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As part of the DNA stemming and containment progran for underground nuclear
testing, laboratory investigations were carried out in three areas : genera-
t ion of experimental results suitable for correlation with predictions of
computer codes used in DNA grout flow calculations , development of a con-
tainment experiment for study ing residual stress fields around exploded cavi-
ties , and a theoretical analysis for stud ying the residual stress fields.
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was completed up to the second cavity expansion stage, resulting irs a reason-
able description of the stress field formation.

P

- - T  -
. •~

- ~~~~~~ 
‘ 

.,

UNCLASSIFIED
S E C L I R I I Y  C L A S S I F I C A T I O N  ~~T THI S PAC.E(8h”t I  I ’ nt~~ E , , t c , c I

L~~.. 
_ 

‘

I

- . —.--— . .



. 
- - ---- - ~~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~‘1

SUMMARY

The purpose of this project is to conduct laboratory investigations

in support of the DNA stemming and containment program for underground

nuclear tests .

Over the years , the DNA stemming and containment program has con-

sisted of five main parts:

(1) Code development and application for ground motion ,
tunnel closure , and grou t flow calculations .

(2) Material properties determination .

(3) Laboratory inves tigations .

(4) Scaled high explosive tests.

(5) Field diagnostics .

SRI has been conducting the laboratory investigations .

During this phase of the laboratory prc~gram , experimental results
were generated for correlation with grout flow code predictions , a con-

tainment experiment was developed to study the residual stress surrounding

an exploded cavity in a rheological ma terial, and a simple analysis was
performed to describe the formation of the residual stress field .

.\ dynamic grout extrusion technique was used to generate results

suitable for correlation with grout flow code predictions . With this

technique , a cylindrical specimen of superlean grout (SLG) in a heavy

steel tube is extruded into a coaxial transparent tunnel of smaller dia-

meter by a steel piston. The pis ton is driven by a well defined press ure
pulse and the motion of the piston and SLG front is observed by high speed

camera. Colored ceramic beads are embedded in the grout to observe the

ini tial and final posi tions of an array of particles . An auxiliary experi-’

ment was devised and used twice to obtain the friction between SLG under

pressure and the steel container walls . Properties of the grout were

1
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determined. Recommended improvements to the technique are more prec ise
control over the grout properties and further friction experiments to

establish reliability and dependence on pressure and velocity .

In the containment experiment , a small spherical charge is cas t in
a sphere of rock matching grout (RMG) with proper ties similar to those

of Nevada Test Site tuff. The RMG sphere is hydraulically pressurized

to represent overburden . The explosive is detonated and the residual

gases released by drilling into the cavity . Dyed glycerol fluid is
pumped intc the cavity at a constant flow rate until fracture occurs and

a steady radial pressure gradient is established . The internal pressure

is removed and then the external pressure is removed. The cracked sphere

is drained and tapped into two par ts by use of a chisel , and each ex-
posed frac ture plane is photographed . The main observations of this

work are

• Hydrofracture pressures in an exploded cavity were 50%
higher than those in an unexploded cavity .

• Existence of a residual stress field was demonstrated by
the increased hydrofracture pressure and by frac ture
patterns .

• Permeability was decreased by the explosion.

• Reproducibility of the hydrofracture experiments with
an unexploded cavity was good .

• Further work Is required to demonstrate reproducibility
of hydrofrac ture experiments with an exploded cavity.

In the containment analysis , a gas with a known equat ion of state
is assumed to instantaneously pressurize a spherical cavity in a solid

homogeneous and isotropic medium . The analyris was rendered tractable

by the following idealizations :

• Incompressibility

• Elastic—perfectly plastic behavior

• Yielding by the Mises condition

• Plastic straining by the associated flow rule .

2

__________  _____



- . . 
- — -- - - = - ‘ - 

~~
-
~~~

