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Conversion factors for U.S. customary
to metric (SI) units of measurement .

To Convert From To Multipl y By

angstrom meters (s) 1.000 000 X F. —1 0

at mosphere (normal )  k i l o  Pascal (kPa) 1.013 25 X F +2

bar kilo pasc al (k Pa)  1.000 000 X E +2

barn m e t e r 2 (~~2 ) 1.000 000 0 5 —28

Br it i s h  therm a l u n i t  ( ther mo c hemical )  Joule (1) 1.054 350 X E +3

calorie (thermochemical) - o l e  (J) 4.184 000

cal (thermochemical)Icm 7 mega joule/rn2 (M J I rs ’ ) 4.l84 000 X F —2

curie giga becquerel (CSq)’ 3.700 000 X E +1

degree (angle) radian (rad) 1.745 329 5 F —2

degree Fahrenheit degree kelvin (It) (t ° I + 459.67)11.8

electron volt joule (.1) 1.602 19 X F — 19

erg joole (J) 1.000 000 It E — 7

erg/second uo t t  (U) 1.000 000 X F —7

foot meter (in ) 3.048 000 X F — l

foot—pound—iorce joule (J) 1.355 818

gallon (U.S. liquid) meter 3 (m o) 3.785 412 5 F —3

inch meter (m) 2.540 000 N F —2

jerk joule (.1) 1.000 000 5 F +9

joule/kilogram (J/k g) (radiation dose
absorbed) .r,.v )Cv)** 1.000 000

kilotons t.-ra)oule, 4.183

kip (1000 161) nevt oo  (5’) 4,448 122 N F +3

kip/inch 2 (iv)) kilo Pascal (kPa ) b , +v .. 757 5 E +3

ktap
( N - v / m  I 1.000 000 X F. +2

micron meter (m) 1.000 000 Ii F. —h

mU meter (m) 2.54)1 000 X F -5

m ile (international) meter (m) 1. 609 344 X F 0)

ounce kIlogram (kg) 2. 534 952 5 F —2

pound— force (lhf .1s t rdsp Im ) ne vt c n  (N) 4.448 222

pound—force inch newtoo-nwter (3 m) 1 , 129 868 X F. — 1

pound—for ce/inrh I Iewto n / m ele r  (N/rn) 1.751 268 X F +2

pound—force /f 5il kIlo pascal (bPs ) 4 . 788 026 5 F — 2

pound—force/In ch (pot ) kilo pascal (kPa) h ,894 757

pound—mama (lb. avoirdupois) kIlogram (kg) 4 .5 35 914 5 E —1

pound—mama—fo ot 7 (moment il inertia) kil--grarn —m eter
( kg . m~ ) 4.214 011 X E  —2

p oirnd—maas ’ foo t 3 kilogram/mel Cr 3

(kg/c 1 ) 1.601 846 5 It +1

rail (radiation dose absorbed) ; r .s y (Gy ) * *  1.000 001) X E —:

roentgen coulomb /kIlogram (C’kg) 2 579 760 5 F.

shake second (a) 2.000 000 5 E —8

nlug kilogram (kg) 1 .59 390 5 8 +1

t o r r  (~~ Hg . 0 C) 
j, 

kilo pascal (kPa) i.3i 3 22 5 8 —1

*The becquet .l (8q ) i~ the SI unit -f ra dt oacli v il v; 1 Sq • I event/s.
aaTh. Cray (Iv) a the SI unit of absorbed radiation.

A more complete listing of conversions may ha found in “Metric Pra ctice Guid . F 380—74 .
An eric an Society for Tes ting and M aterial ..
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SECTION I

INTRODUCTION

The purpose of this work was to:

a. Develop analyses, both mathematical and experimental , to assist

in the rational design of subterranean instrumentation cables

that will survive pressures of 2 to 3 kbar , large axial strains

of the order of 40 percent and severe shear offsets , to allow

the measurement of late—time displacements induced by large

explosions .

b. Review and analyze reports on underground tests and other

pertinent literature to document cable design , cable performance ,

and cable problem areas.

c. Establish both past and current cable practices by discussing

cable techniques with experimenters involved in the fielding of

underground tests.

The various aspects of cable design are unfolded in this report in

the following way : The general scene is set in Section II where use is

made of the geometry of a homogeneous test field and experimental data to

establish , in an approximate way, the strains that are imposed on a cable

system at the stress levels of interest. It is emphasized that although

a cable system must survive the strains and stresses that would arise in a

homogeneous field and which can be quitc formidable , it will be shown in

Sections III and V that it is the offsets and shears that arise in an

inhomogeneous , anisotropic geology that are responsible for many cable

failures. At the present state—of—the—art , techniques for calculating

shear offsets are not well established and it is this deficiency which is

partly responsible for making cable design an uncertain art. The entire

picture of cable design and cable failure problems is sketched in Section 11.3.

The outline provides a guide for the present work; it should also be used

as a check list by a designer of a new cable system . We have not considered

in detail the properties of any one electrical cable and for good reason :

In the high stress and large strain region it is almost certain that conduit
is necessary to protect cables against the shear offsets that inevitably

4 CEDING PA&E
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develop in geologic formations . As long as the conduit does not fail , it

is almost certain that a variety of cables can operate satisfactorily

inside the conduit. Not only can various techniques be used , if necessary,

to minimize electrical noise , but we believe that fiber—optic cables will

eventually supplant copper cables , at least in high data capacity trunk

lines.

In Section III the results of a survey of the literature pertinent

to the cable survival problem is presented . The literature , for the most

part , is not directly concerned with cable performance; nonetheless , a

considerable amount of data useful to cable hardeniug can be gleaned from

the documents. We have analyzed reports on underground tests , high explosive

tests , communications , and command and control cable systems , composite

materials , and material properties tests for applicability to the underground

test cable problem. The survey includes information reported directly in

the documents , our analyses of data obtained from the documents , and addi-

tional information obtained from the authors of the reports to supp lement

what was found in the reports themselves . The importance of avoiding or

resisting shear loads on cables is emphasized in Section III.

An analysis of shear loads on cables is presented in Section IV ,

where it is found that the results of six differe1i t elastic and plastic

models do not differ greatly for the shear force imposed on a cable by a

backfill that is stressed to the yield surface. The uncertainty in the

shear strength properties of backfill material that has suffered large

‘1 deformations is of the same order as the differences that exist between the

analyses. Documentation of both current and past cable fielding practices ,

obtained by way of meeting with experimenters at several fielding agencies

and by personal involvement with some of the experiments , is presented in

Section V. There is no consensus as to what constitutes a good cable system.

Practices vary from experimenter to experimenter . In some cases there is

controversy over the per formance of certain components. It is hoped that

one of the values of Sections III and V will be to prevent one experimenter

from reinventing the past mistakes of another experimenter.

A series of experiments designed to shed light on problems caused by

shear and by large axial deformations are discussed in Sec tion VI. The
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I
ilaportance both of backfill properties at the appropriate strains and strain

rates and of the proper end conditions is emphasized . The experiments are

conceived to test sections of cable conduit to determine the load s imposed

on conduit by backfill and also to determine the interactions between the

conduit and backfill. The experiments can employ scaled—down sections of

conduit to define loads and deformations. The value of an ‘ end—to—end” or

complete scaled—down model of a field experiment to determine cable survival

is uncertain at present . In Section VII the conclusions and recommendations

of this study are presented .
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SECTION II

CABLE STRAINS AND CABLE FAILURE

The two main items presented in this section are (a) an analysis of

the strains imposed on line elements (cables , if you will) in a homogeneous

medium by a point explosion , and (b) a definitive outline of cable design

considerations tha t must be dealt with if a successful design is to be

obtained . Whereas t h e  former exposition is an idealization useful for setting

ideas , the latter listing includes many practical problems of the real world .

1. RADIAL CABLE ST1~AINS

For the purpose of making rough estimates a straightforward method

of determining the displacements produced by an explosion is to relate the

displacements to the size of the cavity produced . Considerable work has

been done both in connection with underground nuclear weapons testing and

the Plowshare program to determine cavity size as it depends on the yield ,

depth of burial and geology. A scaling law has been developed for the

radius of the cavity , R , in terms of the yield , Y , t h e  density of thec -

surrounding material , p, and the depth of burial , h ,

.5.1 /
R = _ _ _

c ( I ) h /
~

where the  y i e ’d  is in k i l o t on s , t he d e n s i ty  is in g r a m s/ c u b i c  cen t ime te r

and the lengths h and R are in meters’. The coefficient G is determined

experiment .illy; values are available for tuff , alluvium , granite , dolomite

and salt. For NTS tuff a representative value for C is 76.42; for example ,

in Logan a yield of 5.4 KT produced a cavity of  radius 28 meters and in

Blanca a y ield of 2 2  KT produced a cavity of radius 44 meters . The essential

dependence on the scaling law is tha t the radius cubed which represents  the

volume is proportional to the y ie ld . The c o e f f i c i e n t  of p r o p o r t i o n a l i t y

between the volume and yield then depend s on the material and depth.

The cavity itesif is produced by displacement of the surrounding

materi al and by squeezing out the vo ids. A porosity of a few percent is

common in the surround ing rock. For example , with a porosity of 3 to 4

4 12
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percent only about three cavity radii are needed to accumulate enough voids

to form the cavity. The relative displacements are determined as follows.

Prior to th e explosion

4 3H =

where M is the mass of material at density p contained within the radius

r. After the explosion

4 3 3M = ~- 7 rp ,(R ~- R ) ,

where H is the same mass of material at a compacted density p
1 
now contained

between the cavity radius R
~ 

and the radius R. The relation between the

final position of the material , R, and its initial position , r , is determined

by the radius of the cavity, the relative densities , and the porosity n ,

p
= R3 + _a r 3 = R3 + (I — n ) r 3

C p
1 

C

In this form the disp lacement is relatively insensitive to the porosity

since the density ratio is about unity and indt’pe nd€-nt of t h e  poros ity for small

