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SUMMARY

Ytterbium stress gages and power supplies were developed for use

*w i t h  a hardened , remote data—handling system designed for DNA by Develco.

The system was used on Mighty Epic to record and transmit ground motion

data in the region around a geological fault. Proximity of the  ground

motion sensors and orientation of the cables to the nuclear source

dictated that gages and cables be m o d i f ied  by electrical shielding .

Additional gages were constructed for Water~vays Experiment Station

EWES) to measure stress throughout the fault ZOne. Fielding , data

recording , and reduction were performed by WES and are not presented

here.

The design , construction , and testing of the gages, cables , and

power supplies are described .

A brief summary of constraints on gage accuracy and an inter-

pretation of data fr om the various geological regions of the interface

are discussed . Gage calibration data , necessary fo r  reduction of field

data , are presented .
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PREFACE

The Mi g h t y  Ep ic s t r e s s  g~tge  s s  tern represents t h e  Li k n i t s  of m a n y

of t he  s ta l l  ol Postl I E l ’  Labora t (Ir \ ’  . Sl~~’c’ i i  i ca ll  y , John I l an n i g a n  Was

p r i i t l ar i ly  respons ib le  i n i ’  t he  d e s ign  and c o n s tr uc t i o n  of t i le  sis ieldeG

gage  t- onui gur a t i o n , and Ken l i i  “sehberg and Lee h al l  f o r  the  power SSlI )ply

and cab les .  Others  c o n t r i b u t i n g  wore  W i l l i a m  W i l k i n s o n , J im Yost ,

*Frank Gal m b a , and \V i l l  ialn M u rr i ;  Noble Johnson was proj  cc t leader ,
+

Dr.  Car l  Petersen was  p r o j e c t  superv i so r  for  the  i n i t i al  po r t ion  of

the project , and D . R .  Curran was supervisor f o r  the f i n a l  phases .

Dr .  Ray Shunk of E loc t ro  Mechan ica l  Sys t ems  of New Mexico ,

D r .  Bruce H a r t e n b a u m  of RDA , and LTC Bruce H. Ellis and L~DR John

Gallamore of DN-\ Field Command , coordinated the Mighty Epic Experiment.

Mes srs . Don Day and F r a n c i s  h l aynes  of W a t e r w a y s  E x p e r i m e n t  S t a t  ion

conducted field installation , data recording and reduction .

*
C u r r e n t l y  w i t h  Xerox Corporat ion

+ - 3
Currently w i t h  S , La Jo l l a , CA.
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I I N’l’hlOI)I Ci’ I ON

l a  i i  nrc  ol e lec t  i-i cal  c a b l e s  ( I l t r i n g  g round  shock has  se vere  Iv

r e - i )  r i ot  l ’ I h  I ’ G’I ’ d a t a  and could limit deep basing concepts . Particularly

vu Inc  r ab  1,0 are  i-eg i ons  of 1 a rge  local  di  f Fe rent  i a 1 m o t i o n  such as occur

at  ~‘ I ’o 1 o g i c a l  f a u l t s  and j o i n t s , and a l s o  l a rge  d i s t r i b u t e d  r e l a t i v e

(no t ion  such as occurs a l o n g  cab l e s  l y i n g  i n  t h e  p l ane  of t h e  shock .

‘l’echn i ques  f o r  cab l e  h a r d e n i n g  in  those  reg ions  and a l t e r n a t i v e  me t h o d s

of I l a t a  t r a n s m i s s i o n  are being j o v e - i t  i g a t e c h  by l)N ,\ . One of t h e  ((lost

p r o m i s i n g  of t h e  t r a n s m i s s i o n  t e c h n i q u e s  is lo w — f r e q u e n c y  e l e c t r o m a g n e t i c

(E~l )  p 1-opag at  ion t h r o u g h t h e  ground . ,\ sys tern US ing ground  prop i lga  I ion

is  t inde r  developmen t by Develco .  In  t h i s  s y s t e m , a canister , hardened

a g a i n s t  ground shock , receives  d a t a  f r o m  nearby  h a r d — w i r e d  t r a n s d u c e r s ,

s to res  t h e  d a t a  and t r a n s m i t s  t hem to a remote  s t i l t  ion upon r ece ip t  of

a c omm a n d  f r~ tn t h a t  s t a t i o n .