-- - —- . -
- - ~~~~~~--.-- - _

~~~~~~ - 
_______ 

Overburden is included as a constant pressure infinitely far from the

cavity. Numerical examples are used to describe cavity expansion and

formation of the residual stress field . Predictions generally agree

with the predictions of finite—difference codes ; cavity expansion agrees

with the containment experiment. Formulas were derived for estimates

of cavity expansion and maximum residual stresses and their locations .

The next step in the analysis is to incorporate a yield condition that

is stronger in compression than tension to make the analysis more repre—

sentative of rheological materials.
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I INTRODUCTION

During an underground nuclear explosion, the burst of radiation
that travels along a steel l ine—of—si ght  vacuum p ipe to the test  sta-

tions is followed b y ground shock collapse of the pipe . Energy f low f rom

the source and the violent pipe collapse form a plasma j e t , which must be

stopped be fore  the plasma can reach the test stations and damage the ex-

periments. Devices like mufflers and doors delay the plasma so that the

ground shock can seal the pipe ahead of it. The tunnel space around the

pipe is filled with grout to provide mechanical coupling , so that , on
closure , the tunnel becomes filled with grout and broken—up pipe. The

ground motion ceases more rapidly than the grout notion so that grout

continues to flow along the tunnel for some time . This grout flow is

also aided by the gas pressure in the device cavity. In a successful

stemming scheme , this late—time extrusion is halted before the grout

reached the test stations .

The spher ically diverg ing ground motion is eventually brought to
rest by outward energy radiation of stress waves , energy diss ipa tion of
crushing , distortion , and crack formation , and the combined resistance

of tensile tangential stresses and overburden pressure. This combined

resistance eventually causes a rebound of the medium that nay cause fur—

rl:er plastic work around the cavity and intensify the residual stress

~ie1d.

In underground nuclear tests , it is required that radioactive gases

not b e released into the atmosphere. In general , this requirement will

be me t if exper imen tal tunnels leading from the nuclear device cavity
are stemmed successfully and if the residual cavity gases are contained

by the adjacent surrounding medium . Th’ residual stress field created

around the cavity by the explosion probably aids containment. Although

con tainment has been achieved for many years and s temming has generally
been successful in recen t nuclear tes ts , reliability is uncer tain and
planned tests still requi re extensive containment evaluation.

11
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Over the years , the DNA stemming and containment (SAC) program has

consisted of five main parts: code development for ground motion , tunnel

closure , and grout flow calcula tions , ma terial proper ties de termina tion,

laboratory investigations , scaled high explosive tes ts , and field diag-
nostics. SRI has been conducting the laboratory investigations .

14

Our laboratory investigations during the las t year are comple tely
documented in Topical Reports 3702—1, 3702—2, 3702—3, and 3702—4. This

report serves to summarize our findings . The areas of research summarized

in Section II are dynamic grout extrusion experiments (Topical Repor t
37O2—4),~ experiments developed to study the residual stress field sur-

rounding an exploded cavity (Topical Report 37O2_3),
6 
and a simple analy-

sis performed to describe the forma tion of the res idual stress field
(Topical Report 3702—2).~ Sec tions III , IV , and V of this report sum-

marize the developmental progress and the principal results obtained .

At the start of this year ’s work , photclplasticity was considered

for  inves tigating residual stress fields caused by the dynamic expansion

of holes and cavities . The work led to the conclusion that the method

is unsuitable and is described in SRI Topical Report 3702_l.8

12 
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II LABORATORY PROGRAM

The three main areas of the ongoing SAC laboratory study are

• Dynamic SLG extrusion experiments

• Containment experiments

• Simple containment analysis.

These investigations are described here. The main results are presented

in Sections III, IV , and V.

A. Dynamic SLG Extrusion Experiments

Part of the DNA SAC program is the development and application of

advanced finite—difference codes to improve calculations on grout flow

along a tunnel. A dynamic grout extrusion experiment5 was developed to
prov ide results for code validation .

Figures 1 and 2 show the extrusion apparatus in which a cylindrical

specimen of superi.ean grout (SLG) in a steel container is driven into a

concentric tunnel in a Lucite cylinder by a steel piston . The energy

source is a charge of low pressure explosive consisting of an 80/20 mix-

ture by weight of PE’rN powder and plas tic microballoons . The gaseous

detonation products pass through holes in two baffle plates to fill an

expansion chamber. The resulting pressure acts on a diaphragm and is

transmitted to the piston through a layer of oil. With this loading

assembly desi gn , innumerable pulse shap es can he ob tained hav ing a fairly

smooth rise and a very ismooth decay .

Instrumentation consists of a high—speed camera that records the

SLG surface displacement along the tunnel in the Lucite . This camera

also records the piston disp lacement by observ ing pis ton ex tens ion rods

that move along fixed scales in the camera view . Figure 3 shows typical

frames taken from the high— speed camera film of a development test. Two

pressure transducers record the pressure in the oil that transmits the

13 
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explosive gas pressure to the piston . Small colored ceramic beads were

cast in the grout for pretest and posttest displacement assessment to