values of the porosity. For the incompressible case the relation reduces to

R 3 = R3 + r 3
C

When the rad ial displacements are known , it is possible to determine

the ratio of an element of length dR after the explosion to that of the same

element dr before any motion occurs ,

dR ~o r 2 r 2
= — (~ ) = (1 — n)(~~)
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As r increases this ratio increases from zero to i - /
~~~~

, which approaches

unity for small porosity. This implies that radial elements are subjected

to compression only, with the compression being very large at the origin

(dR = 0) and decreasing with distance from the zero point.

The preceding development is based on the condition that there is an

effective porosity independent of the pressure . However , thermal and

mechanical cracking effects will produce dilatancy and oppose the collapse

of pores by the pressure field. The effective porosity which can be squeezed

out depends on the range from the explosion source. Thus there is a departure

from the idealized conditions just described . For example, using the pre—

ceding relation for the incompressible case and introducing u for the

net displacement , u = R — r, we have

R3 = (r + u ) 3 = R3 + r 3

For relatively small net displacements (u small compared to r),

R3
C

U = —

3r2

so that the displacement falls off as the inverse square of the range.

Furthermore , the rad ial strain is

R3
du 2 c
dr 

= 
3 

~r

which falls off as the inverse cube of the range. These formulas based on

the incompressible limit are intended mainly to indicate the theoretical

trends which are possible. For design calculat ions measured values for  the

displacements must be used as discussed in the next paragraph. For example ,

to obtain agreement with the experimental data for the displacement at a

scaled range of 100 meters a cavity radius of about 20 meters is required .

However , according to measurements of cavity size summarized in the scaling

14
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law presented above a yield of about 2.8 KT is required for this radius.

The offset , by a factor of 2.8, indicates the approximate nature of the

relationships.

A recent compilation of measured displacements , made by Perret2, can

be fit by the relation

—a
u = cr

so that

du u
= — a — .dr r

Scaled to one kiloton with the displacement , u , in centimeters and

the range , r , in meters , both the constants a and c , and the range over

which Perret fit the data are summarized in the following table.

Table 2.1 Displacement vs range regression fit constants.

Range of Regression Fit
Material c a (m /KT 1

~
’3)

Alluvium 2.22(10)2 1.11 .~i 0.11 100 — 350

Dry Tuff 3.80(lO)~ 2.20 ± 0.21 100 — 500

Wet Tuff 4.90(10)6 2.63 ± 0.19 50 — 600

Hard Rock 8.72(l 0)~ 1.88 ± 0.14 -
~

- 70 — 2200

Thus , for  examp le , in the case of wet tuff the exponent in the decay law is

2.63 rather than 2.0 as in the simple model presented above.

A plot of stress versus scaled range for wet tuff is given in

Figure 2.1~. To examine cable performance between 3 kbar and 0.5 kbar it is

necessary to extrapolate Perret ’s data back to shorter ranges, Figure 2.2,

i.e., r~~ 30 (m/KT 1I’3) .
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. Figure 2.1 Recent wet tuff test data for stress vs scaled range

with band of effective maximum and minimum stress.
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Figure 2.2b is a plot of the radial and shear stra ins obtained from the

displacements using a static analysis . The static analysis implies that

the peak displacements occurred at the same time. The error inherent in

this method can be estimated from machine calculations. The rad ial strain

is compressive and is calculated from the displacement by the relation

previously given ,

U
c = — a — .r r

The tangential strain is

u
t 

=

The maximum shear strain is determined as half of the difference between

the rad ial and tangential stra ins ,

1 eu u t  I uy = — I—  + a — I  = — (1 + a) —
max 2 \r r ’ 2 r

For an idealized underground exp losion which is assumed to be

spherically symmetric the only displacement is radially outward . This

movement produces compressive strains in the radial direction and tensile

‘1 strains in the two transverse tangential directions.

The s t r a i n s  g iven in F igure  2 . 2  each conta in  an ex t ra  f ac to r  of h r

over t h a t  for  the d isp lacement  f rom which the s t r a i n s  are der ived and so

the s t r a in  versus  range re la t ion  is r a the r  steep. As can be seen fo r  the

ranges out from about the 3 kbar level to less than 0.5 kbar the strains

decrease from a value of almost unity to less than 0.01. The 10 percent

strain level occurs in the vicinity of the 1 kbar stress level.

2. NONRADIAL CABLE STRAINS

So far we have considered only radial elements. We continue by

determining the effects of cable orientation on cable strains. For an

element of length with an arbitrary orientation with respect to the rad ial

4 18
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direction we can take ds , dS as the differential lengths before and after

stra ining, respectively. Thus

(d s) 2 = (dr)2 + (r do)2

(dS) 2 = (dR) 2 + (R do) 2

where r , R and dr , dR have already been introduced and dO is the differential

polar angle which remains constant during a displacement because of syinnietry.

Furthermore , we recognize that

r dOtan o. =

where -~ is the angle between the element of length and the radial line in

the initial configuration . It follows that ,

2 
— 

(d R/ dr ) 2 + (R 2/r 2) tan 2a

~ds 2l + t a n a

which provides the relation between the elements of length before and after

straining for an arbitrary orientation. Of course , if a = 0 so that the

element is in the radial direction then dS/ds reduces to dR/dr. Just as

the quantity dR/dr represents the ratio of an infinitesimal element of length

after loading to the same element of length before loading for lengths in

the radial direction the quantity dS/ds does the same for an arbitrary

orientation.

From the relation just derived for dS/ds the remarkable result is

obtained tha t it is possible to choose an orientation for the cable at each

radial stat ion such that there is no strain produced in the cable going

from the initial to the final configuration! Mathematically we set dS/ds = 1

and obtain

19
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r

- 1 — (d R/d r ) 2
tan-a =

( R / r ) 2 — 1

This relation is theoreticall y rigorous; the only limitation in determining

tan a is how well the displacement is known as a function of range . Using

the relation previously derived for dR/dr ‘~rith the approximation p / p
1 

= 1

there results

tan a = ~~J l +~~~
R2

It is of course possible to use the measured values for the net displacement

u to determine tan a. Since

R = r + u  = r + c r a
,

then

(R)
2 

= 2~~~+~~—

and

— (~-~)~ 
= 2n Ii 

— ~ 2 ~~Idr r
r~-

so tha t by using the previously derived relation

2 1 —(l/2a)(u/r)tan a = a 1 + ( h / 2 ) ( u / r )

Thus , for large ranges tan2a approaches a and not two as obtained for the

incompressible case. Incidently, since the dilation (the change in volume

per unit volume) Is

20
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c + 2c = —(a — 2~~ 
-
~~

-

r t

a “ilu e for a h ot equal to two implies that the incompressibility condition

does not hold .

B~- using these formulas and Perret ’s data to determine a it can be

seen from Figure 1~~3 that as one moves further from the point of the

explosion it is possible to orient a cable between about 40 to 5 50  to the

radial wiL hio u t producing any s1r~I in in the cable. At smaller angles the

cable w ill s u f f e r co m pressive st rain s , at l a rge r  angles  the strains will

be tensile. It is almost surely impractical to la~ a cab le  in a curved arc

to con form to th e  zero s t r a i n  c o n d i t i o n .  However  the zero s t r a in  cond i t ion

may be usefu l  over shor t  sec t ion s  of cable when i t  is necessary to a l t e r

t he d i r ec t i on  of a c a b l e .

3.  COMPONENTS OF A CAB LE SYS TEM

Up to now we~ have been concerned ma in ly  w i t h  in i d e a l i z a t i o n  of

st rains imposed on cab les .  In Section IV an ana lys i s  of  the shear load ing

o f cables w i l l  he t aken  up. We con t inue  by n o t i n g  that in p r ac t i c e  a la rge

number of ; roblems must be cons idered  in the  desi gn of a cabl e  sy s t em , so me

of wh i c h  a re  not r e a d i l y  am e n a b l e  to m a t h e m a t i c a l  a n a ly s i s .  We be l iev e ,

however , t ha t  an o r d er l  v and r a t i o n a l  approach  wh ich  i n c l u d e s  bo th  mathe-

matical analysis and experimental tests will provide -in expeditious means

for improving the survivability of cables.

We find it convenient to cons ider  a cable sys tem to be composed of

t hree ma jo r  componen t s .  The components  c o n s t i t u t e  a nonredundant series

sy s t e m , so t h a t  the  fa i l u r e  of any component makes the entire data l ink

susceptible to failure . Starting at an instrumentation canister , the first

major component is a signal line which is required not to interfere with

the m~chanical response of the transducers. Many signal lines may be

c onnected into a bundle or multip lexed to form a trunk line . The distin-

guishing feature of a trunk line is tha t it is sufficientl y far from a

can i s t e r  so t h a t  i t  cannot  i n f l u e n c e  the mechanica l  response  of a t r a n s d u c e r .

Between the can i s te r  and the ou tpu t  end of the  t r u n k  l ine  there  may be cable

co nnec to r s , sp lic es , and t r a n s i t i o n s .  The transitions includ e sections for

2 1
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Figure 2.3 EffectIve angle with respect to the radial direction vs
range , for orientation of cable to eliminate axial strain .
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the fanning—in and fanning—out of cables to and from trunk lines , for making

changes in direction , and for effecting changes in mechanical impedance.

The first step in the mechanical design of a cable system is the

definition of the entire cable topology from transducer to recording equi pment

and the naking of an estimate of cable strains. More important than whether

a cable is geometricall y radial or nonradial is the determination of the loads

on the cable. A cable that starts out from a canister along a radial is

often made to change its direction to conform to the geometry of access

drifts. Line—of—si ght p ipe expansion and other late—time motions may impose

transverse loads on a radial cable . A nonradial topology may be satisfactory;

in fact , one experiment with a completely non—radial cable topology (un—

fortunately it was a small—scale experiment and there are some questions

about acaling) experienced no cable failures whatsoever (Section 111.5.2).

(We note also the very important fact tha t cable survival issues aside ,

a non—rad ia l  cable topology may result in a rotational acceleration and

r o t a t i o n a l  ve loc i ty  being induced in free—field motion instrumentation which

can cause er roneous  r e s u l t s . )  I m pl i c i t  in the  r ad ia l  placement  is the

assu mp t ion t hat the geology is homogeneous; if a radial li n e c r osses a

plane o f weakness that w i l l  pr oduce a shea r o f f s e t  un de r load or crosses a

con s t r u c t i on  d i s c o n t i n u i ty , the n t h e radia lly placed cable will be subject

Ic f a i l u r e . A non—radial cable topology, even in a homogeneous medium ,

wil l  be loaded in shea r and be subject ed to ro t a t i on s , but in a homogeneous

medium the  shears  and rotations are almost surely no more s i g n i f i c a n t  than

the axial loads (which can be quite impressive) placed on a radially oriented

cable . The main problem that must be contended with by a non—radial cable

is the shear tha t arises at planes of weakness and at abrupt transitions.

Particular attention must be given to differential motions arising at collars ,

bulkheads , and between multiple pours. Geologic discontinuities are par—

t ic ilii r l v troublesome because of the difficulty in avoiding crossing the

multitude of faults , bedding planes , or regions of rapidly changing shear

strength that exist in a typical geology.

A wide variety of geolog ic variables and construction parameters

have the potential for influencing the performance of a cable system. It

would be advantageous to catalog how cables are affected by the mechanical

properties of native rock such as tuff , granite , sandstone , and limestone ,

4 23
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and of c o n s t r u c t i o n  b a c k f i l l  such as superlean , rock natching, and h i g h
s t r e n g t h  g rou t s , sand , and c o n c r e t e .  Of p a r t i c u l a r  i n t e r e s t  a re  the  e f f e c t s

of y i e l d i n g , c rush  i n g ,  e x t r u s i o n , an d wa te r m i g r at  ion .  An a ccu ra t e  d e f i n i —

t ion of w h a t  f u n c t i o n  a pa r t  i cu l a r  b a c k f i l l  can p e r f o r m  is imp o r t a n t  , to w i t ,

u nder  certain c i r c u m s t a n ce s  l a t e r a l  s u p p o r t  to  preven t  b u c k l i n g  may be n eeded ,

but  at  o ther  t ines it m i g h t  be advantageous  to have the  b a c k f i l l  f low past

t h e  cab le .  W h e t h e r  i t  is f e a s i b l e  or d e s i rab l e  to  add r e i n f o r c e m e n t  at

weak i n c e r f a c t -s i s  an i m p o r t a n t  p rob lem t h a t  need s to be addressed as does

the use of c r u s h— s p .t c e  to Pr o t e c t c a b l e s .  One of the  p rob lems , of cou r se ,

w i t h  u s ing  c r u s h — s p a c e  is t h e  u n c er t a i n ty  in tile m a g n i t u d e  of the o f f s e t

t h a t can  deve lop at  a weak  ;~onc . S i m i l a r l y , t he l o a d s  imposed on r e i n f o r c e -

men t s  m a y  be so g rea t  as to make the  scheme i m p r a c t i c a l .

Al t h o u g h  t h e  p r o p e r t  ies of d c c  In ca!  cab les  a re  no t  a n a l  vzed i t  an - ;

lengt  1 in t h i s  r ep o r t  t IIe are  c e r t  a i n l v  imp ortant and mus t  be consider ed

in a ny  p r a c t i c a l  d e o i - c , u .  A I ield desicu mu st  a d d re s s  t h e  f o l  l o w i u c  p o i n t s :

(a)  e l o ng a t i o n  to f a i l u r e , ( b )  d u c L i l i t v , ( c) o r t - s s u r t - r es i s L IIh-c , (d) ~ fi ects

of vo ids  in the c a b l e , (e) e f f e c t s  o t  r i t t i  e s p a ce  in c o n d u i t , ( f ) i m p e r v i o u s -

n e s s  to water cut  rv  , ( g )  i n e r t ne s s  to chienh i ci 1 i t  c - i -  k , . , ., f rom c o i l  t a r

and RTV , (h )  m e c h a n i s m  or t i k i n ~ up  — I t r i t u , (i) t-~ eeLs of c o n d u i t  f i l l i n g

mat erials , and ( j )  i i i t e L n l L v  0! c l e - - t r i c i l  insulat ion under m e c h a n i c i l  and

elec t r i c a l  s t re s s .  Some d e —  i en s h i v e  emp l oy e d  - . t o t h t  conduit w i t h  I i  number

of mesh armored c a b l e s  f I n n i n g  i n t o  the c. ondu i t  o r with a number  of s o f t  TSP

f- inn lug out of t h e  condo i t . The f a n — i n  md a n — o u t  st-c t ions w er e  iii hi gh

s t ress  j e i~ i o n s  and bee inse both lie mesh armored and so ft 151 cables had

t .i il - :d on previ ous t e sts t h e  design— . i p p e a r  i l l o g i c a l  to U S .  I lie I a n — i n

and f a n — o u t  pr e- h len need .--. add i i i  u i 1  w o r k . Co n t r o v e r s y  over g a s — s e i l

conhieC to r performance nt -ed to  be rt - s- 1 vt ’d . One of the  issues is the

i I i  lv  o f  the internal 
~ 

i n- to w i t h i st ~ind shock loading. Press ure I cad ing

and shock t es Is need t I be p er  formed . E x p er  ira-nt cr c u s u a l l y  ex p e n d  some

e f f o r t  011 d e si cli ing th e  connect ion  b e t w e e n  the  c i b  Ic and e n  i s  te r  , i i i i

t e s t  d a t . t  to document  La-  i nt e g r  itv of the designs ar e  needed .
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SECTION I I I

LITERATURE SURVEY

A broad v iew of cable f a i l u r e  problems and c a b l e  desi gn techniques

can be obtained from th e literature. In this section various documents

a re  reviewed f o r  d a t a  on h o r i z o n t a l  l i n e — o f — s i gh t  t e s t s , h i g h  exp los ive

t e st s , M i n u t e m a n and Sanguine communications cable des i gn , t he  p e r f o r m a n c e

of Composite materials , and e o n s t i t u t i ve p r o p e r t i e s  t e s t s .  The r ev i e w s

.i re spec ia l i zed  to the  p rob l em of  c a b l e  h a r d e n i n g  and o f t e n  c c l h t a  in i i i i i  Y s e s

not f o u n d  in tile documen t s  themse lves . Da ta  not p e r t  i n en t  to c a b l e  hard en-

i ng a r e  not d iscussed in t h e  r e v i e w .

-~ . I I U K I  h ) N i \ 1 .  LI  XE— OF —S lid? U TESTS

-~ .1 P OR 625 4  ‘‘Operation L a t c h  Key , Shot M i d i  ~l i s t , l’ r o je c  I ~t f l e e r ’ s
Report — P r o j e c t  9.52 St e imnin g  and C on t a  i n m e n t  !) vn l im ic -c , ’’ V i  1 hc e ’ i t  , C.

A limited number of gauges were  installed for the stemmin g diagnost icc

a d d — o n  to M i d i  M i s t  is m d  i c i ted in Table 3.1. A t v l  i c i l  gauge  i n s t i l l a t i o n

l ay o u t  o b ta i ne d  f r o m  t i l e  POE is shown in F i  g u r t -  3.1. The c i b i  es w er e  d o u b l e

b r a ided  s t a i n l e s s  St eel  I S  P ( see  Sect  ion IV .  14 )  and vt-re instal led in t he

H LOS m i n w i v  p r i o r  to the final grou t ing opt -r at ion . The K,iman c iilges went -

sandbagged in pl ice . Cre:-.~ cut da t i  a t  ~- t i t  ion 133 s i s  n ot  : - r e - - . t~~ t ed  in t h e

POR because ‘ I  poor d a l i  q u a l i t y . The c a b l e s  It stat ion l~~5 fii led it

14 . 2 ns, the  t i n t -  o t  cr - l l l h d  shock  a r ri v a l  is m d  i c , i t e d  by Sandia s lit ers.

One Kaman gau g e  r e c o r d e d  t or about 1., ms. F i e  ( , r e s e en t  gauges at s l i t  i on s

21 7 and 240 r , -c - r d  ed t r severi 1 m i i 1 i c - c  ond s. The me t  hod ch ic  sen or  da t  a

p r t- s en t a t  ion  does  not i l  l ow  t h e  r e a d e r  of  t h e  1 0 K  to d e t e r m i n e  c a b le  Iii lure

t ines . M n i g i u i d , i t i  were not  o b t i i n e d  hec u i se  c i  i r e c o r d i ng  sy s t e m  f a i l u r e .

Tabl e 3 . 1  . Cuig e p lan , shot M i d  i M i s t

Station Gauge Reg ion

153 Crescent Velocit y , SRI Manganin Matching Grout

185 Kaman Air Pressure V o i d

217 Crescent Veloc it \ , SRI  M a n g a n i n  Sand

240 Crescent Velocity Sand
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Figure 3.1  Typical gage layout in Midi Mist stemming (P0k 6254).
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+ . 2  POR 6389 “Operat ion Minu te  Gun , Shot Diana Mis t , Projec t O f f i c e r ’s
Report , Stemming and Containmen t Diagnos t i c s , ” Vin ce n t , C.
1 or the  purpose  of a n a l y z i n g  cab le  f a i l u r e  we examine  the Diana Mist

measurements made on the HLOS , in the stemming, and in the free field between

160 and 360 feet fron the working point. The region is one of moderatel y

hi gh stress insofar as long term cable survival is concerned . The gauge

layout w i t h  the  imp lied cable topology is best  i l l u s t r a t e d  by the gauge

installation diagrams found in the original POR which are  reproduced in

Fi g u re s  3. 2 t h rough  3 . 6 .  The cab les  vt -r e  d o u bl e  b ra ided  s t a i n l e s s  steel

TSP as noted in t h e  preceding section and were routed inside a trench that

ran along the left rib of the Hl.OS drift 5. Note that the  measurements in

the free—field and at t h e  tunnel wall used - a h l e  routings that had to turn

corners into the stemm ing material. Ground motion time—of—arrival was

measured in the stemming w i t h  PZT b i m o r p lis and in t h e  f r e e — f i e l d  w i t h  s l i f e r s .

Gauges themselves arc often used to indicate time—of— arrival , but in Diana

M i s t  the  v e l o c i ty  gauges  were  so no i sy  as to p r e c l u d e , in o ur  opinion ,

d e t e r m i n i n g  t i m e — o t — i r r i v a l .  Bi na ry  p r e ssure  s w i t c h e s  w i t h  set ranges of

either 100 or 1000 or 5000 psi were used to i n d i c a t e  p r e s s u r e  f r o n t  ar r i v a l

in the HLOS.

Ci  r c t t j t  f a i l u r e  t imes , w h i c h were determined from the p lots of the

d i g i t i zed records  presented  in the  P0K , a nd t i m e — o f — a r r i v a l  ob t a ined  f rom

r ed u ced  d a t a  in t h e  I’OR a re  summar ized  in Table  3 . 2 .  At s t a t i o n  1+60 the

POR t e x t  s t a te s  t h a t  cab le  break occurred at approximatel y 8 ins, a l t h o u g h

this cannot be determined f r o m  t he  POR r e c o r d s  w h i c h  extend on ly  to S ins.

The gauges at station 1+60 were Pace—l~ianeko transducers installed in a

sand—filled alcove facing the IILOS . The failure of these gauges was

apparently caused either by gas shock induced motions or by shrapnel. At

s t a t i o n  2+00 the DX vel ocit y gauge records indicate a time to cable failure

of 17.4 1.0 ms , which is earlier than the ground shock arrival implied by

the PZT TOA ’s or the slifer (the POR time—of—arriva l plots arc reproduced

in Fi gures 3.7 and 3.8). The LILOS pipe pressure switches indicate a pressure

f r on t in the  p ipe  p r eced in g t he g r ound shock by a considerable amount. The

pressure switch set levels  were so low , however , tha t  we know on ly  tha t  the

pressure exceeded 1000 psi , which almost  sure ly  is too  low to cause cable

27
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Figure 3.3 Elevation view : Pressure , acceleration , and veloci ty gage
installa tion in superlean grou t , Sta tion 2+00, looking
toward the WP (POR 6389).

[~ J r

Figure 3.4 Elevation view: Pressure , accelera tion , and veloci ty gage
installation in sand stem , Station 2+70 , looking toward
WP . (POR 6389).
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FIgure 3.5 ElevatIon view: Pressure , acceleration , and velocity gage
installation in sand stem , Station 3+60, looking toward WP.
(POR 6389)
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Figure 3.6 Plan view: Pressure and velocity gage installation
in superlean grout , 175 feet to 225 feet. (POR 6389)
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Figure 3.7 Reduced time—of—arrival data from PZT gages in tunnel stemming.
The t ime—of—ar r iva l  was taken to be the time of f i r s t  signal
output from the crystal circuit.7 (POR 6389)
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failure . If cable failure were induced by pipe expansion then it is

surprising that the PZT TOA ’s did not register at earlier times. The

reported time—of—arrivals were , in fact , determined from the first signal

output from the crystal circuits 6. We speculate tha t the cables were cut hv the

action of the explosive driven sample protection system (SPS’s). Some t\- p ic al

DX ve loc i ty  gauge records  are shown in F igures  3.9 through 3.14. Althoug h

the records  were terminated by cable break before the onset of s t rong  ground

mot ion  it is evident that electrical noise was a severe problem , c-~~ - especially

Figure 3.14. Assuming a P—wave speed of 8,000 f t / s  and a grout density of

1. 9 g/ cm 3 the transverse DX gauge records 200 2UI and 200 lUl , Figures 3.12

and 3.15 , if taken at face value , imply an outward moving pressure front in

excess of 1.4 kbar. This picture of early motion needs to be corroborated

by the PZT TOA ’s and the Manganin stress gauges , but the necessary data are

not presented in the POR. Tile fact tha t the air pressure gauges in the

void at 2+35 did not record any high pressure contradicts the picture of

high pressures implied by the 200 IUT and 200 LT gauges. The cables at

2+35 failed at the time of ground shock arrival. At . s t a t i on 2+70 the

cables failed at 39.5 ± 3.4 ms. The 8 ! 3.4 ms of recording t ime is too

short for late time measurements . The ground motion environment is noder—

ately severe with radial velocities of the order of 80 ft/s . Figure 3.16.

Gauge 270 Ilk , Figure 3.16 , exhibits a cable break , but the erratic behavior

of gauge 270 4 UV , Figure 3.17 , initially may have a r i s en  f r o m  a loose

connector. At station 3+60 , where  the  peak rad ia l  v e l o c i t y  is do~~ t o

about  50 f t/ s , gauge surv iva l  is imp roved w i t h  a few breaks occurring f r o m

7 to 27 ms after ground shock arrival , Figure 3.18.

The POR author , C. Vi ncent , s t a t e s  in his  conclusion t ha t  more

at te n t ion shou ld be pai d to cab le passage t hr ough the tunnel and pipe seal (TAPS) .

Cable f a i l u r e  caused by SPS ’ s is no longer of practical importance , because

SPS ’s are no longer used . It is significant for future applications , how-

ever , tha t the double braided armored TSP failed so readily on both ~-1idi Mi s t

and Diana Mist.

4.3 POR “>tinute Gun Series , Dido Queen Event , Closure Monitor and
Tunne l Environment ,” Wetzel , D., and Sanders , H.
M u l t i c o n d u c t or  twisted p a i r  ( te lephone cable)  encased in heavy

hydraulic hose was used to transmit break—switch and magnetic pickup data

34
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ON ~OO 1UR 03/18/70

15.000

5.000 15.000

Figure 3.9 Free field DX velocity gage record at Station
- 

2+00. Gage ax is rad ia l ly  outward f rom the
working point. The large excursion at 16 ms
preceedes the time—of—arrival measured with
f r e e — f i e l d  s].i f e r s .  (FOR 6389)
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ON 200 2IJR 03/15/70
, p L_ i~____L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ l__
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10.000

-10.000 . --5.000 5.000 15.000

Fi gure 3.10 Radia l  DX velocity gage circuit failure. Station
2+00 at left side of tunnel wall . Open circuit
condition at 16.5 ms. Tine—of—arrival from free—
field slifer data at 22 ms . ( F OR 6389)
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ON 200 2UV 03/15/70
20 000 •~~~~~~~~~~~~~ P $ P _ _ 4  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10.000
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-20.000 
- . ~~~~~~~ • , -

-5.000 5.000 15.000

Figure 3.11 Vertical DX velocity gage circuit failure . Station
2+00 at l e f t  s i d e  oS t u n n e l  wall. Open circuit
c o n d i t i o n  at 16 .5 ms. T i m e — o f — a r r i v a l  f rom f r ee —
tie ld slifer data at 22 ms. (I’OR 6389)
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ON 200 2tJT 03/19/70
4 P
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Figure 3.12 Transverse DX gage circuit failure. Station
2+00 at l e f t  side of tunnel  wal l .  Open c i r cu i t
condition at 16.5 ms. Free—field time—of—arrival
from free—field slifer data at 22 msec. (POR 6389)
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DII 200 4tØ~ 03/18/10

30.000 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

20.000

-10.000 __________________________ 
-

-5.000 5.000 1S.000

Figure 3.13 Radial DX velocity gage circuit failure . Station
2+00 at top of tunnel wall. Open circuit condition
at 16.5 ms . Time—of—arrival from free—field slifer
data at 22 ms. (FOR 6389)
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Figure 1.14 Severe electrical noise in circuit of DX velocity

- 
gage attached to HLOS at Station 2+00. (FOR 6389)
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‘1
Figure 3.15 Transverse free— field DX velocit y gage record

at Station 2+00. The record implies an Out-
ward moving pressure wave in excess ot 1.4 kb
prior to main ground shock arrival. (FOR 6389)
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(Xl 270 1L~~ 03/15/70
80.000 ““—s~~~~~~ e — - ~
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‘1

Figure 3.16 Radial velocity away from the working point at Station
2+70. Open circuit condition at 37.5 ms. Time—of—arrival
from extrapolated slifer data at 36 ms . (POR 6389)
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Figure 3.17 Erratic circuit behavior of DX velocity gage at Station
2+70. (FOR 6389)
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Figure 3.18 DX velocity gage circuit failure at Station 3+60.
Open circuit condition at 48.5 ms. (FOR 6389)
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from the DASA auxiliary closure (DAC ’s). Ilic hydraulic hose was used to Provide

protection t o  the cables during the grout pour and not during ground shock

bec - i . - - t - the DAC data are acquired prior to ground shock arrival. All junction

L ) 0 X C S  w e r e  filled with epoxy to provide waterproofing (and c r u s h  protection!).

Although the TAPS cable had to survive ground shock to obtain data

the experiment designers “deemed it not necessary to provide special cable

protections since most of the cable was buried and the distance from ground

zero was over 500 feet. This proved erroneous since the lAI S cables were

lost during round shock.” According to t he 10R , -~ah le f a i  lure occurred

11 217 ms , which indicates to us that c a b l e  I t i  lure was induced by late—

time not ions . Lather than by ground shock , even at a location is d i s t a n t

~is the gas seals. In our opininn ~he FOR presents contradictor y conclu sions:

- - .after looking at the tunnel on reentry - it is doubtful that
in yt hing would have protected the cables. Addit ioniil pf~) t  cc t ion

on future event~— is planned to increase t h e  chance ol survival.

Unfortunatel y , neither the mode of failure nor the failure location Was

identified in th e FOR.

4. 4 h’OR 6785 “ii nute Cun Sen t- i-., Dido Queen Event , Stemming Diagnost ic
M ej s u r e m e n t s , ” Rinehart , R.

To analv :~e cable f a i l u re s  we e xamin e  t i e  Dido Queen s t r e ss  and

vc .l~ e itv mea surements made in the free—field -etween the LOS drift and t he

b , — ;~ iss drift. A t tent i on  i -
~ di r e t - ted to gluge lOt at ions whu ch v~i r v

between 150 to 2~97. I feet roE- the working p oint , to c~ b1e rout ingi- as far

is  ~I5 I i t t  from the working point - and to t ir ~~s up to 8~ ms from zero time .

The p au g e  la y - ut with the i m p  1 i d  cable t :po lo gy is illustrated in Figure 3.19.

Instrum ent t vp c s  - lot- at ions , m d  c a b l e  t ‘-pes are summarized in Table 3. 3.

Cables wi-re routed a l o n g  t lie left rib ol  t h e  b v— pis- -. dr i t t - A spl ice box

for the submini ature in~-t rumi nt it ion coaxial cable ([ndevco 3091B) which

was used t or t h e  q u a r t z  s t  ris s gauges and t o r  ic velocity gatlgt-S WILS

loei t ed I t  approximatel y the 425 foot range in the by—p ass dri I t . Beyond

this range iii cables ( R(;228/L m o  RG21 3) were grouted i n t o  a trench in

the lo o r  o h  t i l e  dri ft - All boreholes were 3 inche s in diamet er and dipped

do~~ward between 7 to 2t ’ degrees to ensure a competent column of l)~~ M—2

rock matching grout. The h~- —p .mss dr i i  t was stemmed with superlean grout
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Table 3.3. Summary of instrumentation .

Gauge Gauge Range -Transducer Cable
Function (ft)

1 stress ytterbium 229.0 RC213

2 stress quartz 229.0 armor

3 stress quartz 297.3 armor

3 velocity PZT 296.0 armor

5 stress quartz 449.6 armor

6 velocity PZT 449.6 armor

7 stress quartz 332.9 armor

8 v e l o c i ty  PZT 332.9 armor

9 stress vttti rbium 154.0 RG213

10 stress quartz 199.2 armor

11 stress quartz 199.8 armor
(d ummy )

12 s t ress  q u a r t z  332 .9  armo r
(du mmy)

13 stress ytterbium 150.0 RG213

A brief description of the gauge circuitry and mechanical layout of

the electrical components is necessary because , as will bc shown subsequently,

not all gauge malfunctions can be attributed to cable failure. The ytterbium

gauges , which were installed by Stanford Research Institute , (SRI) , followed

their standard practice of using coaxial cable (RG213) embedded directly in

grout. The quartz stress gauges and velocity gauges, which were built by

Systems , Science and Software (S3), employed armored cable and downhole

signal conditioning. The armor is stated to be 0.25 inches OD aluminum

tubing and based on past practice we believe t ha t  the material  was 6061—T 6

with an ID of 0.152 inches. An FET driven impedance converter was placed

near each quar tz  stress gauge and velocity gauge. The p r eampl i f i e r s  were

potted in epoxy inside a metal housing which in turn was potted in silicone

rubber , Figure  3.20. Shock tests indicated that the preamplifier could

w i t h s t a n d  3500 g along i t s  axis and 1000 g normal to its axis (presumably
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Figure 3.20 S3 preamplifier housing. (FOR 6785)
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Figure 3.21 Detail of quartz stress gage. (FOR 6785)
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these are operating limits). Gauge construction and cable dressings arc

illustrated in Figures 3.21 and 3.22.

Analyses needed in the detective work to ascertain time cause of

circuit failure can require a wide variet y of information: the t ime of

arrivais of the w a v e f r o n t , of  t i m e pe ak st r ess , and of the  peak d i sp lacement
( i l l at var ious  s t r a t e g ic loca t ion s , w h i c h  include the locations of cons t rue —

t i o n  d i sc o n t i n u i t i e s, of p o t e n t i a l l y  f r a n g i b l e  e q u i p m e n t  such as a m p l i f i e r s

and  sp l i ce  b oxes , and of  n a t u r a l  f a u l t t  - , c i r c u i t  d i a g r a m s , reen t r y  obse rva—

t io n s , and perhaps even post—shot tests . In this sec t ion we shall limit

our detective work to investi gating whether a circuit failure was caused

hi- a cable or  by some other mechanism . The raw data , Figures 3.23 through

3 . 2 3  i n d i c a t e  the f o l l o w i n g :  The y t t e r b i u m  gauges  number s  13 and 9 , l o c a t e d

at  150 and 154 f e e t , r e s p e c t i v e ly , s u f f e r e d  i n t e r m i t ten t  b r e a k — m a k e  b e h a v i o r .

Time y t t e r b i u m  gauge number  1, loca ted  a t  229 feet , does not show any failure

on the  o s c i ll o g r a m , b u t  a r e p l o t  of the  t a p e  r eadou t  shows c i r c u i t  f a i l u r e

at 33.7 ms . Quartz stress gauges nu m be r s 2 and 10, located at  229 and 199.2

fee t , r e s p e c t i v e ly ,  y ielded wave fo rms  w i t h  d i s c o n t i n u o u s  slopes. The tails

of the voltage traces appear to decay with an RC t ime constant. The circuit

behavior does not appear to be caused by cable failure. The behavior of

q u a r t z  s t re ss  gauge  number 3 does imp ly either cable or connec t o r  f a i l u r e .

At the t ime of failure , ground shock was 200 feet beyond the splice box and

115 f e e t  beyond the gas—seal  connec to r s .  Based on this rather flimsy

ev idence , l a t e — t i m e  failure caused by differential motions at the gas—seals

cannot be ruled out. The raw d a t i do not indicate failure of the velocit y

gauge circuits , but ri-plotted wave fo rms in the POR do sh ow failure for

t imes greater than 80 ms. A comparison of the time—of—failure (TOF), with

the tine—of—arrival of ground shock at the intersection of the instrument

boreholes and the by—pass drift , Table 3~~ , coupled with the behavior of

the wave  forms imp i ies that ytterbium g a u g e  cab l es f a i l e d  in sh ea r wher e

time RG2I3 entered the by—pass drift. We note tha t going strictl y by the

numbers and using an average wave speed of 8.6 ft/ms determined from an x—t

diagram in the  l’OR , gauge 1 failed just prior to shock arrival at the

borehole—drift intersection . It is our opinion that this apparent discrepancy

is more indicative of an u n c e r t a i n t y  in wave speeds than in f a i l u r e  modes
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g_ i e t  No. 1 1 I t  150 r o o t  r a n g e .

V o l t  i - i - t i m e  r e c o r d s  f r o m  - t t e r b i u m
g i g .  N o . 9 a t  153 11 10 1 range.

__ _

______

Voltage—time records f rom ytterbium
gage Nt’. 1 at 2 2 9  foo t  range .

Figure 1 .23 Oscillograrns of .-tterb ium gage voltages. Gage 13
f a i i e d  a t  15.5 ms , gage 9 f a i l e d  at 15.8 ms, and
gage 1 failed at ~3 .7 ms (not shown on oscillogram).
(Fo R 6785)

5,

A’ - 
- 

- .

Ii i~~ —’~ ~~~~~.-rc~~~~~ -~~~~ -~ .a---~ ~ ~~~-:. g~~~~- ~~~~~~~~~~~~



_ -- .

1 ME ( Il ls.-

o ~, I I )  I S  ~o 2 5  30 35 40 -1% 50 55 t.0 ~ 5 70 75 80

