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CAVITIES PRODl-CED BY UNDERGROUND NUCLEAR EXPLOSIONS 

Abstract 

This in~ est igat ion s tud ied the 

displacemen t of r ock that fur~erly 

oc cupied cavities prcduced by under­

gr ound nuc l f'a r . explor.ions. There .:n·e 

three possi bl e expl anations for this 

displacement: ~he vo lume could be 

cisplaced t o the f r ee surface; it 

could occupy previousl y air-filled 

pores r~moved from the surrounding 

r ock through compaction; or it could 

be accounted for by pe rsisting com­

pressive s tresses induced by the 

out go ing shock wave . 

The analys is shows it unlikel y 

t hat stored residual e lastic stresses 

account for large frac tions of cavity 

volumes. There is 1 im.ited experi­

menta l evidence that free surfac~ 

di s placement accounts for a signifi­

cant port i.:>n of th s volume. '·1henever 

the explosion mediums cont a i n air­

fill ed pores, the compac t i on of t hese 

pores mos t likely accounts f or all t he 

volume. Calculations show t hat 4 7~ 

ai r-fi l led porosity can account for 

a l l the cavity vol ume within abou t 4 

cavity radii and that even 1% c~n 

account for a 3ignificant fr ac tion of 

the volume. 

Introduction 

Understanding cav t y f ormation 

is i mportant for studyin~ the 

use o! unde rground nu~ lear 

explosions to c reat e porosity 

in a large mass o1 r ock in which 

in situ processes are being 

considered. For examp le, in situ 

oil-shale retorting and copper-ore 

leaching require permeability 

significantly greater than what is 

present in deep ore bodies. Knowledge 

uf cavity formation and its control­

ling factors is also i mport ant in 

containment studies. 

When a nuc lear device is 
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detonated deep underground, high­

pressure gas is produced that pushes 

on the surrounding rod < a nd forms a 

cavity. As the cavity grows, the 

internal pressure a.nd temperature decay 

until the pressure comes i nto 

equilibrium wi t h the stresses in the 

surr ounding rock. Cavi ty volume 

can then be distribut ed as porosity. 

This can occur by t he opening of 

cracks i n t he frac tured rocks as the 

pressure decays in the fully formed 

cavity, or by collapse from gravita­

tional force of the fai l ed rock into 

the cavity void . 
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The primary aspect of this study 

of nuclear--explosion cavities was to 

determine how the volume of rock that 

formerly occupied the cavity void had 

been displaced. Anocher aspect of 

nuclear cavities considered here was 

the factors that control cavity 

gr(lwth. From underground nuclear 

explosions there are considerable 

data on cavity radius, chimney height, 

frP.e field motion, f~ee surface 

motion, and collapse crater volume, 

as well as on the properties of th~ 

rock m~Jium. Computer codes using 

measured rock properties have been 

developed that reproduce cavity 

radius, free field motion, and free 

surface motion with considerable 

accuracy. These same computer codes 

can also be u~ed for parameter 

studies to expand on and supplement 

these mea~uremer.ts. 

Explosion-Produced Cavities 

the explosion of a nuclear 

device is essentially a point source 

of energy. The volume of the device 

can be considered independent of 

its energy content. When the 

explosive is detonated, all the 

energy is confined to a small volume 

with an enormous temperature and 

pressure. A strong shock wave 

generc ted by the explosion vaporizes 

the surrounding rock, whir.h partici­

pates in the expansion and soon 

becomes the primary working gas. 

Calculat i ons have sh~ that about 

70 tonnes of rock are vaporized per 

kiloto. (1012 cal) of energy released. 

The gases continue to expand until 

the pressure within the cavity comes 

into equili brium with the counter­

balancing stresses from overburden 

and from the strength of the rock. 

times the overburden stress (pgh) for 

granite and salt of low water content, 

and about 1.4 ogh for much weaker 
1 wet tuffs. Higgins and Butkovich 

have developed a relationship from 

measurements of the cavity radii of 

46 underground nuclear detonations in 

tuff, alluvium, salt, and granite: 

R 
c 

where R is the cavity radius in 
c 

(1) 

metres, W is the energy released in 

kilotons, p is the average overburden 

density in grams per cubic centimetre, 

and his the _depth of burst in metres.2 

The constant 100 is derived for 

silicate rocks and in this sense is 

independent of medium, containing such 

things as the gravitational constant 

Butkovich calculated cavity pressures and dimensional conversions. The 

at full cavity growth to be 2 to 2.5 exponent a • l/3y, where y is the 
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ad i abat h: cx;;ans i on ocff ic it!nt that 

dt:pcnds ••n t h<> 1.:a t e r r.-,nt r·o;: of t ~ 

m~dium. Th~ value a is d e riv~d from 

a simph s i I ica t e ;lpproxi rn.ation that 

runsi~e rs rock t o be Si02 except for 

t he water : it r a nges f r om 0.3268 for 

zt:ro we i ght- f rar tion wat e r t n 0.273 

ior 25Z Wl! 6ht-fraction water . 

The r ock ' s water content strongly 
3 

in fl uences its sh~ar strength. 