supplement the instrumentation data.

The SLG , designated HSSL—1A because it is made with  the formula for

HSSL— l, is a grout with well characterized material properties
2 
(Figure 4);

14—day aging was selected .

Figures 5 and 6 show the two SLG containers used in the experiments.

These containers serve as molds for SLG pouring and aging and as nozzles
for the extrusion process.

In typical experiments , 35 grams of explosive mixture produced piston

pulses with maximum press ures of 600 to 900 psi , times to reach maximum
pressures from 4 to 6 msec , and durations greater than 14 msec . Grout

surface displacements in 1—1/2—inch—diameter tunnels ranged from 3 inches

in 11 rnsec to 4 inches in 13 msec . Maximum surface velocities ranged

from 25 to 45 feet/sec . Resujts are presented in Section III.

An unknown in the extrusion experiments is the shear stress at the

steel boundary of the grout caused by fric tion between the grout and steel

or , in the case of no relative interface motion , local shear stress flow.

To provide friction data , an experimen t was devised that consists of
measuring the resistance of a SLG piston to motion along a steel cylinder.

Figure 7 shows the SLG piston held between two short steel p is tons that

are connected to each other by a central steel rod . Before this composite

piston is projected along the steel cylinder , the SLG is subjected to

pressure by rotating one steel piston on the threaded rod . The pressure

is calculated from circumferential strain gage or diameter change readings

along the cy linder. The composite piston is attached to the piston of

the extrusion apparatus of Figures 1 and 2 after removing the extrusion

portion of the assembly . The pressure applied to the piston and the re—

suiting motion are recorded and the friction force determined from the

‘

I simple equation of motion.

14
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B. Containment Experiments

A laboratory experiment
6 was dev ised and developed to investiga te

the effec t of a residual stress field on containment. The first objec-

t ive of this experiment is to demonstrate that a residual stress field

exists around an exploded cavity. The second objective is to establish

the extent to which the residual stress field aids containment. The

exper iment is shown schematically in Figure 8. .-~ small spherical explo—

sive charge representing the nuclear device is sealed and cast in a much

larg er sphere of grout with properties similar to those of Nevada Test

Site tuff (Figure Ba). The grout surface is sealed and hydraulically

pressurized to represenr -‘verburden (Figure 8b). The explosive j c  deto-

nated aed the residua l gases are released (Figure 8c). Fluid is pumped

into t 1’e cavity at a constant flow rate until fracture causes equaliza-

tion of internal and external pressures (Figure 8d).

The final stages of gas release and cavity pressurization are in-

cluded to determine the effect of the residual stress field by comparing

the cavity pressure required to crack the RNG sphere with and without

residua l stresses. In the experiments without a residual stress field ,

spherical cavities are cast in the grou t spheres; the cavities are the

same size as the exploded cavities.

Figure  9 shows a 12—inch—diameter RMG sphere inside a steel vessel

containing water under pressure. The sphere is suspended from the lid by

a t hr e~ ded steel tube cast in the grout the tube is used also to posi—

tion t±e charge , to guide the  detonator cables , and to drill into the

cavity after detonati l ’ln. The water pressure in the vessel was maintained

constant (1,000 ps i )  t~i r o u gh ou t  the test series by incorporating a high—

pressure gas reservoir and va lve  in tlit’ water supp ly line.

Figure 10 shows the constant flow rate system . The specifications

are listed in Table 1. The motor shaft rotates at a constant  angular

velocity (6 rpm). A slotted tubular coupling allows an extension of the

shaft to translate as well as to rotate. The shalt extension is threaded

and rotates in a fixed threaded bearing causing constant velocity transla—

tion of the pump piston . h ence , fluid is driven at a constant rate into

15
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the cav ity supply line (Figure 9). Fluid flow is recorded automatically

with pen and chart by measuring the voltage change across an angular poten—

tiome ter geared to the rotating shaft ; chart speed Introduces time, and
calibration test results relate voltage change to flow (11.2 cm 3/volt).

Similarly , pressure is recorded by measuring the voltage change across

a calibrated electrical resistance pressure transducer.

Figure 11 shows the explosive charge used in all but two early tests .

It contains 1 gram of PETN. The charge has to be carefully sealed agains t
water in the surrounding grout being squeezed between the spherical con-

tainer and the bridge plug to soak the PETN and prevent detonation. In

future charge designs , the amount of iner t material , espec ially the bridge
plug , should be reduced to improve spherical symmetry .9

Figures 12 and 13 show proper ties of the rock matching grout used in
the experiments .

C. Simple Containment Analysis

A simple containment analysis7 was performed to aid in unders tanding
the mechanics of dynamic cavity expansion and to supp lement similar work
that has been done by computer codes . In the formulation , a gas with a

known equation of state Is assumed to instantaneous ly pressurize a spheri-

cal cavity in a solid homogeneous and isotropic medium . A simple analy-

tical t reatment  of the subsequent  c a v i ty  expansion was made possible by
idealization of the following material properties:

• Incompressibility

• Elastic—perfectly plastic behavior

• Yielding according to the Mises condition

• Plastic straining according to the associated flow rule.

Overburden is included as a cons tant press ure infini tely far from the

cavi ty.

The gas pressure causes cavity expansion and creates a distribution