~~~~~~ I - -  1 . 1 1 , . 1 .1 ~~~ ~ - I,~

~~~~~ 4

- S t  re , ,  l~~I1Igi 1 ~~ - 2 ~~~~~ I t  - - - I I I. -
- 1 r~~~~’ 

-

~~~~~~

- V.- I - n . I I V  1~~i 1mge ‘~~~~. -l ~I I t - -

- 

~~~~~~~~~

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- —

- t I t : ~~ .lI5 . t~~. S I 1 1 1 .6 f r I

Figure 3.24 Oscillograph records of stress gage and velocity
gage signals. The record of gage no. 2 suggests
an electronics failure , but gage no. 3 appears to
have suffered a cable or connector failure . (FOR 6785)
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The record of gage no. 10 suggests an electronics failure .
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Fi g u r e  1 . 20 P lan v iew of Ilyb la Fa i r  showing loea t i otm of
gages. (SSS—R—75—263l)
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gauge circuits survived for a considerable period of t ime (~~2b ms). The

v e l o c i t y  gauge cables were rou ted  a long the  HLOS and then t h r o u g h t he

cross drift to the  bypass drift. The cross drift exit was emplttved because

of t ime a n t i c i pa ted  b u r s t i n g  of t i m e  ULOS upon flow stagnation
8
.

Two t r i ax i a l  translational velocity gauges each consisting of t h r e e

piezoresistive accelerometers and three active integrators were located

50 inches  above  and 30 inches below time LOS a t  0+56. The cable  was 3 TSP

w i t h  a woven s t a i n l e s s  steel r i t - m i f o r c i ng  sheath  m a n u f a c t u r e d  to S 3 spec i f i —

cat iorm s ( S e c t i o n  IV .l 3 )  by Whitmore Wire  and Cable Corp. , North Hollywood , CA.

Appa r e m t t l v  n e i t h e r  p e r f o r m a n c e spec i t~ ic a t i o n s nor t e s t  d a t a  on t ime  pe rf o rmance

o f t he  c a b l e  e x i s t .  The s t a i n le s s  cab l e  sh ea th  was  c lamped  to t h e  c a n i s t e r ,

F i g u re  3. 2 7 .  The t h r e e  c i r c u i t s  in t ime  c a n i s t e r  loca ted  below time LOS ,

denoted  as PVI , PV2 , and P V 3 , f a i l ed a t  ab o u t  t h e  same t i m e , Table  3 .5  and

Figu re 3 . 2 8 , imp l y i n g  a commo n f a i l u r e  mode.  Wh et imer  t ime f a i l u r e  occurred

in t ime  c a n i s t e r  or in the  cab le  or at  the  gas blocks canno t be determined

f r o m  the  a v a i l a b l e  da ta . T i m a t  g a u g e  b’V 3 took abou t  3 mm to f a i l  does not

r u l e  out , in our opinion , a cab le  f a i l u r e .  Time absence  of a z e r o — t i m e  o f f s e t

and t ime sp ik ev  n a t u r e  of  t ime  record  of PV5 , Fi gu re 3 . 2 9 , sugges t s to us

t hat the i n t e g r a t o r  had f a i l e d  ‘n or to zero—I ime- . C i r c u i t  s u r v i v a l  f o r

I-tor i - t h a n  2~t ms in t i m e  s t e m m i n g  m a t e r i a l  i s  -i m m o t . - w o r t h v  a c h i e v e m e n t .  In

princ i ple , tria xi ;il t r a n s l i t i o i m m l  v t - l e e  i t s -  g a ug e s  - i t - i- not s u f f i c  i .-n t  f o r

unfolding the true translationll vt - loc itv , hut mus t  he s u p p l emented by

rotational m e a s u r e m en t s .  Time wi - i l — b e h a ved n a t u n e  of the d a t a , F igu re  3. 2N ,

sugges t s  t h a t  rot~it  i on i s  not  s i g l l i f  i c a n t in t ime  s temming  m a t e r i a l  and that

the mo t ion may net  be as  v i o l e n t  is once supposed .

Table 1.5 . Velocit y gauge failure times.

Time of Time—of— Survival
Gauge Failure A rriv -il Time Note
No. (ms)  (ms)  (ms)

P V I  13 7 . 5  2 6 . 5  common c a n i s t e r  and
PV2 33 7 27  cable  bund le

PV I 3~ -18 7 27-31

PV5 2 possible pre—zero
t ime integrator
failure
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Figure 3.27 Detail of triaxial integrating accelerometer
translational velocity gage. The cable was
4 TSP with a woven stainless steel reenforcing
sheath. (SSS—R—75—2 631)
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Figure 3.28 Oscillograms of integrated accel&-romet .-r
outputs PVI , PV2 , and PV3 located 41) i n c he s
below time LOS at 0+56. Sweep spied : 3 ms/cm.
( S S S— R — 75— i h3l )
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Figure 3.29 O sc i l l o g r am  of i n t e g r a t e d  acce le rometer
output PV5 located 50 inches above the
LOS at 0+56. The spikey record and absence
of zero—time offset implies that the inte-
grator was inoperative. Sweep speed ; 5 ms/cm.
(SSS—R—75—263l)
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Fi gu re 3.30 Oscillogram of quartz stress gage outputs ES7 and
ES8 embedded in rock matching grout at a range of
70.8 f e e t .  Sweep speed: 2 ms/cm. (SSS—R—75--2631)
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Ytterbium and quartz gauges were emplaced in boreholes drilled

in t ime floor of time by—pass drift. The gauges were located at ranges

of 55.3 , 56.3, 70.8, and 71.3 feet from the working point. The boreholes

intersected the drift at ranges of approximately 60.5 and 77 feet from the

working point , Figure 3.26. For the measurement of  radial stress, rock

m a t c h i n g  g rou t  was installed in two boreholes . To allow the mean stress

to be measured super—lean grout was installed in the remaining two bore—

holes. Changes from the techniques used in Dido Queen both in the con-

struction of the quartz gauges and their method of installation may have

contributed to their short survival time , Figures 3.30 timrough 3.32. A

preamplifier using RG22B/U output cable , Figure 3.33 , was employed on

Hybla Fair. Coaxial cable protected by aluminum conduit was used on Dido

Queen. Both the borehole—drift intersection angle and tile stemming material

were different on the two shots. A shear box , Figure 3.34, was used in an

attempt to prevent shear failure of the cables. The design of the Hybla

Fair shear box is quite different from that found in the communications

literature and may itself induce shear failure in the vertical direction .

Shear boxes proposed for communications cables do not allow a guillotine

action to cut cables if time box suffers a partial collapse . Of course ,

near—surface communications cable plants are not designed to  survive at

the pressures encountered in i-Iybla Fair. Analyses and test data on the

functioning of the shear box were not included in the POR . Stress gauge

failure times and times—of—arrival at the gauges and at the intersection of

‘1 
the boreholes and the by—pass drift are summarized in Table 3.6. Oscillo—

grams which illustrate the failures are shown in Figures 3.30 through 3.32.

The failure times are quite close to the t ime of arrival of the peak of the

stress wave at the borehole—drift intersection , estimated on the basis of

measured stress wave velocities , Figure 3.35.

The test data indicate that soft cables should not he employed in

regions of shearing action . We note that several of the S3 cable anchors

at the transducer rely on epoxy to grip the cables. Although this tech—

nique is commonly used , test data on the strength of the epoxy anchor is

necessary. If required , the anchor could be strengthened by using a Kellem

grip on solid dielectric cable. It is believed that the Kellem gripping action
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Figure 3.31 Oscillograms of ytterbium stress gage ESI and
quartz stress gage ES2 embedded in superlean
grout at a range of 56.3 feet and ytterbium stress
gage 3 embedded in rock matching grout at a range
of 55.3 feet. Sweep speed : 1 ms/cm. (SSS—R—75—2631)
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Figure 3.32 Oscillograms of quartz stress gage ES4 embedded
in rock matching grout at a range of 55.3 feet
and quartz gages ES5 & ES6 embedded in superlean
grout at a range of 71.3 feet. Sweep speed : ES1 =

1 ms/cm , ES2 and ES3 = 2 ms/cm. (SSS—R—75—2631)
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Figure 3.33 Quartz stress gage with built—in preamplifier
using RG22B/U output cable. (SSS—R—75—2631)
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Figure 3.34 Shear box used in an attemp t to prevent cable
failure where the cables entered the by—pass
drift. At the location of the shear box the
drift was stemmed with high strength grout.
(SSS—R—75—2631)
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Figure 3.35 Arrival times of leading edge and peak of stress
wave as a function of range. (SSS—R—75--2631)

65

--I- :~~~ T i ~~
-
~~ ~~~~Ti.TiT~~---- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

~~~~~~



- - - - - — _ _ _ _ _  
_ _ _ _ _

i-

4_i - -

Ih~ 

~~~~~
0 0 —~ — -

~ r— N- N. N. 40 40 -
> 4 J

-
~~ C l~ l~ - I— N. N- N- C C C C

—
1~ ~

I-— -—

—4

0 0 0 -‘ ~~ 10 X X - 

-.0 -0 (1 4(1 —‘ — C C
40 40 40 N- N- N. N-

l i-i
—4 C

0 - -- 0

tPt C
-
~ ZI) - -

~~ n - ~ -~~ -~~ -~~ u-~ ~~ - -t -~~- > — 0
- -s- ’---- - a  N-f — —~ - -

~ ~
-
~
- —t -5 -

_i
~~~-:  ~‘

-
~

--4 
— _

0 - _ i

-~~ 
- 

> - 
~
- - -x 0 N-i ~-l 0

0 - —-_ C C m- t4~t fl -~~ - \ N. N. N- N.

0 - 0 0

- r
0 ¶ C -i C C C NJ

- 0 —

-~~ 
-: 

~~ 
N- ~~ ~—t C 0

-~~

~0

C —~ 
--I - t  4(1 £1 N- Y

0 (Il 0~ LO LO i/I LO LO
-
~~ 0_I I~t~t 0~l l~ -

~~ -~~ -~~

66

4
S _

.•_
_

_~~~_~_~
_
* 

—
4

E: - 
- - - 

~~~~~ 
— - - - - - - —-- - ---- .----

- -- 
— ~~~ r _. .~~~~~~~~~~~~ --‘-- - - -~~~~~~~~~~~ --~~~~~~-- - _~~. - - • . .. -

~~~~~ 
- .

- -~~~~~~



could be improved 0mm TSP cable by f i l l i n g  t i m e  g r i p p e d  sec t 10mm of c a b le  witim

a flexible solid dmeli -etri c .

3 .tt SSS—R—7 a— 2 t81 , “ Di n ing  Car S t emming  [ ) i - i g n o s t i c s  l’os t — S i mo t I n st  r u m e n —
tat j ol t  R e p o r t , ’ R i n e h a r t , R.

R i  ne il_ Il rt summ~t r  I ocs ii is  ex p e  r i i-n ec  wi tim c m b l  I t t g  prob lens as I ol lows :

‘‘ A modi - r _ I m t e  a m o u n t  o f  t i i t , m  w i c  lost in ti m e program due t o  cib i ing problems .

A n u m b e r  of cables Wert l o s t . pr e—shot b u t  i l l  e xc i - p t  two wi - r i ’ rep laced

w i t i m o u t  less of  ia t a - Time c mb 1 i- p r o b l e m s  i n c u r r e d  du r  ing  t h e  e v e n t  can  be

d iv  ided  i m m t o  tw it  erotm p s : t host- cabi i~s l o s t  in th i -  g a u g e — t o — a l  cove run  due

I l r ob _ I i b  I v  t o  ground s h o c k  induced ri I at ive  nm ot 10mm it timo se I oc it ions where

the cab les t m 5  ,l t h ro t t gl m t i - r i _ I m l  i m l t t ’ n f _ I l c i - s ;  and those c a b l e s  los t  iii

the .m I c ovt - — t o — t n i - sa  rumm due - ~‘ m n i -t t t lv to d r i f  t c o i l  ap se  during ground simoc k

p _ I m s s m g t - - Tim e loss o f  c I ‘~~~~~ — itt cabling im is a l w a y s  been a p rob i  em due t o

sh e i r  not ions t h a t  e in occur i t  n t . i  t e r  i;m l I nt i-r I 1, - es and f a L m i t p l a n e s .  The

probi em o i ma ten Lm 1 in ten mc is c m  be e m s  ~-d by reduc  ing the  number  of i mi ter—

f m c , -s thr ough w i m i c h m  t i m e  c a b l e s  m u st  p as s . i h i ’se i n t e r f m , -es o c c u r  where

e a b l  ~-s en t e r  t r en c i m e s , pass t h r o m m g hi s t e e l  or  B i a w  Knox b u l k i m e a d s , amid pass

through ;rou t — t o  — c r o u t  i n t e r f a e i - -t - >lo r i  i - x t e m m s  i ye use of ( - ab l e  armo r i t t

at further d istanei -s from PZ • c i t  l i e n  by in t i -i ~n m  1 ~m rnto r on t h e  c~mb 1e or by

p mt t i m ic  t i m e  c _ I l l ’  i i’S ins ide hei~ t i pe , is recommended  to a) 1ev f _ I l  t e  t i m e  gene  I - _ I l l

p~ h L e n m  - ‘ I  r c l a t _ ive not 10m m ~m t  i n t e r f _ I m c i - s .

The i , t s s  o t  c a b l e s  due to d r i t  t c - i  iapse c m  be prevt-nted by p r o t i - c t i ng

1, c ab l e s  wi th sa Imthl t . m g I  or t n i tt i m l I l . - I t  i s  r ecommended  t i m _ I t t  in t ime  f u t u r e

spec i a 1 ~i t tent ion be pa I d to t h e  1 5 5 1  gnmen t 0 i i  c o ve  I oc m t  i o n s , t m p h m o I i’

e th ic runs , and t r~ i i  e r 1 oct t ions f - ‘ r s vs t ems wit i c i m  r c I  t m i r i  1 m t  e — t  inc da t~i

iC j O  I t i0~~.

h1- he i  i , - ve t i m m t  r ed o 4 -- m oo t im e ntmm h , -r of  i n t - r f m c -s t r a v e r s e d  by ~i

~- m b l  i - r e q t m i r e -s i i i  ove r .mi 1 c a b l e  tojtol~~gv j~l~ m n  t i m _ I t t  i s  w o r k e d  ou t  in time

m i l y s i l get -. of s h u t p l a n n i n g .  I h i t -  e m  f e - i t  iv en i - ss ~f v irf o im s t e c i m n i q u e s

- , r prevent in g  s i m , - .m r  i ndue&-d f,m i lit re t t I ml t  t - r  I I I  es n , -e , i  s to be d etc rm i m m e d

5. N i S  TUNNEL , 111GB EXPLOSIVE SHOTS

5 . 1  POR 657o “~i i g h t v  ~h t t i - St - r i e s , Di t n ond  ~h i i t , - vent , Cal fbr _ Il t ion  Shot
G r o u n d  ~1 ‘I ion ‘3. - i _I t t ~~ - IC 1 t - - — 

‘ - Ha r i t t ,  m t t n t , B .

~n~- (
~I I . m r 1  en  i t t - i t  ill) Imv (3. 1 t2  i i m c h m  Ii) t ( 3 t t i  — I t  i i  tmriii m tin t ti m b ing em-

m m s ed  m a  condo  i t  to prt ’t i-c t i - I  t i m e r  RG1 -~ /U  4 - - i x  m l 1- ibl e or Endevco 3090,\
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low—no ise cable. The gauge lavoim t is shown iii Figure 3.36 .  Of t ime iii mme

cab les in s ta ll ed , two f a i l ed at  l a t e  t i m e s  a f t e r  d a t a  r i - e o v er y .  A compari-

son of  time time—of—failure with the  t i m e — o f — a r r i v a l  of  first motion , peak

velocity , and maximum d i s p l a c e m e n t  at the entr ;mnce of the cables into the

tunne l floor , Table 3 . 7 , st rong l y sugges ts  that cable failure was induc ed

b y s l m c a r i m m g  ac t ion at time tunnel floor _ Im t t h e  t ime  of peak d i s p l a c e m e n t .

The two vel ocity records that simow cable failure are reproduced in Figure 3.37 ,

a long  w i t i m  record of an eartim pressure g_ Immm g e . (Time anomalous unloading

r e s pon se  of  time g_ Imi m ge at s t a t  ion 15 .7  was ana lyzed  in t i m i -  POR as r e s u l t i n g

rem a hig im c o n d t m c t a n c c  pa th  a t  the gauge and attributed to f a i l u r e  of the

e _ I m m l i s t c r  w a t  -r se_ I l ls .  Time earth p r e s s u r e  gauge wa s used to e s t i m a t e  t ime

t im e of mlm xinum displacemen t at station 15.7.) TIme g raph  of measured  ( f i r s t )

t i m e — o f — a r r i v a l  of t ime  p r ecu r so r  is reproduced  in F i g u r e  3 .38.

5 .2  POR b666 “Mi g h t y  M i t e  S e r ie s , M i u c  Dust Event , S tenu n ing  Mec hanics
Study Series: Stemming Mechanics Study  Three , ” G ro t e , B.
A p p en d i x  A , “S t r e s s  Wa ve and I’a r t I d c  Veloc itv Ex pe r imen ts  in the
Mine Dust Hi g im Exp los ive  Test , ” Kra t z , H., Rim mel m _ Im rt , R. and
H ar t e n b a u m , B.

One—quarter inch OD by 0.152 inch 606l—T6 aluminum tubing was used

as conduit to protect either Endevco 309OA or 3 1)91B l o w — n o i s e  c a b l e .  The

cable armoring techni que was improved over that used in tile Diamond M i n e HE

test: Stress con centratio mi s were eliminated at time junction of the c a n i s t e r

and the cable amid time m rmml r W~IS made flexible by betiding it m o  a wave

pattern f t r  about IS incites from t h e  2 i n c im  d i _ I m n t 4 -- t e r c _ I m m m i s t r - r s .  The gauge

layout is simown in Figures 3. 1 1 and 3. 31) . l i i i  d e s i g n was  s t m e c e s s f u l ;  not

only were si gna l s  recorded f o r  t i m e  d u r a t  ion of t ime  sito t • hut all gauges

wer i -  o p e r a t i v e  at ter time sh ot. Time improved perfctrmanc i- of the  M ine Dust HE

e _ I m b les o ver  t ime l ) i am om md Mine  HE cab les  may have r e s u l t  i-d from a different

T able  3 . 7 .  ( a b le f m i l u r c  t ime compared to va r ious  t i m e s — o f — a r r i v a l .

TOA : C a b l e — T u n n e l  In t e r s e c t i o n

- - - First Peak Peak Cable
St ation Ar r i v m l  Vi-locit Displac ement Failure Notes

~ (ms)  (ms) (ms) (ms)

11.3 2 .55 3.2 7.2 7.6

15.7 1. -i 4 . 8  9.8 9. 5 - m
a

-__based on pressure record .
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~I~ii’~I!Ii. (a) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ 
(b) Range 15.7 feet. Sweep rate 1 ms/cm.

