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- STUDY OF ROCK SHATTERING BY
'INTENSE BURSTS OF ENERGETIC ELECTRONS

Robert Tolman Avery

Egc}:g:eign Lawrence Berkeley Laboratory %/I;Ci};aenelrcianl
- ng Fing ‘University of California ' Angln g
W

Cha@a-’n of Committee

| ABSTRACT
Tests have demonstraﬁed‘that an intensé short-duration
pﬁlse of energgtic (> 1 MV) eleétrons'can prbduce Asignifica'nt
volume removz;l 1n a \}ériefy of rocks. Té's_t résults , together

with discussion of the associated microsecond fracture pro-

, ces‘ses,'vare presented. The prbspects of applying this tech-

niciué to rapid tunneling through hard rock are brieﬂy discus se_d; _
Rock samples ranging from very hard to"‘soft were

tested, including greenstone, granite, basalt, limestone, sandQ

stone, shale and damp adobe clay. Removal of;r\ocvk from the

face was demonstrated .on all types. In general‘,.l .fbr\.the same f

e.nergy‘ input, softer rock shoWs greater spall volume than hard

rock and wet rock exhi»bits greater spall volume than dry rov_ck.

The. spallidebr'is is of fine nature, being either sand, dust or

emall flakes. Spall volumes of typically oné to almost a hundred

cubic éentimeters are prbduced by a single burst of electrons of

vlvess fhax} one microsecond dur"at’:ivon'a,rid‘}iaving‘ from3 t_:§ 64

_kilojoules of_ehergy content. This fiéc}niique“ha-s.b_een labeled -

{ P

1



The electrons depos1t substantially all of the1r energy
content as an 1mpu1se of heat within the volume of rock 1mmed1-
ately below the rock surface. The restrained' thermal expan- -
sion produces a compressive stresswave which reflects from .
the free front surface as a tensile stresswave obf short time
duration .(~7 1 us). Spalhng due to this tensﬂe___s_tr_-e sswave S

» appears to be the dominant fracture'rnechanisrn. ,..Calcula’tions
-~indicate that the magnitude of the tensile s_tresswaire nee'ded’to"
cause fracture is sig'nific'antly'greater than the static tensile
;strength of'the rock. Considering that cracks can propagate
' only very short distanCes during transit of the tens‘_ile ‘stress-
Awa.ve, the higher dynamic .strength can be ex_plaine'd quantita.
"tively byj the requirement that fracture occur s essentially
'sirnultan:eously at a multitude of nucleation centers across the
“';r0ck facé..bi For wet rock there also is evidence that heating of.
the water in the rock 1nterst1ces by both direct electron beam
.heating and by thermal diffusion from the rock volurne produces -
a thermo- hydraulic pressure which contributes to the greater
spall volume observed. | |

:Tunne'hng, mining and other excavation in rock are
promising applications for the shock spalling techniciue. The
prospects for technical and economic fea51b111ty appear favor-
able. _Some conceptual features o’f a Pulsed Electron Tunnelv '

'Excavator based on this technique are briefly presented.
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1. INTRODUCTION

--Of recent and considerable interest, are novel methods

that might significantly reduce the cost and increase the speed

of underground excavation and tunneling, particularly through

hard rock. If successful, such methods could increase the -
economic fea.sibility of underground location.of many types of
facilities, such as nuclear power plants, urban"ti-ansit, fuel

depots, factories, inter-city high-speed railwaﬁrs', warehouses,

-and utility lines. The consequent irhprovement in the earth's

surface environment would be readily appareht.

The technology of electron accelerators capable of pulse
curreﬂts of many kiloampeéres has rapidly éxpénded in recent
years. ‘During the design of the kiloampere ERA"injector_
accelerator at the Lawrence Berkeley Labératory (Ref. 1),
the dafnége potehtial of the high-current electron beamvwas :
noted. This prompted the possibility of turning these éffepts

to good use for fracturing brittle materials, particularly rock.

" The folloWing two mechanisms for rock damage by electron

beams were pos"tulated (Ref. 2):

a. Thermal crater fracturing based on quasi-

static thermal stresses for subAsecond

pulses.

b. Shock spél’ling (Ref. 3) based on in‘fense_

stresses caused by submicrosecon‘d'pulses.
These are based on delivering modest amounts of energy to fhe
rock and achieving damag&é-by_taking advantage of the low ten-.

sile strengths of brittle materials (typically 1 to 10% of



compressive strength). These techniques, as p‘ostulated, '
 were quite different from other proposed methods of using
electrén or laser beams to effect rock reméval by melting or »
vapofization (Ref 4-8) in which very much greater amounts of
energy would need to be supplied to produce.the phase changes.

A study was initiated to experimentally and analytically‘
investigate the feésibility ‘of these mechanism's”. Some pfe-
liminary results of the study were reported earlier (Ref. 9,
10). This dissertation sets forth a much m.ore_.detailed pre- -
_sentation of the earlier findings as well as the results of more
recent tests and analyses.

Analysis, discussion én’d results of éxperimental tests
on the 'fthermal crater' fracturing technique are presented in
Section 2. Similar information on the more proiﬁis_ing "shock
spalling“' technique are set forth in Section V:3 . Prospects fqr
the future application of the s‘hock spalling technique to the
, tunneli.ng and mining industries are briefly discussed in
Section 4. Conclusions based on the studies to date are pre-

serited in Section 5.




2. "THERMAL CRATER'" FRACTURING

| "Thermal crater'" fracturing is one of tvv.vc.)' mechanisms
by which intense bursts of venergetic electrons ‘_might be used to
shatter rock. For reasons that will be describe"dvhereinafter,
this mechénism does not appear as.p“rbcﬂ)mising a."sv.f_he "“shock.m

spalling" mechanism which is discussed in Section 3.

2.1 Description and Analysis

_ Cbn_sider an intense burst of energetic_“eléctr.ons striking
a rock face. As a specific example, consider fhe.beam para-
meters given in Table I, although many othér sets of parameters
could also be considered.
As 1;he electroﬂs penetrate the rock, they interact stfongly

with the rock molecules and give up most of their energy to the

| lattice structure of the rock. This energy deposition appears as

heat Withiﬁ the rock and varies with depth in t»hve' general manner
shown in 'Figﬁre 1. The electron range R is a.fneasure' of the
density-—hormalized penetration depth of the el-ecfcrOns . The
electron penetration depth varies with the accelerating potential

as sho'wn in Figure 2. Thus, for the example parameters in

Table I, .the penetration vdepth is 1.33 cm, the bombarded volume |
is 1 .5vcrn‘3 .and the average enérgy deposition is 47O.J/.cm3 (112

cal/cm3') . If the rock has a density p = 2.7 g/cnn3 and a

 mean specific heat ¢ = 0.2 cal/g°C (0.84 kJ/kg °C), the

average 'temp_er_ature rise in the bombarded zone (neglecting heat
transfer) is 2_080C . The temperature profile versus depth is

es'sentiéllir the same as the energy deposition profile of Figure 1,



TABLE I

- An example of beam parameters for thermal cratering.

Electron voltage, V E ‘ 7 MV
Penefrétion depth, R/p (for p = 2.7) = .  _‘ 1.33 cm
Beam diameter, 2a ' _ | 1.2 cm
Beam time duration, tO | 1 sec
Energy deposited, U L 705 joules
Volume bombarded, TraZR/p 1.5 cm’>
Average energy deposition, Up/TraZR 470 VJF/cm3

{112 cal/cm3)

Note: . :
This approximates the output for one-second duration of the micro-

wave electron linear accelerator at Building 25, Lawrence Berkeley

Laboratory when operating at 120 pulses per second.



L

Deposited energy density (Joules/cm3)

Electron penetration

depth, R/p "

Depth (cm)

~ 'XBL 732-165

Fig. 1. Approximate distribution of energy versus
depth for electron bombardment. ' :
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Fig. 2. Penetration depth versus voltage f{)'r electrons
penetrating rock of 2.7 density. (Based on data for

- aluminum by Katz & Penfold, Rev. Mod. Phys. 24, 28 *

(1952))‘



so some spoté within the bombarded zone experiencf:_ less than
the averége temperatﬁré rise while the hottest épot efcperienceé
rou’ghl.y‘ab'SO% greater than average temvperaf_'uré. rise of ~ 310°C.
: Af_ter a vvery- short time, such a tempgrature rise and
distribution produce signifiéant pseudo-static the‘rmal stresses
within the‘ rock. If a heated portion of the rock.g:_ould somehow

be fully restrained against thermal expansion, thé associated

‘triaxial compressive thermal stress would be

N4 TOE . | | (1)

Go = 1 - 2v

where o is the thermal coefficient of expansion , T is the .