of outward radial particle velocity in the medium. As expansion proceeds ,

the gas pressure decays and the tensile tangential stresses increase to

16
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slow down expansion and eventually cause rebound of the medium. Sub-

sequent , relat ively small amplitude oscillations occur until the kinetic
energy is dissipated; in the analysis , the energy dissipates only by

plastic work of distortion . During expansion and contraction , plastic

zones spread out from the cavity and greatly influence the charac ter
of the stress fields. The highly compress ive charac ter of the res idual
stress field takes shape during the rebound .

The analysis is presented in SRI Topical Report 3702—2 (Reference 7).

Conclusion s based on the analysis are given in Section V.

‘1
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Table 1

HYDROF RA CT P RE SY ST~~ SPECIFICAT I ONS

~- ‘rtor : Dayton Gear motor model 5K933
1/4 HP , 6 rpm , 600 in— lb torque

Pump : High Pressure Equipment Co. Model 87—6—9
ho cm-a capacity, 5000 psi maximum pressure
4.26 cm 3/min. flow rate (0.71 cm 3/revolution)

Sys tem : Fl uid:  Dyed G lycer in
Volume (excluding pump) 31.33 cn 0 .

18
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III EXTRUSION EXPERIMENTAL RESULTS

A. Extrusion Experiments

Table 2 shows the organization of the data for six dynamic extru-

sion tests arranged in three groups of two tests. Groups 1 and 2 have

the sane cone—cylinder configuration (Figure 5) ,  different piston pres-

su res (F igure 14) , and grout from different batches (Table 5). Group 3

has the cylindrical configuration (Figure 6), piston pressures comparable
to those of Group 2 (F igure 14), and grout from the same batch as Group 2

(Table 5 ) .

Figures 14 and 15 show the group average piston pressures and im-

pulses , and Figure 16 and 17 show the group average SLC front and piston

displacements. Two transducers monitored the pressure in each test. The

two pressure records were averaged to provide the test average pressure. S

In each group , the two test average pressures were averaged to provide the

group average pressure.

Fi gures 18 to 29 present the results by groups to allow a comparison
of the two test results in each group. The pressures and impulses being

compared are test averages.

T3hles 3 and 4 give the  i n i t i a l  and f i n a l  locat ions  of p a r t i c l e s

(colored ceramic beads) cast in the g r o u t .  Figures  30 and 31 exp lain

the XY coordinate system and show diagrams of the particle locations and

samp le shapes.

B. Friction Experiments -
‘

Tests 111 and 121 were performed to obtain the friction between the

SLG and the stee l container. In both tests , the SLG in the steel tube

(Fi gure 7) was squeezed between the two steel end pla tes to a pressure

of 1000 psi. Figures 32 and 33 show the pressure pulses applied to the

31
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pis ton in Tes ts 111 and 121, and Figures  34 and 35 show the resul t ing

pis ton  displacements .

The equation of p is ton motion is

2
pA = M~~~4+ f S  (1)

dt

where

p = pressure applied to the piston (Figures 32 and 33)

A = piston area (45.6 cm
3
)

M — piston mass (7808 grams )

x = pis ton displacement (Fi gures 34 and 35)

f = f r i c t i o n
3S = su r face  area between s teel  and SLG (361.3 cm )

The f r iction res ults of Figure 36 were determined by using a fifth degree

polynomial for a least sq uares f i t  of the x—t data to determine the piston

accelerat ion in Equation (1). Approximate averages are 2—1/2 and 3 bars

(36 and 43 psi); a fourth degree polynomial gave the same resu l t s . A

useful addition to the experiment would be an accelerometer attached to

the piston to attemp t to measure directly the acceleration required in

Equation (1).

C. Propert ies of SLG

Table 5 g ives SLG p r o p e r t i e s  ob ta ined  f r o m  h a t c h  samples . Resul ts

for Tests 158 and 159 are i nc luded  because the samples  experienced neg li-

gible extrusion under Group  2 l oading and sample c o n f i g u r a t i o n  (same as

Tests 140 and 141). The sli g h t l y  h i gher  c rush  s t r e n g t h  impl ies  p r o x i m i ty

to the threshold of extrusion . Fi gures 37 and 38 show s t r e n g t h  proper-

t ies determined by Ter ra  Tek f r o m  samples of the  grou t batch for Tests 158

and 159.

The main improvement  r e q u i r e d  in the extrusion experiment is a reduc-

tion in scatter of the SLG propert ies. Table ‘ shows t h a t  for  the  11551.— I A

mix ture of Table 6 , unconfined crush  strengths can vary fro’-, 124 to 174 psI

32
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even with prec ise wei ghings wi th dr ied f ines , same mixing times , careful
sealing, and same aging periods and temperatures . Because of the small

batches required for the samples , a sieve analys is was cond ucted on six
samples of the Nevada Test Site fines . The results are listed in Table 7

and are indicated by the bars in Figure 39. Three particle size distri-

butions were prepared , accord ing to Table 8 and the po ints in Figure 39 ,
and used in the HSSL—1A mixture of Table 6. After 14 day aging , the

samples were subjected to unconfined crush tests. Results are given in

Table -S. Although the tests are limited in number , the strengths exhibit

a trend with reduced s c a t t e r .  I t  is recommended that design size dis-

tributions be incorporated in future extrusion tests if further strength

tests consolidate the findings in Table 8.
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Table  4

PARTICLE LOCAl i ON BEFORE Al’ l ) AFFIJ .I EXTRUSION

BEFORE GOURD I~ ATES AFTER EX FUS iO N a

N = 0 TEST 142 l EST 143

L11±~F~
0 X O.5 he o r c X O ~~~ X O.5 h~ fOre

6.~~O ’

3.06 1 .55 0.50 6.55 5.70 0.50 5.70

2 .% 
- 

I 5.11 0 . 2 2  5.33

- 

2.06 3.00 0.39 2 . 9  2 . 7 9  0 .38  2 . 9~
2. )4 2.32 2.lh 1 0.41 2 . 2 3

1.h6 1.81 0.50 1.81 1.18 5 1 . 4a 1. 7 2
- 

O.~~2c I
L _ _ ____ L ~~~~~~~~~~~~~~~ - - i ,~~~~, - , - - 