Vertical deflection 6.24 f.p.s ./cm.

inii

(c) 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Figure 3.37 Late—time cable failure (a & b) and earth pressure gage
record ( c ) .  (P 0K 6578)
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Figure 3.39 Cable topology — Mine Dust HE -

elevatioct view (POR 6666)
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Figure 3.40 Cable topology — Mine Dust HE test —

plan view. (FOR 6666)
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cable topology , e.g., compare Figure 3.36 with Figure 3.39, ratlmer than

from design changes in the cabling near the canister. As noted in the

review of the Diamond Mine HE test the time of failure of the two cables

that broke (seven cables did not fail) occurred at the time of maximum

ground disp lacement where time cables entered the tunnel floor. The data

denonstrated that the canister and cable could with stand ground mo tions at

the 0.9 kbar level from a 0.5 ton yield .

A comparison of the Mine Dust HE and Diamond Mine HE tests with the

Mighty Epic nuclear test suggests the possibility of using relatively small—

( scale high explosive shots for the test and development of cable systems

that  are to be used on fu l l—sca l e  nuclear  tes ts .  The idea of scaled tes t s

and the current uncertainties in the interpretation of such tests are

discussed in Section VI.

6. HIGH EXPLOSIVE FIELD TESTS

6.1 POR 6908 “Middle North Series , Pro—Dice Throw II , Stress Gauge
Measurements ,” Smith C.

Ytterbium stress gauges were emplaced several feet below the ground

surface at or below the water table in soils consisting of sand , C I _ Imy ,

and silt or silt and gravel. The hi gh exp los ive  induced p re s su res  var ied

f r o m  [3 .8 to 1.2 kbar  at the gauge locat ions . R G 8/U ( c u r r e n t l y  designated

RG213/U) coaxial cable emp loyed a tapered polythylene dielectric to produce

a g r a d u a l  t r _ I m n s i t i o n  in t h i c k n e s s  f r o m  time 0.405 inch diameter cable to

the 0.056 inch thick gauge paddle. Flexane 60 Epoxy——a rubber—like epoxy——

was used to encase the cable transition at time paddle , for it was found

by experience tha t to do so prolonged gauge r e c o r d s .  Time R G 8/U made a

30 degree angle with time plane of time gauge paddle to form a strain relief

loop but did not employ any special t v p i - of cable protection. Gauges were

grouted in place taking care to prevent t h e  entrapment of air in the grout.

All of the cables survived long enough to allow time entire pressure wave

form to be recorded , but all of t ime cables  e v en t u a l l y  f a i l e d . We believe

that time data indicate that high pressure is in it si- if not detrimental to

the performance of large diameter coaxial cable.
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7. COMM I N I P A  I I O N S , ,~N I )  Cm ) MMANI )  AN !)  CONTROl. CABLES

7 . 1 ~M — 2  50 1 “Sene to il s 1 2 cr _ I t t  ions Abou t  h la rdem m ing of l’n d e r g r o u n d  C m b l  es , ’
L im ~ -~, , A.  , Rand , F~- b r u a r v  1960 ( I  or t i f f  ic  i _ I m l  Psi - Only)

Laup i ‘ s report • m s I m i c i m  a p p _ I m r e n t l  c-as u m m k m m o w m m  t o the lOT community

uni ii time - 1~i-si -1 mt t ink , a ddn i - s~-.i-s t im e stm nv i v i b i  l i L y  ot  n e a r — - ’ l r f _ I m c c  communi—

c a t  ions c a i t l c s .  Time me t hods t o t  m i m m a l y z i n g  n e a r — s u r L ~ec cab le f a i l u r e  nmodes

amid tim e t e c im ni s ,,mi -s suggested I or building surviv able c ilml c s a l so bear directly

on t i m e  p r o I ~ I ~-t I IS  of d e e p ly  b u m ’ i e d  c_ Imb l i - s .  > I u e i t  of . s i I_ I I t  i s  im i Laupa ’ s repor t

vms  di e ned i n d e p e n d e m m t l v  by  (‘CT expe r m e n  ten s. l i i i -  m e  p o r t  i s based on

m - t , t l y s i -s m m md I I  t e r m L u r e  r e v i e w s ;  time need t s m  - ‘-:~-~-n im t -n t al d ata is  r i - c o g i m i ~:ed .

P o s s i b l e  f a i l u r e  nmod e- s a r e  i d e n ti f i e d  is  c r t m s h i n g  m m m d  e l on g at i o n .

N e  add tim _ I l  t l a r g e  c o m p r e s s i o n s  a o t m p  t i m e  ax i s  o a m h i  i l I t i -  a l so  i n d u c e

_ I m i l t m r , - on arm und t ’m g r e u n d  t e s t .  - _ I m s e d  on t ime  misc  of solid po (:cL Iv[en i-

d iele-c t r i c c m b l i -s in  t r a m m s o c e _ I m l m  ic Sc r~- i i- e to d e p t h s  v i t o  r e  l i e  im y d r o s t a  t i c

ni -s~~l re  is  70011 p si , c ru slmim i g is limo t i cl tt m et to be m ;‘m s-hl em——a t le~ sL

to  p r e s s u r e s  ot sovi-r~m 1 tens of  L l m o t i - - m i m d s 01 p i .  L l k c~ ’ I i-m t .- , _ I m c e e l c r - m t i o m l

h a s  no ( m a r l  i c u l ~m r  L- f t  cc t  oi l  c i b i e  Im i rdt li-s s . sn -mi nd d i s ~~l m c c m i - i t l  i s  one of

the m o st  i. t lt p o r t m n t  ‘ t i  m r _ I - . 1 - - m I ;  o f  g round s i m ’ e k  in comttic - t i on  w i t h  t i m e

i m , i r d m m & - s s  o f  u n d e r C n t - u t t d  cabi  k - s .  F l e x i b l e  u n d e r - m o u n d  c ; m h l  i c _ I l m m n o t  o~ I i-r

m i t  — i n d e p e n d e n t  r cs i s  t - m n - ~ - t o  c m -  - i m t t d  d i s p l a c e m e n t  mmm d comm se qu e - mm t lv  sim f t  or s

mx i _ I l l  St r _ Im in - Cab l i - d u e  t [.1 i i  ‘~ i s  c ru c  i _ I l l  i t  p r e v e n t  i ng  f a i l  or e .  On t i m e

m v e r m m ~~- duc L i i  i t s  is based on a st n m  in  t h a t  can hi - t - 1 c r 1 1  ~-d u n i f m m r m i  v

t h m r o m m p i t o t i t  t ime c ab l e , r t t i m -r t h a n  ‘n s t r a i n  to I m m i l u r i - J m t . m  w l m j c l m  i n ~ l u d e

l o c m l i z e d  n e c k i n g .  21 t i m o u t  i m , m v  i t t p  good t i -st  d a t _ I t  m t  hand i t  was cst i n m t e d

ha t  ~o i  -- ‘ . - t  i v l e n e  i n s i m i _ I m t e d  copper c a b l e  c o u l d  t a L c - 10 p e r c e n t  i-lon 1s m t  i o n ,

c- i  t i m  t i m e  ex ,m c t I i g u re  depend in g  on c m b l c  ~-o n s t  r u t - L i o n .  Tim is f i g t m r c  t u r n s