_initial temperature rise, E is Young's modulus of elasticity,

v. is Poisson's ratio and the minus sign indicates compression.

For rock with o = 8x 107%/°C, T = 310°C, E = 41 GN/m®

(6.x 106 si)and v = 0.2, the full —restrainé.d stress is
pe y .

¢, = 170 MN/m” (25 x 10° psi).
' In reality, however, the heated portion éf the rock is not.

fully restrained. After a éhort time (at least many micro-

seconds), the stresé field reaches static equilibrium with the

surrounding rock mass, taking due consideration of the free

_.surface at the rock face. Typically, the cornpre'svs.iv-e stress .

within the heated zone is only a small fraction of o - Tensile

str’e‘sse.s are also produced in the surrounding rock, which is of
particular interest since rocks typically exhibit much lower

tensile strengths than compressive strerigthsé;often only a few

‘percent,



' At“.the conception of this study (Ref. 11);';'if was péstu-
lated thét the tensile stress pattern and the resultant fracture
patter_n' might be as shown in Figure 3. As part of the early
| work, fiﬁ.i.';..é:-element thermal stress computer célculations
| were performed (Ref. 12) to determin'e the mégn_it,ude and dir-
ection of the pseudo-static thermal st'résses dvue to selected
heat depbsitiorx profiles. The direction of ma;cimum tensile
stressevs and é. possible cracking pattern are éh‘own qualitatively
in Figﬁre 4. The pattern is different than was poévtulated and
does not show the hbped-for‘crateréshaped cracks leading to .
the free surface. The ''computed" cré.ck pattei'n.is. analogous to
the crazé pattern one might observe on a porcelain-coated
metal cyiiﬁder subjeéted to thermal shock. Th.vins cracking
pattern' is-such that there remains doubt that the _cfacked vol-
At-J.me would break loose from the rock face. In dther words, the
c¢rack pattern is 'nof likely to result in spontaneous removal of a
significant portion of the rock near the bombafdéd' zone. How-
ever, the crackinvg undoubtedly would weaken th'éfrock, SO one
might consider a combinatibn of 'thermal crat.er" fracturing
plus mechanical or other removal means. |

The computer calculéfions also gave estir.nates‘ of the .
tensile stress magnitudes. A sample calculation for a large
. rock ﬁuass subjected to a peak temperature ris.-e. of 310°C indi-
cated a-maximum tensile stress of 14.:8 MN/n{ZI(.ZIISO psi),
which is less than 10% of the fully-restrained thermal stress

T calculated earlier. Even so, this stilll exceeds the static



Pvésé_iblvé, failure surface

iy

v'.l',__ensi le stress

Front surface |
of rock —————Y

Hoop tensile stress

'Pofé'sible cracks

Section B-B |
o XBL 745-796

Fig. 3. Stress and fracture patterns originally postulated
for "thermal crater' mode., The bombarded zone, which
is in compression, is shown shaded. ‘ '
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BEAM>-
FRONT SURFACE

OF ROCK. '

HOOP TENSILE STRESS

—POSSIBLE
~ CRACKS

Section B-B
XBL 745-786

Fig. 4. Tensile stresses and likely crack patterns for

'"thermal crater' mode. Based on finite-element com-

~ puter calculations. Bombarded zone, which is in com-
pression, is shown shaded.
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" tensile strength of many rocks, and so might ?foduce some
tensile. cracks in rocks so bombarded. |

The question arises whbether the pseudo- sf_;afic assumption
is valid for a one-second bombardment duration or , in contrast,
-whether,'a' significant amount of heat is carried é.\._:vay from the
bombarded voiume by thermal diffusion. An é’x_a’ct solution
would -be laborious. However, an épproximate.ainswel_f can be
obtained by considering a somewhat simplified model—;namely
an infinitely-long cylinder of rock with a constanf internal heat
production rate per vunit volume per unit time aftei‘ t = 0 and
surrounded by a heat sink of infinite cdnductivit;sf.':‘ This simpli-
fied case will ovérestimate the radial heat ﬂox.x:r.,_but this error is
offset to some exfenfc by the neglect of axial heat flow. Neverthe-
less, it should give us a useful approximation to the actual heat
diffusion éo'nditions. Carslaw and Jaeger (Ref. 13) present a
solution fbr this simplified case and also give a graph to simplify
cdmputatio_ns . For a thermal diffusivity « = . 1O'~6 m?%/s and
radius..a = 0.6 cm, the temperature profiles ;'fter one and ten
Secohds are shqwn by solid curves in Figur’e 5. v If there were no
th'ermallconducti‘on,. the temperature would be as shown by the
dashed 11nes . The effects of thermal diff_usbi_onk wifhvin fhe rock
appear modest after one second but are quite si,gﬁi_ficant after
ten seconds .. Thus the assumption of pséudo-statif.c': thermal
stressesxa;prp.ears feasona‘ble for times to the order of one second

or so for the case considered. .
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10 |-—

AT t = 10 SECONDS | I

AT t = | SECONDy

TEMPERATURE (ARBITRARY UNITS)

O 02 04 06 08 |0
NORMALIZED RADIUS, r/a

'XBL 745-795

Fig. 5. Radial temperature profiles for ‘infinite cyhnder of.

radius a = 0.6 cm and thermal diffusivity k = " 10-2 cm?2/s . -
subjected to uniform internal heat generation. The dashed = -~ -
curves apply if there is negligible heat transfer at the outer C
surface while the solid curves apply for a perfect heat smk CL :
at the outer surface. v R -
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2.2  Thermal Crater EXperiments

To study the thermal crater-fracturing ph’.enomenon, »
séveral rock samples were bombarded during October 1972
using the microwave-type electron linéar accelerator locaf:ed
in Building 25 of the Lawrence Berkeley Laboratory. The
approximate output characteristics of this aécelerator are given
in Tables I and III. Cylindrical rock samples of ~ 5 cm dia-
meter by ~ 4to 5 cm long were used with thev electron beam
striking the center of a flat face. |

Observations on these tests are set forth in Tﬁ.ble II and

photos of the more interesting results are Ipre'sented in Figure

6.

2.3 Discussion of Thermal Crater Fracturing

Bbfnbardment'for one second, as contempIatéd in Sec;
tion 2‘.1 R 'produlced no apparent weakening. In fact, neither did
borhbardfnent for five seconds, in which case f_hé peak temper-
atures are estimated to exceed 500 °C. When‘._b_ornbarded for
ten seconds, some of f.he sainples did exhibit rne_it "squirts'
and some cracking. To achieve significant pseudo-static
thermal stress cracking apparently requires i)éak temperatures
at or approaching the melting temperature of thé rock. R'aising'
the roci< ,temperature so high requires a large'enex_'gy input,
which opens to question the economic practicai’ity of such long
(1 to 10 second) bursts as a primary exéavati_on method. The
observed results ofvmelting, plus possible.crackir_;g, after large

inputs of energy are quite similar to the resulfs reported by



TABLE I

Thermal cratering test observations.

Samples bombarded by 7 MV electron linear accelerator at Building 25, LBL.

Grano-diorite

- vl

Test Bombard .
Rock type duration Observations
No. DA : ’
e (seconds)
Bl Coarse 0.5 No visible effect.
Sandstone : )
B2 Coarse 1 Dark spot a few mm diameter. No apparent weaken-
Sandstone ing. ’
B3 "Coarse ~ 2 Discolored. No apparent weakening, even when
" B4 Grano-diorite each sectioned through bombarded spot. :
B5 Coarse 10 Discolored region ~ 1.5 cm‘diameter . No spalling.
Grano-diorite Later inspection revealed some cracks. : !
B6 Schist 9 Discolored. Some melting with ''lava' squirting out.
B7 Greenstone 5 Discolored spot. No apparent weakening.
B8 Greenstone 10 Discolored spot. Radial cracks. Some melting with
"lava'' squirting out.
B9 Fine 5 Discolored spot. No apparent wéakening.
Sandstone
BI10O ‘Fine - 10 ~ Discolored spbt with. central portion slightly raised.
: Sandstone" . -“No cracks or evident weakening. When observed
several'seconds after bombardment, the central:
spot was observed.to be still bright red. -
Bll Fine 5 Discolored spot. No apparent weakening. -
. Grano-diorite
Bl2 Fine 10 Discolored spot. Some hairline cracks.
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XBB 744-2845

Fig. 6. Photos of rock samples exposed to '"thermal crater' mode
of electron bombardment for approximately 10 seconds. a) Test B5:
Coarse grano-diorite sectioned after bombardment to show small
cracks, b) Test B6: Schist, c) Test B8: Greenstone, and d) Test
B10: Fine sandstone.
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Schumacher et. al. (Refs. 5-7) for continuous ﬁnpulsed electron
beams. It appears from these preliminary tests that the
"thermal crater' fracturing mechanism offers little, if any,
commercial advantages over the earlier electron-beam tech-
niques, so subsequent program efforts were directed solely to

the more promising "'shock spalling' technique.



