig. 9(a), does

not have very many bubblc defects as compared to tht

stresses.

lining in Green River shale, Fig. 8.

Fig. 8. Hole formed by Subterrene in Green River

shale rubble.

If Bandelier tuff is heated to a high enough
temperature and held for a sufficient length of
time, it will form a green-colored, transparent
glass. The sample seen in Fig. 9(b) was prepared by
heating the tuff under an inert atmosphere in a
wolybdenum crucible at 2100 K for 11 ks. It will be
noticed in the photograph, Fig. 9(a), that no
quartz crystals remain.

These glass linings generally adhere quite well
to the rock; they can be, and usually are, held to
a high overall diametral dimensional tolerance. For
example, S1-mm-diam holes are typically held to
+ 127 pm over extended lengths.

Penetrator Direction

Fig. 9(a). Hole lining formed in Bandelier tuff.

Fig. 9(b).

Equilibrium glass formed from Bandelier
tuff,



The debris that must be removed from holes in
hard rock is generally a glassy product. Some
shapes the debris takes are shown in Fig. 10. This
material was removed from the borchole by passing
the molten vock up through a central hole in the
penetrator where the liquid was struck by a high-
velocity gas flow that both solidified the melt and
lifted the debris from the hole. The high-velocity
gas flow causes the rock glass to form into products
ranging from porous glass particles to glass fibers
(see Fig. 10).

B. Gas and Water Permeabilities

Gas permeability data {Nz fiow at 0.5 atm) for
various rock formations are given in Table II.
These data were derived from small samples, cubes
~ 1.3 cm on 2 side. Although much more permeable
than dense granite, the glass is several orders of
magnitude tighter than the parent tuff.

For comparison we conducted a watér permeabil-
ity experiment on a rotary drilled 51-mm-diam hole
in tuff and on a glass-iined Subterrene hole of the
same size melted in the same material. The bottoms
of the holes were scaled off. The results of this
test are shown in Fig. 11. The 0.36-m-deep holes
were filled with water and the times to flow radi-
ally out under tnc gravity head into the tufif were
recorded by observing the sinking water level. Note

that seapage of water through the glass lining of

® % @
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Fig. 10. Debris from holes in hard rock.

TABLE 11

GAS PERMEABILITIES OF NITROGEN FLCW AT 0.5-atm PRESSURE

Material
Bandelier tuff

Bandelier tuff glass

Jemez basalt
Jemez basalt-gl

Oense granite

ass

Permeability, 10° Parcyd
243.0
8.0
0.5 - 10.0°
Not detectable
0.3

8 The American Petroleum Institute defines a Darcy as

follows:

“A porous medium has a permeability of one

Darcy when a single phase fluid of cne centipoise
viscosity that completely fills the vaids of the
wedium will flow through it under conditions of vis-
cous flow at the rate of one cubic centimeter per
second per square centimeter under a pressure equiva-
tent hydraulic gradient of ane atmosphere per centi-

meter. ™

buWide variation cue to rock var:abiltity.

1.3-mm gloss woll

35

3

25

20

Depth of water (cm)

w

I~ Bare nole
Sl~mm diom

Tu! sample

Glass intd hole
51-mm diom

Fig. 11.

Time (s)

Comparison of water drainage rate from

glass-lined and bare holes in Bandelier

tuff,



the hole, even thouph the lining had cracks and
chill-wrinkles, was stil) only half as fust as
through natural tuff. Water outflow from the glass-
lined hole was through fine thermai-stress cracks
and through other gross defects. True scaling of
the hole would require elimination of these defects.

t. Crush Strength

Crush-strength data on unconstrained samples
were obtained for rocks and rock-glasses to deter-
mine their relative compressive strengths. Jeme:
basalt and 4 uniform Jemez basalt-glass prepared at
Corning Glass Works by melting the roch in a plati-
num crucible in air for 4 h at 1720 K were tested.
Also, Bandelicr tuff and Bandelier tuff glass taken
from hole linings made by two different peactrators
were tested.  Three dried Bandelier tuff samples cut
into rectangular parallelepipeds measuring 25 by 50
by 50 mn were also tested. Al other samples were
cut anto cubes 13 mp or a side.  The crush tests
were performed on an Instron test machine. Card-
board pads were placed between the load platens and
the specimens to reduce tne error in strength mea-
surcement caused by sample end friction.