To t e s t  t h e  Develco  c a n i s t e r  and to o b t a i n  g round  m o t i o n  data in

t h e  v i c i n i ty  of a g e o l o g i c a l  i n t e r f a c e, an e x p e r i m e n t  was  conduc ted  as

part of t h e  M i g h ty  E pic UGT . The o b j e c t i v e s  of t h e  work de sc r ibed  in

this report were to develop , construct , and test ytterl )ium gages ,

power supplies , and cables compatible w i t h  the Develco system and

s u i t a b l e  f o r  m e a s u r i n g  f r e e — f i el d  s t r e s s  in the UGT. Late in t h e

program , a t a s k  was added t o  c o n s t r u c t  ad d i t i o n a l  gages , gage h o l d e r s ,

and cab les  (bu t  no t  power sup p i  los)  fo r  a hardened  c a n i s t e r  syst em

d eve l oped by I V D t C I ’ W I l y S  E x p e r i m e n t  S t a t i o n  ( W E S ) .  The purpose  of t h e

~51- S Inca su remcn  t was to  oht a in f r e e — l i e  I d g round  ((tot ion  above and be l ow

110 g e o l o g i c a l  i n t e r f a c e , t h e  m e a s u r e m e n t s  below being r e d u n d a n t  t o t h e

Dove lco m e a s u r e m e n t  - The gage and cal )  1 I ’ I h I ’ S  I gn s  f o r  t h e  lIES m e a s u re l uc  nt  s

ss .‘ t -e t h e r e  I’ oi-e ( ‘55011 ) i a l i v  i dent  teal to  t i l e  ft-vol 0(1 sv -it em . ‘I’he power

7
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i-i upp  1 j L ’S  F o r  t he I’ h- -I - i g a g e s  were  dies igned  and coits t rue  ted by WES (111(1 ne  rd

a V e r S i O f l  o F those’ l ies ’ s- l Oped at  Sil l , t I o c i l l i e d  t o  p1 1 1111 t p1’~ ’ s I~~~t c a 1ih r ~i l  1, 111

of I h e  g a g e  sy s t e m .

l ’i e l d  i n s t a l l a t i o n  of t i l e  D e v el c o  c a n i s t er  \l’ Z ( S  (000m p lj s l l e ’d i  by I L ,~

ant i  Deve ico - I n s t t l  la t  ion l i t  I he tiES h a rd e n e .i cant s( e r s  and i-ceo i - r i  i rig

and t - e d u c t i o n  of d a t a  were I ( - i ’ I o r l l l e c i  i i y  \‘,E S . D e t a i l s  of these  a c t i v i t i e s

are  pt’ I. ’ s e l l l s ’ I !  i n  s e -p a l a t e  t’ ss lm l ’t s by those agencies . h~ ’ have  i n c l u d e d

a ) I l ’ i s ’ f  d e sc rip t  ion 01’ t h e  e x p e r i m e n ta l  l ay o u t  to  I l lu s t  i-a te  u n u su a l  g ag e

and c a b l e  d e s i g n  r e q ul  cements , and have b i - i e f ly  d e s c r i b e d  t h e  I I e l d  t e s t

r e s u l ts  F or  COill) le t e n e s s  . ‘l’he pr i  f lC i p a  1 m a t e r i a l  p i -O sente c i  in t h e  f ol  1 owing

sect ion-i , howeve r , d e s c r i b e s  t h e  d e s i g n , c o n s t r u c t i o n, and t e s t  l o g  of t ile

g ag es , power s u p p l i e s , an d c a b l e s . I t  w i l l  be noted t h a t  two configurations

of n i l t i e l c i e d  s t r e s s  gages  (p a d d l e  and c y l i nd i - i c a l )  are  d e s c r i b e d , a l t h o u g h

o n l y  t h e  p a d d l e  g a g e  was used in M i g h t y  E p ic . ‘I’he c yl i n d r i c a l  gage  e v o l v e d

durin g the program when i t  was  t h o u g ht t h a t  t h e  Develco 5 s t e m  w o u l d  he

f i e l d e d  on l lu sk~- P u p ,  w h i c h  r equ i red  the  c y l i n d r i c a l  geomet ry . We i n c l u d e

i t s  d e s c r i p t i o n  because t h e  l a b o r a t o r y  shock— l o a d i n g  t e s t s  of the  sh i e l d e d

g r i d  I l I r  bo th  t y p e s  of gages  were pe t -formed on t h i s  c o n f i g u r a t i o n  and

because t h i s  gage may he u s e f u l  in f u tu r e  t e s t s .
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II EXPI’Ii IME NT ~lL REQUI R EMENT S

The p hv sic a I c o n f ig u i - a t  ion of the  M i g htv Epic interface experiment

was  sufficiently different from prior f i-ee—fielci layouts to require

redesi gn of the gages , cables , and poiss-i su p p l i e s . To be t t e r  u n d e r —

stanch t ile n a t u i -e  of the revisions , it is instructive to desc r ibe  t he

configuration here .