TABLE III

Typical operating parameters of electron accelerators during rock bombardment experiments.

the electron bean: falls outside of the beam diameter so calculated.

Per pulse
Calc. max. Typical Typical
Beam penetration Approx. . Approx. Pulse Pulse Pulse Energy central central
Test Accelerator Location voltage depth beam bombarded rep dura- current, delivered energy electron Remarks
dates used E for p=2.7 diameter volume rate tion mean - fluence fluence
(MV) h D v=_D2h f t i U=ETt u,=4U/mD?2 q=uy/E
Mean Max (cm) (cm) (cm3) (Hz) _ (10-9 ) (kA) (J) kJ/cm?) (uC/cm?2;
Values at 0.6 cm
Ma 5 LLL o~ Single 2 from accelerator out-
5 2
197 Febetron 70° Bldg. 255 1.4 22 0.39 37 0.8 pilze 100 2.0 2.8x10 0.13 93 it WIndBw:
1 Values at I ¢ from
Oct Microwave LBL _ " up to -4 -
1972 Electron Litiae Bldg. 25 7 i} 1.33 i L5 120 6000 1.4x10 549 0.005 0.7 afcelerator output
i window.
Values at 0.7 cm
Dee — oBtiow ncipn 5.8 5.8 1.10 -1.0 ~0.9 1 300 0.3  5.2x10% ~0.66 ~114 from accelerator
1972 Linac Bldg. 431 .
output window
_ Values at 0.6 e
- Febetron 705 Lkl 1.2 1.9 0.33 1.6 0.7 Sigle 100 1.6 1.9x10% 0.09 75 from accelerator
1973 Bldg. 341 pulse ;
4 - output window.
& Values at 5 cn. (par-
Feb Pulserad 422 LLL 4.8 .0 Single 3 0.17 170 3
= i 1.0 L3 0.22 80 39 3:.1x10 enthetic values at
°] 2
1973 (co-axial mode) Bldg. 169 3:..2) (1 7)) pulse (0.40) (400) 3.5 &F0) Frors secel,
output window.
Values at 5 cm (par-
Mar Pulserad 422 LLL 6.3 7.4 Single 3 0..12 110 enthetic values at
4 0 T
1973  (co-axial mode) Bldg. 169 lay &2 0:2% (3.8) (2.8) pulse 2 A BlELY (0.32) {290) 2.5 cm) from accel.
output window.
Aug Pulserad 422 LLL Single 3 Values at 5 cm from
1973 (triaxial mode) Bldg. 169 2l arl .47 368 e pulse e 22 Bl i 150 accel. output window.
Nov Physics Single 3 Values at 3 cm from
1973 Pulserad 1140 Intl. Co. 4.0 ~5.0 0.94 3.5 9.1 pulse 100 24 9.5x10 0.96 320 window o partial
San Leandro atmosphere chamber.
Sundiaie Singl N Values at 18 em fron
dan Hermes I Sancia L orDy 9 12.5 2.41 9.0 221 Angte 160 45 6.4x10 1.00 78 accelerator output
1974 Albuquerque pulse . )
_ window .
Notes: 1. To convert joules to calories, multiply given value by 0.239.
2. Fluence values given are on axis and are typical of conditions used for actual tests.
3. Approximate beam diameter calculated such that beam area = energy delivered/central energy fluence. Some of

- LI -
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3. ""SHOCK SPALLING'" TECHNIQUE

3wl Description

The ""shock spalling' technique also uses an intense burst
of energetic electrons to achieve rock fracturing. The major
distinction from the thermal crater technique }ﬁfeviously dis-
cussed is that the burst is very intense and of very short dura-
tion-~typically less than one microsecond. The bombardment of
the rock is of such short duration that stresswaves do not travel
any significant distance during bombardment. In practice, the
bombardment can be considered almost instantaneous. Further
explanation of the mechanisms of shock spalling is deferred until
Section 3.3 in the belief that they can be better appreciated after
a presentation of the experimental observations on the shock

spalling process.

3.2 Shock Spalling Experiments

Experimental bombardments using intenée bursts of
energetic electrons have been carried out on a variety of rocks
using the different electron accelerators set forth in Table III.
The electron linear accelerator used for the thermal crater
experiments described earlier is also listed for comparison.
These accelerators had already been constructed for other pur-
poses and were not specifically designed for rock spalling.
Nevertheless, a limited range of tests was possible using these
machines.

Almost all bombardment tests since November 1972 have

been performed on the five rock types listed in Table IV which



TABLE IV

Summary of measured properties of selected rock types.

Rock group Igneous Sedimentary Metafnorphic
Roclktrne Sierra Napa Lyons Limestone Greenstone
yP Granite Basalt | Sandstone (Marble) (Amphibolite)
Density (gm/cm>) 3. 65 2.87 2.66 2,73 2.91
Thermal Coefficient of Expansion (10-6/0C) 7.00 5.60 11:30 5.20 7.00
3y
Modulus of Elasticity (109 ksi) 5 7.80 10.40 1:90 6.00 14.30
(107 N/m“)* 54, T2, 13.1 41. 99.
Poisson's Ratio 0.18 0.21 0.23 0.30 0.28
Compressive Strength (kSi()) , 25,60 46.20 b2l 8.43 39.60
(107 N/m*™)* 177. 319. 42.9 - 58,1 273.
Porosity (void volume/total {rolume)’ 0.0088 0.0048 0.1780 0.0085 0.0022

*Newtons per square meter

-6'[-
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were selected to cover a range of hardness, compressive
strength, and porosity, as well as representing the igneous,
metamorphic and sedimentary groups of rock. Some of the
properties of these five rock types were determined (Ref. 14)
and are presented in Table IV.

The results of the shock spalling bormbardment tests are
summarized in the following subsections.

3.2.1 Febetron Tests. The earliest tests using the

Febetron #705 pulsed electron accelerator were conducted in
May 1971. These tests resulted in successful shock spalling
which was reported previously (Ref. 11). The spalls were of
modest size (up to 16 mm diameter x 0.9 mm aeep for wet
granite and 18 mm diameter x 1.2 mm for wet sandstone), but
the energy input was also modest (~ 280 joules).

Further tests using a different Febetron #705
accelerator were performed in January 1973. The shock spall-
ing mechanism was reconfirmed. Spalls up to 15 mm diameter
by 1.2 mm deep were obtained in wet granite, shown in Figure
7, which is comparable to the earlier results. An interesting
result of this series of tests was that dry granite blocks would
not spall, while under like conditions wet granite blocks would
spall. It was obvious that water enhanced the spalling mechan-
ism, but the exact means of enhancement were nbot clear at that
time. This effect will be discussed in more detail later.

3.2.2 Tests at Astron. It was of interest to study the

effect of rapid repetitive bursts of energetic electrons. The

residual cracking or residual heat from earlier pulses could
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1 1 HN‘H“HH"HHHH‘H
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XBB 744-2846

Fig. 7. Wet Sierra granite block bombarded in air with single
shot (1.9 MV, 0.19 kJ, 100 ns) from Febetron #705 electron
accelerator.
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possibly enhance spalling on subsequent pulses. Most acceler-
ators capable of producing the very-short-duration bursts
required for shock spalling only deliver a single burst with a
turn-around time of at least a few minutes, presumably because
rapid pulsing was considered not important. An exception is the
A stron linear accelerator (Ref. 15, also see Table III) which is
located at the Lawrence Livermore Laboratory. It is capable of
operating continuously at a repetition rate of one to several
pulses per second and is capable also of delivering a rapid
sequence of at least one hundred pulses at the rate of one thou-
sand pulses per second. The energy delivered per pulse is
somewhat greater than that of the Febetron and led to the hope
that the Astron linear accelerator would produce shock spalling.
Tests were performed at the Astron linear accel-
erator during December 1972. A pneumatic plunging mechanism
and controls were constructed which, during the one-second
interval between pulses, could plunge the rock sample into the
beam path, leave it there for a preselected one or more pulses,
and then withdraw the rock prior to the next following pulse.
Several different rock types, including wet granite and wet sand-
stone, were subjected to a single pulse of this beam but no spalls
were produced. This was in spite of the fact that the electron
fluence (time-integrated beam current density) through the rock
(see Table III) was believed to be greater than for the Febetron
#705 which had successfully produced shock spalling. It is sus-
pected that the lack of successful spalling was either due to the

fluence being lower than calculated (e.g. lower current or
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larger beam size) or due to the penetration depth of the Astron
beam being several times greater than for the Febetron thereby
propagating stresswave energy in the radial direction as well as
in the axial direction.