The crush-test data are listed in Table 1[I,
Note that the tuff-glass specimens were loeded in
dircctions corresponding to their orientation in the
holce wall. There appears to be a significant dif-
ference in crush strength of tuff-glass from the
wall of rvhe S5i-mm-diam hole, depending on direction
of loading, but not in the specimens taken from the
wall of the lld-mm-diam hole. There is only a
shight variation in crush strength with density for
the tutt-glass from the !14-mm-diam hole. The major
differences occur between the parent rock and the
For tuff, the roch-glass is as much as
The tuff-

glass from the 114-mm hole was stronger than from

rock-glass.

50 times stronger than the parent rock.

the 51-mm hole because the lining from the former
hole was thicker and more uniform.

From a structural standpoint, the rock-glass
in a hole lining in peneral resembles a competent
roch more closcly than a uniform glass, ligh
strengths could be casily obtained by reducing gross
defeets in the rock-glass such as cracks aasd bub-
bles.
affect the streagth of the hole lining too.

Obviously, penetrator design and operation

TABLE 111
CRUSH STRENGTH CF_ROCKS AND RGCK-GLASSES

Crush Strength, Humber of
Material MPa Specimens
+ 46
Jdemez basalt 8 _ 5 10
Jemez basalt-glass® 108 t ]9; 4
. N + 0.3
Bandelier tuf¥ 2.8 _ 0.5 3
Bandelier tuff-glass
frem 51-mm-diam-hole wall
+ 58
Axial 857 53 5
Tungential 36 t g 2
Bandelier tuff-glas.
from 114-mm-diam-hole wall
Axial (2.3 Mg/m®) E a
Axial (2.2 Mg/m’) n 2 3
Radia) (2.3 Mg/m’) ns t 18 3
Tangential {2.3 Hg/m3) 132 3 s; 3

2 Uniform glass prepared by Corning Glass Works.

. Glass Thermal Expansion

Corning Glass Works measured the thermal expan-
sion of a uniform Jemez basalt-glass over the tem-
perature range 293 to 573 K. The mcan linear co-
cfficient of thermal expansion over this temperature

range was 6.9 x 10°% kL,

This value is intermedi-
ate in the range of cxpansion cocfficients for
vommercial glasses (see, for cxample, Ref. 16).

I..  Thermal Conductivity

The room-temperature (303 K) thermal conductiv-
ity of Bandelier tuff, Bandelier tuff-glass, Jeme:z
hasalt-glass, and a local granite has  been measured.
The rock samples were 25-mm-diam by 6-mm-high right-

vircular cylinders and were measurced in a



steadv-state, comparison device operating with a 100
to 200 K/m temperature gradient. The rock-glass
sumples were l-cm cubes and were measured in a probe
device. The tuff-glass was taken from a hole lin-
ing, whereas,Jemez basalt-glass was preparcd by
Corning Glass Works by heating in air at 1720 K for
4 h. The data, listed in Table 1V, show rather
large variations due primarily to the nonuniformity

These data are plotted in Fig. 2

of the materials,
for comparison with published data on rocks and
zlasses.  Note that the room-temperature thermal
cenductivities of the dense local granite and of
the rock-glasses are comparable to the published
duta for dense rnck and glass. The tuff has much
fower thermal concuctivity because of its high

prorosity.

IV, SIMMARY AND CONCLUSIONS

A broad, cursory characterization of rock-glass
has been made. Samples from both Subterrenc penc-
trations and from laboratory-prepared melts have
heen studied.

The melting behavior of rocks and soils was stu-
dicd experimentally and was found to be quite depen-
dent upon the homogencity of the starting material
Rochs and soils, in general, melt inhomogencously
with gas cvolution and changing melt propertics as
fusion procceds.
melts, and solid rock. glasses was studied primarily
from a theoretical standpoint; only a few room-tem-
perature experiments were performed, From literature
studies it was scen that thermal transport in molten
rock is comparable to that in glass, i.e., a large

fraction of the heat is transferred by radiation,

TABLE 1V
ROCK _AND ROCK-GLASS THERMAL CONBUCTIVITY DATA

Thermal Conductivity

L Material (A W/m K

Buadelier tuff 0.17 to 0.21

Bandelicr tuff-plass 0.6 to 1.1
Jemez basalt-glass 0.07
1.1 to 3.8

Local granite

in

Viscosity and electrical resistivity of molten

rochs were measured as a function of temperaturc.
Molten Dresser and Jemez basalts had viscosities of
~ 200 Pars at 1390 K and 2 Pa-s at 1790 K, respec-
tively, whereas their resistivities were & 2 'm at
1390 K and 0.1 §'m at 1790 K. Thc measured viscosity
of Bandeliey tuff did not correlate too well with the
performance of a penetrator.