In a typ ical at-rangement , the gage is positioned in a long hole

d r i l l e d  r a d i a l  to t h e  wol -k ing  po in t  (t iP)  or i n  a shor t  hole t a n g e n t i a l

to t ile shock front . In both cases t he  l e n g t h  of c ab l e  close to  t he  IVP

is kept to a minimum to reduce the induced electrical s, gnals and to

reduce t h e  length of cable subjected to high stress shock loading .

In  a d d i t i o n , power supplies and recording equipment are well rem oved

from the ground shock region . Bei ng remote , with access to ac power ,

the supplies can provide sufficient current to the gages to ensure that

da ta signals will be well above induced noise without extra shielding

of gages  and cab les . This is a significant advantage since shielding

greatly complicates both construction and installation .

By c o n t r a s t  to the  “typical ” system , the  M i g h t y  Epic configurat ion ,

shown in Figure 1 , resulted in long lengths of cable running essentially

tangentia l to the ground shock and in high EM fields. In addition , tile

power supplies i’ere located in canisters within the ground shock

environment  (Develco s y s t e m) , a s shown , a nd required mechan i ca l  as w e l l

as e l ec t r i ca l  ha rden ing . In the Develco s y s t e m , d a t a  recording was

performed in the canister as well , which therefore requ ired batteries

to assure post—shock power . Because of the battery power , gage viewing

currents were necessarily lower . This reduction , coupled with the close

UGT f r e e — f i e l d  measurement .

p
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proximit y to the tiP mandated the use of shielded g a g e s  and doubly

sh i e lded  c a b l e s .  ‘l’o f u r t h e r  decrease t he  P l O b a b i  l i t  y of elec t r i c al

p i ckup , a b a l anced  c i r c u i t  sys tem was  used t h a t  u t i l i z e d  t w i n a x  cab le

in  place  of t h e  usua l  c o a x i a l  cable . ‘I’hese r equ i r ement s could not be

f o u n d  in a commerc ia l , rugged cable and necessitated special cable

construction .

In addition to these requirements , the gages had to record “free—

field ” stress in the widely different geological media , tuff and qual-Izite ,

of the interface experiment. The effect of the two media on the measure-

ment presented additional problems of data interpretation . These are

discussed in detail in the f o l l ow i n g  sections .

11
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I I I  M IGHTY EPI C INTERFACE STRESS SYSTEM

1. Stress Gages

The basic concepts, calibration , and testing of the ytterbium

piezoresistant , soil—stress gage have been abundantly described else—
1—6

where . We present here primarily design modifications made to

incorporate shielding and structural strength into the “paddle ” config-

uration , and shock loading tests of these modifications . We ha ve

included brief summaries of constraints on gage calP”ration and

va l i d it y of stress measurement  to aid in i n t e rp re t a t ion  of f i e l d

da ta  (~-ippe ndices A and B ) ,

The shielded , paddle gage desig n developed fo r  Mig hty  E pic is

shown in Figures 2 , 3 , and 4 , which i l l u s t r a t e  the basic  components

and s tages of assembi~’. The gage consists of a 50 ~i , y t t e rb i um g r id
*

bonded to a Kapton backing (Figure 2). The ytterbium foi l is the

stress sensitive element of the transducer . The transducing element

changes resistance proportional to the tensor state of strain within
4

the foil. The foil grid is 3 in. by 3 in . by 0.002 in . thick (50 ‘
~ )

or 0.001 in. thick (100 ~
‘) gage). The grid elements are 0.015 in . wide

with 0.015 in. separation . Electrical contact between the grid and

i~ aer conductors of the cable is made by braided leads configured in a

serpentine pattern (Figure 2). Both the braid and pattern allow tat-

possible differential displacements between grid and cable due to

shock—induced motion . The grids and leads are sandwiched between

copper clad fiberglass boards (commerical PC boards , 0.060 in . thick)

as shown in Figure 3. Structural strength between the inner shield

of the cable and the fiberglass boards , and elect rical shielding a t  the

*

Kapton , E. I. flu Pont Co.

12
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gage are obtained from the copper yoke system , as shown (Figure 3).