:·li r haud has devt:l vped a relationsi"\ip 

of c;tvity radiu~ ;;jmiJar t o Eq. (1) 

that inc ludt:s a r ock-strength ter m, 

C , in the d <>nmninator: 
s 

R 
l' 

(2) 

whel"e in this case Ct refers to an 

empl ncemcnt geomet r y (o. = 1 for t amped 

sho ts) and the units are i t metres, 

k ~ lotons , and bars.
4 

Generally , the fractured rock 

a bove the cavity falls into the 

cavit y vo1d. The falling pieces 

r otate and ~ulk, and the cavity 

volume is distributed i n the chimney 

as bulking porosity. In strong rocks 

such as granite, apical voids have 

been measured at th~ t op of the 

chimney, indicating t nat all the 

cavity volume had not been distributed 

at the level the chi mney height reached 

the maximum extent of fracture . It 

might he expected, th~n. that the 

bulking porosity would depend on the 

physical properties of the rock, the 

degree of pre-shot fracture, the 

fracturing due to the passage of the 

shock wave from the explosion, and 

the f racturing due to the collapse 

itse if. Unfortunately it is not 

possible to separate these individual 

effects in the available data. 

Cavity Displacement 

An important asp c t of under­

standing the cavity volume produced 

by underground ~xplosions is to 

determine what happened to the rock 

that formerly occupied the volume 

of the cavity void . There are three 

possibilities: the volume could be 

displaced to the free surface; the 

volume could occupy previously ~ir­

filled pores removed from the 

surr~unding rock through compaction; 

-3-

or the volume could be accounted for 

by persisting compressive stresses 

from the outgving shock wave . Any 

one or combination of these is 

possible. 

FREE SURFACE DISPLACEME~T 

There are very little data 

regarding the free surface displace­

ment of cavity volume. One rather 

obscure piece of information 

f 

I -· ~ 



regarding such measurement is from 

the Gnome Event in essentially pore­

free bedded salt. The Gnome Event 

produced a standing cavity where the 

only collapse consisted of a roof 

fall to fi.ll the lower hemisphere. 

The surveyed ground d isplace.nent 

around ground zero indicated a dome-
S 

shaped bulge. The approximate 

volume of the dome determined by 
3 3 surveys was 2.'5 000 yd (19 200 m ) • 

6 Measurements of cavity volume 

obtained by pressuri~a ion with air 
3 

gave a volume of 28,000 ± 10% m • 

This indicates that in this case mos t 

of the ca·1ity volume was displaced to 

the free surface. 

One can calculate the fraction 

of energy released by nuclear 

explosions necessary to lift the 

cavity volume to the surface. The 

energy required to lift a spherical 

cavity volume without friction is 

E 

where pgh is the overburden stress 

and R is the cavity radius. Com-
e 

bining Eq. (3) wi th Eq . (1) and 

(3) 

putting both in the same units, the 

fraction of energy required to lift 

this volume to the surface is 

~ = 0.0098 (ph)l-Ja. (4) 

E/W was calculated for nuclear 

-4-

eve;tts Li t the ~~·v .1d .1 T ,•::; L Site both 

in a lluviu:n and in ~uff. The 

assumptions we r e that <' .1vl t i e s were 

spherical and tha t all the c vity 

v0lume was di s plact>d t o the f r a(' 

surface. Cdlculations of ove~burden 

stress ~t sed an av P. ca6e overburden 

density o f 1.9 g/ cm3. ~ith these 

a~sumptions, and with the measur ed 

depth o f burial, cavity r ndius, and 

energy yield, E/W was determined for 

each event. Table 1 summarizes the 

results. 

The calculation for E/W merely 

demonstrates that only a small 

fra ction of the energy released in 

nuclear explosions is needed to 

displace all the cavity volume to the 

surface. Of course, these are 

maximum values and will be smal ler 

if some other process also accounts 

for part: of the volume of t i1e cavity 

void. 

COMPACTION OF AIR-FILLED PORES 

Almost all rocks contain some 

porosity, and small amounts of air­

filled, nonconnected pores may be 

present even below the water table 

where rock is consider ed to be fully 

saturated. On passage of the s hock 

wave, some or all of the ai=-filled 

pores are irreversibly removed from 

the rock, depending on intensity of 

the shock and duration of the pulse. 

Hydrostatic pressure-volume (P-·V) 



Tab !..- I . C. l!cu latt•J :- r ac ti ot. ,,f ene r gy r equir ed t o di!<place entire cav itv 
v.>Jum..- t o su r face fo r nu• lear t-vents a t the Xevada Test Sit e 
(sph..-ri ca l cav iti r s assum~d ) . 