~~~ 
CS~~~J]  f l , -

~~~Cs ml ~-m b ( - I : J t i-~~ c e r a m i c  beads

iS
SLG top surface

Cp . tofl SI(. int er!:ice
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Table 5

SLG PHYSICAL PROPERTIES

- 3 Wnter - Air Unconfined
Test Censities (pm/cm ) - - Porosi ty Saturation -

- - / (N e t  - 
- 

- V o ids  Crush StrengthSamp le Aged Dry train - /
________ ——  

- We ig h t )  
_________ ____________ _______ 

psi

134
1.75 1. 32 1~ 59 24 49 ‘

~~~ 6 124

141
1.70 1.36 2 .57  20 47 73 13 156

142 I
143

— _ _  —- ---— ‘~~~~~~ -5- -5-  ______

134a 1 . 7 4  1.30 2 . 9  25.3 50 6

135a 1.74 1.30 2.59 24.7 49 85 6

111 1.80 1.34 2.58 33 41-: 

— 

96 2 155

158 166
1.76 1.33 2 , 5 9  25 49 88 C’

159 
I 

174

aSampli,s Iron extruded grout.
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Table 6

‘-~ 1:liuRE 
FOR SUPLRL1i-\l GROIJT IUi-IL-1A

~~IovacI a Test 
TiLe Fines 7 2 . 5  %

Typ e C P o r t i / i n i  Cement 3 . 2  %

4etlt oflite ,(i--I) 
2 . 3  %

b
CFR 2 

0.037-

-liter 
2 2 . 0  %

a.~1ater1al passing tlra 
-~~c I l  No. 7 sieve

(retains 2.5 ian. d ia r,~rt ic1 ~~,).

b r onc r e~~ f r i c ti o n  re lu c i n g  comp ound 2

-

‘ 
( d e t e rg c at  p owder)

50
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Table 7

SIZE DISTRIBUTIONS OF NEVAD A TEST SITE FINES FOR SIX SAMPLES

Par t ic le  a
_____ _____ 

Percentage 
_____ ______Diameter  -_____ _____ _____ _____ _____ _____

(mm ) l~~~ 2 3 4 
_ _ _  

6

2.00 73.3 87.1 77.5 86.1 72.2 77.0

1.19 56.0 64.7 60.9 72.6 58.5 62.8

0.50 25.7 29.5 30.0 38.3 30.4 33.1

0.23 11.8 14.7 14.6 19.1 15 .3 16.9

L_
0.15 7 . 6  l0 .2

i 
8 . 7  12.5 10.4 11.4

aExample. In Sample 3,
77.5 wt% of the total sample
passed through a sieve that
retains particles larger than
2 mm d iamete r ,

60.9 wt7 of the total sample
S passed through a sieve that

retains particles larger than
1.19 mm diameter , and so on.
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Tab le 8

DESIGN DISTRI BUTIONS OF NEVADA TEST SITE F T N U S

Particle Percentagea

Diameter VeryAverage Coarse(mm) Coarse

2.0 80 72 1 70

1.19 60 55 I 45
0.50 30 26 2(1

0.23 16 11 I 10

0.15 10 8 5

Unconfined Crush Strength

I ( p s i )

87 110 I f s -

l0~ 134 :
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Table  9 l i s t s  the  p r i n c ir a l  cons~~. n t  t low r at - hv-lrofrac ’ :~r~

c o n d u c t e d  s L  I 2 — i u 5 - h — d i a m e t c r  W~N sp h ar e s  i n l i - r  1000 psi  oy er l ; - i~r ce a

sa ri- a-ith Ti t it ~-r exp loded or ‘. . lra ’:-: p I o i l e d  cav i t i - s  . lie ,-sts na\- ha - -]

1 i v  i d a -1 i n t o  h r ~~e g roup s  :

1. T e s t s  50 to 153 for ol,taini n~; t i e ract ar c -  p r e s su r e  in
an - :ctxploded c a v i t y .

2 . l e s t s  134 and 135 f o r  0 1 1 5  n m 0  the- fract ure p r t -s. s u r t
in an  CX!) I S I C I I  Ca’: i t

3 . Test s 11- -U to I c - S  ror obtainin/ the 1 - al ~r a c t u r ~
p t e s s u r ’~ i s ay  t o ’  t I e  ca v i  fl.

oi-tparison of results ~- i th in - ‘ a - h  p r o u ~~ pro’:i~:t- a : a ea su s / -  of rep r ’iiu~-~~—

h i l i t . - . An o v e r a l l  q u a n t  i t , - i ~ Ly e  m e / s u r e  (1: t I e  effect: of a residual st r- ss

f i e l d  on th e  a L i l i t v  of tIi~ :‘ i t e r i a l  10 c o n t a i n  c a v it y  c as e s  I s  o b t a i n e

by cu --:p . r i . nc  t l - . : ’ , :-: imiara c a v i t y  t r a c t  • r , -  - - r  ssu r c-c o: t a  f i r s t  an ~-e oii .1

- I- - a ,  a .  7hes - a ucs are 1070 an d .. - ‘.~~0 p-/ i , r i - s p e ’ t i v e l v  thus , t i i -  r e s i —

lasi stress l i e  I c  i n c r e a s e s  Ti, t r a c t ’ r e  pr~.- ss u re  by abo ut  50~ i n  t I i s t

- i - : i t v  l e st ~ 1 5 0 — 1 5 3  s-ore c oj d u c t ~ - -c l i n  t i  c o n : iO u ra t . io .