Discussions with the Astron staff have indicated
that improved performance from the Astron accelerator is poss-
ible, but is time-consuming and therefore expensive. It is not
known whether such improved performance definitely will produce
spalling. Consequently, the main thrust of the experimental pro-
gram was directed to the tests described below which appeared
more certain of producing significant spalling.

3243 Tests Using Pulserad 422 Accelerator

The Pulserad 422 electron accelerator (manu-
factured by Physics International Company, San Leandro,
California) located at the Lawrence Livermore Laboratory was
used for three series of rock bombardment tests--one each
during February, March and August 1973. During the first two
tests the accelerator was connected in its ''coaxial' mode with a
mean output voltage of 1.0 to 1.1 MV, while for the third test it
was connected in its 'triaxial' mode which produces a mean out-
put voltage of ~ 2.0 MV. The output characteristiés for both
modes are included in Table III.

This accelerator facility had good beam diagnos-
tics equipment including fast oscilloscopes to view voltage and
current waveforms during the short duration pulse. The energy
delivered over the bombarded surface was determined using a

segmented carbon calorimeter made up of an array of small
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carbon blocks, each having its own thermocouple. Fast digital
printout allowed the temperature rise and the corresponding
energy input to each block to be determined. Typical curves
showing the measured energy fluence u at the calorimeter as a
function of radius r from the beam centerline are shown in the
upper curves of Figures 8 and 9 for the tests conducted in March
1973. The calorimeter was spaced from the accelerator output
window at the '"standoff distance'' identified on each figure.
Inspection shows a bell shaped distribution which is roughly
Guassian. The lower curves in Figures 8 and 9 show u(2rwr),
which is the energy deposited per unit increment of radius, as a
function of radius r . The area under this latter curve out to
any given radius represents the amount of energy deposited
within that radius. By extrapolating the curve (shbwn dashed) to
large radii, the total energy deposited U = S.u(ZTr r)dr was
estimated. These estimates agreed closely v;zith separate esti-
mates based on the voltage and current waveforms previously
mentioned.

The general arrangement for bombarding the
rocks is shown diagrammatically in Figure 10. Most of the tests
were conducted at a standoff distance (distance beam travels in
air from accelerator output window to the rock or calorimeter)
of 2.5 cm or 5.0 cm, but a few successful tests were conducted
at distances up to 15 cm during the August 1973 tests. Tests
were conducted on wet and dry samples of the five rock types
previously described, with shock spalling achieved for all types,

both wet and dry. A wet white limestone block subjected to a




= 25 =

300 |- SHOT 2372

200
u
(Js/cmj
100
0
1500
1000
u-21r
(J/cm)
500
o

b) r(cm)

XBL 745-794

Fig. 8. Typical energy fluence at 2.5 cm from output window
of Pulserad 422 electron accelerator expressed a) in joules
per square centimeter of surface and b) in joules per centi-

meter of radius.
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Fig. 9. Typical energy fluence at 5 cm from output window
of Pulserad 422 electron accelerator. Energy fluence

expressed a) in joules per square centimeter of surface and
b) in joules per centimeter of radius.
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Fig. 10. Experimental arrangement for shock spalling tests
at Pulserad 422 electron accelerator.
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single shot is shown in Figure 11 together with the sandy debris
produced. A wet granite slab subjected to two almost-overlap-
ping "'shots' is shown in Figure 12 together with the sandy debris
produced. Shot #2390 removed ~ 20% more rock than Shot #2389,
possibly indicating that the earlier shot enhanced the spall vol-
ume on the second shot. A wet slab of hard basalt subjected to
two shots at the same spot and the associated debris are shown
in Figure 13. Compared to Shot #2393, the earlier Shot #2392
produced a spall ~ two-thirds as large--the approximate outline
of which can be seen within the later spall. This again possibly
indicates spall enhancement on subsequent shots. A strong wet
greenstone block subjected to a single shot is shown in Figure 14
together with the somewhat flaky debris therefrom.

Shot #2071 was a particularly interesting one in
which a 1.0 cm thick slab of wet granite was located in air at
2.5 cm from the output window of the Pulserad 422 and also sub-
jected to a single pulse. Spalling occurred at both front and rear
faces as shown in Figure 15. Figure 16 presents several frames
from a high-speed movie which shows the rather violent spalling
at the front surface facing the accelerator and a slower, flake-
like spalling at the rear face. Since the rock is ~ 5 electron
ranges thick, the rear spall appears clearly to be due to a
traveling stresswave unassisted by other pheriornena such as
thermal or electric charge effects.

Another series of tests were i)erformed in
August 1973, again using the Pulserad 422 accelerator, but with

mean acceleration potential of ~ 2.0 MV instead of the ~ 1.0 MV
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XBB 744-2850

Fig. 11. a) Wet white limestone block 10 c¢cm thick bombarded in
air with single shot (1.3 MV, 3.1 kJ, 80 ns) from Pulserad 422
electron accelerator. b) The spall debris therefrom.
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XBB 744-2848

Fig. 12, a) Wet Sierra granite slab 1 cm thick bombarded in
air with two separate shots (1.4 MV, 3.7 kJ, 90 ns) from Pulse-
rad 422 electron accelerator. b) The spall debris therefrom.



XBB 744-2848

Fig. 13. a) Wet Napa basalt slab 2 cm thick bombarded in air
with two space-coincident but time-spaced shots (1.4 MV, 3.7
kJ, 90 ns) from Pulserad 422 electron accelerator. b) The
spall debris therefrom.
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Fig. 14. a) Wet greenstone block 10 cm thick bombarded in air
with single electron shot (1.4 MV, 3.7 kJ, 90 ns) from Pulserad
422 electron accelerator. b) The spall debris therefrom.
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Fig. 15. Wet Sierra granite slab 1 cm thick bombarded in air

with single electron shot (1.3 MV, 3.1 kJ, 80 ns) at 2.5 cm from
Pulserad 422 electron accelerator. a) Spall on front surface and
b) spall on rear surface due to stresswave traveling through slab.
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Fig. 16. Frames from high-speed movie showing spalling at
both front and rear surfaces of rock in previous figure. Note
that front spall is sandy and rapid while rear spall is flaky
and slower.
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of the earlier tests. The energy delivered per shot was 3 to 4
kJ as for the earlier tests. At the higher voltage, the electrons
penetrated more deeply into the rock and consequently produced
a deeper spall. Successful spalling was achieved at various
standoff distances up to 0.15 meter from the accelerator exit
port.

Successful shock spalling of hard rocks having
been demonstrated, it was of interest whether it also would work
on softer materials. A wet weak sandstone block bombarded
with a single shot produced the spall and the sandy debris
shown in Figure 17. Single-shot bombardment of a wet shale
produced the spall shown in Figure 18. The debris was a fine
dusty powder. Some frames from a very-high-speed movie of
this bombardment of wet shale are exhibited in Figure 19 and
show definite spall movement at the first frame (5 HS) after
bombardment and indiate a maximum spall velocity of 580 m/s
(1300 miles/hour). Single-shot bombardment of a moist plastic
adobe clay produced the spall shown in Figure 20.

Data on the foregoing bombardments are pre-
sented in Table V. The spall diameter corresponds to a circle
with area equal to that measured for the spall. The spall depth
was measured with a depth micrometer. The spall volume was
measured by filling the recess with fine alumina powder of
known bulk density. Specific energy was calculated as the
quotient of total energy deposited divided by the volume
removed. Specific energy is nearly constant for a given rock

material and excavation method, independent of scale, and can
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Fig. 17. a) Wet Lyons sandstone block 10 cm thick bombarded
with single shot (3.1 MV, 3.1 kJ, 70 ns) from Pulserad 422
electron accelerator. b) The spall debris therefrom.
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Fig. 18. a) Wet shale block 11 cm thick subjected to a single
shot (3.1 MV, 3.1 kJ, 70 ns) from Pulserad 422 electron accel-
erator. b) The spall debris therefrom.
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Fig. 19. Selected frames from very-high-speed movies of
Shot 3647 onto wet shale. Maximum spall velocity is 580
meters per second (1300 miles per hour).
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XBB 744-2853

Fig. 20. a) Moist adobe clay ~ 8 cm thick subjected to a
single shot (3.1 MV, 3.1 kJ, 70 ns) from Pulserad 422
electron accelerator. b) The spall debris therefrom.