ou t  to be a m i d — p o i n t  v a l u e ;  some spec Lii c , m h l c s  can w i t  i m s t a n d  20 p e r c e n t
.
~~~~ 0

i i  o m m c .  m l  - ‘ii , but o thi-r c . m  1 ham ld Ii- b m ; t  .m f it s ’ perc cot  - Ti m e cen t  r o ll i n g

imI -or 1_ Imn e c of  I oc ,m 1 irregu l or it i es - ‘ r in i m o n ~’c~ -n I t li’S t t h  m c l i  c an  produce

l irge local strains is cmp i m _ I m s i z e d  - If proper tI eS vin y ~radual lv tlmen a

b i t  p length of  c a b l e  c ii i  be avz m i Ia b 1 ~~
- to me ,-om tlt ,td _ I t  t c  d i  sp i mc ememm t s  . Time

I em mg t im of cable can  be e s t i n t . - m t i - d  hv  b a l a n c i ng  t i m e  s k i n  I t  O - t  i - -t i , , a long

t he l e n g t i m  of t ime  c _ I m I -  i- , I. wit im time st rt - - ,s , , t~~~, m e t i n g  on t i m e  c a b l e  c r o s s

s t -  - t i on , ,- ‘-, , so t h a t I~ = ~-\ - \ / ~t . 

-
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Whether  or not this is a practical scheme in , s;mv , tuff mm ee d s to be demon-

strated . A fault zone may introduce considerable lateral displacements

within a distance that is no more than a few feet in extent. High localized

differential displacements m~mv be encountered where a eabl~ terminates in

an underground structure: the movement of the struc ttmr e may be different

and out of phase with the free field . (Recall time failures attributed

to try ing to i~ms s e_ Itbl es through a TAPS .)
The remedy to cable failures centers on increasing time length of

cable tha t is a v a i l a b l e  to acco mmodate  d i s p l a c e m e n t s .  The use of  s lack ,

armor wires , and co n d u i t  is smm g 1c s t e d . A he l i ca l  c o n f i gu r a t i o n  is though t

to be one of the most e f f e c t i ve  me thods  of p r o v i d i n g  s l ack .  A p lanar

sinusoidal  m o d i f i c a t i o n  of the h m e l i c _ I m l  scheme was t e s t e d  Ofl t i le  H u s k y  Pup

cable experiment (Section 111.8) - Armor w i r e s  may dec rease  t i m e  ove- r _ Im ll

ductilit y of a cable. Only i f  a rmor  is a r r a n g e d  in a mes h p a t t e r n  t ha t

retains the duct ilitv of unarmored cable is the usc of _Im rmored cable

likely to be beneficial . A cable of this type imas been used by Physics

In t e r n a t i o na l s i n c e  lttbS (Section I~’.l3). Conduit design is mlot spell ed

out  in ~mnv d e t _ I m i l  b u t  i t  is n m - t e d  t i m a t  a reduced  f r i c t  ion a l  bom t d between

t ime c ab l e  and t he co n d u i t  is required . C o n d u i t s  havi-  been  used on s e v e r _ I m i

unde rg round  t e s t s .  Slack is Laupa ’s preferred method , but t!m ~ lar g e  simea r

strength of tuff compared to tha t of soil makes a system employing slack

I o n -  difficult to  engineer for a (CT than for a near surface i n s t a l l a t i o n.

Slack pu ll—om i t tests are recommended . It is no ted tlmi t Pa cifi - .- Telephone

• uses slack in the form of an “S’ when crossing time San Andr c~m s fatm l t. An

alternate m ethod o f  providing sl_ Imck is to wrap electric~ml c_ Imh l os in a helix

around m rubber core. This type of c_ Imble , known as Sandia stretch cable ,

was fir st employed on m nuclear test circa 1965. After about a decade of

service on underground tests , stre tch cable fell im’mt o disfavor and is no

longer used at Sandia Laboratories (Section IV .hl) .

It is our opinion that Laupa ’s analyses point out the need for

experiments : all of the techniques reviewed by Laupa have been tried on

underground tests and all have failed In the large strain regime .

7.2 Review of Documents on the Survivability of Command and Control
Cables.

Certain items from the command and control literature which might

assist UCT cable design are presented in this subsection , as is also an
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overview of the rd _ Itt ionship between time PCi and comnmammd and comttrol

efforts. N i t t y of ti me d e t a i l s  a r e  c o n c e r m m e d  e i t her  w i t h  t i m e  use of  open

b o r c im o l e s  in r o ck  or w i t h  i n s t a l l a t i on s  in s m i l  , wh ich _ I m l t i m o u g h  i n t e r e s t i n g

do not b c m m  d i r e c t ly on t i m e  s u b j e c t a t  hand and _ Imr e not reported in this

1eV ice -

COT cables ire often required to surv  (V i-  1 m r g e  aver ige - axial str_ Im in s ,

e . g .  , ap i-rox inmi Lily 30 percem it compressiv e str i i i i  at 2 kbar in tuff -

Commerc ial cables  f : mj l  a t  b e t w e e m m  _ IIm f r a c t i o n  of 1 p e r c e m it  to m m f e w  p e r c e n t

e x L c t t s i o f l m m l  s t r a i n ; th e i r  c m p a b i l  i t i c s  u n d er  c o m p r e s s i v e  s t r a i n s  a r e  even

less.  The > t i n u t e n m m n c m b l  c spi - c i t  i c - m t  ion  is 20 p e r c e n t  e x t e n s i o n a l  s tr a i m i .

4 An a d _ I m p t a t i o n  of  t h e  N Lm mu te -mmm a tm c _ I m b b e  tec hn i que- m i g h t  prove  w o rt hw h i l e  f o r

u m m d e r g r o u n d  t e st s  I or i t  would  a l low b o t i m  s l ack  and t ; m k e — u p  space to be

dcc r ea s i-d .

I t  was ‘r eposed  in th e-  l i t e n _ I m t t m r c  t h a t  sp l ice  ca s es  w h i c h  al lee-

ac , -ess  i c r  se rv  ic im i g  (is - I m i c I m  is 1101 needed ci thor f o r  comm ;mrmd and c en t  r o l

i n s ta il a t  ions or f o r  u n d e r g r o u n d  t e s t s )  be done m C _ I ) V  w i th  and th a t s t rong

“ I m i t ’ t o r y —  LVpe ” spi ices  it i ’ used - A pp _ Im rent lv “ I , m e  t o r y — t y p e - ’ sp i Ic  i- S y en -

n e v e r  d e v e l o p e d . A l  thmo u g im mi s det ,m (is m i r e - g i v e n  we i s sum n e t h a t  s u c h  a sp i i c e

m o - t i  I d e n t , m  11 br _ I l -i imig of t h e  co n d uc  t o m  m mm d f i t s  i ng o f  i n s t i l  a t  ion su c h  t i ma I

t ime moe han ( c i i  St r i - n :  tim of I t s  j o i n t  \5’i~tm Id be -~ 3 1 - -  90 perc  i-n t  o f  cent [n u ou s

w i r e  _ I m n ei  t h a t  ti m ~ J m i - I s e t t i c  s tr ~- n g t i m  w ou l d  no t  he d i t i m i t t i s l i d  - Strong spi ices

cot 5 I d m m ppe i r t ~t be ai m i n ip  1’ - \ ‘ e n _ Is -n I ev e - n  - m m r m ’ c i m t  l (  1 ( m m  l i t ’ t i - mm i-ox di’s  i gn , l i m i t

C i ’ I’iotc th at in _ I i C i i  s i - I  i ces  i r e  o f t e n  made b e t w e e n  d i  m i -r i - n t  c : m h l c  tvycs

mind more  i m p o r t _ I m n t l v  we m m v i  not found i-v Id enc - of sp ii ci ’ f.m i l u  ri-s .

It  is our op in ion th at several of tb i- com ic lus ions stated in the

1 itermmture should rmo t he carried o v e r  to i o r  de s i  gn , f o r  t ime ’ c o n c l u s i o n s

ire  a p p l i c a b l e  o n ly  to  c e r t m m i n  spec i f  L t e s t s  and l a c k  e m t e ’ r t i  I t~ - For

ex atitpl i- , c e r t a i n  t e s t  r e s u l t s  can  he app l  icmh o n l y  to crusim ri sist m mnc e

(wit me i t  c•e- h i - I  ic -ye to  be of  1 essi -r i n c r  t t r u e  than , say , sime - •mr imm a COT)

and do t ot  )~ lye  _ I m n y  g u i d a n c e  as to t ime - mx j ab  c o m p r e s s i b i l i t y  mmm d e1o ~ g m t  io n

pe r  fo r n - m i t e  e of  c m h l  es .  h r s m-i t i m e  d a t  a ; -r i -si - m m t  ed in t ime  r ep or t  m ; i t  ;mppe m rs

t l m : m t  p r o — s h o t  1 _ I m u l t s  i n t i - r s & - e  t i m m g  b o r e i m o l e s  w i - r e  no t  mapped so t i m m t  ~‘~~~t —

shot correlations between fault orientations and observed offsets could

not be m a d e .
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Time uSi’ of zmrnmored cable is o f t e n  m e n t i o n e d  and i t  is i m p o r t a n t

to u m m d e r s t a r m d t i m e  f i m m m s ’ 110mm o f  ar m o r .  I t  is ou r  bel i t - f  t h a t  m o s t  _ I m r m s l n  is

d e s i  gm l em d to p r o v i d e  a x i a l  t e n s i l e - st  r e n g t i m , no t  e i t h e r  c n m m s i m i n g  r i - s i  st mt mc-

or  m m x i a l  c o m p r es s ib  l i l t’ : . C r u s i m i n g  re - s i  st t n e e  i s  o b ta i n e d  e i t i m c r  f r o m

p r o t e c t i v e  e o m m d u i t  or f r o m  t ime i n t r i n s i c  i n c om p r e s s i b i l i ty  of v o i d — f r o e

nmat er ials  sub j  ec t~~d to i m vd r i - s l i t  ie s t  r i -s s .  For e x a m p l e , based on our

r e - e n t r y  o b s e r v _ I m t i o n s  of  Dido ‘ t U e ’ t f l , We b ci  (eve  tha t tim e h m e l i c t m i l y  c - r i p p e d

a rmor  w i r e s  of w e l l  logg ing e _ I m b l e  se- h m ~m m - _ I m t e  un d e r  t h e  h i gh s t r e s se s  p roduced

by local m m s v :mlmmme ’Lr  ic load i ng s .  Time f l a t  t i - f l i ng  of  a rmored  cal Ic a l so  s u p p o r t s

— 
( t ime  v i e w  tIm ~m t  t i m e  a r m o r  i t s e l f  does no t  impar t  c r u s h i n g  res- i st  t m ,  e ( - -

cab le s .

N e wc c r i c r s  to 1 (11 c u b i t -  d e s i g n  ofte n i n c t m i r  a —  I - e l m o l e ’s t m

backf ilied i n s t c _ I m d  of  h e im mp l e l  t s t p i - m m . I m m s o t m r  ~~~ - - i i  s m m m v i v m m l is

concerned  t ime  answer  im a s b e-e n  t m m m l  at  t h e  I t t  s r- c - - I ,  m ’  r c — t  in t u f  I an

o h - e n  b o r e h o l e  w o u l d  e- i t h m e r  s i - i l l  or  eo l  i m ; - -.e .  lh m s r e- - t i l l i n g  d e b r i s  wou ld

p r o d u c e - [mi ght l o c a l iz e d  loads  ott m e _ I m b l c - ch i t - i t  wou ld  m l n m o - - t  s u re l y cause

c a bl e  f m m i l u r c .  R e c e n t l y  t h is v i 5 - -, m i s  t i - i - m m  p a r t i a l l y  - t t t b s t a m t t i a t e d  by

l a b o r a t o r y  t e s t s
10 . (The  l m h s ’ r , m  t o m ’ ’- ti -t s t i m e -mus e  l v e s e, - r e  i d e - m i  i : m t  ions

w i m i c h  d i d  no t  in c  j u d e - a l l  of t I m , - í a  i l i t r e  moth-s that can occur  in a d e - f o r n i m i p

and t r a n s l a t  i im p b o r e it o i c  - ) To [ m m  r e m  -~e t ime  - tn , ~~~ - I e v i l S  at  w i t  te i t  l o n g

d i s pl a c c me -n t  m e m m s u r t -m c- m i t s e m  be- made - , (‘CT dc5  i g m-u ir i s  t u r n c - d  1 - tim i t I- —

w~~l [ed  c a b l e - com i du i t  wit i e l m  i n  I t  si - h  1 c o mm wi  t i m - m t : m t t m l  t h e  m p p l  m~ ’d s i r e  si,

• f i e l d  w i t i m o u t  c e l l a p s i m m e .  Command and  c on t r o l  e i b l , ’ de si gn h a s  r~~h i e - 5h

upon  an op em m I - s r  e lm oi e  m _ I m i t i L~m i n i m m g  i t s  i l i t e t i t \ ’ , r e -l i t  i vi - i y  t i m i n — w m l l c d

c o n d u i t , and time-  i t r e -n e t h  o f  t ime  c a b l e  i t  ~~- i f.

7 .  3 N(IL— (’R—69 .015 ‘ Vtm l n c r m b  ii i L V  of iltmr ied C a b l e s  1 i nc  l i - , m r  D e t o m i m m t  j o l t s . ”
k m r a c o z i a n , J .

Some of  t ime  t e c h n i q u e s  tiscd to anal  v c  t ime  s u r v i v a l  m~ f sima l I s -c bur  led

communica t ions cable -s i t  s i v ’r p r e - - m s u r e - I e v e - i s  h e t ~~een 1, 000 m m md 10 , b i ) l i  p s i

i r e - of  i n t e - r t - s t  to COT c ab l e  d e s i g n . A i r b l a s t  pr oduce- s a e ram isv e r se  l oad ing

of  b u r i e d  cab le , c a u s i n g  t ime cable’  to d e f l  i t t  in m m manner  s i m i l m r  to  t h u t

of  a beam . The a i r b i m s i  b i d  in g  of  -i homogeneous med i m im m m m t t s i d e  of  t h e

c r a t e r  r e g i o n  has such a s low s p a t i a l  v a r i a t i o n  t i t m t  v a r i _ I m t i o n s  in  t ime

d e fb e c  t i o n  of m c a b l e  a r e  so srt t ; m l  I as to e _ I m t m s e  mie d i  St r e -se  in t i m e  c a b l e .
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To an a ly z e  c a b l e  i zm i lu re -  t ime  concept of ,m rapidly vm trv I m i g random d i sl  l a c e me n t

m r is ing  f r o n t  i n i mom o g en e i  t i c s  I mi t ime , g round  i s  i nvoked  f r o m  s o i l s  emip  I t i c - er  i n g .

Omic d m m  toni on ram id om d ispi  ac eml t er m t 5 I s - ~ iv en m m s t h e  s o l e  j u s t  i I i - m t  i ou  for

t ime c a lemii m ti e ’ns : It is noted t h at d i ffer e-n t ial displace m ents of up to

00 p e r c en t  e t  t i m e  m a x i m t m u n m  d i s l t l a c e n m e i m m t e _ I m t i  oc- ,-ur be tween  two  I o u n d ,m t  ion

fe e t  imigs  s e i m m i r m t e d  h -m v 25 l e e t .  Thu -m s e p a r a t i o m m  d i st a n c e  is coils ide-r eel

t o  lte ~ o i t , - — i m , m l f  cml a c m m v c l  c-n~~t h m ’’ used to c ( m ~m r m s t e r i z e - t i m e  sc i le  of  i n h m o n ~i —

gene  i t  I c C .  TWO t i m  i t s  i r e - p l m c c - ml on Lime  r m m m t d m m m  d i s p l a e  ~ m m i e m t t  . A s  t h e  w_ Imve—

I c n g t i m  hi - con i e s  vam i  i s i l  i u m g l  v smm m ~m l l  t h e  r a n d s s nm d i - mm p l scenic -nt , 2~ , mn t u - m - t a l s o

\ m n  i s i m . As time w a v t - l i - i m p t h m  htecoitics a:b I t r m m r i i v  l a r g e , can n o t  exc - eed l it e

s y s i e - m m m t  Ic d i sp i m e e n t e n t , u. At \ = 311 f e e t , 2~ mus t  equa l  e m : 2 .  i ’ l i t m s ,

=

c i m e r e  B = 50 f e c - t  t e r s m - h i s , u i s  time fri -c—f i C l d  d i sp l m m e e m e n t  and - is

e ~s e t i t  L u l l  ~ m f i - - ,m tim - up iaram etcr -

T i m e  c u b i c  i t s e l f  is modeled m s m h - mi - t i -i u - m - i mm g il _ I i5 t mc l i m i t  d e s ig n

in w h i c h  p l a s t i c  h i n g e - s  m n -  f oun t s -ti a t x = 0 , ~/ 2  . mr t d i . ~ i m s ’ d ef lecti o n

of u e~u b l  e- is

~
- -

IP EI

N , the p l m i s t  he It I u t m c  moment  is p iv eum by

= c d 3 / b  =

V

w h me - r i  
~ 

is t i m e  y i e l d  m m t r e m m g i h m  c i  t h e  c a b l e  and w i s  t i m e  d i s t r i b u t e d  load

on time em mb le. -‘or m e i r c m m l , m r  e m m b l e ’ t i m e  I~~l l e s t  iou is

0 C- = 0 _ ’ ~~— - -— -
e E d
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To e b t a  itt mm emm ei r icmil results at iar .-~- strains , o~ /E is set equal to the

str aimi to f a i lu r e .  ,-\ t  s h o r t  w a v e l e - m t p t h i s  t he  c r 1 1  m c _ I m l  de f l e c t i o n  i s  l es s

t h a n  t ime  random d I s i t i  me ettu en t ms- l i  ic i m i m~m p l i c - s  c oh Ic fa  i l i m  re . u se-eve r , it is

no t ed t i m _ m i  the l o t d s  w h i c h  im ieh i m ee  e m h - l e  f , m  i l i m r e  at sma l l  may exs ’ ced the

s l t e , m r  s t r e m i - t i m  o f  t i m e  h m m e k f  i l l , t i  l o w i ng  t i m e  c ab l e- to s l i p t h m r c u g i m t h e

lm u e k f j l b  and l i m n i t i u m p  t i m e  (h e m m )  dc - f l e e t  i o n , i - e. , c a b l e  f a i l u r e  de e m s not

occ u r - I be’ t m m m m x  im : t m mnm s i u e : m  r st ro~~s in  t ime  t - m: me k I  ill  i s a s s u m e d  m o  m c  I o u t

the sur f_ Iie ~- ci t i l e’ cable , predue ing  .t c a b l e  load i u i g  of

F = 2S d
0

w i m i c h m  is  t I m e  - m m , m n t e  r e s u l t  o b t u i n e d  ems i i i  a d i f  I 5-r ent ltmod el (mm Si-c l i o n  \ .

e m it ’ r a l  lv , 1 ( 1  s: _ I l h le  ci c c i  gm t h e m s  no t  been - otu c erned  v i  t i m  ra imd o nm

d j s m t l a c e n m e r m t s i i i  t ime-  s m _ I m c  s ense  as use-P in commnunic mm t ion c m h i  i - design .

(To h~- s l u r e  , r_ Imm m d orn shm e_ Imrs alonp si i ii p 1 - m u m s -s are of -- n ~-m t co n c e r n , bit t

t h m a t  is  m d i f  i e r en t t ~‘pe o f  r : m u m , i o m  d i sp i m e cm-lent. The svst~’m -m , m L i e  st r . m  i n s

thma t occur during mn und c -r p r -t in,l t c - m t  i t i e- in t h m e n m s e - I yes i - i p t e s s  ive  c m mo mm pli

t o  c a u s e  c m i i i  c - f , m j l u r e .  I t  is - f  i m i t e r e s t  to p u r s u e  t i m ~- r , m : m d tn m d i s p l m m c 5 :- m e m m t

s - t i ’  i~i t  f or  u nicmt u e -n t bs -e ,mus e of a poss I h ic  m m o n s e . m  m i - m i  I i  t v  in g- - i i t  t rem

k u - - t o u t  m is c h c u r  s h o t s  to  HE s h o t s  a t housand  t im e’s smal I c  r .  By S e t  I ing

t ime  r , m n d o m  d i sp l m m c c n m i -n t e - g m t t l  t o  t i e -  c n i t  L i i  d i s p l :m c emen t  mi t  ~- p m i i t  i o u  t o r

t i m e  c n u t i e m u l  f a i l u r e  e - m v - ’le - u m , - t l m  is ebt ined ,

(J  + - 

~~ 
= m l ,

c i t e m r e  d i s  time c , m h m i c  d i  m e t e r  and I = 0 . 2 5 3  c / k .  Time B = 50 f e -i  w a v e - —

I e n g t i m  m t  r ,-Jtmees ,m nons - ~m I m i - i e’ f m e  icr into time equa t i~ n .  A t  t i t e -  r e s e n t

t line- it is t h m - , m e h m t  m i t  t im e Immrge svstemat Ic str .t ins in a POT art- f m r  more

i m por t mnm t t h u a m i  t i m e  r imidom m h i s p l a c - n m e n t s , so t hm ; m t dc -~- m r i m m r i -s from s e a l a b i l i ~~v

introduced b y  r ’ m m m i - - - : e ’ s s  e h i c t u l d  net t u n d i m i  v , t f f e e t s c a l e d  t e s t s . N - r i - st- s r .

th e Si) f o m t  w ,i. ,-i - t u - t h  c-m m ,  i n t  t - o d t u e i - d  in  in md huec manner and bothu Is

applicability inch n u m cr  i c m l  v a l u e ’ n e e d S  i -  be dci er r l  m e d  f o r  un cr er cu n d

t e s t S  - Based on - i  ri -v i c -c- of - t u m u l t  t~ i - u t  e n g i n e e r i n g  in so I is we h ive not
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t e und cv i c h c t m e  e s m m m - m~- s -r t  i m t~ - t i m e - t, m \ e ’ I e-um gth c sutc i -j ’ t . I h i ,  ~i e t c - u ~r m i n m t  l o u t  of

cu f f s - r e - u t  i - m i  - m s  t t l c i m c m t t  s is mis t Is’ s h i  i_ s t _ t i _ l i  - i m i d .  I t um li me s O l e  hunch , ~mm m

m i p l r s e m e h m  t h u i t  i s  \‘ s r v  r s - m t g h i , i i i  ou r  op i m m i s um , is  ~- m - i 1 - I - v s -d . i i i  l i -r e - n t  i i i

se ’t t l e - m t m e u i t s  a r e  S i n m p h y cst  i mm m mit ~ ’si 1~ - be 3/ e t  t i m - c o m p u t e d  m m , m : - : i m u m  s e t h  c —

t i m e m i t  to n ~m l t \ ,~um e l tme m t  ion umid time-n t a t  i t  m m , i x i m m t m - m : m  m l  h - u s - m h i h  e d i  f t i - r e - m m t  i i i  mmmcl

t o t a l s i l t  I s -m ’ m ’ ’ t u t s  a r t  s i t e c i l  me - cl. i - - u  e x a m p l e , L i u c  ~~F e ’ i t c~~~t allowable’

d i f f e n e - m m t i m l  ce - ( t l c - m m m e m u t  i n  c l i v  i s  1 — 3 / ~ i t t - hu e -s , u m d  H m -m immd i s  1 — 1 / - i  i n c im e s

f , m t -  b o t h  p I c - t i -i m u m c i  ra t t s .  ,\ e l m _ m u - m e t er i st i 1 s u m - ’ t i m  I t-i i t - p - I  t e d  h~ m ’ c s p m  i r i m - u p

t i m e  m m m m g e m i m r  d~ - m  [c- ct iou ~- m m -  I i m m ~m I  b u i l d  i m m e  t i l t  i -  be 1cm-s t i m - m u t  s - m u t e -  t t t t n m h - s ’r

r m n g i u m  I t s  - m m : , c m v , 0.1100 to 0.Omkt . i ’he - mu m m i x i m l m m u ’ m  m l  I~~~~ h l e - si ’ t t l e - i t e - t m t  i s

u s e  spe c if it ’d to  be b e t  1st -c It  2 t o  i t m c h m e e , chs ’p i - t m c l  i ng  imp em i t i m e -  s o i l  mi n d

t vp e - f  f o u m i d m i t  ie ui - On t i e  s - t h m e - r  i m , u t m s j  , u t~tm m  I i t i t  iv ,- , -mi t d~~t e- m - l:t  in i c i  i s

e X~~ 1 uih It  i om m i t  c h i t  f e ’r e u l t  ( m u  s e t t i e m m e t t t  i n  i m - -m - ms - s m e ’ m u e - ’us s o i l s  h u m s  been

- r - ~~s -m s e d ’ . it  h a s  im ecn  t m o t s - ,i t i m  i t  i m m t , - r s c l  i c t m i 5  - e l i ,  mm l o o t  h u g s  c i t im t hie ~

s m I u l t e  t e nt h t m l  d e s i g n  I m m a c i  inc c~mn mod I f v t i m e - st  u s -cs d i s t  r i i -mi t  i o n  i i i  t i m e  so

a m ’ s ’ m u n c b  t I m e  foot i n g  t i  p u -d u c e - d i ) li - m s - m i t  i i i ! , - i  t i , - m : m - m m m t . l - t m r t h m , - m - m r - r c

c s ’ n s i d e r m h l e - d i t  c- r e - m i t  l i i  - , - i t  is - m s - m t  e , m t m  u m e m - i m r  d m m r i u m g  e c t m l u - m t m ’ m u - m - t  ion he -c_muse

o I d i f  t c - r e n t  i mme r , -t ’t s - u i t , m  1 1 s m m md 1 ngs  i m p t c~ iii ~ m i t  I c i i  I i u t m 1 o m si

Liho u , m t  ci rv I - S t  5 01 s i b  1 e ’ 1 m i d  1~~t S C’ m t i m  c mi i i  es em -m i-eel led i f l  5m~ I I s

u i  1~ m r to  t m  me - t e s t s c i i  s e m I s  med i t )  See t i e m m V - i r e  s m i g m e m-t  si  -
S.  C ,\bO E I l A t ~i ) i - N l N  1 _ i - - S - i - S

5 . 1  Pm ’C— in -m- ~ h u e  ~e t m i t t  ic - e r ’ s R e p - r i :  i h m m s k v  Pup h i , m r s l s ’ u i s - si , m i i e
Expe r  inuent  , ~ i 1k insomm , R .  mmii i  \ b r i h t . i  tm -; - u t , C . , St  m m m t - r d  i c - c s - m m - tO m
In s t  I t m t t  s - ( u n p u b h  j ’~ h e ’ s l )

s -mmr d j f f e m - s - m m h e t h i c ’ d e s t g u t e , a l l  e-nm p i o v i m m g  s - m m - I s -  n l e m l t s i o r  m l  l o c - i m m g

t i m e  c a b l e -  t - m  s t r c t s h m  or c e n t r i s t 1,- s - r i  I je lde th i-a t e s t  t l m e - i r  i l - i l  u t \ -  t o

u c c o m r n o d u i e - ~m s t r : m i m m  I I s - I d  s i m i l ar  ts - ileit expected on N i h m i v  i - p ie , wim i c im

c ue th en tim t im e ’ pl m m mmi i m m~ St ic e - . A I I I t h  s h e - i l g im e-hic-h re-i lcd u i t o m m  t e -t m s i  li

- - t r - m m  gI l l  r ;m t i m e r  i l ion upcm rm an ci  I c c  t i ve dmt s t i i  ( i v  w , i s  , m i so  f ( c i  ded . Al I

I i i , - cab le -c l i i i  cci ci L im i mm 0.3 to i .5 m s  s - m i g roum imd si ms - k arriv a l at the

i m i t s - r i e - e t h c m n  s s l  t i m e - h i v p i s s  d r i f t  and t i m ’ c u b i c -  h e r e - l u - m iles , I m gm irc .- m i .  le t

add i n s u l t  t U m r - m i  I o f  t i m e -  c i i i  i t - s  o h  cs t m i i i  eel at  t ime - p u s  se - u i c- u m nn e c  t e r s

W ithout v it -mu ,u l i n s p e c t i o n  ol  t I m e - i m m i l e d  p m r t s , w h u i s i t  s i l l  he ol- ti iui e d s’mil v

by a reerm tr\- op e - r u t  ion , t i m e  e x i s t c i t e - S i t t  I m i  I l u r e  c i i i  r emu ii i  m m n c e r t u  i n .

Nssni’ t its - h e -cs , i t  i s  be l i eved  t h a t  m l  time- d r i f t — h o m e - I t s -Ic - m t -i - ‘ - s t  i o u  t h u s -
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cab  I ott Ia i i  ed ( m m s i t e - m r .  I t  i s  o u r  s p  i mm i on  I limi t t i m e  Husks ’ }‘up c m ibl e

cX~t c r  i m m - c t m t  i i  l u s t  r i  t c-s t i s’ s -m u m m u i j o r  ummc em ’ t . i  i n t  i c  iii c u b i c ’  des  i gui : shme a r

j m u s m m t e  esh f m  i lure m amid d ’ s l l l l C c  t i r  f m  i lu r s -

Al t i m e u g h i  lie C X m - m e ’ t  m t : m s m m t  y m i - 1 5I~ - ch m m s -  sue s - c - m s  f u l  des  i , t tm i t. is c- f  v a l u e

Ls t  i-x anu [mie t h u e  e , m i t  h e ’  d e C  i - m t n s  I s  i l l  u s t  r m t  s - t i m e  s i  m u t e — c l  — h i t s -  — a r t  - At t i t e

I line t h1C s ’S p e r  i mlmc mm t w i ~; p 1 i mmm me - d , tm ~ s m g r e e -mnc mm t c- ti time best e m m it  h i ’ t \~~e- c ould

be re - m u e l m e d  , t t l t s t m g c t  e x per i en c e d  e - x i m e -r  I m it en t er s  , so ft Vt ’ d i  I f e r e m m t  c a b l e

cs t n f i g u r m i  iemms is’ c’ r e - c- t m m p lo ’ ;s sl . -\ s t r i k i n g  o m i s s i s - m u m  I r em  t i m e  t e s t  i s  t i m e

L - m r , m  I i c _ h s t , m  i m m i  ecS steel a m im ms r~ - - ml c u b i c  m m s e d  i - m y l ’ i m v  s i c  s I n t i - r i m m i  I i en , ml  - Some

ol  t ime d e s  m g u t s  us a im m m m l i v  c nm ; s l -e ci i r e  sOi l I ov , ’rs  Li i  . Ti m e  p r i m m e  ip a l

I s ’ t i s ; tic ’s of time Ii I’c d e s  i p mms  m m-~ e l m  cc mc s~-d be- I ec.

5.1.1 S l i p  - m i n t . Tim e d esi u m i s  i n d i c a t e d  in Fi g u r e  L 4 2 .  ilme

d ii t mtlf l t t  loFt s W C I c ’ e hose-t m is  p m t  b u c k i  i i m p  - i t  2 . 7 kb: m r , wit i e l m  r e s iu i  r e d  a

r m t  i o  i i i  w a l l  t h m i c k n c s s  t - - i n s i d e  r a t h i e m s  m i s - m t  i e u — m- t h in 1 .2 .  ‘‘O ’’ —r in g