This inner shield is soldered and clamped to the yoke by the tapered

plug and collar (shown most clearly in Figure 4). The outer shield

of the twinax is cut back and allowed to float (electrically) with

respect to the gage (the complete electrical shielding ‘system is

described in the next section). Gage shielding is comp leted by joining

the copper cladding of the PC board with copper foil and covering the

yoke opening with copper sheet . The inner volume of the yoke is potted

*
with a low shear strength gel to allow relative motion between the foi l

and leads. The gage is completed by an insulating coating of epoxy

Homalite as shown in Figure 5.

The double-shielded RG22 B/U cablet was constructed by adding a

second shield and insulation of abrasion resistant propylene to

standard HG 22 B/U twinax cable. The cable is shown in the gage

assembly view , Figure 4.

Ten gages with nominal electrical impedance of 50 Q were constructed

for the Develco system , and 17 with nominal impedance of 100 ~2 for the

WES measurements . The higher impedance gages represented a modification

introduced to obtain higher signal levels . Gage nomenclature , grid

resistances , and cable lengths for both systems are given in Table 1.

It can be seen that the Develco cables were substantially longer ( 50 to

290 ft. versus 10 ft .) than those of the WES system . These long cables

were primarily responsible for the double shielding requirement because

the magnitude of the signal induced on the inner conductors of a shielded

cable is proportional to the length for given field strengths.

*
Cya nog um -11 , Amer ican  Cyanamid  Company , Pea r l Ri ver , NY .

‘ M a n u f a c t u r e d  by Storm Products , I n c . ,  P a l o  A l t o , CA .

16
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Table 1

GAG E NOMENCLATURE , RESISTANCES , AND CABLE LENGTh S

Yb Gage Resis Cable

(
~:
-
~
) (ft)

WES 210
W l 100 .30 10
W2 101.50 10

W3 94.00 10

W4 97.00 10

*
WES 300

Wi 93 .84 10
W2 94.42 10
W3 86.04 10
W4 92.26 10
W5 93.04 10

WES 400
Wl 103.38 10
W2 101.74 10

1’
W4 95.14 10
W5 92.96 10

WE S A (Use as 2 10W5) 98.8 10
WES B Spare 115.3 io Has Lucite spacers
WES C (Use as 400W3) 107.5 10 at cable connection

WES SPARE 82.0 10

DEV 210
D3 55.54 290
D4 53.09 270
D5 54.12 250

DEV 300
D3 56.31 250
D4 53.65 230
1)5 51.72 210

DEV -100
D3 49.88 100
D4 53.33 75
D5 44.19 50

DEV SPARE 50.50 —

*W5 - Use WES A (SPARE)

‘
~W 3 — Use WES C (SPARE) 18 
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B. Gage Tests

Two types of tests were perform ed , quality control tests of the

grid elements , and a shock loading test of the grid and shield configu-

ration . The quality checks were conducted on each grid by subjecting the

ytterbium—Kapton assembles first to pulse excitation of 3 amps and

100 volts and second to de (10 nu n) current excitat ion of 100 mA .

Repeated , high—current pulsing tends to stabilize grid resistance by

fusing poor joints between the foil and leads and also by eliminating

possible hair—line bridges between grid elements . DC excitation is

performed at a current of approximately 50~ higher than that expected

in field use to simulate worst case heating conditions . By using a

constant current source and observing the voltage across the grid ,

resistance changes due to joule heating can be nonitored . Excessive

changes (not a major problem in pulse current excitation and recording)

cause saturation of the recording circuits in the systems and are th e-re—

fore unacceptable.

The pulse and dc tests were conducted prior to final bonding of tile

ytterbium—Kapton package to the fiberglass board . An additional pulse

test was performed after encapsulation and before connecting the grill

to the cable . A final test of continuity was performed a f t e r  cable

connection .

The effect of shock loading on tile shielded grid was examined in

one high explosive test . At tile time of tile test it was anticipated

that a cylindrical gage configuration would be requi red  for  p lacement

in a radial drill hole (Husky Pup Event) amid therefore tile armored

grid assembly was cast into a cylinder of epoxy. However , the r e su l t s

are felt to be applicable to the Mighty Epic paddle gage because t he

basic grid configurations are identical. The test is described i n

detail in Appendix A . Results indicated that the armOring did not

ad versely e f f e c t  the gage response wj  tim i n  the pm~ess~~ c range tested ,

up to 3.-I kbar.
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C. Constraint s on Data Interpretation

The credibility of “free—field ” stress data is dependent on the

accuracy of data record ing andi reduction and also on tile validity of

t ile calibration functions by which gage output is i-educed to free—field
7

St cuss - Techniques  for (hat a r ecord ing  and r edluc t ion  are  w e l l  cleve l opedi

R e l a t  j u g  gage out put to free—field stress is difficult in stress ranges

where  m m m a t e r i a l  st l - e L i m l g t h l s  a lt e i -  the  local s t r e s s  d i s t r i b u t i o n s  a round

gages . I n  the ease- of the Mig hty Epic m e a s u r e m e n t s , the  a p p l i c a b i l i t y

of gage c a l i b r a t i o n  d a t a  and t h e  effect of tne grout strength on t h e

m e asu r e m e n t s  in  t h e  d i f f e r e n t  g e o l o g i c a l  m ed ia  were l a r g e - t v  u n k n o w n .