TABLE V

Single-shot spall data for several tests using Pulserad 422 Accelerator.

Moist Colorado White
Adobe Red Limestone Sierra Napa Green-
Clay Sandstone Shale (Marble) Granite Basalt stone
Compressive strength MN/m2 Not 43 Not 58 180 320 270
ksi meas. 6 meas. 8 26 46 40
Young's modulus of elasticity GN/m2 Not 13 Not 41 54 72 99
106 psi meas. 1.9 meas. 6 8 10 14
Shot Ident. No. 3646 3652 3647 2069 2390 3634 2373
Date 8/73 8/73 8/173 2/73 3/73 8/73 3/73
Mean accelerating voltage MV 2 2 2 1.0 1.1 2 1.1
Standoff distance cm 5 5 5 5 5 5 2.5
Total energy deposited kJ 3.1 Biadl 3.1 3.1 3T 3l 3T
Spall diameter cm 4.5 5.0 4.7 6.6 (0 4.4 3.8
Spall area em? 16 20 17 34 35 15 11
Spall depth, max cm 1,0 0.26 0.29 0.08 0..13 0.19 0.13
Volume removed cm’ 6.8 3.4 il 2.6 3.1 1.8 1.0
Speciﬁc energy kJ/cm3 0.46 0.9 1.0 1.2 1.2 1.7 37

(energy deposited/volume removed)

-Ov.—
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be used for predicting large-scale rock processing from the
basis of laboratory tests (Ref. 4). It is often used as a compar-
ative measure of the efficiency of rock processing methods--
with lower values of specific energy indicating greater efficiency;
but because equipment costs, labor costs, “energy" unit costs,
etc., vary for the different methods it can be misleading. For
instance, in tunneling, the cost of explosives is a minor cost
whereas the costs of drilling holes and "mucking" the rubble are
major costs. As another example, flame jet-piercing is econ-
omical in many applications in spite of high specific energy
values because it utilizes low-cost fuels and has high production
rates. Thus, specific energy values, while useful for extrapol-
ating from small-scale to large-scale operations, may be mis-
leading, when used alone, for comparing different methods.
Inspection of Figures 8a and 9a shows that the
energy contained in the electrons is not being used with full
effectiveness. The energy fluence at the spall radius presum-
ably is the minimum that will produce spalling and can be con-
sidered a threshold value. At a small radius the rock received
more than the threshold energy deposition while at radii greater
than the spall radius some energy has been deposited without
producing any spalling. A flatter, sharp-edged electron current
distribution should produce substantially more efficient spalling.

3.2.4 Tests Using Pulserad 1140 Accelerator

In November 1973, tests at higher accelerating
voltage were conducted using the Pulserad 1140 accelerator

located at the San Leandro, California plant of Physics
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International Company. .The output parameters of this acceler-
ator also are included in Table III. Consultation with the accel-
erator staff led to the bombardment arrangement shown in
Figure 21. The '"focusing' or concentration of the electron
beam could be adjusted for this accelerator bjr changing the
absolute pressure in the partial atmosphere tank. After some
trial, the best operating condition produced energy fluence
versus radius as plotted in Figure 22. Compared to the Pulse-
rad 422 accelerator, the beam of the Pulserad 1140 accelerator
is considerably more penetrating but has a smaller effective
diameter.

A limited number of rocks, mostly wet, were
tested. A block of wet basalt bombarded with a single shot pro-
duced the results shown in Figure 23. A block of wet granite
was similarly bombarded by Shot #18095 followed some minutes
later by an adjacent Shot #18096. The resulting spalls and
debris are shown in Figure 24. Shot #18096 produced ~ 50%
more spall volume than Shot #18095, primarily due to easy
removal of the partially fractured material located between the
two spalls. The large flakes in the rock debris of these shots
comes from the periphery, not the central core, of the spall.
The spalls produced by the Pulserad 1140 accelerator appear
signifiéantly different than those produced by the lower voltage
Pulserad 422 accelerator. This is attributed to the relatively
greater penetration depth relative to beam diameter which |
causes the primary ejected spall to peel off flakes of adjacent

material by shear action.
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Fig. 21. Experimental arrangement at Pulserad 1140 electron
accelerator.
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Fig. 22. Typical energy fluence at calorimeter located 3 ¢cm from partial
atmosphere chamber of Pulserad 1140 electron accelerator expressed a)
in joules per square centimeter of surface and b) in joules per centimeter
of radius.
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Fig. 23. a) Wet Napa basalt block 7 cm thick bombarded in
air with one shot (5.0 MV, 9.5 kJ, 100 ns) from Pulserad
1140 electron accelerator. b) The spall debris therefrom.
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Fig. 24. a) Wet Sierra granite block 10 cm thick bombarded
in air with two separate shots (5.0 MV, 9.5 kJ, 100 ns) from
Pulserad 1140 electron accelerator. b) The spall debris
therefrom.
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The total volume removed was greater than for
the Pulserad 422 accelerator but this is not surprising in view of
the greater energy deposition. However, the values of specific
energy for these tests were slightly greater than for the Pulserad
422 accelerator. This may be due to beam dispersion while tra-
versing the partial atmosphere tank.

32245 Tests Using Hermes II Accelerator

In January 1974, tests at even higher voltage
were conducted using the Hermes II electron accelerator located
at Sandia Corporation's Albuquerque, New Mexico facilities. Its
output parameters are also listed in Table III. The experimental
arrangement was similar to that used at the Pulserad 422 accel-
erator (shown in Figure 10) except the higher voltage permitted
increasing the standoff distance to 18 crm. The energy fluence
at this location is shown in Figure 25.

Several rocks were each subjected to a single
pulse from the Hermes II accelerator. The results of these
bombardments are shown in Figures 26 through 38. Oblique
photos showing extensive subsurface cracking adjacent to the
spalled zone for Shots 9153, 9154 and 9166 are shown in Figures
28, 31 and 38.

This series of tests demonstrate that a substan-
tial amount of rock can be removed by shock spalling in a single
shot. After the test series was underway it became evident that
larger-sized rock samples would have been desirable. The
removal of the uppermost corners of the rock sample in Shots

9151, 9152 and 9155 probably would not have occurred in a
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Fig. 25. Typical energy fluence at 18 cm from output window
of Hermes II electron accelerator expressed a) in joules per
square centimeter of surface and b) in kilojoules per centi-
meter of radius.
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XBL 741-335

Fig. 26. Wet Sierra granite block 10 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator including spall debris therefrom. Larger pieces of debris are

from upper edge of block and might not have been removed if the
block had been larger.
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XBB 741-336

Fig. 27. Dry Sierra granite block 9 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Significant subsurface
cracks are shown in the next figure.
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Fig. 28. Oblique view of Shot 9153 onto dry granite showing
subsurface cracking.
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XBB 741-337

Fig. 29. Wet Napa basalt block 11 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Larger pieces of debris
are from upper edge of block and might not have been removed if
the block had been larger.
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Fig. 30. Dry Napa basalt block 11 c¢m thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Significant subsurface
cracks are shown in the next figure.



Fig. 31. Oblique view of Shot 9154
onto dry basalt showing subsurface

cracking.

XBB 744-2215
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XBB 741-344

Fig. 32. Wet greenstone block 11 ecm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-

erator, including spall debris therefrom. Note cracks going through
to rear of rock.
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Fig. 33. Dry greenstone block 10 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Note the extensive fractur-
ing of this block. Earlier tests had shown this rock type to be difficult
to spall.
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XBB 741-342

Fig. 34. Wet Lyons sandstone block 14 cm thick bombarded in air with
single shot (12,5 MV, 64 kJ, 160 ns) from Hermes II electron acceler-
ator, including spall debris therefrom.
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XBB 741-341

Fig. 35. Dry Lyons sandstone block 8 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Note horizontal crack at
mid-height of block.
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XBB 741-340

Fig. 36. Wet limestone block 11 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom.
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XBB 741-339

Fig. 37. Dry limestone block 10 cm thick bombarded in air with
single shot (12.5 MV, 64 kJ, 160 ns) from Hermes II electron accel-
erator, including spall debris therefrom. Significant subsurface

cracks are shown in the next figure.