0 1 F i ’ ~~i r e  M .  l i e  t ’ r e s — ’ r~~— !  Ios rIots at F i p i ’ - - 41 s’ m €  ,- i n s t r i c t e d  :r -

t h e c -nnp i - ! - h v ’ o f r a c t  ::r, s, ‘ s  IS , t o  II l,n-: a n s/: - c~ m, ’I , t  i - - r~~ -~~ i~~ i I —

b 11 it y p l o t  ir ~~~ c X) 1. r e P  a: :  i I I , a-: u a~ S t  0 1) i . iii, i - i c t ‘re p ‘~~ - -ur~ S

are l ls~ “I in t a b le  0 i s 1 ’ U , 10-4 5 , I s O : , a n I  1 7 1 0  psi w i t h  an — l’ .- e raU& -

a t  lTiu p a: .  be qu a n t  i i . ’ of l i f t  n u r m p e - i i n  a t a t l a c -  r i! a 01 4 . 2 k ’  a t  / n i : .t  e

r n n g ~ a Irc -mn 7. 8 - 9 . ’:) c:’: at t r a c t o r - - , l i t  t ‘ r  - - -  - - t  ar t t’al -iaa b e - l u G  abori ’

0 1 cm 1 (‘I able 1) - ( os-p r i - -- U i i  i t  v ol  a 1 : 1 2  v i th  a I ’ i r  ik  it O , l U l i s  o t

~ , 03O p s i  a c c o ’n i t -. for - - al ).4( an
3 
o f t h e  t o l s i  \ u i I i m & -  a t  1 ,00 os i

r e a l  t u g  th e -  1” , c-p i e r - as an e l - i s t i c  n : t t , - r ’ i i I  o t  s:. -a r r o d i r i ti s

C 11)6 p s i  ab o l I ‘ ii  v U - I d  w i t i ;  an i nt e r n a l p r e~- s i r i -  ‘~~~ P = 17 00 p s i
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and a pressure at infinity of P~ = 1000 ps i, gives an estimate of only
0.016 cm3 for the increase in cavity volume before fracture. The piping

system with gages can absorb about 2.5 cm3 at 1700 psi. Thus, most of

the f l uid is being forced either into the rock pores from the cavity
wall or around the access pipe.

As shown in Figure 41 , the cavity pressure drops rapidly fol low ing

f r a c ture , because fluid can now flow into the thin plane of the crack.

The min imum pressure ranges f rom 1100 to 1300 psi .  A gradual r ise in

pressure f ollows , imply ing resistance to hydrofracture ; after 25 cm3 of

flow , the pressures range f rom 1150 to 1450 psi.

The sphere was removed from the pressure vessel af ter release of
the internal press ure followed by release of the overburden pressure .
In each case , a crack was visible around almost the en t i re  circumference .

The two halves were tapped apart by use of a broad chisel. Figure 49

shows the exposed fracture plane and the extent of the dyed Glycerin

fluid in Test 150. Frac tu re  occurred out of the plane of the access

pipe; thus , the pipe probab ly does not introduce a stress concentration

for crack initiation. For comparison with the fracture behavior in the

presence of a residual  s t ress  f i e ld  note  tha t  the  f low is from the cavi ty

outward and surrounds  the cavity in a fairly uniform manner .

The c o n f i g u r a t i o n  of Fi gure 42 was used in Exploded Cavity Tests

154 and 155. The p r e s s u r e — f l o w  plots  of Fi gure 43 were c o n s t r u c t e d  f rom

the complete h y d r o f r a c t u r e  records to allow an assessment  of reproduci-

b i l i t y ;  p lo t t i ng  cont inued  u n t i l  flow was stopped . Fracture occurs at

2500 and 2060 psi and the  maximum pressures achieved are 2460 and 2620 ps i .

The q u-In t i t i es  of f l u id  pumped in at a f low r a t e  of 4.26 cm 3/minute are
3 33.5 and 6 cm . These values are below the range of 7.8 to 9 .4  cm f o r

the Unexploded Cavity Tests 150 and 153, implying that the material

around the exploded cavity is less permeab le because of crushing of the

pores.

In both tests , th e pr essure drops by about 100 psi after fracture ,

considerab ly less than in Tests 150 to 153. This pressure drop implies

that the extent of initial fracture is reduced by the compressive residual
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stress f i e ld . The p ressure  now rises s teeply  to exceed the  initial

f r a c t u r e  pressure , probably because of the compressive stress field re-

sistance to crack propagation . In Test 154, it appears as if a second

fracture is initiated at a pressure of 2450 psi and a fluid flow of

7 cm 3
. The pressure then drops by 150 psi and gradually increases to

2460 ps i  at about 15.7 cm 3 before suddenly dropp ing to 1400 ps i .  in

Test 155 , an apparent second fracture does not occur . The pressure rises

to i t s  maximum at  2620 psi and drops suddenly  to 1300 psi a t  abou t

10.5 cm 3 . Ihe sudden p res su re  drops  are a t t r i b u t e d  to the c r a c k i n g

break ing  through h ighly compress ive  r e s idua l  s t re ss  t i e l d .