Bounds on the magnitude of the uncertainties in measu remen t s f rom

calibration and! placement are reviewed briefly in A ppendiices B and C .

It can be concluded from the review that:

• W i t h  respect  to gage  c a l i b r a t i o n, an u n c e r t a i n ty of
not more  t h a n  ± l5’~ is i n t roduced  in the  r e d u c t i o n  of
field data by us ing  the cal ibration obtained for 1—U ,

p l a n a r , shock— loaded ytterbium . This uncert ainty

appeals to apply over the range for wh ich multiple

loading path data exist , namely , 2 kbar . Tile shock

data can therefore be used to reduce field recoids .

These d a t a , f rom an unpublished work of Ginsberg ,

a re g iven in A ppendix D .

• There is a pronounced effect of gage/grout/soil
r e l a t i v e  material strellgths on gage response . Based
on s t a t i c , e l a s t i c  a n a l y s i s  ( referenced in Appet uh ix  C) ,
t h e  thickness—to—width ratio of the paddle configu-
ration is sufficiently small that tile gage regis ters
st r e s s  in the surrounding grout to W it i l i f l  a few percent .
h owever , the stress in tile grout column m a y  be as much
as 75: lower than that in a higher modulus medium , such
as the granite below the Mig hty Epic interface . In the
tuff , above the  interface , the mim odul i are probably
sufficiently matched between grout and soil so that
the gage registers free—field stress. This analys is
does not include rate effects or changes in moduli
with stress .

2 1)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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D. Gage Holders

The constraints on data interpretation discussed above apply to a

more or less idealized emplacement of gages in drill holes . In reality ,

the hole is also a vehicle for experiments , canisters , cables , etc .

that can be grossly mismatched in modulus . These inclusions also distort

and alter the stress in and around the gage . In the Mig hty Epic holes

tile WES canisters were connected by thick—walled tubing to which the

gages were attached . To reduce possible distortion , holders were

constructed that located the gages in the holes at as large a distance

as possible from the tubing and maintained the plane of the grid normal

to the shock direction . The holder design is shown in Figure 6. The

completed assembly clamps to the canister connecting tubes and holds

two gages . One gage was connected to the nearest (10 ft) WES canister

and the other to the Develco canister at the bottom of the drill hole

(from 80 to 400 ft.).

E. Power Supplies

As discussed previously , the requirements for the power supply

were that it be low power , constant current , triggerable , and capable

of withstanding mechanical shock. The circuit developed to meet these

requirements is shown in Figure 7. Gage current is triggered by the

optical isolators to decouple trigger cables from the supply . The

shunt diode string protects the isolators from line transients .

Switching is provided by the 2N 3643. Current regulation is accomplished

by feedback from the Darlington pair , 2N 3143 and 2N 5194. The two -17-~

resistors parallel with the gage terminate the twinax cable (double

shielded RG22U) in its characteristic impedance and also form a

balanced system that reduces common mode noise signals. The shunting

21 
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resistors reduce tile gage sensitivity by 1/2 , however , it was felt

that the  noise i-ejection was necessary in the expected EMP env i ronmen t

and more than compensated for the reduced signals .

Electrical shielding of the gage and power supply are shown in

Figure 7. The gage is connected to the inner shield of tile twinax

cable , which is also power supply local ground (negative battery).

The outer shield is t ied to can i s t e r  ground , as shown . In essence , the

entire supply and cable system is double shielded .

Battery charging current is limited to a maximum of 2 mn~\ and is

diode coupled to the circuit . The charge input is connected to local

ground to suppress induced signals on the charge line should this line

open during ground shock. Two identical constant current circuits for

two gages are connected in parallel , as shown .

The physical layout of the supplies is as shown in Figure 8. Each

board contains three power supplies and connects to the canister circuits

via the circumferential holes. The boards are stacked axially in the

canister . (Deta i l s  of canis ter  design and testing are presented in a

separate report by Develco.)