Fig. 38. Oblique view of Shot 9166
onto dry white limestone showing
subsurface cracking.

XBB 744-2214
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substantially-larger sample. The tests on wet greenstone (Shot
9155) and dry greenstone (Shot 9156) are of particular interest ,
because not only was there a front-surface spall but, in addition,
substantial cracking of the remainder of the rock block was pro-
duced, particularly in Shot 9156. The greenstone rock was not
isotropic and contained partially-healed seams, which probably
contributed to the extensive cracking. However, many rocks
encountered in tunneling may be similarly anisotropic and may
exhibit similarly extensive cracking.

The results of these tests are tabulated in
Table VI. For these shots, the average spall diameter was
measured directly avoiding regions where corners may have
been removed. Spall areas were calculated for circles of the
measured diameters. The diametral profiles of the spalls were
measured and typical ones are shown in Figure 39. Spall vol-
umes were determined by taking the spall profiles on at least
two diameters and then calculating the corresponding volumes of
revolution. It is believed that this properly disallows the corner
fracturing that occurred on Shots 9151, 9152 and 9155. The
internal fracturing on Shot 9155 was not considered in computing
the tabulated value of specific energy, ho\wever, it is believed
that such internal fracturing will lead to substantially greater
volume of material removed on subsequent shots in this region.
For the greatly shattered greenstone sample in Shot 9156, it is
believed unreasonably optimistic to take the total volume of the
original rock sample and calculate a corresponding specific

energy of only 28 joules/cm3. However, no good basis is seen



TABLE VI

Single-shot.spall- data for several tests using Hermes II Accelerator, January 1974.

Colorado . White - i
Red Limestone Sierra Napa
_ Sandstone {(Marble) Granite Basalt Greenstone
. Compressive strength ' MN/m? 43 58 180 320 270
: g 103 psi 6 8 26 46 40
Young's modulus of elasticity . GN/m2 13 41 _ . 54 72 99
: ‘ 106 psi 1.9 6 8 10 14
. ) - 1
Shot identification number 9163 - 9165 9151 9152 9155 o~
Mean accelerating voltage MV 9 9 ‘ ‘9 . 9 9 1
Standoff distance cm 18 18 18 18 18
.Total energy deposited kJ . 64 .64 : 64 64 . 64
" Spall diameter cm ' ‘12 12 13 13 12
Spall area em® ~110 - ~110 ~130 - ~ 130 ~ 110
- Spall depth, max. S em - 1.5 BT DR B8 S 1.0 - 0.7
Volume removed . . em> . . 82 57 s sz 51
Specific energy kI /em> 0.78 - - 1.11 . 0.85 1.21 1.25

(Energy deposited/volume rerr;oved')
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b) Shot 9153 - Dry Sierra granite.
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Fig. 39. Profiles through spalls produced by single-shot
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e) Shot 9155 -Wet greenstone Note relohvely umform -
depth which suggests that stresswave fracturmg
mechamsm was predomment S

f) Shot 9163-Wet Lyons sandstone Note lenticular
shape which suggests that thermo-hydraulic
fractunng mechamsm was predommcnt |

g) Shot 9I64_4 Dry Lyons sandstone. .
' . ~ XBL 745-788

Fig. 39 (continued) -
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h) Shot 9165~ Wet white limestone.

i) Shot 9I66-Dry white limestone. Note subsurface
cracks and heaving of surface above the cracks.

. XBL 745-787

Fig. 39 (continued)
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for deciding what fraction of the shattéred debris should be con-
.sidered,‘so no specific energy value is presented for Shot 9156.

3.2.6 Summary of Experimental Observations

Based on the more than one hundred test shots
conducted, the following characteristics o‘f thé ,'s‘h'ock spalling
mechanism have been demonstrated: |

| 1) It produces spalls on all _i'ock types ’teéted
and on clay. |

2) Thereis a threshold énergy input be_léw
which spalling does not occur. The threshold value is pri'marily
a function of rock type and moisture content.“ g

3) Generally, the results are reproducible, as
shown by r.epeatable front and rear spalls on ide_'_ntical tests.

4) Stronger and tougher rocks generally show
less spalling for the same energy input.

5) Wet rocks generally show more spalling
than drry‘lrc.)cks for the same energy input. |

6) Wet granite at OOC, 50°C R and 75°C spalls
similé,rly to wet granite at room temperature.

7) Oven-dry granite spalls the sé.rne as room-
dry granite.

8) Rocks bombarded in vacuum also spall.

9)  The spall size and depth at..f.:h‘e‘ fro"nt surface
are indé_apendent.of the thickness of the ?ovck sarn.vple bombarded
(tested'only at thicknesses > 2.5 electron penetr#tidn depths).

| 10) If the energy fluence of a béam puls‘e is

substanti-ally above threshold for front. surface spalling and the
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rock sample is thin, spalling can also occur at a rear free sur-

face.

11) Successive nearby pulses: (bﬁt separated in
time by many minutes) generally enhance the spalling process.

12) Greater accelerating voltéée produces
deeper spalls and generally shows more favorable specific

energy.
13} Spall debris is small flakes, sand and dust
which Should facilitate debris removal by hydfaulic slurry or

pneumatic means.

. 14) In several cases, substantial cracking

occurred in the rock body outside of the spall zone.

3.3 'Analyvrsis and Discussion of the Shock Spalling Technique

The predominant fracturing process is believed to be
impulsive thermo-mechanical stressing of the surface layer as
described in the immediately following paragraﬁhs . The grea;ter
volume and more-finely-divided nature of wet-rock spalls are
believed due to an additional thermo-hydraulic fracturing pro-
cess which is described towards the end of this séction.

The main fe;atures of the impulsive therfno;mechanical
fracturing process can be elucidated by the following somewhat-
simplified analysis. Consider a rock face struck by an intense |
burst of energetic electrons of 50 ns duration with pulse current
density of 14 MA/mZ, mean voltage of 1.0 MV and peak voltage
of 1.25 MV. The electrons deposit energy in the rock with a

depth dependence approximately as shown in the initial waveform
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of Figure 40. The energy is assumed to be deposited uniformly
and instantaneously within the volume defined By the beam dia-
meter 2a and the denéity-nor‘malized electron fange R (kg/mz).
The ‘av'e-rage temperafure rise is
o
waZRc'
v

where U is the total energy absorbed in joules per pulse and
c, is the specific heat at constant volume. Thiévtemperature

rise produces an initial triaxial compressive stress of

aT E
Xe)

= = a EU :I"'Uzp , (3)

o __ vl-Zv (1-2v)1TaZRcV ‘ma R

where O/,. is the thermal coefficient of expansi.on? E is Young's
modulus of ela».sti‘c‘ity, v is Poisson's ratio and I is the
Gruneisen parameter.

o Fér a granite with mechanical properties as given in
Table V.II,van average temperature rise of 1559C and a corres-
ponding a;s/erage' initial compressive stress of ,100 MN/vrn2 |
(~ 15 ksi) are produced in the bombarded zone. The energy
deposition is not uniform with depth, as men'tion_e-c.i earlier, so -
| fhe va;llies will vary from the average values' ac,;'cc}rdingly and.-
th‘e -péa’k temperature rise is ~ 250°C and the peak compressive

stress is ~ 160 MN/m? (24 ksi).

Following creation of the impulsively st'ressed volume, o

elastic stresswaves propagate from the compressed _zohe. “I1f

' the electron beam diameter is large comparevd with the electron
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Fig. 40. Idealized stresswave propagation within a 1-cm thick rock
with wave velocity = 4 km/s. Stress is compressive above baseline
and tensile (cross-hatched) below baseline. Wave at t =.0 represents
initial energy deposition. Dashed lines represent traveling stress-
waves whose algebraic sum is the actual stress shown by solid curve.
Note the possibility for both a rear spall arnd a front spall resultlng
from a single burst of electrons. .
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TABLE VII

Properties of a competent granite.