Av wa t e r 
cont ent Shot-polnt 

ma t e ri :i l 
Xu . of 
evt.'nt s (wt { • act ion ) 

Al luv ium 103 

90 

0. 10]·0. 02 3 

Tuff ('.139 : 0 . 044 

0 .04 

<lGnum..- Ev .. ·n t 

measu rement s un por uus r ocks show 

tha t 0ssertial l v a l l ' e ai r-fill ed 

pur ..-s ar~· irr£'ve rsib l y r emoved when 

th~ r ock is loaded above a cert a i~ 

pres su t·t- , Pm . Sma ll £'r f ractions of 

the :1 ir-fil l cd pores a r e removed a t 

~ ower pr£'ssu r es. Below some threshold 

pressure , PT. t he material behaves 

mor e or l ess elastical ly. For a 

nu mber of tuffs, P II! J~anges be tween 

a bout 2.5 kbar to more than 40 kba r, 

dl:'pending primaril y on the str,,ngth 

of the r oc k, which in turn is con­

trolled pr i marily by its water 

cont ent. The same data show that P
1 

is a lso affec ted by wate r content but 

controlled primarily by the initial 

amount of air-fill ed porosity present 
7 

in the rock. Obviously PT cannot 

be less than the lithos tatic s tress in 

the rock. 
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Av 
over burd en 

3 
Av 

dens it y (g/cm ) E/W 

1.9 0.0164~0.0064 

1.9 0.0215: 0.0021 

2. 3 0.0208 

Calcula tions i;,Jicate what 

f racti on of cavity volume could be 

accounted for by compaction of 

air-filled pores around nuclear 

explosions . The explosion environ­

ment c hosen fer the sample calculat~on 

was a high total porosity (40 . 93%) 

paintbrush tuff from the Nevada Test 

Site at fcur different saturations: 

dry, Sm~ , 90%, and 97%. Appendix A 

shows the technique and calculations, 

and Table 2 summarizes the resulLs. 

These results were produced 

assuming spherical cavities, which 

make them minimum distances or 

maximum percentagt?s in whici1 all the 

cavi t y volume can be accounted fo r by 

compaction. Since the water content 

of the rock strongly influences the 

r ock strength, the result!: shown for 

higher saturations should te less 

reliable. 



Table 2. Results from cJ.lc ulations of fnh· tion oi ..:avity v.>Ium, · fr,>m compac­
tion of air-filled pores in rock surrounding nu c!~ar ~xp l 0si uns in 
paintbrush cuf f of 40.9]..:; total pO N ;jitv wit!} difi c r ent sat11 ra tions 
and energy yield F at s caled depthr e f 1i0 wl/lm. 

Material 

Saturation 
(%) 

Bulk density 
(mg/m3 ) 

Initial air-f illed 
porosity 

Wt-fraction water 

Cavity radius (m) 
1 kt 

10 kt 
100 kt 

Cavity vclume (m3 
x 10

4
) 

1 kt 
10 kt 

100 kt 

1 kt 
10 kt 

100 kt 

1 

0 50 

1.40 1. 605 

0.4093 0.2047 

0 0.1275 

16.9 20.5 
28 . 3 35. 2 
47.4 60.7 

2. 0 3.6 
9 .. 5 18.4 

44.7 93.7 

2 . 3 2.3 
1.9 2. 1 
1.8 1.9 

--- . -· - -- - ---- -
j 

90 97 

1.768 1. 797 

0.0409 0.0123 

0 .2084 0 .2209 

22.0 22.2 
38.2 38 .6 
66.5 67.3 

4.4 4.6 
23.4 24.1 

123.1 127. 5 

0.60b b 
0. 26b 

4.4 0 .4'\ 
3.5 0.92 

~ultiples of cavity radius where volume of compacted a i r- filled pores equals 
the cavity volume. 

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

EXPLOSION-INDUCED STRESSES 

The introduction of explosion­

induced stresses in the rock surround­

ing the explosion can also account 

-6-

for cavity volume. There has been 

some speculation that permar.ent 

compressive stresses are induced in 

the rock by the explosion. That is, 

after passage of the shock wave, the 



r o.- k nu: to s ome dista:1ce is at a 

higher str~ss s tat e than o ri ginall y 

It nigh t he experted that 

thL· ••r.J•>unt of residua l stresst·s would 

be s 0me function of th<> distance 

f r on the explosion center, but no 

data ex i st . One can ca l culate the 

stored permanent r es idual stress 

above that present befor e the explo­

sion by assuming the additional stress 

isat low levels; the compressibility of 

the surrounding r ock is const3nt over 

the stress inc rer.1ent being considered . 

From the def inition of bulk modulus , 

K 
!J. . ' 

where ~P is the inc rease in stress 

ahuve that preceding the explosion 

and .\!J ~ :. =(V
0

- V)/Vwhere v
0
-V= !.:.V, 

the cor r esponding change in specific 

voiume . v
0 

as def ined here refer s 

to the sp~cific volume of the rock 

without additional scored stress, and 

V is the specific volume of the 

surrounding rock due to compression 

f rom the stored residual stress. If 

there are air-filled pores in the 

rock, then v
0 

and K refer to 

com;>acted specific volume and bulk 

modulus of the surrounding rock: 

t:,v 6PV 
K , V 

vo 
1 +\.i , and ~P = Ku , 

- 7-

th~n 

·p·· _, • 0 

l.P+K 

The spherical rad ius (R ) f or whi ch 
a 

all of the cavity volume can be 

accounted in uniforml y s tored 

compressi e stress in the surrounding 

r ock is 

The fraction of the cav ity volume (f } 

tl~t cn n be account~J for at a g i ven 

R is ther. 