Performance characteristics of the supply are illustrated by the

response curves of Figures 9, 10, and 11. In Figure 9, the effect of

battery voltage on the supply current is shown . The current indicated

is that in the shunt resistors (two 47—C~ resistors , Figure 7). It can
a

he seen that over a wide range , from 7 to 15 volts , the current is

constant to within ±2~~. Normal operating level is 12v.

In Figure 10, the variation in supply current with gage resistance

(51) ~ gage) is shown . Over a wide range of resistance , 45~ change , the

current decreases by only l1’~. The expected maximum change i n  r e s i s t an c e

expected in the M i g h t y  Epic experiment was 22 (3 kbar). Gage c u r r e n t

would there fore he constant to with

2-I
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F i g u r e  11 shows the net effec t  of shun t resistance and cur r en t  drop

on gage sensitivity. Voltage across the gage is plotted as functions (if

res i s tance  change and stress , the l a t t e r  dierived from the da t a  of

Appendix D. The curve labeled “loading ” can also be used for unloading

response -from peak stresses up to 1.1 kbar; the unload voltage reflects

— the hys te res i s  observed in y t t e r b i u m  and must  be converted to s t r e s s  by

a function dependent on peak stress. This f unction can i)e oi)tained from

previous data as follows. Unloading data have been fitted by Ginsberg

to the form

~l R

~y =~~X + B ~~~~ (1)
u R

0

where ~-\ and B are constants that depend on peak stress;

B = K  — K  ~ (2)
1 2 peak

and

(3)
H o

where H is the residual res is tance in unloading , and H is the
H o

initial prestressed resistance . In Reference -1 , the residual resistance

has been related to peak stress by

— K + K log - (-1 )
R 3 4 e peak

The unloading stress as a function of peak stress is therefore :

(K 1 
— K 

~peak~ 
— 

~~~~~~ 

K 
~~~ 

~ t)eak)J~~~

where K 24.26
1

1.81

K — 6.87 x l5~~3
—2

K 5 .42  x 10
- 1

unloading resistance cnange .

29
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A sample unloading curve derived from the stress—resistance funtion

of Eq. (5) and the resistance—voltage curve is shown in h- ’igure 11

(labeled “unloading ”).
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IV ~ t fMM -\itY OF RESULT S A~D ItE CO~1MEND.V! ’IONS

In Section I it was noted that the scope of the Sill p r o gr a m  ( 11( 1

not i n clu d e  fielding , data recording , reduction and i n t e r p r e t a t i o n.

These aspects  of the exper imen t  are presented by WES in sepai-ate reports.

h owever , for completeness , we present here some preliminary test results

and conclusions on adequacy of the stress measuring system .

Of the  one Develco c a n i s t e r  t h a t  r e tu rned  p a r t i a l  d a t a , t h e  s t ress

channe ls  d id  not produce usable d a t a .  In  the WES system , approx ima t e l y

so: of t h e  s t r e s s — M t X  sys tems produced records . Three of the mo re

s i g n i f i c a n t  records are shown in Fi gures 12 , a , b , c. These represent

da t a  f rom t u f f  and q uar t z i t e  of Hole #3 and tu f f of h ole ~ 4 . In  gene ra l ,

the amplitudes and arrival t imes are about  as predicted . The failure

t imes  0 the s t ress  channels correspond to the loss of all data from

the M UX ’ s in the i n t e r f a c e  region .

Of p a r t i c u l a r  note is the  generally low noise level includ thg zero

time EMP . Since gage currents were on ly  51) ma , t h e  excellent signal

to noise ratio indicates that system Silieldiflg and signal processing

were very effective . In particular , records f rom t h e  gige i n  t o l l

( F i g ure 12c )  c l e a r ly  show a precursor  of ~~ - 7 - and  ii l lO i  se level oh

< 2~ of peak st ress.

I t  appears  t h a t  t h e  c o m b i n a t i o n  of s h i e l d i n g ,  con s ta n t c urr e n t

source , ha lanced t w i n a x  and MU X can yield a 11 i gh reso 1 ut ion , c icd ibl e

s t  m e s s  m e a s u r i n g  sy s t e m  t h a t  could  be used over a w i d e  r an ge o soil

st ms- --s . h owever , improving system reliability and defining gage—soi l

I fltem mcf ion at tow stress levels rema in t w o  areas wIn-re fort her (Vt)

is required .
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FIGURE 12 MIGHTY EPIC STRESS-TIME RECORDS . WES MEASUREMENTS
(COURTESY OF WATERWAYS EXPERIMENT STATION )
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Appendix :~