The sphere was removed I ron tire pressure vessel atter release of

the i nt e r n a l  p res su re  f o l law e d  b’ - release of the overburden pressure.

In earl - ! case , a c rack  was v i s i b l e  aremind almost the  e n t i r e  c i r c u m f e r e n c e .

The two ha lves  were  t apped  a p a r t  b y use  of a broad c h i s e l .  F i g u r e  50

shows the  exposed f r a c t u r e  plane and t i r e  e x t e n t  of t he  dy ed  G l y c e r i n

f l u i d  in Test 155. The dye d f r a c t u r e  area  s u r r o u n d s  t h e  a v i t v  c i r cl e

b u t  IL - s  o u t s i d e  an i r r e g u l a r  annu la r  r e g i o n  of u r i f r a c t u r e d  m a t e r i a l  t h a t

co i n c i - L - s w i t h  the region of coraressive residual stress. The exposed

t r a c t u re p lane is i n t e r s e c t e d  ha a n o t he r  o r t h o g o n a l f r a c t u r e  p lane .

i l L s  second plane is l~~~d and i n t e r s e c t s  the  cav i  tv

:e p l o t o L r . . - : s  of F i c a r , - 4-3 shui- : t h e  c o r r - s p o n l i u p  r e s u l t s  f o r

T e s t  1 .0 , an , - a r l i e r  t e s t  i - i - I ’ -  or -ne at  a slower  f l o w  r a t e  ( L i . 71 Cr ..  / m in u t e~
The d y - d  r eg ion  i s  h -sc e:-~L e n s 1 - ’ -  b u t  : : c -  ch a r l R  t ~-r is t h e  saris’ , a 1,-reakinl:

t h r ou ~:~ of t l ~e h I~~l r e s i d u a l s t  r e ss  t 101d re-gio n a .l i ac en t to t i e :  c a v i t y

fo l io s- - I  i - v  s p r c a ’ i i l i c  h v l r o t  r nc ’ ’r re i i ;  t I~~- low r e - a i f t , t l s t r e ss  t j i l l

reg ion u~-v (.)nd .

l i r e  ‘ o ut  iguration 01 F i g u r e  -~4 was used in I :-ip lo d.’ i  1 avi t v te sts

i s v )  and 161. The p r e s s u r e—  t low riots of FiGure 4” s- - r e- construct c - i  f r o :

ti re comp le te  h y d r o f r a c t u r e  r e c o r d s  to  a l l o w  c om p a r i s o n . As shown in

Figure  44 , local  p r e s su r i  - i t  ion  of tin grou t  -may f r o m  the c a\ - i tv is

e f f e c t e d  t h r o u g h f o u r  1/ 3 — i  n cli— l I ari . - t ar h o l e s  in t i r e- access t u b e .  The

p r e s s u r i z a t i o n  location is outside tire region of predh- t e l  maximum resi-

dual  s t r e s ses .  !-i gore  45 show s t h a t  t h e  p r e s s u r e  h i  s t o r i  as a rc  h i  e t l i l v
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oscillatory in these two tests and that the general pressure levels are

different . This behavior probabl y stems from the highl y localized com-
plicated configuration where the grout is pressurized , prov iding many
stress concentration zones for local crack initiation . Figure 51 shows

the main fracture plane for Test 161. The dyed region indicates that

the crack was forced to spread around the central spherically annular

reg ion of h igh compressive residual stress. A feature not previously

observed appears in Figure 51: a crack that is approx imat ely sphe rical ,
almost surrounding the cavity but located eccentrically ; this feature

was not observed in Test 160. Formation of such a circumferential crack

is consistent with the residual stress field in this region where the

radial stress component is predicted to be less compressive than the

tangential stress component.

The configuration of Figure 46 was used in Exploded Cavi ty  Tests 162

and 163. The pressure—flow plo ts  of F igure  47 were constructed from the

complete hydrofracture records to allow comparison . The configuration

for  local pressurization of the grout away from the cavity provides an

exposed cylindrical grout surface 1/4 inch in diameter and 1 inch long ;

the objective was to simplify the configuration of Figure 44 for Tests 160

and 161. Figure 47 shows that the pressure histories are oscillatory with

d i f f e r ing pressur e levels , but the results show a marked improvement over
those of Figure 45, with less oscillation and smaller pressure difference

(2000 and 2300 psi). Figure- 52 shows the main frac ture plane for Test 163.

The plane is almost tangential to the cavity. The dyed region ind ica tes

tha t  the crack was fo rced  to spread around the  c e n t r a l , sphe r i ca l l y  annula r

region of high compressive residua l stress.