'I:)énsity, 0 ' . 2.7 kg/liter
Thermal coefficient of : 2 %1 0’—'6/0C
expansion, o o
Specific heat, c_ _ - 840 J/kg - °C_
. : (0.2 BTU/1b-"F)
Modulus of elasticity, E 55 C}N/gn2 :
' : (8 x 10° psi) -
Poisson's ratio, v ' 0.2
Sonic velocity, ¢ = N E/p 4 km/s
Cbmpressive strength, o 20'7”MN/m2'
L (30,000 psi)
T’enéile strength, o 6.2 I\I/IN/m2

t (900 psi)
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| pe'netrat;ibn depth (R/p) the stresswave can be treated asrf)lana.r
and it \ﬁll propagate in the depth direction as shown in the 1owe’f :
Qaveforms. of Figure 40 (neglecting att’enuativo,n and dispersion).
The initially-stressed region can be thought.tb create two
opposifely—traveling waves , each of half-rna.gnitude as shown by
the dashed curves. The front-going coméressivé Wave is
reﬂeﬁted at the free rock face into a :rear-going tensile wave.
As the wa.ves, propagate, a region of the rock at a depth of
~1 mm is subjected to a tensile stress of ~.80A_MNv/m2 (12_ksi)
peak rhaghitude for a fraction of a micrdsecopd.‘ : This stress |
level greatly exceeds the static tensile streng';h and Amay result
in spalling of the surface layer . If there sho‘uid happen to be -
anothéxf free surface at moderafe depth into the'.rock face, |
additional spalling may occur as indicated in th-evbotfom wave-
form of Figure 40. | |

| For comparison, when a rock or other: brittle material is
subjeé'ted to ﬂi‘lc_ tension, failure typically is '_characteri‘zed by
growth 6f a single crack from a pre—exisfihg,r;}a»jor ﬂaw,
followed_by propagation of the crack over the cfoss section. The -

rate of crack propagation approaches a terminal velocity some-

what less than half of the longitudinal sonic wave 'velocity in the ) .

material. In a sense, the weé.kest point within t,h.e rock detér-
mines the static tensile strength of the rock. |

The shock spalling fracture process is sighificantly
differén.t. As indicated in Figure 40, the traveling stresswaves
produce tension at a given location within the fock for only a few

tenths of a microsecond. Even if a crack were fo start at the
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onset 6f "_the tensile stresswave and travel a’Ac-t_ferminal‘velocity,
it could propagate only ~ 1 mm before the wa\.re>has passed. -
This ‘suggests that each small area on the sp.all surface is frac-
tured substantially independently. A multitude'_bf pre-existing
flaws must propagate essentially simultaneou:'sl;.r: to free the spall
from the rock face. The data in Figure 40 and in Table VII
indicate that the peak value of the tensile stré’ss.;‘,\.va'x‘/e is approxi-
mately an order of magnitude greater than the éfé,tic tensile |
strength. In other words, the dynamic tens.i'le. sfrength-of rock
subjected to Submiérosecond tensile pulses a'ppe_:ars to be an
order of fnagnitude greater than the sté.tic te.n:%_i}e stfength. This _
and thve physiéal appearance of the spalled surface are qualita-
tively 'cqn'éiétént with achieving simultaneous“fr_ac;ture at a
multitﬁde ‘of nucleation centers across the spall face.

The following thermo-hydraulip fracturing process is
believed to contribute to the spalling of wet roékfé . As noted
earlier, ‘wet rocks generally show more spali'ing_énd alsoa. -
more finely-divided debris than dry rocks. The .ﬂsthéwhat-
li.mited'_dvata indicate virtually no difference fofv.g;reenstone
| (O.ZZ%Vpox.'osity) , but a marked difference for granite (0.88%
p.Or'OSitY‘)v, for limestone (0.85% porosity) and for basalt (0;48% '
‘, por@éity). .However, sandstone with a very high’_poro_'si_ty of.
17.8% éxhibited only limited enhancemeﬁt. Under éi_ectron bom-
~ bardment, the energy deposition per unit weight Wifhin a water
vvolume' is éssentially the same as for rock. HoWever, the
’speciﬁc heats are such that if the rock temperé\ture rises ZSOOC ,

the intergranular water rises only ~ 50°C during bombardment.
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After bombardment, significant heat‘can be transferred by
thermal d_iff\ision from the rock to the water on ai micfoseco_nd
time_scalé,-particularly if the i-n'tergi‘anular'-Water lagrers are
only a few micrometers thick as may be the vcv‘a;se for the rocks
showing the greatest spall enhancement by wétei . An example
of such water heating is calculated in Appendix A and the
_ reéulting temperatur e. rise is plotted Vei‘sus time in Figure 41.
Thus, within a few microseconds, the intergranular water tem-
pe_ratui'e may approach the rock temperaturé'. | Tile ‘thermal.
expansion coefficient of water is about an ordér- of maignitude
greater than that typical for many rocks. C‘o.nsedu'ently, the
inter.g_ranular water tries to expand moi'e than the surrounding
rock and the hydrauiic_: impedance of the intefné_xl water paths
nriay be sufficient on this time é_ca;le Vfor such vifatér expansion
to account for the greater spalling of certain wet rocks. Veipor-
ization of the heated water may account for thé‘g.r‘eater spall
velocity Qbéerved in the fast moving pictures. For sandsfone ,
‘the high_porosity suggests thé,t inter stitial cracks are relatively
large and conseqiiently the water volume therein may take much
longer times than a microsecond to be heated significantly and
‘thus exhibit little enhancement when wetted. The foregoing
) explanations seem qualitatively to fit the expéi‘irﬁental observa-
tions; ) Fu_rther study of this thermo-hydrauiié fracturing pro-

cess appears warranted.
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Fig. 41. A calculated example of heating by electron bombard-
ment of water in an interstitial crack. An electron shot att = 0
is assumed to instantaneously raise the rock temperature to

T = 250°C and the water to T = 50°C, the difference being due
to differing specific heats. Subsequently, heat diffuses from the
rock into the water and the curve shows the water temperature
‘rise in a 3 ym crack assuming the thermal diffusivity of the
rock is much greater than for water. Note the significant heat
transfer. on a micro-second time scale. T
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4. PROSPECTS FOR THE FUTURE

Tunn‘elingk, mining and other exéavation in rock are pro-
mising applications for the shock spalling tec‘hﬁique although it
is clear that additional research and engineefirig are needed.
The national need to reduce the cost.and inc:easé the speed of
underground excavation and tunneling is weil k_npwn (Réf. 16).
The specific venei‘gy ievels'reported herein méyfbé low enough
for 'ecohorri_ic feas‘ibilit.y, but even lower valu.es appear likely.
Beam parémeters not yet tested may produ‘ce.more efficient
spalling.‘ ‘Lateral compreésivé stresses d'ue“‘t‘c_; residual heat
ciuringv hi_gh-repetition-rate bombardment as \%/é-ll as those gen-
erally pr.'evailivng in in-situ rock may enhance the. shock spalling
effiéiency. i Aléo, residual damage from earlier__ﬁulses should
ehhance' g_palling during repetitive boinbardmé;nt. In addition, a
variety of strategies for using shock spalli_ng in combination vﬁth
bother .fnethods can be considered, such as cuttih_g a pattern of
grodve‘s by shocvkvs'p‘a_lling followed by remova{l’bf intermediate
‘material 'by.mechanicaI means. Theseimprox’rern:ent factors’
iead to the expectation of specific energieé in the range of 100
to 1 ,6'00 joule's/cm3 or perhaps lower.

| ‘The prospects appear promising for te‘chnic.al and econ--
omic :fe_a‘.svibility of a Pulsed Electron Tunnel Excavator capable o -
~ of tunnel advance rates approaching 75 meters (~.250 feet) per |
: day‘.through hard rock. This compares to conve:ntional tunneling
réteé through hard rock of the order of 10 to 15 meters (~ 30'to
50 feet) _per .24-hour day under favorable conditiéﬁs . The vfoll_ow-

ing paragraphs set forth initial findings i'egar'ding the feasibility
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of such an excavator. A mofe detailed e_valuafion of such a
system is being conducted at this writi:ng..

A simplified conceptual sketch of a Puised Electron
Tunnel Excavator is shown in Figure 42. The accelerator pro-
per is pictured as housed within a steel tank p}er}héps 25 meters
(82 feet) long. Tentative output performance p")‘a_,,f_ameter's of the -
electron_'ac_celerator afe set forth in Table VIH and appéar
a;hievable. The physical size of the equipment rﬁay séem
lvarge-, but so are existing tunneling "méles . It could conveni-
entlybfit in a 3.5 meter (11.5 feet) diameter tunnel and perhaps
into one of 2.5 meter (8.2 feet) diameter or les's'.’ On fhe fr‘oht
Would‘_be mounted a system for a combiﬁation_éf both magnetic
and mechanical scanning of the beam across fhe rbck face.
Bringin'g the electrons out from the high vacuum of the acceler-
ator into the tunnel air is a significant problem, but some poss-
ible solutions have already been evolved. The beam will travel
thrdugh air for a distance of perhaps 2 to 20 cm (0.8 to 8 inches)
to reach the rock face. As now pictured, the accelerator and
beam scanner woqld be on one vehicle followed ifﬁmédiately by
another vehicle containing auxiliary equipment, switchgear and

the operators cab. The accelerator and auxiliary vehicle can

be ruggedly built to survive in the hostile tunriel environment.