TEST OF SHIELDED GAGE , 3 KIWBA R S

By
W . J. \lui-ri

To investigate possible effects of electrical shields on gage

mechanical shock response , a shielded gage in epoxy and standard

fiberglass paddle gages were subjected to a 3 kbar stress wave in a

sand! medium . The epoxy gage configuration is shown schematically in

Figure A— l . ‘l’hc vulnerable region of the double—shielded design was

felt to be around the cable—to—grid joints. The test was cond ucted

primarily to determine the behavior in these regions . The pressure

source of 121 lbs of nitromethane and the gage layout are shown in

Figure A—2 . The gages were 18 ± 1/8 in . from the high explosive surface

and were located at an expected peak stress of 2 to 3 khar . The sand

was sprayed with water after emplacement of the gages and! until Puddles

formed on the surface . It was thought that near—saturation could be

obtained ; however , apparently this was not achieved , as d i s c uss e d  In-low .

Results of the test are shown in Table \—l and in the voltage—time

traces of Figure A—3 .

Table A-i

HIGH EX PWS IVE TEST RESULTS

Peak Rise I~ -cot-d i ng
Gage Stress Time 1)ui-aI i on

Paddle gages 2 kbar (Av .) 18 Lisec (Av.) < m M  s(-(-

hiomalite block gage —3.4 kbar 17 sec > 5 0)  s - c
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The r e su l t s  show two s i g n i f i c a n t  f e a t u r e s :  exce l l en t  recording

d u r a t i o n  was o b t a i n e d  by the  b lock  gage , and d i s s i m i l a r  wave shapes were

recorded by the  t w o  t y p e s  of gages. The recording d u r a t i o n  is i n d i c a t i v e

that the complex , shielded joints of the block gage are adequately

designed and constructed (Epoxy cylindrical gages typical ly do not fail

as rapidly as the paddle gage). The dissimilar wave sI1~-pe and peak

stresses were of concern and necessitated the analysis described here .

I. Peak Stress

To explain the difference in peak .4tress measurement , it is instructive

to look at shock wave d a t a  on s a t u r a te d  and!  partiall y saturated Ottawa
A— ].

banding sand obtained by Froula .

The p e r t i n e n t  d a t a  are shown in Figures .\— -l and A—5 ( f r o m  Reference

A— fl . Note that plexiglas is a good impedance match to l00~ saturated

sand up to —5 kbar . However , the impedance match diverges as the degree
1

01 s a t u r a t i o n  decreases . In  1- igure  ~~~~~ the C—7 d a t a  of Keoug h are

p lotted. If homnalite is assumed to be s i m i l a r  to  C—7 , the d a t a  can be

u s -~ d in a s i m p l e  g r a p h i c a l  a n a l y s i s .  U s i n g  the  va lue  of 2 .1 kbar  ( d e t e r m i n e d

by t h e  p a d d l e  g a g c s )  as the  e q u i l i b r i u m  stress va lue  in the sand and u s i n g

t h e  F rou l a  Hugon io t  f o r  23 s a t u r a t i o n , a s tress of —2 .9 kbar  w o u l d  be

predicted in  a h iock  of C—7 (or H o n u a l i t e ) .  The gage in the  l i omn a l i t e

would record this stress . The stress actually measured by the gage i n

ih oma l i te was —3 .-I kba r . C l e a r ly , i f  t h e  s a t u r a t i o n  of t h e  sand  were

s l i g h t l y  g r e a t e r  t h a n  23; , the  r e s u l t  of t h e  g r a p h i c a l  a n a ly s i s  ( V o l i l d  I~-

close t o  the measured stress value .

I t  seems r easonab le  that the  dli U 1€ roller in p i - ak  st ress rccoi’dcd h~

t h e  padd le  gages and t h e  b lock  g a g e  is  c a i ~ -o-d by an i n m p - h  t i n- v  mmm i sma  I e lm

be tween  I he wet sand and t h e  h lo mmm l i t  u - hi n k , l imo sand! he I t ug  l u s s  t h a n

1(10- : sat o r a t e d  in the  experiment a t  ( I I F S . l o t ml sat  m i r a t  ion ((-0111(1 be

d i  I t i  c u l l  t o  a c h i e v e  u n l e s s  a l i m i t  - i- (~~m I a s I  Ic ) t~ ( - i~t~ PI ad - u - h  he I ( 0 - u - m m  t he- s a n d

and t h e  d u n  . I-;ven I i n - m m , t h e  teal m r  w o m i l t i  I i i t ’ h  to be i i f lC V Of l  l v  d i  s I  r i l ) m l t  ( ‘(I
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23% SATURATION . +20° AND -10°C (FROM FROULA , 1971)