Rock-glass solidification in a borehole was ex-

cmined analytically to determine whether rock-glass
cooiing rates could be predicted. We concluded that
the cooling rates and subsequent thcrmal stresses
could be predicted reliably if accurate rock thermal-
property dJdata were available,

The visual appearances of typical solid rock-

glass products formed by Subterrvenc penetrators were

discussed in detail.
Gas and water permeabilities of glass-lired

toles were measured and were substantially lower
than for the parent rocks.

Crush strengths of tuff-glass and basalt-glass
borchole lining samples were measured and compared
with the crush strength of the parent rock. As
might Le cxpected, the rock-glasses were much
st rangoer.

The vhermal-expansion behavior of Jemez basalt-
glass was measured to be 6.9 x 10_6 K—l, which is
compurable to that of some commercial glasses.

Room-temperature thermal conductivities cf sev~

The dJata

cral rocks and rock-glasses werce measured.

were consistent with published values.
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APPENDIX

ROCK VISCOSITY AND ELECTRICAL RESISTIVITY
EXPERIMENTAL METHODS AND P@SULTS

The viscosity and electrical resistivity as a
function of temperature were weasured simultaneously
in the same apparatus at Corning Glass Works, Corn-
ing, NY.
by Babcock33
conductivity of molten glasses.

The apparatus is very similar to that used

to measure the viscosity and electrical

Basically, the apparatus consists of a rcta-
tional concentric-cylinder viscometer34 with a pla-
tinum cup and spindle (inner cylinder). The mea-
surements were made in air in a platinum-~wound elec-~
tric furnace. Starting from the highest temperature

and working downward, the temperature was stabilized

before each viscosity and electrical-resistivity

measurement.

The temperature of the melt was mea-

sured with a thermocouple located inside the spindle.

.ne viscosity data were derived from the torque im—

parted to the spindle when the cup was rotated at

a constant velocity.

The electrical-resistivity

data were derived from ac (1 kHz) resistance bhe-
tween the spindle and the cup. Alternating current
is required for the resistivity measurements be-
cause molten basalt is a liquid electrolyte and
would become polarized in a steady electric field.
The resistance was measured with a General Radio
Type 1650-A portable impedance bridge.
of both properties were made in the range of 1390
to 1790 K.
been crushed and heated at 1823 K for 2.5 h in air

Measurements
The rock used for the measurements had

in the platinum crucibles used in the viscometer.
The heat was supplied by an electric furnace. The
premelting yielded a black, opaque, uniform glass.
X~-ray diffraction indicated the product was noncry-
The chemical composition of the rocks

The vis~

stalline.
and rock-glasses are listed in Table A-l.
cosity and resistivity data are tabulated and
plotted in Figs. A-1 througn A-4.

TABLE a-7
CHEMICAL COMPOSITION OF RJUCKS AND ROCK-GLASS

Composition, wt%

Dresser Dresser Jemez Jemez
Constituents Basalt Basalt-Glass Basalt Basalt-Glass
5102 48.2 49.52 50.01 50.09
Al1203 16.13 15.54 16.82 16.81
Fe203 7.65 8.19 2.83 4.38
Fel 5.41 4.68 7.60 6.53
Mgo 6.25 6.50 6.70 6.69
Ca0 8.69 10.05 9.62 9.68
Na20 2.54 2.47 3.94 3.40
K20 0.96 0.97 0.97 0.94
H20 0.38 0.004 0.14 0.003
TiO0p 1.45 1.66 1.38 1.46
P05 0.16 - - e
(o1 ) 0.048 0.003 0.02 0.003
B203 - ~ - -
MnO - 0.18 0.15 0.15
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