c e c i l  s were u i-ted t o  i t r e v e m t t  c at e r  ~immc i g r s t m m t  e -m mt  m ’ v L m i t s  t h i s ’ c a b l e  I - i k e — i m p

sh t m e e - . Sit e - m r  p i n s  with m i- k i t )  l i - m I di si p ut iscre- ice d  i - m s f m m c  I i  h i t s  lo ;md trig.

A 1 V C  c m  p w , m s  mused  i i  l i r e - ven t  c ab l e  d : immm t~s - P t i n  i tt~ st r i  i n  i ng  - Time c o up i i m i t t

l e n g t h -u s  i sere  d i s h  p r i ed  f o r  20 p e u ’~ c’ t t t  e - m t e m - flS i t - m m - u  a mmd 10 I t - m ’ c e - I m t  C’1si t ’i ) ~~I i  i s t i .

It  is s l a t 5-d iii  t i m e  d r i f t  POR t I m u i t  lie l i i  i S i  e m m I s i  e (tV 5 -m s - l i t !)  1 ) I i m \ — N b -— I 3)

c s s u m t a i n e d  in t h e  s cinduit IS- _ m s  h e s tc -d i t  1 2 . 5  e r  s i l t  e x t e n s i o n  and 2a  -m er-

c - i l L  c o l t k sr e i -m s i c i n  t , i h i t , ’ tm t s pe l l  d r  m h t s r t  c i t - cci t t j u g ) .  h i c S I . - t  i c i ly  and

c m i - m i e  i t h u e ’ chan ge t i t e O m t m i e  u - t e n t  -— t i c -  m i t t  reimo rtee l so l i m i t  t h e  t r m u t s m ’ i i s s  i o n

c i t  m r m ~~t m m - n i s t i c s  ~t f  t i m e  c u b i c  a t  t Ime r m t i m e r  l ar g e  r e p - r i  5 - m i  s t ra i n s  e a n m o t

i- m t i c c c - r I ; m i i m c d . lie n e t s  t h a t  t i m e - s t r : i i m  c i h - l h - i l i t  i t - s  s - f  cab l es  t e s t  ee l  in

d i  f l e m i- e nt  I m b m i r m t - m - r  h e - s  sh ow mm f , i i i  m m n m o i m n i  o f  sc- m i t e r .  Al t h m ~~m u p i u  t i m e

i - x t c m t m s i s - u l a l  c m p a h i l  i t t  o t  t i m e  c i t m m d t m h t  e~: cc e s h e s l  t im :i t e l  t h e - c m i i i  c no

p r e y i s  b u m  C m - l i - :  n ic h e for st - m r ink sI  i L  c u b i c  ci h i m  i n  t i m e - s e O u l ) 1  i nk s  h i - c m t u u m t ’ t i m e

e m’g - - - - t e d  c t r m i m i mu d i d  not e x c e s ’ mI t h i s ’ s i r m i n  s _ t i _ l i - i l  it i t s  of t ime  i n  TSP .

-~~ 1 .2  > le m u t s i c r  s~ ti - S h u c k ’  A l u m i n u m  C o m m d u m i t  - T h e  des  i mt m m , i l l u s t r a t e - el

i n  F i - u m r - m  3 . 3 , is  i - m m - e d  o m m t ime ’  l i d  t h u  t ime- : m x i a l  ‘ - t m - p r s - s s i b l i  i t y  of ~m

i~~ 
-m
~~

- cit h i ‘ I ’’ h i c -n d s  i s  ‘ imu eh u ~tr ~-a i c r  i O u - m n  t hm ; m t o 1 i S t  F l  I c h i t  h - mi  pe and I l i mi t

t i m e . l - m u t ’ t !  s i t  t i m e  c o n d u i t  c - m u m  be e h t mmi m t - s l w i t h  a re - l i t  i v e j v  s i - c u l l  f o r c e  t s

m l i ’ s s t t i n l s - m s,h ~~t t  em St t i . i  I n S  in t m i e ’ l t l t e ’i ’ i i i  in c-it i - h i  L i m e -  c o n d u m  h t i t t  c i m l t e m i l e~sl . It

i m - i  t h t e i i g i m t  t i - u t  t i m e -  i- m u  m m - s s ! v u m m i  a g e  c t t  ‘‘ - - I t s  k ’ - m  c o n d u i t  over  s l i p  j o i n t s
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Figure 3.43 “Slack” conduit. Conduit o.d. is 0.875 inches with

a wall thick-ness to inside radius ratio 1.3. (PYU—3654)

-

~

T s n  0 T s - r- 0

Figure 3.44 Diagran for estimating forces required to
pull tubing through material. (PYU—3654)
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is t im at  t ime  fo rmer  desi gn p r emvid e s  u - t l m i e k  d i s t r i b u t e d  e s i m i t l m m t m s t m m c l  
~ ove r the

l e n g t h  of  time cab l e  whereas  t ime l at  t er  lumps  the  con lt l i an e - e - at  d i s c r e t e

l o c a t i o ns .  l’Imtmtt sh e a r  e t f i s e t s  ti m i g i u t  he - accommoda ted  bet  t e l r  by t h i s -  ‘ cl m ek ’ ’

co n d u i t .  E x p e r i m e n t a l  p rs -c - i  of  t h is  i n t u i t i v e  c c t n e e p t  is r e q u i r e d .

l’e u i s i l c  t e s t s  i m i d i e a t & - d  t h a t  mm 6000 pound f o r c e  is re -q u i r e d -  to

p rod uce 11 pen c e-n t  ex t en s  ion in the  e s ’n I i g u r m t t  ion e l  b - i gur e  3.43. To

e s t i m a t e  t h e  add it iom m al forc e- need ed to pull time ’ eond m m i t  t h i r o u g h m  b a c k f i l l

a s i m p l e  amm m i v si s  based cm ii i - i 1’, m i re  3. 4 - s c’aS used ho der iv e-  time r e la t i o n

1’ = P L 5 I / 2  ~~~~ ~

w h e r e  T is t i m e ’ t e u l m : i s i t i  i i i  t ime c o n d u i t , L is t ime m i r e  i e m m g t i m  s f  c o n d c m i t

d is tIme condui t d l iti teter and i is tlte pressure re-m s i sting time movement of

t ime tube throcmg ii t i m e  p r - t m t  t - ii iss emnle  t h a t  P i s  e s s e n t i a l  I v  e- m l e m a l  to the

ma x imum S t r e s s  d [ I f e m - e m i c e - , G1
_O

3~ 
tha t can  be s t m p p m - m r t s - s i  i n  t h i s  b :ie- k f i i i .

Time e-x ~~e r i l n e t m t dc -s i g m m e r s  Set h P 3)1 0 psi , and w i t h  t i l e  g e - m m - l e t  r v  ol  Fi gure-

3 4 3  d e t e r t i t i m m c - 5h t h m m t  t i m e  i r m i t  i :m l o r ee  r e q u i r e - cl t s  s t r a i n  t i m e  e’ o nd u l L  is

5000 lbf  • A d d i n g  time ’ k) 1)0 lb f  g- m -ne - r m t  - m- ch by the i - i c Li  i l l  re -mt i s i , m l t c e  to

t h e  b u t ) 0  lb I r e - q u m  i r e - si t -m -m st i- ’u i g h m t  c-m i t ime  cct m i d u i t  r e - s u i t  - - in i i s -n e c - wit ic Im

e x c eed s i-v 100 l b f  t i c  shre tig h t of t h e - celded c o i m p i  h i p s .

Se -vc - r m m l  - m c p e - c t s  o f  t i m e -  d e - m m i p m t  m r -  l t u l - - i- r t - m i n :  Ra m—e e l  on t r  i i x i m u h

compr c ssm -m - n he - - Is i- c-r f s t r m e - sh u t  h e r r  — 1 1 - k , the’ m i xi ; u m m l m u  5t1 -5 eit ft c ’ r en c es

th at can  he s t m p p - m r t e - sh in itr e l - t ’nl y misc -cl suiterlean , , r s - t m t  , II SSL I • i s  100 -

15 psi , mi - m t 300 psi - I t  is d i ff i- nit cc’ S e t  P s ’ x , m c t  I s  in  m m c inm p ie a n u m l v s i s

because of t i l e ’  i t  t e ’ e t s  s f  s t r m i m i  r a t e - , l a r g e - d e i o t i u i t i t  i i t m m t t , and p r e — f ~m i 1 i n g .

Thus t I m e  im m i h i~i l  u - r o u t  r e -c i si mn - m e- is  reduced to m lis ’tm t L’Ot) lbf - As t h e

eomid ci i t  51 Fe te li e S , If t he m - r e u c e c  and f o r  a -m ’ s u S  t u t u  I c - u  I i s  i l  — - , t i m e

for ce l u cre - uses , e.g ., mt P = b ° t i m e -  g r o u t  i m d m u c c d  t s r s , s i s  L ,000 h b f .

Us i mu g hand book vii i t ucm - , time- Itoh i m u u m i n u m  s m  i uimht t 1 L in  t i m e  T—6 comid i t  j om i d i n

develop 20.httt ) Ib i ,mt time vi e -id -m~~i i ’ ~t - l I m e -  - m s—built husk y Pup we lded

coup l i mips reduced the- st r e - i - u i - t i m  o f  t i m e  c o u ch tu  i t  by -m i - ou t a f , m c  t or  of m w - m i

which checks c i  th time mil L m ale i t t  Fe ll : I hi  m i t  til) (i l —TO aluminum . Should the

‘s hac k’’ condu I t t sci e v e r  be Fe ps -mm t ed (ui i eler  less  I inc  - m i e - s s t m r e  to g e t  t ime

experi m ent i i i  time - I icid) , t h e n  ise  he- i ic- ye- that cs ’um p l ings must c-i timer be
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fc’rnued from dou bl e butted tubing or welded and then heat treated back to

the  i — I t  ccind i t  ion.

To compe ns at e  for  the  reduced s t r e n g t h  of time welded coup l ings  the

c o n d u i t  c-is encased in sealed tra y s containing gelled water. For an actual

f i e l d  e x p e r i m e n t  such a tee- u ni que appears to us to be cumbersome and some—

c h m . i  I i i1t ~lr a e  I l ea  1

The a p p r o x i m a t e  c a l c u l a t i o n s  of the  t ens i l e  fo rce  in the condu i t

differ fri -mm emeh ~-m tli e r by a factor that is less than two , depend ing upon

time value used for t h e  shear  s t r e n g t h . Both -u t i m e  amount  of s t r a i n  and time

strain rate affect time plastic behavis -r of grout. Rathier than attempt to

incorporate the effects of large deformations , strain rate , and pore water

mi gration in ts e i l c c m l m t i o r m s , a direc t measurement of t i l e  force—strain

c i m , m r m m c t e r  i s t i e s  of “ s l a c k ”  c a b l e  pu l l ed  th rough grout  in va r ious  s t r a i n

states is called for.

8.1.3 Well—L ogg ing Cable - . Seve n c o n d u c t o r  w e l l — l o g g i n g  cable

( V e c t o r  type 7 — J — 4 6 R B )  was used in two confi guratiem is. One ’ cable with

slac k w m ms p lac ed m m l o n g s i c h e- t ime “ s l i c k ” co n d u i t  i n s ide  time gel  trays to  al low

thu s low ductilit y cable to accommodate strains. \ se- - s-nd str mmi gim t cable

was embedded d i i - - - c t l v  in grout to t e s t  t h e  a b i l i t y  of t Ii ~ cable to force -

grout and tu f t to flow aroum d the cable - .

Time well—logging cable was tested under hmydro c tat ic  p r e s su r e  to

2~~ 7 kba r w i t h o u t  d i s p laying either in open or s h o r t  c i r c u i t  c on d i t i o 1 m .

lIme manufa c turer ’s specifications give a minimum tensile strengt im of

• 11, 300 lbf  w i t h  a 1 pc-re cmi elongation to failure. lice m u se of u n c e r tain

performance and difficulty in fielding stif f armored cable- both Sandia

L a b o r a t o r i e s  and Phys i c s  I n t e r n a t i o n a l  d i c e c t m ’m t i nued u s i n g  c - e l i — l o g g i n g

cable several ve-: mrs ,mgo . Our post—sho t inspection of well—logging cable

used on the Dido Queen test revealed flattening and local separation

of the armor wires , but whether the damage resulted from ground mo tion or

the reentry mining operation could not be determined .

8.1.4 Sandia Stretc hm Cable. Six TSP wound around a compressible

neoprene core and sheathed in neoprene (Vec tor type AEC—NV-IV—24) was

embedded directly In rock matching grout. The cable specifications st i le

tim at m 20 percent extension can be ,-mccomnmodated . Stretch cable i s  no

longer considered worth using by experienced personnel at Sandia Laboratories.
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9. THE ANALYSIS OF COMPOSITE STRUCTURES

9.1 R— 1070—PR “Right Performance Composi te Materials for Veh u icle ’
Construction: An E l a s to p la s t i c  Anal ys i s  o f Crack l r o p a g a t i o n  in
a Unidirectional Composite ,” Adams , Donald F . ,  Rand , Marc im 1973.

A finite element code was applied to time determimm a t ion of the flow

and f a i l u r e  a r o m m n d  a f i h , -r  i n  t i m e  m a t r i x  o m m cc’ttupo s its’ m a t e r i a l  a cco rd ing

to time Prandtl—Reuss elastic—plastic t h eor y . The t wo d imens io n a l p lane

strain problem was invest igated for m m s qua re  sec t ion ci f  t i m e  matrix witim the

c i r c u l a r  c- r e s t — s e c t  ion of  t ime f i b e r  at its center. Time matrix was loaded

i-v f s t r e e s  app lied m t  i t s  edges , and so t i m i s  case is almost an exact analog

of time problem of time relative transverse- mot i on  of  a em a b l e  t h m r o u g h m  m m

b a c k f i l l .  N e m m e r i c - m m l  r e s u l t s  were  o b t - m  i m e l d  f o r  the’ d i s h  Ic r e s pon s e  , t h e -

onset  of y i e l d in g , t ime u l t i m a t e  \ ‘ i e l c i i n g  and tim e pm s - m p m m c ; m t i o u l  of time fa ilure

curface timroug lm the mmi teri ml . The n u m e r i c a l  se l em t i o n  t e c i m m m i que is f a r

I ron c u t  and d r y :  A L a r g e  number  of t e s t  cases had i s - be- rum -u to  make

ce r t a i n that t h e  obse rv ed pr opapat i on  of tim e’ failure surfmee was physicall y

accurate and not due to time zoning. Ther e is mm fair a m o u n t  o f  e oim - m i t i em h a r v

in time report on various methods for th u ncmr sierical descri p t ion s f  c r a c k

propimgat ion. A l a r g e  m t m i c u e m n t  of work has been done in re-cent ve mr c on tile ’

mechanical response of composite material s , such as stress distribution

and propagation , and it is important to recogu lize time close analogy with

the loading of a cable in a backfill. The numer ic ,m l teciim iiques appear

to be more  powerful timan are current lv r e q u i red in v i e w  of  t he  r e l a t  i ve lv

small spre -id betwee n t ime  am mm l v t i c  r e s u l t s  and tim e cm n c e r lm inties timat

exis t  in sp e c i f y i ng t h e  y i e l d  s u r f a c e  of t ime m a t r i x  m a t e r i a l  ( g r o u t )

10. M A t E R I A L  ri-~ l p E R ’f I i - S

10.1 I )N A 387 0F— l “> P m i e r i a l  P r o p e r t i e s  in S u p p o r t  of  t h e  N e v a d m m  Test Site-
Nu e temmr Test Program ,” Volume 1 , Butters , S. , Dr-m ’p ek , R. , Preen , S.,
and Jones , A.

Test d a t a  on g r o u t  p r o p e r t i e s  r e q u i r e d  b o t i m  f o r  t he  ana l y s i s  ol

cable—backfill interac tions and for time - desi gn of c l - h e hardening experi—

ments are presented . Based on ocmr analysis , the sirengti-u of p rotmt , in

particular superlean grout , can play a crucial role in determining wimetimer

or not a cable system falls. Time Terra—Tek e-xperi mmments prnviei e- numeric al

value s f o r  t i m e  s t r e n g t i m  of g r o t u t  and doctmm ent lie tors m mf fec t ing the
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s t r eng th -m - m f  g rou t , wh i i r !m mus t  be taken  in to  ~u eco u nt  when desi gn i n g cab l e

tests.

‘i d e ’ co m p o s i t i o n s  of t ime g r o u ts  t i m m t  were tested are listed in

Table 3.S and their physic-il  Itrst pe rti es are listed in Table 3.9. The

max ium tem : . : stress diff erem ie c- timat c m  be supported by superl etamm grout in a

tri imxi ,ml es - m u m p r e s s i o n  t e s t  v a r i e s  b e t w e - e u m 9 and 13 bars , depending upon

t ime  v m u l u e  of time c~tnf im uing pressure , Fi gure 3.45. The cLear s t r e n g t h ,
(
~~i

_0 ) / e  ~, i m c r c ’asi -s al-out 25 percem t as the  p r e c c e i r c - in c r e ,m s e s  fr o m

0 Is 0.) kbcm r and t h m e m i  i m l c r e , m S e s  only about 12 percen t t- m -m tim e maxim um

c c l  ~ i e ’ s 5 U i ’e o f  - ‘. kbar - ‘h its  t i m e  g r o u t  induce’ i force-s om m m cable- simould

~I cc rc’ase during time unic- m d im ig phase of an unde rg round  e x p l o s i o n , i .e .

mis t hue - d i s i - l  ie e ’Fue - m l t it lute re - i s , - time protu t r c :s i s t anc e dee ne , m sc -s .  T h e  uu -ucon—

f u m e d  c o n i p r e s S i e m m  s t r e m - u g t h m  of s u p e r l e a m - u  grout inc re u s e s  a b o u t  a pe r cen t

to 10 perce um t f o r  each decade increase in sm raim rate- , Figure 3.lo . Thus ,

t ime i n i t i a l  v a l u e  of  s i m e a r  s t r e m g t i u  to be used fe-m r Lie -si gn c u l c u l u t ions

should be a b c t u m t  JO percemm t gre,it er thom that m d  jetted by the trim xi ;il

tests. Large ’ Strain tests m d  ie m t e  a gradual deeremmse in s h e - mr strem gtiu

w i t h i m c r e i m s i n g  c i  r a i n — — a b o u t ~m 25 p e r c e n t  dc-c rease- mt 30 percem -ut axial

s t r a u m , Fi gure  3 . 4 7 .  At small  v m m l c m e s  o f  s t r a i n  b o t h  t h e  h i gh s t r e n g t h

m r o u m t  amid r o c k  m - - m u t c l m L : m p  g r o u t  t e s t s  are in agreement cliii the small strain

t e s t s , b u t  t i m e  s u p e r l e c un  g r o u t  tes t  shc ws a l a rge r  v a l u e  of a 1— o 3 at

c o r r e s p o n d  j og s t ra  i n s  t h an  do t ime  small strmmin tests. Time disc ni - l l tmmc v

app~m ne -itci v is caused by a v a r i a t i c - m n  in t ime s u p e r l e a u m  g rou t  m i x t u r e - s 13 and

points ou t the  i m p o r t a n c e - of strict control of grc-m eut mixing procedures in

t h u c  f i e ld .  E x t r u s i o n  t e s t s  w i t h  i re- a re ’ c h t u e t i s t u i s  of  78 , 300 , and 610 percen t

and e x t r u s i o n  r u l e -s o f ~ .6 lO~~ to (i.tt, mm ~O i n c i t e s/ s e c o n d  de te rmined

m i i i t i i i  e las t  ic p 1 m c i  i c model  c i i m mr a c m t cr1 zed t i m e  g rout  response and t im~m t

ii viscous mode- I did i t s - m t .  A m a t h u e m a t i c a l  model based em -u t i m e ’ wo rk of  A v i t z u r ’~
ind icated tim~mt for elm st ic— p l-mstic h eim iv b r  is independem t of extru—

S i m m  vi’ lmt e i tv , bt m t f o r  v iscous  b e h a v i o r  o~~— e is l i n e a r ly  dependent  on the

ex trusion veloc itv . Time r ange  c f  e x t r u s i o n  r:mteS c-ms too umm urrow hem rc-m v em ml

time stra in rate - dependenc e wimi e im , based on urmcon fined compress ion m i S t s ,

is believed t m - m  occur.
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Table 3.8 Typ ical design constituents of grout 
mixtures .

(DNA 3870F)
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of three grout mixture s. (DNA 3870F)
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‘l ime e f f e c t  of pore w a t e r  m i g r a t i o n  and its potential importance in

cable hosts was also revealed by time extrusion tests. Time pre—test shear

s t r e n g t h  of t ime  s upe r l ean  g r o u t  loaded i n t o  t ime u p s t r e a m  e x t r u s i o n  chamber

w~u s 6 . - s ba rs , but  the  p o s t — t e s t  s t r e n g t h  of t ime g r o u t  r ema in ing  in the

u p s tr e a n m  chamber  was 14 .9  hm mi ’ c .  Time in c r e m m s e  j ut  s t r en g t i m  is c m h t r j b u t e d

to t i m e  s q u e e z i n g  of  w a t e r  f r o m  t ime u p st r e a n m  to the d o w n s t r e a m  e x t r u s i o n

c h a m b e r .  Based on mite Terra—Tek work it is conclude-P tha t tests of cable

i n t e r a c t  ions with g r o u t  m u s h  d u p i  i c a t e  t i m e  i n — s i t u  si r e - c c  s t a t e , the  s t r a i n

r a t e ’ , and t ime t c t ta i  s t r a in .

10 . 2  I )N A- ’+ 2 0 1 F ~~ V i s e o i m t c L u -j c - S t u c h V s 1  t i m e  -m t~ s j - m -m ’ C t  ic s  of Prs - ms i t ,‘‘ Blake , T.R.
D iy , E .A . and igmteh , D . F. , Nov. 1974 .

Based on ps - m it t—s he-m t c-v id e-uis c~ i t  imm m h m c c i i  su p g c -s t  ed t ima t t ime g r o u t s

used in  u m n d e r g r o em n d  t e s t s  m m v  have - m m v i sc o u s  b e h a v i s - m r .  U s i n g  mi r o t a r y

v i s c o m e t e r  no e- v i d c - t m e c - c-as f o u n d  I c - m r t h e  v i scous  b e h a v i o r  c f  s u p e r l e a n

p r e c u t , bu t  r a t h u e r  p l~ m s t i c  ( rat e  In d e p en d e n t )  v i e ld in g s  i s  observed  and

u t c m s n i r o d  - l i m e -  g r o u t  t e s t  c-cl was 1I SSL — l s u pe r i c - m u n  w i t h  c o m pon e n t s  mixed on

t i m e  f t _ I  l owing  pe ’r s ’ s l l t , t  we i p l t t  b a s i s :  7 2 . 5 5  p e r c e n t  sand , 2 1 .98 pe rcen t

wmi t  e r , 3.2 l tc ’r C e nt  cc -m e - t i t  , 2 . 3  p e r cen t  i-en to i l  i te ge-i , and 0 .036 pe rcen t

pol yme r i r  j e t  ion reducer. ‘le s t s we r e  p o r f o r n i e s h  at ci  r ;t  in  rates t O  50 per

second mind Pr e s s u r e s  to 1 kh ar .  An i n i t i a l  f a i l u r e  s t r e n g t h -u  t imoug ht  to be

c o m p r i s e d of t h e  c h e m i c a l  bond c t r e n g t l m  and s t, i t i c  f r i c t i o n  is  d e p e n d e n t  on

time s t r a i n  r a t e - , b u t  is i n d e p e n d e n t  ot  the  i m v d r o s t m u t i c  p r c s s em r e . Time va lue  of

t h e  i n i t i a l  clu e - m it str c- u -igmhu is 2.7 x 10 dynes/cnm (39 p s i ) .  A f t e r  time i n i t i a l

f a i l u r e  t i m e -  c l u e - c u r  re - s i  s t a n c e - d c c  r e m m s c ’ s t s m a r a t e  and p r e s s u r e  i n d e p e n d e n t

l e v e l  o f  0 .9  1 1) c i v n e s / c n m  (1 3 p s i )  . i’ c ’r r a — T e k  d a t a  (Se-c t i o n  I I I .  i t ) . 1)

i n d i c a t e  t i m ; i t  t ime s i u o m u r  S t r c i t , : t i m  of  H S S L — l  (e
1

— c 1
3

) / s  I , is 5.3 ‘ 10 to 2.3

l0~ dyne -s/cm 2 or abou t a f:uetor of two g r e - m u t e r  t i - a i m t i m e  t r i m m x i a l  v a iu e ’~

ref ere’mm u -ed i n  the  S~ r e p o r t .  b i :mse c i  on time - Torra— ’l’ek da t -i time S visc s ns et

re ite m I t it mm ppecm r i m be conic - c h u m  I l o w .  The p mans su r e  i Id epeu md u 0 ’ ’ em I t i ’e

f a i l u r e  s t r e n g t h  i - m m  n o t  in  a g r e e m e n t  w i t i m  t i m e  h e ’r u - , t — l ’ s ’ i - , t r i a x i ~i l  a ~n

i - i  pu re- 3. -’ 5. M u s t  o t  th e  5 t e s tS  \sc’ r s ’ -m -m r f o r m e d  c-n s , m t ’ l p i o c  a l t e c  -

30 s h i n s .  One t c’st g r o u t  c u m m e d  f o r  c ml v  s-n -n d m y  indi cmm t c’ si a 25 ps -

r educ t ion in s i v m l mni i c s lmo a  r m c i i ’  e m I t Ii. By t c c -a stir log the dvi- , c--

s t V c r cm l u r g e  n u m b e r  of  r~’ v o 1  i i i  i - m -n c of t i m e  v i c e - -m u l e - i  s i  m u m - ~c - -
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was determined to be independent of the shear strain . The viscometer

data are valuable to the present study because they ind icate the ra te

insensitivity of superlean grout , the range of uncer tain ty of the yield

streng th in shear , and the magnitude of the shear strength.
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SECTION IV

CABLE PRACTICES EMPLOYED BY FIELDING AGENCIES

In this Section the resul ts of discussions on cable f ielding prac tices
with several experimenters at different agencies are documented . The purpose

of this Section is to allow one experimenter to extend the learning curve of

another experimenter at a different agency without duplicating past efforts.

11. SANDIA LABORATORIES, ALBUQUERQUE , NEW MEXICO
Two different cable techniques are employed in underground tests by

Sand ia Labora tories , Albuquerque. A third technique, used in an oil shale

frac tur ing project, is also of interest and is described in this Section.
H. Miller and W. Cook use 4—wire shielded cable (ERDA—NV—MC—9 , Rev 1,

5HLD , 4C) commonly called “blue quad” run inside hydraulic hose. The blue

quad outer jacket is impervious to water (some cable jackets may leak, e.g.,

RG213). The hydraulic hose has a metal braid exterior and a rubber interior.

Three quad cables may be run inside one hose. It is believed at Sandia that

the cr ush space be tween the electrical cable and the hydra ulic hose affords
addftional protection to the electrical cable. Cables must be run in a

radial direction away from the working point. Most successful measurements

have had the instrument package placed no closer than about the 1 kbar range.

At grea ter ranges , say 0.5 kbar, any cable failure that does occur seems to
be caused by shear. Cable connectors can be a source of failure both at can-

isters and at gas block seals. Transducers are usually hardwired to the blue

quad and the wires are potted in hard foam. Although no electrical connector

is used at the canister the hydraulic hose connector is a weak element and

has been protected by a hollow steel cone with a 0.5 inch wall thickness,

Figure 4.1. Based on time domain reflectometry measurements a considerable

number of failures have occured at the gas—seal connectors , e.g. on Mighty

Epic a 50% failure rate occured at the gas—blocks in the main tunnel. Sandia

has depar ted f rom the prac tice of mounting connec tors on a bulkhead , and has
instead protected the gas—seals by installing them inside the TAPS, Figure

4.2. At the present time the new design has not been subjected to a field

test. It is suggested that the reader obtain the results of the performance
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YTTERBIUM GRIDS

FLUID
BELLOW S

CABLE PROTECTOR

A
152.4
mm DIA. 

____ -

c 
-

279.4
nun DIA.

STEEL COLLAR 273.05 mm

Figure 4.1 Sandia hardvired cable connection with cable protector
(installed on fluid—coupled plate pressure gage).
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GAS BLOC K PILIC~‘~ ~~TO B LOC~ TIOMS 
____ ____

—~ 5 FEET ~~~~ -

I ~J / L GI..S ~~~~~ 
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~~ ~~~~~~~ 80 PIPE
HYDRAULIC HOSE

HOSE 10 PIPE
COUPUP4G

TO WORKING
~~~ POINT

~~~~~~~~~
- —