[,p 

!\P+K 

Fi~ure 1 is a plct of R/R , 
c 

(5 ) 

multiples of the ~avity radius, where 

a ll of the sph~ri cal cavi ty volume 

can be ccounted for in uniformly 

stored stress vs the clastic bulk 

modulu~ of the surrounding rock. An 

examination of this figure suggests 

that for the storage of residual 

stresses in ~he surrounding rock t o 

1CCOunt for all or even a large 

fraction of the cavity volume, 

either large volumes of rock or 

residual stresses in the hundred :; of 

bars would be required . 

., 

-......... 



u 
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Bu 1 k mod11 lus - tbar 

Fig. 1. Multiples of cavity radius where residual sttesses can zcc:ouut for 
entire cavity , . ..,lume vs bullt lllOCiulos of rock-

Aqtherical CaYitJ Growdt. 

It is generally assumed that the 

cavity f c rm.ed by a nuclear explosion 

ls spherical. However, calculations 

indicate that a spherical cavity 

from a point source is a lirnitiLg 
8 case. For instance, if the cavity 

is sti11 growing when the rarefaction 

wave reflected f~om the free surface 

returns, an acceleration of cavity 

growth towards the free surface takes 

place. This is observed in shallow 

buried detoaat:ioas for cratrer fona­

tion. l'bere is also e!'i'i'l.t!lll:e £bitt 

cavity ao:eleratio11 oc:cars T.or dleep'.ly 

buried. detoaat::.ioas m lii~oc:iLty· 
~ 

granite$. 11le ef:Eect af die. 

dec.re.asiag. OJV'~l stress m t::J.Ie: 

direc.tioa af t:be free: surf.ax:e a.lso 

causes greater. c:aYit:y pawt:h towardS. 

tbat sudace. 'me s.i.ze of t.:!Je c:aY:f.cy 

aud degree af ~l':ici.tJ ~ 

vitb gr:eaer cfepdls of 1Jud.M_ 'l!le 



s·t rengtb of tbo:: r o ·k 1s an. i :mpon:aat: 

fac tor cQntrG ll in~ cav icy growth. and 

.:he .iiJIIOOnt ~·f wate c present ln tbe 

rock e f f e..::t: ively det:enrines dle 

Sl' ren.gt:.h o t he rQck.. Generally~ wet: 

rocks cannot: support: ~ deviacnric 

stt'esse.fii and f.a..U e.as.Ll~ in shur. 

to -<.·run: rast..- dey r~.,.. even t.-"lose 

wi til s .tgni.f icaat i.n1t:J.a.l poro.si.t:.ies,. 

vi U ~port 1arp shear s.tte.S!Ie5 

O!!ce the aueria.l c..-pac:u. Calc:u.!..l­

t io"OS o f cavi.cy grO!IIlti. •u. bigh­

poros:icy. dry., pa.n::ially saur..aced. 

.m4 foJ ly sa:turaad rock repJ:rt:ed by 

Bu:tlmvic:b demou:sttare c:h.is.-
8 

CaV::.ey- radius i.s. liN!aSUr1!d t.o die edpo 

of the cavi.cy he-low ~be sboc poi:Jtt. on. 

ceee_t:ey dri J 1 ing and determined fn. 

rad..i.oactivi.ty logs through the. aelt 

g1=s wh:icb. is con:centr.n.ed ac die 

botr0111 of t:ile cavi.t;y- Oa the hasis 

of experiaea.t:a:l measure-eats, it is 

ge-.nerally assu-ed that ail t:be 

r-efractory DI:G:.fi:des are- as...cociated 

with the· •ei t... .ti' t:er post-s&ou 

~part. of t:be cavi't.~ are possi!He. 

Tl1e c:a9!i.t:y rad:il ca.lcuJ.Ia.ted fraa 

Eqs. ( n or ( 2) ar-e based on. t.he.se 

~ed values and are there-fore 

.Adcilt.ioaal sperimen.tal evidence 

et!srs for aspDeric:ai! cavi.t.ie.s in tbe 

fora "f votu.e- ~ements oi 

col.lapse· craters. Samet me foil OPing 

cavi.ty fom~atioc.. t:Jie. roclt above the 

c:av'l.t! C(ol.lapses . In many cases t . 

col pse propag;:~r es co the fre-e 

surface and fontS a col lap-S(!> c racer • 

Our"tng t .b collapse it might be 

espect:ed t:bdt: tbe broken l':Oclt falli.n~ 

toto che owi..cy would rootte and 

bull- If the vo !Dae of t.be cav icy 

-.rere .10t c:oarp~e.ce.ly OCC~q)ied by 

!JUlJcing poros:iL y in the ch::il:JD:ey • a 

crater ccm~i:Dg ~ residual 

volume uou.l.d. fom on t he surface. 

If t.'here were no bulldDg cluring the 

.c:nl.Lapse. thea t.he. c:ra:ter vo.lWIIe 

(Vee> 1iDU.ld. equal the cavi.t y volume. 