F igure 53 , like Figure 41, shows the pressure—flow curves for the

unexp loded cavity Tests 150 to 1. 53 augmented by the curve for Test 147,

because the only parameter difference is the smaller cavity size (0.6’s in

diameter compared with 1.13 in diameter for Test 147). The fracture

pressure of 1470 psi in Test 147 is lower hut comparable with the average

pressure of 1670 psi for Tests 150 to 153. Fracture occurred after about

5 cm 3 of f low , which is well below the 7.8 to 9.4 cm 3 
range for Tests 150

to 153. This lower flow value is attributable to the smaller spher ica l
surface area available for fluid flow into the grout pores.
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Figure 54, like Figure 43, shows the pressure—flow curves for the

exploded cavity Tests 154 and 155 augmented by the curve for Test 146,

because the only parameter difference is the smaller flow rate

(0.71 cm3/minute compared with 4.26 cm
3
/mlnute) for Test 146. The frac-

ture pressure for Test 146 is similar to that for Test 155 (2540 and

2500 psi ) ,  and the overall pressure history is similar . The interesting

difference is the greater fluid flow that occurs before fracture in
3 3Tes t 146 , specifically, 24 cm compared with about 4 and 6 cm in

Tests 154 and 155. The greater flow is caused by the slower imposed

flow rate allowing a greater volume of flow into the grout pores.

I
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TEST 163 (Concluded)
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\~ CON IAl i-~~[N1 ANALYSI S

SRI  Topical  R ep o r t  ~7O2—2 presents an analy tical treatment of the

dynamic expansion of a sp h e r i c a l  c a v i ty  caused by an explosive pressure

pulse. The analysis was perfo rrnL-d to describ e formation of the residua l

stress fi1 -L~ and to establ ish d - ~~en I i e n ce  of the field on the parameters

involved.

The analysis is a simple eXten sion of the ~~~~ 01 h opkins
10 

to de-

scribe rebound and a second expansion phase. Numerical data were chosen

to correspond to the labora~ orv contairos-at experiments described in

Sec t ions  Il—B and !V . Predictions or the final cavity radius are com-

pared w ith experimental results. (‘rI-di ct i ons for cav ity expans i on history

and stress distributions are compa red with the predictions of a finite—

difference code . Formulas are provided for Ti . - f ina l cavity raiius in

tL -rrr s ot th~- explos ive e-nL-:~~y ~~ip  nijed and for t h ~ maxim um tensile tan—

gential stress an - i maximum c ompressivi - radral stress ropether with their

locat  ions at  t i e  e nd of h~ i r ~-O €-X ~~.- n I - -i 10 f l  p hase .

From the  n u r : t - r  0-a l  o - x  r p  l~ - s n~d r 0 ~~t p I i i R t  ~ 0fl (0 t h e  go\’ L - r n i n C  e q u a —

t ions  the t o l 1 I > w 1 1 0  o b s e r v c t i o n s  i r e  r n - t o ,

• Id -ivi ty L - x ( C I : I s i o n  an C :  C I :0 - : t  i o n  c o m l l a ~~L -d a vor a h lv
wi th m l t  .-—di I f t - r c i i - t - cO~.t - pr .-c i c tion s  ( -

~ 1.  inc ted
compress i b i l i  T v )  -

• Stress dis’ rLhn ti on s s-hen 1110 c av il y ’ ,-;i s t i t l l v  - x p a n L- .:
and ful lv cont r n -  t .- showed quail ta t l’o - ap rt -e mo’nt si th
tnt- code pr edictions . U I I . n t l t a t  i v i-  d i t t er -nces ar i st-
because of the sma ller ra:lp -s rt-aclied by t iC1 - .1:1 st I c —

p lastic intt -rf a ct- i n  t h e  t’ode ~l - script ion , lI - I -a I ls . ’

volIl mI-t rie plast i c work is n l i c n - : ,- - i .

• he final to initial I d - O l I n  ra t io c(Im p- Cr - -s r I - a s l i l u H y

well with the exp .-r i i :&ntal r - i t io .
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• The simp lest formula  fo r  the upper bound of the f ina l
to initial radius ratio , a2/a0, Is

a
2/a0 = (/43y)l /3

where w is the average initial energy densi ty in the
cavity and Y is the yield stress of the surrounding
mate r i a l .  The radial ratio is thus independent of the
mater ia l  d e n s i t y ,  shear modulus , and overburden  p ressure .

• The simplest formulas  fo r  the maximum t a n g e n t i a l  s t ress
and the maximum compressive rad ia l  s t ress  0 r ’  toge ther
with their locations R 2 and rm at the end of the first
expansion phase , are

0.9  — P /Y < :
~~
/Y 1.0 — P l y

(2 C/ Y ) 1~~

r 
= —0.8  —

2.0 < r La - 2 , 3m 2

where P 2 is the  c a v i ty  p res su re  when f u l l y  expanded .

• ~R ax~~ and max(— -:r) are i n t i n l I e n I t e n t  of d e n s i ty  and shear
modulus and are approximately linearly Iti-nendent on the
yield stress.

• Max’~ Is reduced linearly by overburden pressure increase.

• Nax (~ ar) depends  l i n e a r ly  on the  r e s idua l  c a v i ty  gas p r e s su re .

• R 2 /a2  is i n d e p e n d e n t  of d e n s i t y , cav i t y  p r i - u s l I r . - , and
overburden pressure.

• rm / a 7  is r e s t r i c t e d  to  a narrow range t h a t  i s  i n s e n sit i v e
to all parameters.
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A logical next step in the use of the analysis is to der ive  maximum
stress and location formulas for the condition of full cavity contraction.

The next s tep  to improve the ana lysis  is to incorpora te  a tensile 
-

yield s t r eng th  tha t  is less than the  compressive y ield s t r e n g t h .

I
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