~~~~~~~~~ ~~~. 

CABLES

~~~~ /

1~A~PS D~~Tf~JL
SCALt~ WOIJ~

Figure 4.2 Sandia gas—blocks located inside the TAPS on Diablo Hawk.
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of gas—seals located within the TAPS of the as—yet—to—be—fired Diablo Hawk

experiment. Coal tar may be used as required as a gas—block material within

the hydraulic hose. Based on the electrical characteristics of buried cable,

Sandia repor ts no adverse reac tion between the coal tar and the blue quad
cable, Visual inspection has not been made. Sandia believes that the acetic

acid liberated by RTV has a deleter ious effec t on cables , but no lab tests
have been performed . Because coal tar contains a variety of compounds , some of

which may be hazardous, the heal th dangers attendant with its use should be

determined.

Although well logging cable and stretch cable have been used in years
past the performance of these two cable types was such that they are no
longer used. Blue quad protec ted by hydralic hose is thought to be much

superior to both well logging and stretch cable.

Sandia experimenters (and experimenters at other agencies) are in

agreement that the layout of favorable cable routings at the earliest stage

of test planning is crucial for successful data recovery.

Carl Smith uses 50 ohm coaxial cable (RG213) with manganin and ytter-

bium stress gages. Considerable attention is given to the gage package—cable

transition region which experience has shown to be a source of failure.

Current prac tice employs a tapered polyethylene dielec tric and Flexane 60
Epoxy pott ing in the transition region. The cable topology uses strain relief

and a minimum strain configuration as needed . For example , on Middle Gust,

the RG213 exited the gage package at an angle of about 40° to minimize the
tangential strain acting on the cable. The minimum strain geometry is in

agreement with our calculations (Section 11.2). The RG213 is embedded directly

in gtout without any special protection. The experimental data indicate

that a pressure of tens of kilobars does not unduly distress solid dieclec tric
coaxial cable. However, cable failures may occur at some point on the un-

loading wave. Based on time—of—arrivals some of the failures appear to have

occured in regions of large shear where the cable exits a borehole and enters
a by—pass drift e.g., the Dido Queen experiment .

Ray Reed ’s experience with shale rubbleization experiments is of qual-
itative interest to the UGT program . Instrumentation cables are installed in

open boreholes——grout cannot be used . The electrical cables (usually RG22B/U)
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are protected by placing them inside aluminum tubing, which minimize com-

pressing or pinching the cable and smoothes the loads produced by rubbleizing.

The open boreholes can subject the cable to spall fragments, and may in some

cases collapse about the cable. Shear offsets produced by rubbleization are

of the order of 1 inch, which is considerably less than the maximum offests
observed on an underground test.

12. WATERWAYS EXPERIMENT STATION , VICKSBURG , MISSISSIPPI
An intensive effort at securing a hardened cable plant was expended on

the Mighty Epic interface experiment . Although several agencies were involved

in the design and field ing of the Mighty Epic interfa ce experiment , the Water—

ways Experiment Station had the prime responsibility for the detailed design

and emplacement of the cable plant up to a location several feet ahead of the

gas—seal bulkhead. The Waterways effort will be discussed in this Section.

Partly because of cost and partly because of the nature of the geology the

cable topology for  the Migh ty Ep ic interface experiment, Figure 4.3, was

unfavorable for long term cable survival. To assist their survival the

cables were heavily armored with 606l—T6 and 2024—T4 flanged conduit and

employed slip joints to provide piecewise axial compressibility, Figures 4.4

and 4.5. Sandia stretch cable was installed inside the conduit above the

interface and 16 TSP was used be 1 ow the interface. The limited availability

of 7075—T6 prevented the use of this high strength alloy for the conduit ,
but 7075—Tb was used for the canisters. The conduit wall thickness was 0.75

inches in the tuff and 0.5 inches in the relatively strong quartzite. The

outside dianter of the conduit was either 2 inches or 3 inches between the

slip joints. The slip joint housings were either 4.5 inches or 5.5 inches

in outside diameter. In the downhole run , slip joint shear rings with
activation forces of between 25,000 and 53 ,000 lbf were employed . In the

drif t the shear ring activation force was only 5000 lbf. The conduit was

embedded in rock matching grout in the downhole runs, but in the drift the
conduit was laid in a trench and surrounded with sand. (Based not only on

pre—sho t analyses of backfill compressibility and the buckling of the con-

dui t, but also on post—shot reentry observations it is our opinion that

additional consideration needs to be given to the type of backfill employed
in a cable trench.) To protect the conduit elbow at the intersection of
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each borehole and the drift the conduit was encased in a 4 feet x 4 feet x

8 f eet block of high strength grout which was keyed into the surrounding tuff.
To allow the instruments to record the free—field motion in the region around

the interface no attempt was made to reinforce the conduit or limit the

differential motion that was expected between the tuff and quartzite. Rather

than relying on the survival of cable crossing the interface for the acquisition

of data from below the interface an experimental device for the storage and

the wireless (radio) transmission of data was emplaced at bottom of each

borehole. A few feet beyond borehole number 4 the massive conduit was

terminated and the cables were laid in coal tar. The Waterways design ceased

at this location. Just beyond the coal tar the cables entered gas—block

connectors mounted on a bulkhead . The gas—block connectors were not designed

to withstand a high pressure environment although the downhole instrumentation

string employed high pressure connectors manufactured by Envirocon. On the

far side of the gas—seal bulkhead the cables were embedded in grout without

any additional protection and made their way to the mesa inside a stemmed

steel pipe.

We now proceed to examine circuit failures. Data obtained from the

Waterways Experiment Station indicate simultaneous failure of all circuits

in borehole 2 at 28 ms and in borehole 4 at 66 ms. The failure of circuits

in borehole 3 occured over a time interval extending from 55.3 to 99.3 ms,

Table 4.1. Post—shot time domain reflectometry (TDR) measurements indicated

cable failures at various locations which are summarized in Table 4.2.

Based on the signal waveforms all of the circuits from borehole 2 failed

after shock arrival at the borehole — drift intersection. Although the post—

shot TDR measurements reveal five failure locations, the time interval between

wave arrival and circuit failure suggests that the first failure occurred

through a shearing action at the borehole collar prior to the attainment of

peak displacement. The design of the elbow section needs additional analysis.

The use of a high streng th grout section may have increased , rather than

decreased the shear, e.g., recall the problem of passing cables through a

TAPS at a much lower level of stress and displacement . Current thoughts on

TAPS design suggest that if a high strength grout section is used it should

be tied to the rock matching grout with rebar. A similar problem occurted on
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Table 4.1 Mighty Epic circuit failure times (Reference 15)

Borehole Gage Time—of—Failure

2 all 27.8

3 3—l—uh 98.9

3—l—uv 98.7

3—2—uh 90 .4—99.3

3—2—u v 92.7

3—3 —uh 98.9

3—4—uh 85.3

3—4--uv 94.7

3—5—uh 55.3

3—5— uv 56.4

4 all 66.0

the Husky Pup cable experiment. The use of a drill collar is controversial.

A steel collar is supposed to add suppor t, yet the evidence suggests that the

cables were cut at the location of the collar. We believe that reinforcement

should be provided by rebar . The collar should be relied upon only to pre-

vent sloughing and should be made of fiberglass. It is important to recognize

that even if shear fa ilure in the high stress region at the borehole—drift
intersection were prevented it is unlikely that late—time measurements would

have been obtained because of cable failure in the low stress region of the

uphole cable run to the mesa. The uphole cable may have been severed less

than 40 ms after signal arrival at borehole 2. The slip joint stroke in the

drift just beyond the elbow was insufficient to take up the ground strain ,

resulting in a severed conduit and both open and short circuits in the cable,
Figdre 4.6.

The times—of—failure of the circuits from borehole 3 do not coincide

with any first times—of—arrival at failure locations . The location of the

initial failure is uncertain. All of the failures were relatively late—time
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ef fects. Although the gas—seal connector did not fail for the borehole 3

cable the Waterways group reported that based on TDR measurements the connectors

did fail for the other cables. DNA Field Command discounts the Waterways

measurements and asserts that on the basis of visual observations the soft

cables were severed behind the gas—block bulkheads .’6 Whether or ‘-iot the

gas—seals open—circuited under ground shock loading was never ascertained.

Whichever gr oup Is correct , we note that data were lost and that more atten-

tion must be focused on designing a complete system , no one part of which

will fail. Prior to emplacement , both the gas—seals and soft cables were

recognized as sources of failure , and the f a n n i n g — o u t  ui  s o f t  cables f rom

massive armoring in a hi gh stress region was recognized as an illogical design.

Under the pressure of meeting a test schedule and test bud get , corrective

action was not taken. Locating a secondary bulkhead at a fault resulted

in the conduit and cable being damaged as it was forced  against the steel

bulkhead , Figure 4.7. The fault motion in itself did not damage the conduit.

Suc h was not the case at the gas sea l bulkhead • Generall unknown to

the groups involved in the design of Mighty  Epic , a fault traversed the ga~;—

seal bulkhead and the r e s u l t i n g  ex p l o s i on  i n d u c e d  ot  f se t  was responsihle fo r  the

atorem .~ntIoned cable lailure . The cable failure behind the gas—seals points

out two needs. First , an integrated desi gn is required rather than having

different agencies patch their designs together. Second . better communications

are needed between Field Command and the other design and fielding agencies.

The first failure of the borehole four cable could have occured at

any one of the th ree  t a i l u r t  l o c a t i o n s .  Fa i lu re  at the top of the  casing

is most likely because the time interval between first arrival and failure

was sufficient to allow a large shear offset to develop. The 1080 foot

location in the uphole mesa run is also a possible first failure location

because an analysis of arrival time s has indicated a several ms delay between

wave arrival and cable failure.

Considerable effort was expended to make cables survive in the high

stress, large displacement reglon • Heavy walled conduit was employed to ensure

that s u p  joints would work effectively to take up axial strain without binding

or pinching oft the cable. (We have noted many times that pressure in itself
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up to at least a few tens of kilobars will not cause solid dielectric cable

to fail —— the conduit is not needed to pro tec t cable from a uniform pressure
field.) Even if better high stress des igns were available , late—time measure-

ments almost surely would not have been obtained because of failure in regions

of relatively low stress. It is our opinion that the low stress regions also

need greater attention. For example , surveys for fault planes must be made ,

and appropiate designs must be implemented to prevent cable shear by low

stress fault offsets. In the uphole rum to the mesa the boring must be

surveyed through the use of corings or logs (calipers or televiewer) to locate

faults. At fault locations the cables must be protected. Under—reaming or

heavy reinforcement may provide protection in a low stress region, but a

workable method remains to be demonstrated .

13. SYSTEMS, SCIENCE AND SOFTWARE , (S 3) SAN DIEGO , CAL iFORNIA

H. Kratz’s group at Systems, Science and Software employs a variety of

cabling techniques with no one technique enjoying a favored position. The

methods employed are said to depend on the needs of each experiment. Most

cables are embedded direct ly in backf ill : RG213 , RG22B , well logging, and
Whitmore armored. The latter cable is built by Whitmore to an specification-

The cable contains four number 22 twisted shielded pairs. For our purposes

the most important features of the design are an inner jacket of 0.03 inch

urethane surrounding the TSP, a double armor consisting of 0.015 inch diameter

hard stainless steel wire , and an outer jacket of 0.040 inch thick urethane.

Subminiature coaxial cables, RG174/U and Endevco 3090B , have been protec ted
by a 1/4 inch OD conduit. The performance of these cables in field tests

have been noted in Section III - ’ . ~p1ices are protected by epoxy—filled

Pomona junction boxes. The cables are anchored to the boxes with Bates

and Thomas compression—type cable clamps. Test data are not available on

the performance of the Whitmore cable and on the strength of the Pomona box

splices. Data are available which demonstrates that RG22B taken from stock

at the Nevada Test Site has a porous outer jacket which allows water to seep

in between the outer conductor and the inner dielectric . Upon reaching a

connector the shunt conductance of the water can cause high impedance circu its

to malfunction.
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14. PHYSICS INTERNATIONAL, (P1) , SAN LEANDRO , CALIFORNIA

Two ma in cable techniques have been employed by F. Sauer and C. Vincent ’s

group at Physics International. Based on their experience with above ground

cratering shots, a double braided armored TSP has been employed on underground
experiments. The braided cable is composed of a tightly wrapped inner stain-

less steel mesh with a loosely wrapped outer stainless steel mesh. The

braided cable concept is discussed in Section 111.7. The performance of the

cable on stemming and containment diagnostic experiments is discussed in

Section 111.4. Recently (on the Mighty Epic structures experiments) schedule

160 steel pipe was used to protect soft TSP cables. To accomodate longitudural
p 

strains, slip joints were employed . The success of the steel conduit design

prompted its adoption for the yet—to—be—fired Diablo Hawk experiment . At

the present time the use of strong conduit is heavily favored , although the
problem of fanning—in and fanning—out cables to and from the conduit has not

been addressed in a critical manner .

Junction boxes are not thought to be a source of failure provided that

they are filled with a relatively incompressible material such as epoxy . The

joining of cables to canisters is considered to be critical. The outer braid

of the double armored cable is clamped to the canister while the inner braid

is epoxied to the canister. Pull—out tests to ensure that the connection of

the cable to the canisters is at least as strong as the cable itself have

been performed , but the results have not been documented . To prevent relative

motion between the TAPS and the surrounding grout from severing cables that

pass through the TAPS , a foam—filled rattle space is provided on both sides

of the TAPS. Gas—seal connectors are thought to be a source of failure ,

partly because of the short pins used in the connectors , e.g., even during
grout cure pins have open—circuited —— a condition thought to arise from

thermal strains.

15. DNA FIELD COMMAND, NEVADA TEST SITE
The Nevada Test Site group under the direction of J. LaComb is respon-

sible for many of the designs and cons truction techniques employed on an
underground test. Of paticular interest are the gas—seal connectors and

uphole cable runs. The gas—seals used by Field Command are 1000 psi hermetic

commectors with 31 to 60 pins . The connectors are mounted on a bulkhead , are
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provided shear protection by use of a concentric steel ring, and use a Kellem
grip over a waterproof boot. Field Command believes that failures attributed

to connec tors have occ ured , in fact , in the cables near the connectors . Unlike

the experimenters , Field Command personnel believe that the gas—seal connectors

are adequate for the job they must perform.

Many experimenters are concerned about the survivability of the uphole

run to the mesa, but Field Command states th~’t no cables have been lost at

a range greater than 800 feet and with a good sand stein , the uphole run will

survive as close as 500 feet. However , it is difficult to achieve a good

sand stem during the winter months using current practices because of the

great amount of water condensate which accompanies the updraft from the

tunnel to the mesa. It was noted that large offsets can occur in the uphole

cable run: a 15 inch offset was measured on the Ming Blade cable run at a

range of 700 feet.

The importance of laying out cable routes early in the experiment

plan was stressed . Quite often so called “add—on” experiments are fielded

at a late date and consequently may have unfavorable cable runs. The

importance of cooperation and good communication between Field Command and

the other fielding agencies cannot be overemphasized. Although some experi-

menters are of the opinion that steel borehole collars can sever cables ,

Field Command believes that the collars provide protection to cables. For

the collars to be effective any multiple pours must be tied together adequately

and impedance matching must be observed . The steel conduit cable protection

system is thought to be technically sound , but costs more than six times that

of a soft system . it is evident that some current practices are controversial.

It is equally evident that most of the controversy could be resolved by good

4 diagnostic experiments.
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SECTION V

CABLE SHEA R

In Sections III and IV we have seen that the shear failure of

cables that cross planes of weakness , whether they be construction discon—

tinuities or natural faults , is a cruc ial problem in the measurement of

late—time motions. In this section we shall analyze the transverse loads

imposed on a cable. In particular we address the question of what force

is required to move a cable through backfill so that not only can loads be

determined , but so that the effects of backfill material properties can

also be ascertained . We characterize the flow of the backfill material

as governed by the maximum shear stress which the material can sustain and

under which the material will flow , e.g., a perfectly plastic material or

a Mohr—Coulomb material . A simple model of cable motion through backfill

postulates that the normal stress , a, is uniform over the projected area

of the cable in the forward—facing direction and zero in the lateral and

backward directions . The principal normal stress is related to the maximum

shear , S , as
0

S = ~- (a - 0 )  ~- o .

The force F per unit length on the cable is directly related to the d iameter

d of the cable and the maximum shear stress in the backfill ,

F = ad = 2S d
0

The maximum shear may depend on the mechanical propert ies of the backfill

material and the state of stress in the material. A full solution to the

problem would include a complete description of the stress and flow field

around the cable. The constitutive properties of grout backfill are described

by a plastic model. Laboratory tests have failed to detec t any viscous

behavior of grout , rather the tests have confirmed the existence of a

maximum shear type of cri ter ion and the assoc iated plastic flow response

111
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(Section 111.10). It has been customary to use analyses similar to that
expressed in the above formula in the design of cable systems. The stress

distribution used in the model was chosen in a rather ad hoc manner and

the uniqueness of the stress distribution was not demonstrated . If we

choose a different stress distribution we get quite a different answer .

For exampl e, using a similar model but allowing a background state of stress

a , a , with a in the direction of motion of the cable and o in then t n t
transverse direction , the above relations are modified to

1s =

and

F = (2S — 0  + a ) d .
0 fl t

An analogous relationship is obtained using the von Mises yield condition.

This result implies that the state of stress and not just a constant value

of the yield stress in shear influences the loads on a cable. This second

calculation thus indicates that a more complex dependence is possible , and

suggests that a more careful analysis is warranted . We are concerned with

whether it is the details of the stress distribution in a failed material

(for a fixed value of the yield strength) that controls the load on a

cable or whether the material properties themselves are altered . Recent

data indicate the yield surface itself is altered by large deformations
(Section 111.10).

To clarify the type of dependenc e on material parameters we resort

to the theory of elasticity. Even though the mater ials of in terest are no t

linearly elas tic , the theory of elasticit y is usef ul for gaining insight
Into nonlinear problems and to suggest the forms of the dependence on

mater ial properties . Furthermore , in the more general plastic case

a piecew ise linear theory of elas t ic ity can be used to determine the
incrementaldeformation about a general state of stress’7. Even if the

moduli of the material are varying at a particular state of loading, the

linear theory of elastic ity can be used to de termine the response to an
increment of loading.
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A simple model relating backfill stresses to the transverse force

per unit length of cable can be developed from Boussinesq ’s problem
18

,

which is one of relating the stresses within a semi—infinite solid to a

concentrated line load , F, on the free surface of the solid . The stress

field is remarkably simple: All stresses are purely radial ,

—2F cos 0
a = — _ _ _

r a r

= 0 ,

0

Two cases can be related to cable loads. In Figure 5.1, one—half of a

cable of diameter d is embedded in the half space. The radial stress is

a maximum on the axis of symmetry. Yielding first occurs at 0 = 0; thus,
using the maximum shear stress or Coulomb yield condition , the force which

just induces first yielding is

F =

Backfill Backfill

(a) (b)

Figure 5.1. Boussinesq models of cable loads.
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Inasmuch as the half—space has yielded at only one place , this force

should be smaller than that derived from the other models. It turns out

that this is indeed the case. In Figure 5.1(b) an entire cable cross—

section of d iameter d is buried tangent to the free surface. The magnitude

of the stress is constant on the surface of the cable , a = —2F/ad . In this
r

topology all of the material yields simultaneously. Employing the Coulomb

yield condition ,

F = irS d
0

It can be observed from the above formulas that the stress distribu-

tion is independent of the elastic parameters. Prager has shown that for

plane elastic problems if the stresses are specified on the boundaries of

the material , then the stresses are determined throughout the material

independent of the elastic parameters provided that the topology is simply

connected ’9. If the topology is multip ly connected then the resultant

force on each of the multipl e boundaries must be zero for the stresses to

be independent of the elastic constants. The mathematical representation

of the transverse motion of a cable through the surrounding material is

one of a doubly connected topology ; thus , dependence on material properties

is possible. -

A model for the case of loading within a material is that of a

concentrated force acting along a line within an infinite plate. The

stress distribution is given by2°

= — 
(3 + v)F cos 0

a 4a r

= (l — v)F cos 0
0 4~i r

(1 — v)F sin 0
T = — .
rO 4n r
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It can be seen that the stress distribution depends on Poisson ’s ratio , and

so a dependenc e on material parameters has been uncovered for this case of

a d ubl ’.’ connected topology . (Referenc e 20 discusses the problem of plane

streSs , but as is well kno~o1 ~I m e  strain and plane stress solutions are

identical in the absence o~ i~&’dy fo ces.) The maximum shear stress is

given by

F
= 

2iir ‘

and is thus independent of Poisson ’s ratio. Assuming incipient yield ing

and calculating the net force on a circle of radius equal to that of the

cable we obtain ,

F = a S d .
0

Not only is the load independent of the elastic parameter , but it is

identical with the second form of Boussinesq ’s solution.

As suggested throughout , we expect our results for the cable motion

to depend more on the theory of p lastic itv than on the theory of elasticity.

We have used the theory of elasticity not only to obtain particular numerical

results for the condition of incipient yielding, but also to ind icate the