Data. show tha.t. C .. V / (4! 3- R3 i > 1 
CT 

for about a thi~ of the over 200 

eveau \odth measured. collapse craters 

( see Fig.. 2) • It •:ight: he suspected 

that t.be otra volume would c~ from 

ca.p~~et:.fng the roclt around the cavity 

that' ev:e.ncua:ll.y co.llapses. to font the 

ch:Dmey-. Ass1ai.ng ve!"t leal chimney 

walls., ooe can ca.lcu:late tbat purt::ion 

froll. the ratio of t be vo lWIIe of the 

~ol.lapse -..teri.al. Vv• to the 

cav'ity volume. V : 
c 

v {cldlm.ey) 
v 

V (cavity) 
c 

7 
nR~ E[dh(~1-~jav] 

~ II R3 
3 c 

3/4 E(~h(~.-*) ] 
1. av 

R 
c 

(6 ) 

where ~b ls the increment of height 

of ~ey that had the initial air­

fill.ed porosity. $. • and ( 1/1 .-ljJ) is 
1. 1. av 
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Fig. 2. Ratio of measured crater volume to calculated cavity volume from 
cavity radius measurements vs scaled depth of burst. Events at NIS 
prior to 1972. 
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the ave rage porosity r emoved from the 

increment (see Appendix A). 

Cal culations we r e mad e using Eq. 

{6) for the ma terial s discussed 

above , ~~o~e vropertie s are shown in 

Table 2. Table 3 summarizes the 

results. 

Shot-point material with air­

filled porosit y of 40% or even 20% 

at the ~evada Test Site is rare:. 

Even so, the data show (Fig. 1) that 

abcut 157. of all shots with collapsed 

craters have ratios of ~rater 

volur:;es to assumed volu'!les of 

spherical cavity greater than 1.3. 

It is more likely that shot-point 

mat e rials have air-filled porosities 

in the r a nge of a few percent or 

less. The additional cavity volume 

would then be less than 10% for most 

shots. 

This ~uggests that cavity 

volumes can be considerably larger 

than those ( alc ulated by assuming 

sph~rica l cavities and using meas­

ured R from the l ower part of the 
c 

cavi t y . As an approximation, if 

one consider~d the cavity to be made 

up of two hemispheres, the lower 

having a radius oi: R~ and the upper 

R , then 
u 

R 
u 

(2 C-1) 1/ 3 R 
~ 

where C, as defined earlier, is the 

ratio of the volume of a measured 

crater to the volume of a spherical 

cavity calculated from cavity r~dius 

measurements. If C = 1.5, then R 
u 

1.26 R~ , and if C 

1. 44 Rt . Tal-ing 

2.0,thenR = 
u 

the data at face 

value, one finds no obvious reason 

why C > 1 for a third of the ~~ents, 

and C < 1 for the other two-thirds. 

This phenomenon occur.s equally as 

Table 3. Fraction of cavity voluffie that can be ac~ounted for by compaction 
of chimney material for four different air-filled porosity materials. 

Air-filled 
Energy, w (kt) 

Haterial porosity 1 10 100 

1 0.4093 0.30 0.34 0.36 

2 0.2047 0.24 0.25 0.26 

3 0.0409 0.06 0.07 0.08 

4 0.0123 0.02 0.02 0.03 

-11-
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,1f ten . n alluv ium and turf shot-point l/J m/kt . Lower vai ues of c. however, 

mediums and at scaled depths of l'l·cur at hi.g~aer sea l ed Jepths of 

burst between 100 and 160 wl/3 burst (see Fig. 2). 

Summary and Discussion 

The size of cavi ties formed by 

underground nuclear detonations 

depends on the energy yield of the 

explosive, the overburden stress, and 

the strength of the surrounding r ock. 

The displacement of rock formerly 

occ upying the cavity volume was 

analyzed. The volume could be d i s­

pla~ed to the free surface, it could 

occupy previously air-filled pore~ 

removed from the surrounding rock 

through compaction, or it could be 

accounted for by persisting compres­

sive stresses indu~ed by the out~oing 

shock wave. Any one or combination 

of these is possible 

There is limited experimental 

ev idenLe that free surface displace­

ment occurs that can account for a ll 

or at least a significant portion of 

the cavity volume. A calculation of 

the amount of. energy required to move 

the cavity volume to the surface 

without friction shows the values to 

be about 2% of the energy released . 

This process is entirely feasible 

whenever there are insufficient air-

filled pores in the surrounding rock 

to accommodate the cavity volume 

created. 

-12-

When the exp losion mediums 

contain air-filled pores, the compac­

rion and removal of these por es most 

likely account fo r the ca~ity volume. 

Calculations show that the distance 

from the c~nter of the cavity for 

which all the volume can be accounted 

is dependent on the amount of air­

filled porosity present in the r oc k 

and on the yield of the explosive. 

The higher the air-filled poro~d .v or 

the higher the ene~gy yield, the 

lower the multiples of the cavit y 

radius which account fer a ll the 

cavity volume. In the cases pre­

sented, about 4% air-filled pores can 

account for all the cavity volume 

out to about 4 R , and shot-point 
c 

rock with as little as 1% air-filled 

porosity can account for a signifi­

cant fraction of the cavity volume. 

It is unlikely that stored re­

sidual elastic stresses account for 

l a rge fractions of cavity volume. 