Naturally, there would need to be provision for other tunneling
functions such as lining, shields, rock bolting; efé’. as may be
required.

Radiation safety requirements appear e’ésily met. The

machine produces radiation only when it is running. The
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Fig. 42, Simplified conceptual sketch of an accelerator for rock
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TABLE VIII

Tentative performance parameters for
- Pulsed Electron Tunnel Excavator.

Excavation volume per hour © 1-04', 'mv3/hr
ASp'ecific energy (assumed) 500 J/_crn3
Bveam power, average ' _ 14.4 MW
Beam \_rbl'tage ' 5 . MV
Rep rate’ o720 Hz
Ene;'gy per pulse 20 kJ‘
Charge pef pulse : 4 mC _
i?ulse duration | v1 .. 0 s
Pulse current 4. kA
Spall depth, average ~0.4. cm
Spall diameter ~1 1" ' cm

- Spall volume per pulse . 40 cnn3
Overall electrical efficiency =50 " %

“This corresponds to excavation of a 21-foot (6.4 m) diameter
tunnel at the rate of 10.6 feet (3.22 m) per hour.
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operating crew can be protectéd by shielding built into the
accelerafor vehicle while the general public is protected by the
rock over-burden. Induced radioactivity is not a problem if the

beam voltage is below five megavolts or so:

| The spall debris is sand, small ﬂakeé' .and,dust which can
be easily removed from the rock face to the>re_ar_ of the acceler-
ator By a suction pipe. This might be coupled with the tunnel
ventiiétion system. Aiternatively, the debris fhight be removed
by hydraulic slurry piping. The water bréugflt in for hydraulic
' 'slur ry handling cani alsb be used for cooling fhe' équipment and
' fhe debrié%—a significént problem for any rapid-advance tech-
nique.
The cost of electricity for this machine.':.i.s' comparatively
| small at fédajrs tunneling costs (but the same can be said for |
dynamite). The capital cost of accelerator equii)ment, as‘ well
as pér s‘o‘nnel and maintenance costs, will likei}; determine the
eco_nomic feasibility of this conce‘pt, and appear promising at
this writing.
On a much smaller scale, shock spalling rn_iéht be used
for "rﬁaéﬂining“ of ceramic turbine blades and 6th_er brittle
materials. As an immediate application, these.ver.y— short dura-
ﬁon stréss pulses‘ can providé information on the fundamental
nature of fracture initiation and crack prc;pagation in brittle

materials.
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5. CONCLUSIONS

| This study of rock shattering using ihtéﬁj_se.vbursts of
benergétic.electrovns has opened up the poésibility of a new type
of tunneling technique..' It would be prefnature to draw conclu-
sions about its use in practical operations. The study reported
herein has led té the following results:

1 . The "thermal crater" frac?turing process, which
involves taking at least many microseconds té'depbsit an elec-
tron pulsve, does not appear attractive. The tests indicate créck—
ing occuré ohly for certain rocks and then only} after much eherg'yv
has been deposited.

2. The "shock spalling" process, which involves
| depositing an electron pulse generally in less than'a micro-
second of time, produces an explosive-like eje_ctioh of a signifi-
cant portion of the bombarded rock volume. - ’I‘he ‘debris is of
fine nature which can facilitate its removal. ‘Wet rocks gene;;a'lly'
sho{vig'reatér' and finer spalling than dry rocks . Shock spalli‘r_ig :
‘was sucvcessfully produced in ‘a11 .Qf a variety of rock types
tested,‘ ranging from very hard to soft, and eveﬁ él#y. The
energy de"poéitéd in the rock corresponds fo_ a fémperature rise -

of only a small fraction of its melting temperétu:re ..

3. The shock spalling process holds consid e pro-
mise for.practical application in the tunneling industry. _Electron
'_ accelerafors of suitablé output can be built for this appliéation,
although development work is needed on electron delivery tech-

niques. The accelerator can be housed within a steel enclosure

for protection from the hostile tunnel environment. The fine
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T

debris can be handled by hydraulic slurry or .pneumati'c rﬁeans .
The 'pro_céss can convert hard-rock tunneling into a continuous
procesé rather than the conventional batch technidue .

4. Studieé_of the shock spalling proce‘é_'s and application
of the process to a practical Pulsed Electroﬁ- Tﬁnnel Excavator v
are continuing. There is need for con_structi'oh of a rapid-fire
pulsed electron accelerator to determine the spall enhanéement
that éan be achieved by rapid re_p‘etitive electron bombardment
and to develop components suitable for deliveriﬁg the e.lectron
pulses to a roék.face . Such an accelerator .w‘.ould'facilitate |

. proof of the practicality of the shock spalling technique._
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APPENDIX A

Electron Bombardment Heating -
of Interstitial Water

When an energetic electron beam passes through matter,
the energy deposited in a given small volume is proportional to
density, to a good approximation.

Ve - ”~ R / v

WATER-FLLED
voip

-~
-
Rock
GRAIN

: 4
P

Consider an interface between fwo graiﬁs with a water-
filled void of thickness w. Upon electrvIOn bombardment, the
instantaneous temperature of the rdék grain is Tor and of the
water is Tow: Due to the d_ifference in spe_zcifié heats,

[

T = 0.2T .
OW . or

If w << s, the heat transfer can be approximated as one-
dimens.ibnal (perpendicular to interface). This appears valid
except _n.ear the grain corners. | | |

The thermal diffusi\}ify of rocks typically is large'_compared"
| to éhat of water v(Ref: Carslaw & Jaeger, Appendix VI). There-
fore, to a first approximativon', the rock can be 'co_nsidered as a

heat source maintained at temperature T .

S
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Consider thermal diffusion of heat into the. water volume
from the rock. Convection, boiling or other 'mas_s transfer
phenomenon are not considered since they appear unlikely to-

be significant on a microsecond time scale. Thermal conduction

is 'cof;s_idered as the only heat transfer mechén_ism through the

- éter. : o » ... 3 v
v w v . . '7\4('/{/\:.4_‘..._..\,_..,._M.E,';‘--"' -
Boundaries: Parallel planes “
B.C.: . | o . WATER
| = ..W » = | ‘ / | .
,at x=1 2’ T Tor , 4
fort=0 -
I.C.: | | : . A A
| DR T ) Y

bt X
‘ 2 2 '

This case has been considered by Car51QW'& Jaeger,_
"Conduction of Heat in Solids," 2nd Ed., Section 3.4, who give

the solution as _

. 2 ‘ v :
Yooy e @yt BT T eat g
v T T L 2n+1°® €03 2
© 0 - n=o.

where
V = T-T_
ow
v = T _ -T
(o] or ow
T = ——;—
{

= X

£ = £
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..They also present gr'ap.hsv(Figure.s 11 ahd.>12)-‘gilving
numerical values based on the foregoing. equatioh. One graph
prv_esents_'t'em’perature profiles versus depth.at '.succes.sive time
increments while the other graph presents boti’l lthe central ‘cemf—
perature (at x = 0) and the average témperaturé' (aver.ag_ed
through thickness) as a function of time;;'

. "As an illustration, consider a case with aﬁ intersfitial
crack with total thickness w = 3 um containing water whose

l mz_/s. Due to electron

thermal diffusivity. K = 1.44x 10"

bombardment at t = 0, assume the instantaneous temperature

of the rock is T = 250°C and of the water is T = SOIQC ,
or ow

both relative to a pre-bombardment temperaturé of ’I‘o = 0 °c.

Using Figure 12 from Carslaw and Jaeger, the meah water

temperature versus time is
[- TEMP. RISE ABOUE INITIAL TemMp, (°C)

'L-E'VECTiZ-Qp RCHMRARDMGYT @ t =0

7~ Rock TeM PEZATLRE

| 250
1 l

200 ‘ \UA‘!'E? TEHPERATULR E

" FOR  WATGE |0 p ROCE epACK
CE THWLRLESS W T B Yy,

i | I 1 T T B S N
) 4 8 6
TIME AFTER BOMBARDOHEMT , usec

AV ITIAL ﬁéﬂ(;» '



'This indicates that significant #mounfs of heatv can be
transferred to the water in times as short as one microsecond
for_thié case. Since the charaéteristic heat transfer t.i'me
varies as w--2 , water in thinner cracks will heat éven more

rapidlx};
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