form of dependence on material parameters , such as Poisson ’s ratio .

Furthermore , the linear theory of elasticity can be applied incrementally

for gross deformations with a more comp lex total dependence on material

parameters. However , in this case the material parameters for the incre-

mental loading will he determined by the state of stress produced by all

of the previous loads. For a resolution of such complex dependence it is

generally necessary to resort to numerical solutions obtained with a digital

computer.

Turning now to the theory of plasticity, we have uncovered two

analytic solutions and one numerical solution which can be applied to the

problem of transverse cable loads. One of the analytic solutions was

dev ised by Karagozian (Section ITI.7.3) specifically for investigating

loads on cables. The other analytic solution is the classical one of
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Prand tl for the deformation of a semi—infinite solid produced by a flat

punch. It is thought that the application of Prandtl ’s solution to the

cable problem must surely result in an upper bound estimate. Because

Boussinesq ’s first solution of incipient yielding is a lower boun d , it is

of value to place an upper bound on the loads using Prandtl’s solution.

The numerical solu tion is a f ini te elemen t trea tmen t of the yield ing and
fracture in the matrix material surrounding a solitary reinforcing fiber.

Deformation of the fiber itself can also be calculated . The composite

problem is very close analog of the cable problem , and has already been

described in Section 111.9.

To con tinue , Karagozian has proposed a solution in which the shear
stress acting on the circular outline of the surface of the cable has a

constant magnitude equal to the maximum shear stress. On one—half of the

cable the shears act in a clockwise ditection and on the other in a counter-

clockwise direc tion to reinforce one another in retarding the motion of the

cable. The shear stress distribution , which is considerably different from

the other stress distributions which have been considered in this section ,

satisfies the plasticity yield condition at the surface of the cable and

presumes a rough rather than a smooth boundary condition at the surface of

the cable, since the maximum shear occurs there. Using the no—slip condition

at the cable—backfill interface and resolving the shear in the direction of

motion, the force on the cable is

F = 2 S d .
0

Th is, of course , is exactly the same as our introductory estimate which ,
however , was based on an ent irely different distribution of stress.

The classic problem of Prandtl’s is that of a flat punch of width

d resting on the surface of a semi—infinite solid , and being forced into

the solid by a normal load . The problem is two dimensional (plane strain)

with the material extending indefinitely in the third dimension. The

descrip tion of this problem is given in various texts
21’22

, and the treat—

men t is based on more recen t results by H ill 2 3
. In Prandtl’s original

solution a triangle of sol id ma terial in un iform flow , just below the fla t
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punch , moves with the (rigid) punch as a rigid body. On each side of the

triangle is a centered fan of material in plastic flow with yet another

uniform flow triangle on each side to connect the fans to the surface.

Unlike the five other estimates the plastic solution does not exhibit a

surface of cylindrical symmetry that can be thought of as a cable. With

this distribution of plastic flow the force on time punch turns out to be

F = ( a + 2 ) S d

The work of Hill has suggested another flow field , but the force on the

punc h is the same as that just given. It has not been demonstrated

rigorously that the punch problem is an upper bound to the cable problem ;

the results themselves ind icate that this is quite likely the case. The

same result that was found from the elastic solutions , namely, that the

transverse loads are independent of the elastic constants , also holds from

the plastic solutions.

The results of elastic analyses and plastic analyses for the

transverse loads app lied to a cable by backfill all have the same form :

F = CS d
0

where the coeffic ient , C, depends upon the details of the analysis. The

numerical value of the coefficient is listed in Table 5.1. As would be

expected on physical grounds the Boussinesq “half buried cable” is a lower

bound estimate because it treats only incipient yielding at 0 = 0. The

plastic punch problem provides an upper bound estimate.

For design purposes a value of the coefficient between 2.00 and

3.14 is recommended ; a conservative design would use C = 3.14. The

uncertainty in the value of the coefficient is less than the uncertainty

in the value to be used for the shear strength of backfill material.

It is important to recognize the limitations of the simple analyses

summarized in Table 5.1. For a large fraction of the duration of explosion

induced ground motion the cable does not induce failure of the backfill

as assumed by the models but rather the stress wave sweeping over the cable
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Table 5.1. Summary of results for cable load coefficient .

Model Coefficient

Boussinesq “half buried cable ” a/2 1.57

Simple  p l a s t i c i t y  e s t i m a t e  2 2.00

K a r ag oz i an  shear  e s t i m a t e  2 2.00

Boussinesq “ t a n g e n t  buried c a b l e ” a 3.14

Line force within material 3.14

Plastic punch on surface a + 2 5.14

location induces failure In the s u r r o u n d i n g  geolog ic m a t e r i a l .  That this

is so has been suggested by ma chint c m l c u l a t  ions of exp losions in tuff~~
4
.

it is conc luded that two s et s  of e-x~ erinents are necessary . The

f i r s t  set should  be a c1~~se analog o~ the models summarized in Table 5.1;

that is, load —deformation measurements of a p ipe embedded both fully and

p a r t i a l l y  in g rou t  should be made. The second set of expe r imen t s  should

place the grou t  in a ta ilc d state and then make load—deformation measurements.

‘1
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SECTION VI

THE DESI GN OF CABLE EXPERIMENTS

The purpose of this Section is to address means for improving field

designs. The main thrust will be experimental; simple analyses are already

available and their applicability needs to be tested. Before reformulating

or impro~~~ - , the anal\ses , experimental observations on the performance of

cable systems are necessary. Research experiments are needed to shed light

on problems caused by shear and by large axial deformations. Test engineering

experiments are needed to resolve uncertainties in the performance of certain

components. The value of a third class of experiments; namely , small scale

replicas of a field test , is uncertain at present. It is believed that the

research experiments will resolve some of the uncertainties in the design of

small scale experiments.

16. SHEAR EXPERIMENTS

The questions to be resolved by shear experiments (which will be described

forthwith) are as follows :

a. What is the relative motion between cable conduit and backfill?

b. How does the conduit elongation depend upon the offset across the

plane of weakness?

c. What is the offset that causes conduit failure?

d. What is the effectiveness of rebar in tying together two media ,

at least one of which has failed?

Parameters to be varied during the course of the experiments include:

a. Backfill type : superlean grout , rock matching grout , high strength

grout , and sand .

b. The state of stress, e.g., prior to loading a cable in shear the

backfill is either initially unstressed or on the failure surface.

c. The yield strength of the backfill (which , of course , is related

to (a.) and (b.).

d. The material inside the conduit , e.g., either empty or filled with

a viscous fluid.
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To set ideas we indicate schematically a test setup in Figure 6.1.

The principal feature is a plane of weakness at the interface between material

one and material two. ~-1aterial two is displaced along the interface relative

to material one, and the deformation of the conduit is observed . The obser-

vations may employ active instrumentation or take a rather simple and direct

approach; namely, visual inspection obtained by sectioning the test block.

As noted in SecLion 111.10.1 the strength of grout is logarithmically

dependent on the strain rates. If the laboratory tests are to have a one—to—

one correspondence with field tests then the strain rates must be similar.

A one—to—one correspondence is not essential for understanding the phenomena

of interest , but it is vital that the backfill properties under load be known

accurately. Attention also must be paid to the problem of pore water migration .

To prevent the test results from being influenced by end conditions the con-

duit should be long enough so that if the conduit were made any longer the

test results would remain invariant. The critical L/d can be estimated by

equating the force exerted on the conduit by surface tractions to the tensile

force within the conduit at the yield point of the metal ,

ir(d
2—d~ )O,~

irdLS = -  - ,

0 4

= ________

As an example , for 606l—T6 conduit and both superlean and tuff matching grouts

the critical L/d is:

S0 
L/d (L/ d ) *

40 ,000 psi 86.6 psi 87 260

40,000 psi 866 psi 8.7 26
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D i s p l a c e m e nt

Material i /
Materiad 

/
Figure 6.1 Conduit strain at plane of weakness.

Grout Flow
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2

~
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Fig u re 6.2 Transverse conduit loads.
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II a reduc t ion in the yield strength ot grout is experienced at large strains ,

then the L/d ratios must be increased in the same proportion as time strength

is decreased . t’slng t i m e  data of Section 111 .10.2 the L/d is in re-ased by a

factor ~ t t h r e e’ and is denoted  by (L/d)*. The yield strength ot  t he- conduit

in tension is not a f r e e  paramet er because i t  is directl y related to the

crucial elongation to  tii l ur e . Althou gh it is not the intent ot this study

to design h a r d w a re , we note that f o r  an initi a l set ol experiments a savings

in money mig ht be elfe cted by re stricti ng the experiments to weak materials

such as superlean grout and sand at low can t  i n i n g  p r e ssu r e s .

The apparatus b r  testing conduit is t h e’ same as would he designed b r

testing the  effectiveness a t  s t e e l  reinforci ng bar (rebar) in t y i n g  tw o

different materials together and shou ld  be so used . The problem is one in

w h i c h  large strains , material failure , and rebar d e b o n d i n g  all p l a y  a role.

In a simple anal ysis of the et  b e -ct lye strength of m s t ee l  r e i n f o r c e d  g r o u t

in te- r t ace  we assume tha t t h e  weaker  ~rout is 1 i xed to the stronger grout if

t u e  sum at  shear s t rengt it a I the reh.i rs plus tha t o I t he we , ik er  g r o u t  , S

is  equal  to the  shear  s t r e n g t h  of t h e  stronger grout , S ,. For the lull

shear strength 01 a r eha r  to come i n t o  p l a y  t h e  sun  ace tr act ions exerted on

the  rebar  by the  weak g r o u t  mu s t  t i s t  equal  t h e -  re s  i st  ing  t ar c e  w i t h i n  t h e

bar  a t  the  shear  v i e ~id  p o i n t  ii I s t e e l , S . T a k i n g  the  t o ta l  c r o s s  s ec t iona l
or

• area of the rebars as A and t h e  area of the interface as A we equate the

shear strength of t h e  composite - with tha t of the stronger medium ,

A S + (A—A )S AS
r o r  r ol o2

A S —S
• - 

r 
= 

a.. 
- 

ol .

A S —S
or ol

The critical length of reinforcing rod needed to develop the required shear

force is

2
2S d L = ~

’
~~ - S

ol 4 or

4 
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As an example , for  superlean gr out , S
1
, tuff matching grout , S

2. 
and steel

rebar , S , time area of steel to that of grout and the critical L/d are :

S S S A / A  L/dol o2 or r

86.6 psi 866 psi 23,100 psi 0.034 104

Superlean grout is so weak compared to tuff that the rebar must provide 90

percent o the shear strength. Either the L/d must be great enough to allow

the rebar to pick up the necessary surface tractions or A
r
/A must be adjusted

accordingly.

A second type of shear test , which we shall call a direct shear test ,

is useful for testing the simple analytic models and for acting as a check on

the tests of shear at a plane of weakness. In concept the test is simple; in

practice care must be exercised to ensure accurate measurements. The purpose

of the experiment is to measure the force on a rigid rod produced by the motion

of backfill. The experimental setup is indicated schematically in Figure 6.2.

The parameters to be varied are the type of backfill , the yield strength , and

the state of stress. Problems involving strain rate and pore—water migration

will have to be solved and this presumably will have been done by the experi—

ments for testing conduit strain at a plane of weakness. The design of a good

seal between the pressure vessel and rigid rod that will at the same time allow

a good force measurement and prevent grout extrusion may prove troublesome .

A simple silastic ring may prove to be adequate.

17. AXIAL LOADING , SLIP , AND BUCKLING EXPERIMENTS
The questions to be resolved by axial loading experiments (which will

be described in short order) are as follows :

a. What is the magnitude of the axial surface tractions transmitted

to conduit as the backfill suffers axial compression?

b. What is the amount of slip between the conduit and backfill?

C.  Under wha t circum stances will buckl ing occur?
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d. How do end , surface , and joint conditions affect the conduit

response?
e. How do slip joints compare with slack or “meander ” conduit?

The parameters to be varied are the same as those for the shear tests, i.e.,

backf ill , stress state, yield strength , and conduit filling material . The

test setup is indicated schematically in Figure 6.3. Several different end

conditions need to be investigated . At the far end of the grout chamber ,

near the fixed back plate, the conduit can be either free—floating or fixed

to the back plate. At the near end time conduit simould be capped a few centi—

meters below the surface of the grout. Two different caps should be used :

one with the same diameter as the conduit to keep the end load at a minimum

and the other with a larger diameter to increase the axial load on the conduit.

With the conduit in contact with the ran and with a long L/d ratio the effects

of compression on a canister—conduit joint can be studied experimentally.

The effec t of a tapered transition can also be studied. Having designed

canister and cable systems without the benefit of reentry observations we

believe that these scaled tests will prove extremely useful. Some thought

should be given to the feasibility of extending these tests to the problem of

fanning—in and fanning—out many cables to and from a single conduit.

The last research test that we shall discuss is a direct pull—out

test of conduit embedded in backfill. The question to be answered by this

test is: what is the force required to pull conduit through backfill? It

is of interest to initially have the backfill both in the unstressed state and

on the yield surface. The parameters to be varied are the same as in the

other tests. Because of the uncertainties that arose in the Husky Pup cable
experiment it would be of value to test straight conduit witim the far end

free and to test slack or meander cable with the far end both fixed and free.

Practical details concerning the best way to build the pressure vessel and to

effec t a low drag, non—leaking conduit feed—through need to be worked out.
18. TEST ENGINEERING EXPERIMENTS

Because of the controversy that exists concerning the performance of

gas—seal connectors we believe that tests of electrical continuity and noise—

generation in gas—seal connectors under shock loading are necessary . The
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initial set of tests can be simple impact or drop tests. If the connectors

pass the shock tests then more sophisticated pressure loading tests should be

considered. To prov ide design specifications , j unction boxes and canisters

should be subjected to cable pull—out tests. The pull—out force should be no

less than the force which causes the cable to fail.

19. SMALL—SCALE MODEL EXPERIMENTS

Based simply on geometrical scaling the group of tests comprising the

Diamond Mine HE, the Mine Dust HE, the Husky Pup cable add—on experiment , and
the Mighty Ep1~c interface experiment suggests that scaled tests might be a

useful way to test a hardened cable plant prior to full—scale deployment . The

two nuclear tests and the Diamond Mine HE shot experienced failures that appear

to be shear induced at one or more locations. The Mine Dust HE cables main-

tained their integrity throughout the entire event and remained operative after

the shot.

The success of the Mine Dust HE shot may have resulted either from a more

advantageous cable topology compared to the Diamond Mine HE test and to the

nuclear tests , or based on simple scaling arguments the improved topology may

have been aided by relatively massive armoring . Full scale cable armor

dimensions, based on the 1/4 inch diameter Mine Dust armor, as a function of

nuclear yield are plotted in Figure 6.4. The full—scale armor dimensions are

greater than have been employed on nuclear tests. (Moreover , to load gages in

boreholes the exnlosive tests employed aluminum angle which was left in place ,

thus providing additional cable support.) The basic theoretical idea behind

the concept of scaled tests, that identical strains occur at scaled locations

so that the response of full—scale cable armor can be tested in small—scale

experiments , needs to be supported by more detailed analyses. The scaling

argument might be persuasive were it not for the results of Dido Queen

(Section 111.4.4) which demonstrated the value of 1/4 inch OD 6061—T6 aluminum

armor in extending the recording time on a full—scale test. It is clear that

the analysis has not progressed to the point where geometric scaling can explain

the performance of cable armor.
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Small—Scale Cable Armor Dimensions , inches 

—

00 ID Wall
0 . 2 5  0.152 0.049

— 
Small—Scale Explosive Weight: 0.5 tons 

—

‘1 
- 

0.1 1 I I L 1  I I I I I
1 10 100

Nuclear Yield , KT

Figure 6.4 Full—scale cable armor dimensions vs nuclear yield
based on Mine Dust and Diamond Dust HE tests.
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SECTION VII

CONCLUS IONS AND RECOMMEN DATIONS

To conclude this report we outline the procedures that are needed for

the logical design of a cable system that is to survive late—time motions in

the two to three kbar region. Not all of the steps can be carried through

to completion because of lack of data; these shortcomings constitute areas

where additional work is required .

The f irs t step in designing a cable system is the laying out of the

mechanical topology of the cables. The purpose of the cable topology is to

minimize shear offsets and axial strains. Whether the cables are radial or

non—radial is of lesser importance than avoiding planes of weakness. (It goes

almost without saying that for cables that are not expected to survive for a

long period of time it is crucial that the ground motion arrive at the trans-

ducer prior to arriving at the cable ; in this case a radial placement may be

mandatory.) The cable layout must be done in conjunction with the layout of

drifts , bulkheads , and other structures to avoid having an unfavorable cable
run imposed by existing construction. The as—built cable topology should be

included in the Project Officer ’s Report. The entire cable plant must be

considered from the transducer to the recording apparatus to prevent one weak

component from causing the failure of the entire data link. Cables must

be isolated from the differential motions that occur in the vicinity of

‘1 most structures. Axial strains can be estimated using data from past experi-

ments or if need be (and not as desirable) from machine calculations. Shear

offsets cannot be estimated ab initio with sufficient accuracy to be useful

for des ign purposes. Past data might be used to estimate an upper bound for

the offse ts at all planes of weakness , but such estimates tend to be quite

rough. We have not studied the economics of allowing for large offse ts at
all planes of weakness. Add itional research on offset motion is needed.

Offsets produce shear loads on cables which can be estimated by the procedures

of Section V. The accuracy of the estimates needs to be established by experi—

- -~ ments as discussed in Section VI. At the present state—of—the—art a workable

method for protecting cables from shear failure at an unavoidable plane of

weakness is uncertain. The shear experiments of Section VI should provide
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insight into the interactions between a cable and backfill and also give

guidance to design techniques. Where construction has created a weak zone,

the possibility of limiting shear by tying different media together with

reinforcing bars needs further development and experiments to provide

design data are suggested in Section VI.

Different experimenters use different cables for similar applications .

Some experimenters either employ or have suggested the employment of cable

types that have been tried and discarded by other experimenters. A variety of

cables have been used to attain limited goals , but no technique has demonstrated

the ability to survive late—time motions on a full—scale test in the two to

three kbar region . Several experiments have suggested the value of strong

conduit in protecting relatively soft cables and this technique has been

taken up by recent cable hardening design . The value of the conduit resides

not in protecting the cable from the pressure field (such protection is

unnecessary), bu t  in improving the axial strain capabilities and in resisting

shear. The shear resistance has arisen not by design , but by virtue of the

stoutness of the design which is needed to prevent collapse of the conduit.

The use of sli p joints has been shown by experiment to be one method of

taking up axial strain. If the axial strain exceeds the capacity of the

sli p joints the cable is subject to catastrophic failure imposed by buckled

conduit (Section IV). The axial sli ppage between backfill and conduit , and

the lateral support against buckling afforded to conduit by backfill needs

clarification. Experiments to investigate axial loading effects are discussed

in Section VI.

Inattention to detail or faulty components can cause the failure of

an entire data link system. Some experimenters (but not all) have subjected

the connection of the cable and the canister to a tensile test , demanding

that the force to fail the connection at least equal the tensile strength

of the cable. All designs that find their way to the field should be subjected

to such a test and the results documented in the Appendix to the Project

Officer ’s Report. Shear and compression tests of connections are also

necessary (Section VI) . Evidence has not been found of failures at junction

J boxes, provided that the junction boxes are filled with a relative ly incom—

pressible material , such as epoxy. Although junction boxes to not seem to
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be a source of failure we believe that the effec tiveness of cable grips at
the boxes needs to be documented by experiment . The danger (which happens

all too of ten in experiments) is that a seemingly minor change to a workable
design , say the substitution of one grip for another , can result in failure .
The most controversial component is the gas—seal and its mount . Many experi-

menters state in that the hermetic gas—seal used on underground tests is

responsible for many failures; Field Command believes that the connectors

are adequate. We believe that shock and pressure tests are needed to help

resolve the controversy. Better control on the locating of cable faults in

the field may also be required to distinguish between connector failure and

cable failure.
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APPENDIX A

NOMENCLATURE

a exponent in formula for displacement

B coefficient (random displacement)

C coefficient (shear loading)

c coeffient in formula for displacement

d diameter of cable

E Young ’s modulus

F force per unit length on cable

G coefficient in formula for cavity radius

h depth of burial

I momCnt of i ne r t i a

L length

M mass of spher ica l  element of ea r th

11 plastic moment
p

n porosity or void fraction

P resisting pressure

R final radial coordinate

H r a d i u s  of c a v i t y

r initial radial coordinate

S final position of element

S maximum shear stress

s initial position of element

T tensile force

u displacement

w load per unit length

Y yield of explosion

Q angular offset from a radial line

strain

maximum shear strain
max

p densi ty
normal stress component
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8 polar angle

deflection of cable

Ax random displacement

wavelength

v Poisson ’s ratio

a- yield strength in tension

r shear stress

( ) c a v i t y

~ 
initial value

~ ~r 
radial

( tangential

~ )
j  

final value
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