Cal~ulations suggest {Fig. 1) that 

hundreds of bars of uniformly stored 

residual stress (whi~h did not exist 

before the explosion) are required to 

account for a ll the cavity volume 
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within a r easonable multipl e of the 

cav it y rad ius . 

Both calculati on and experi­

ment al evidence indicate aspheri ca l 

cavity growth. The size of the 

cavity and degree of asphericity 

decrease with greater depths of 

burial. From volume measurem~\tS of 

colla pse craters. one knows that about 

a t hird of over 200 collapse c raters 

are l a r ger than would be ass umed 

f rom s pherical vol~e cal cula ted from 

measured R of the l ower hemisphere. 
c 

By trying to ac count for the extra 

volume from the compaction of rock 

a r ound the cavity that eventually 

collapses to form the chimney. one 

conc ludes that this would probably 

be less than 10% of the cavity 

volume fer mos t events at the Nevada 

Test Si t e . An approximation of 

-13-

a s phe rici t y using the same data shows 

a r a tio o f upper radius t o l ower 

radiu s as great as 1.5. This value 

was derived assuming no bulking and 

would be greater if there were some 

bulki ng. This study did not address 

the subject of the occurrence or 

nonoccurrence of bulking. 

For aspherical cavities , t he 

amount of energy necessary to lift 

the cavity volume to the surface is 

proportional to that volume. For 

aspherical cavities. the amount 

obtained f0r assumed spherical 

cavities should be multiplied by C. 

Likewise. the radii for which all the 

cavity volume can be acc~unted by 

compaction of air-filled pores are 

minimum values when obtained by 

assuming spherical cavities. 



Appendix A: Results of Calculations of Contribution of Air-Filled Pores 
in Surrounding Rock on Cavit)' Volume 

Tht> relatic>n,.;h i p betwe>en pe0k 

p·es sures and R / ~l/J (Fig . Al) was 

0btained fr0m ~a l~ul a ti0ns shown in d 

r e p0rt by Butkovich .
3 

l"he 97". 

saturation cu r ve was ~st imatt'd by 

interpo l a ting be>tween the 90 " and 

100?. s a turation .-u r ves. The reL1-

ti onship between ai r- (ill~d p0ros it y 

Saturation 

1 o-1 

1o-2~~~~~~~~~~~ 

1 10 102 103 

Scaled distance, R;wl/3-- m/ktl/3 

Fig. Al. Calculated peak pressure as 
a function of scaled dis ­
tance for different 
saturations of porous dry 
tuff. See Table 2 for 
properties of materials. 
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and pea k pr, ·ssur,· ~.· . 1 s devt."lc>ped i r 1>m 

tlw ml>d el us,•d in th,• P~IUC.EN n•dl' . 
7 

PT. tht• th H·stwiJ pressure at 1-:h i c h 

air-iill ed P<•res ~1egin to fill, and 

Pm' th,· pressure a t whil"h all the 

air- fil i vJ pores a r e irrev e rs~blv 

r em.w<!d , were calculated by ~he 

method shu1.•n in the same rt'port 

(Fig. A2) . Results shown in Tables 

Al-A4 were obtained from calcula­

tions in the following manner. The 

symbol 1jJ is air-filled porosity. 

When tjl 0, all the air- fil led pores 

have been removed. Fig. A2 gives 

the peak pressure, Pm• at which ~ 

= 0. Figure Al gives the appropriate 

djstance, R/w113 for the P • V/W, 
m 

the volume of rock per kiloton is 

calculated from 

v 
\~ 

This is repeated for each increment 

of ~ . The vo lume of che voids (air­

filled pores) per kil o ton, V /W, is 
v 

obtained by 

< ·~ .- ;~ ) 
1 av 

v 
\~ 

v 
v 
w ' 

where ~i is the initial air-filled 

porosity and ( ~i-~ ) is the average av 
porosity of the increment. Summing 

from IJI=O to ·~= :j; i gives 'i. (V)W). 

l 
J 
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Air- filled porosity This was compared with the cavity 

volume obtained from 

This calculation assumed an average 
3 

overburden density of 1.9 g/cm and 

a scal~d 

/k 
1/3 

m t • 

1/3 
depth of burst of 120 W 

The question of whether 

such a material can exist at a depth 

where pgh > P was not considered . 
t 

lo- 2~--~--~--~--~~~ 
0 0.10 0.20 0.30 0.40 0.50 

Fig. A2. Relationship between air­
filled porosity and peak 
pressure for four rocks of 
different saturat i ons. 
Relationship used from 
PMUGEN . 9 Air-filled porosity 
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Table AI. Dry p<lintbrus!l tu f i. 

---- ----·----------------- ·- -- -- ----- ----- --
~t- f ract ion wat er . 0 

1.40 g/cm 3 
I kt. lh .'.\i m. 104 m3 0 • R \ ' . 2.01 ' 0 ,. ,. 

j 
'). "'0. 3268 10 kt. R . 2'i • ..!8 m, v . 9. 47 ' 11'4 m 

.: (' 

105 m 3 
~· i = 0.4093 100 kt, I{ • 4 7. 4 1 m, \' . !t. ~fl ,. ,. 

,. "" v /~ :. (Vv / \\) 
v 

~:\' IV 
p R/ Wl /3 (m3/ kt) <m3/ ks> 

j v ,. 
(m / k\) 

D i-., ) (kba r) (m/ kt)l / J 104 " 10 . !0 kt 10 kt 100 kt 

0 0 . 4093 ;o 4 . i 0 . 04 3 C.Ol8 0 . 01 8 0 . 009 0.0:! 0. 04 

0 . 02 0 .38 31 5.1 0. 01 :.! 0.0047 0 . 023 0.011 0 . 0..! 0.0) 

0 .04 0 . l6 26 5.7) 0.024 0 . 0089 0 .031 0.01 ) 0 . 03 0 . 07 

0. 06 0.34 19 6.3 0.02) 0.0088 0 . 040 0 . 0.!0 0. O!, 0.09 

0.09 0.32 I I. 7. 05 0.042 0.01 4 0.0)4 0.0:!6 O. !'f> 0.1 ..! 

0.10 0.30 10 7.:! 0.052 0 . 016 0.070 0. 031, o.o: o. In 

0 .1 2 0. 28 7. I 8 . 9 0.09i 0 . 0.!8 0.098 0 . 048 0 .10 0 .:!:! 

0.1 4 0. 26 ).:! 10. 0 0.1:! 0.033 0.1! 0.064 0.14 0. :!9 

0.16 0. 24 3.8 11. 0 0.14 0. 035 0.17 0 .03 1 0 . 13 o. j] 
o. 18 0.22 2. 7 12..:! 0. 20 0.04i 0. 21 0.1 04 0. :!3 0.47 

0 . 20 0. 20 :! .0 13 ... 0 . 2) 0 . 0>3 0.26 0 . 1311 0 .28 0. )0 

0.22 0. 18 1. 4 15. I 0.43 0. 083 0 . :!5 0 . 170 1) . 31\ o.n 
0.2:. o. 16 I. OJ In. 8 0.54 0.093 0. 44 0. 22 0 .46 0.97 

0. 26 0.14 0. 76 18.9 0 . 84 0.13 0.57 0 . 27 0 . 59 I+ 

0.23 0. 1 ~ o. 54 21. 5 1.3 o.: 7 0 . 74 0.35 0.74 

O. JO 0. 10 0. 4 :!!..0 1.6 O. l.i 0.92 0.46 0.97 

0.32 0. 08 0.29 ?' -_, . ~ 2. 9 0 . 26 1. 2 0.59 1+ 

0. 3:. 0.06 0. 21 Jl.O 3.3 0. 26 1.4 0.72 

0.36 {) .04 0.15 35.5 6.3 0. 31 1.8 0.88 

0.38 0.02 0.106 41.0 10.0 0 .30 2.1 I+ 

0.4093 o. 0.077 48.0 17. 0 0 . 17 2. 2 

Radius at which ::v • v '\.2.3 R '\.}.9 R '• 1.8 R 
v c c (' l ' 
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Table A2. 50~ . saturated paintbrush tuff. 

-------
Wt- f ract ion w;Jter & • 12 i') 

1.605 g/c·m 3 
I kt. R 20.!.6 m, \' 3 . 59 10

4 
m 3 :·o ~ a & .. ( ' 

10
5 

m
3 z 0.2914 10 kt' R . 35 .24 m, v . 1.83 ; .. c 

10
5 

m
3 

~~ i • 0.2047 100 kt' R • 60.70 m, \' . 9.37 , 
c c 

V/h 
\' /W i. (\' /W) 

R/W1/) 
v v 

!.\' 1\' - (m3/ kt) (m
3
/kf) <m

3
/kS.) I' v c 

' ( !Jl- >.,1 ) (kbar) (m/kt) l/3 . 104 . 10 • 10" 1 kt 10 kt 100 ~: t . 

0 0.2047 4 . 6 12.2 o . 76 0.16 0.16 0.043 0 . 084 0.16 

0.02 0.18 3. I 14.5 0. 5.::! 0.10 0.25 0.070 0.14 0.~7 

0 . 04 2.1 17 . o 0 . 71! 0.13 0. 39 0.11 0.21 ).41 

0 . 06 0.14 1.4 20.0 1.3 0.19 0.58 0.16 o. 31 0 .6 1 

0 . 08 0.12 0 . 91 24. 2 2.6 0. 34 0.9::! 0.25 0.48 0.91, 

0.10 0 . 10 0.61 29.0 4.3 0.!.7 I. 39 G. 38 0 .74 I+ 

0.12 0.08 0.42 'J4. ') 7.0 0.6J 2.02 0.55 I+ 

0.14 0.06 0.27 43.') 17 .o 1.2 3. 22 0.88 

0.16 0.04 o. r8 '>2. 5 2n.O 12.0 46.0 I+ 

0.18 0 . 02 0.12 66.0 61.0 18.0 64.0 

0.20 0 0.08 82 .0 111.0 11.0 75.0 

Radius at which >:v . \' 2 .3 R - 2. I R ·. ]. 9 R 
v l' (' c ' 
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Table A). 901. satarat.•d paintbru,.;h tuit . 

Wt-fractlon wat~r = 0.20•:. 

;'0 I. 768 -,:. /_-mJ 

-' • O.Z784 

·~ i 0.0409 

0 0.0409 

o.oo; 0.0.1') 

0.01 0 .03 

0.01'> 0.02) 

0.02 0.02 

0.02') 0.015 

0.03 O.nJ 

0.03) 0.00) 

0.04 0 

p 

(kl>.arl 

2.9 

2.0 

I. 39 

0.94 

O.M 

0. ~4 

a. J 

0 . .' 1 

o. 14 

R/ 1."1 / J 

lm/ kt I I J I 

1•1.1) 

2 ~. () 

211.1 

3.!. ~ 

J9.!l 

!.8 .0 

oo .o 
71 .0 

94.0 

Radius at wh i .-!1 ::\ · = \ ' 
v C' 

. . . - . . . . . -- -· . . . - - - - --

kt • 

10 kt. 

! llll kt. 

\" IV: 

(m "
1

l kt) 
. IO'-

.! . 9 

I .h 

.L .. 

6 .1> 

I 0. ·, 

.'I. 'i 

:.:. .) 

If!. :! 

170.0 

.. 
R 

R 
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~I. •lh 

H-L -~ I 

l>h. :.7 

\ " ," \' 
\" 

li"· ·' -' kt ) 
· tnl 

1..! 

u.t-.n 

J. I 

1. ~ 

' . ~ · .. 
J.8 

\ . ; 

6. ) 

.:. . j 

m, \ " 

m, \ " 

m, \" 
' 

(\" / 'r> ) 
\' 

\ m
1

i k\l 
. ill 

I . .' 

1.8 

~-~ 

' -... , 
7. 0 

10. 0 

16. j 

2 3.() 

27.0 

! ..... , to" j 
m 

~ .~ Ill~ 'j 
m 

1. 23 JOb j 
m 

~ \" / \ " 
v ~ -·- ·- . . - - . - - - - - -- . - - -

I kt 

().0:!6 

:).040 

0 . 064 

0. IU 

().16 
() .. , 

·-'+ 

o. "}6 

O. '>I 

0.60 

lfl kt 

11 . 0 '>0 

0.07 1> 

n. J .' 

(1 • .!0 

0 .10 

(). !o(, 

0 . 69 

(). '1:, 

I+ 

· 4.4 R ,. 

100 kt 

1). 1)'1 '· 

o. I -~ -~ 

0.!.'1'1 

ll. J i' I 

ll. ~fl~ 

11,%, 

I . • 

L 1 R ,. 



T01h I t• A4. 97 7' saturated pa intbrush tuff. 

-------- -----~- - ----- --
~'\' t - i r .h· t i o n ""':tt •. .- r = (). 2 .!()" 

1()4 3 l kt, k . ?2. 16 m \' = 4 . 55 ' !!l 
'(J I . 7'l7 -.; /ern .. l' 

10) 3 10 kt. H 111.61 m \ ' . 2.41 > 1:1 
fl.27f.7 -

106 m3 10() kt, H = 67.26 m v . 1.27 
. i It ,() I :? l .. ( ' 

\'/W 
\' ,... i_v /W 

Rtw111 v v ; \' I\' 
I' Cm1/kt) (m3/ltt) (m

3
/k\) 

v (' 

.., 1 , -_ ) fkh:tr} lm/kt 111 ) 1()4 • 103 A 10 1 kt 10 kt 100 kt 
I 

. -- . ------ -------- ------------· 
,, fl . {)! -:. . i 2:? .0 4.; 0.4'> 0.45 0.010 0.018 0.035 
II,()IJI IJ.009 2. lj ) 25 . 0 2 .1 0 . 2() 0.64 0.014 O. O:?i 0 .050 

rJ . O'l~ r,, OOH I. ·, 29 . 0 3.7 0.31 0.96 0 . 021 0.040 0 . 075 
I), I)() J IJ,II07 l-1 '14. 0 6. 2 0.47 1.4 0.031 0.057 0. 11 

() , (J() ;< {). {)r)f, 0.11 ~ '19 . () 8.4 0 - 55 2.0 0.043 0. 032 0.1 5 

o. rtn•, (). (J() ~ O.Of._' 46.5 1 7. (} 1). 9) 2.9 0.053 0.1 2 0 • .":3 

l) , ltl' h (). ()()!, 11 . :. 7 )~.0 24.0 1.1 4.0 0. 033 0. 17 0. 31 

tJ. ' HJ 7 IJ, QIJI o. j:, 61>.0 )4.0 1.9 5.9 0.43 0.25 0.46 

' J. fJIJ\l I } , ()()~ 0. 25 )i(J. O 94.0 .., ' _ ... 8.2 '),i S 0.34 0. 65 

''· '''''' lc, IJ(J! u.l'J 94.0 110.0 :?.n 10.3 0.23 0 . 43 0.80 

'). l)l 'l (), 14 II 5. n 290.0 1.4 11.7 0.26 0.49 0.92 

- . -- ·- - ------- -- - ------ - - -- - - --
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