41 

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

-

~

- - - - 

~~~~~



2. Stress—Tine Histories

The two major differences in profiles are the rapid diecrease after

penis and steady offset of the block gage compared to the expected

exponential decay measured by the paddle gage .

It is reasonable to expect the more rapid decrease if time impedance

mismatch cited above is assumed , in this case , relief waves from the

cylindrical bouj-idary between the epoxy and sand would occur between

10 and 1-1 ~sec after first arrival of the longitudinal wave at the

plane of the grid. In addition , a relief from tile real- boundary will

arrive at approximately the same time . A decrease comparable to the

rise time would be expected after this because of the generally slow

rise of the applied stress.

The rather constant offset after stress relief is somewhat larger

than would  be expected f rom res idual  r e s i s t ance  ( h y s t e r e s i s)  as det e rm in e d

by Ginsberg .
4 

At 3 kbar peak , Ginsberg ’s data shomv a hysteresis o f  -

whe reas th e bl ock gag e ind ica t es 32~ to 37 . The higher percentage nmav

he due to stretching caused by the lateral unloading waves . To o b t a i n

a more quantitative correlation between observed and expected profiles ,

a code calculation of the expected s t ress  and s t r a i n  s t a t e s  w o u l d  be

required . This calculation was felt to be unwarranted in view of t h e

limited data from this test and complexity of the calculation .

3. Conclusion

The results of the high explosive tests indicated that the jointing

of the shielded gage did not adversely affect longevity; the wave profiles ,

althoug h different , were explainable and not due to the shielded grid

configuration ; and , finally , that the peak stress was as could be expected

from the sand environment . Therefore , the double shielded grid is an

adequate configuration for a soi l stress gage .
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Appendix 13

STRESS-RESISTANCE CALIBRATION OF YTTERBIUM GAGE AT LOW STRESSES

1. Loading

All commonly used “stress” gages rely on a measu rement of t i m e S i L t y

- - of strain w i t h i n  the gage. Applied loads that change the  strain tensor

in the transducing element therefore change the gage calibi-ation . Ytter-

bium exhibits this behavior , as evidenced by the differenc e between tile

hydrostatic pressure and uniaxial strain coefficients of piezoresistance;

~~0.06 cV cl kbar and 0.04 ci/Q kbar at 1 kbar , respectively. Since the

gage matrix material will also affect the state of strain in the sensor,

calibration should be performed in the matrix and mode of compression

expected .

- - 4 - 3
We examine here the data of Ginsberg , Smith , et al., and Smith ,

et al.,
5 

which reflect various loading curves for a variety of strain

conditions. To date , calibrations have been performed in Lucite at

high strain rates and uniaxial strain (shock) and in fiberglass (field

configuration) at very low strain rates and essentially unknown strains

(static). The different loading calibration curves in time low kilobar

range are shown in Figure 13—1. F

The “unconfined ” foil calibration was performed under uniaxial

stress loading using Lucite platens ,
3 

i.e., the foil was not supporte

laterally. It is possible that the inflection in the curve is caused

by yielding in the platens , which results in a large strain coupled to

tite foil and thiut s alters t he  resis tance.  The magnitude of time stress

at the  inflection point is consistent with the- yield stress of plastics ,
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-.,0.8 kbar. The difficulty in using any of these calibrations to reduce

field data is that the mode of compression in the field is not well

known . The limits , however, probably fall within the uniaxial strain

(Lucite) and the fiberglass. The fiberglass represents unconfined corn—

pression of the fiberglass and ytterbium package. More precise pressure

calibration requires additional compression tests in which the strain

states are carefu l ly controlled . However , the uniaxial strain shock calibra-

tion appears to be accurate for reduction of field data to within — ±15Y .

2. Unloading

Calibration data for unloading response are shown in Figure  B— 2 .

Here the data have been normalized to a common ~ R/R peak value , i.e.,

resistance changes refer to the unload ~ R/R . Again , the strain state

is seen to affect the calibration , but to a lesser extent in time

“expected” modes of compression , i.e., in the Lucite and fiberglass

matrices. Here the “error” would be significantly less , a few percent

maximum for the majority of the unloading data.

Multiple cycle unloading data exist for the fiberglass matrix
3 ,,

tests. These are shown in Figure B—3 , together with the unconfined

foil tests. These latter data illustrate the influence of the mode

but are unrealistic with respec t to gage use. It can be seen that the

-fiberglass matrix tends to load and unload with decreasing “hysteresis.”

3. Reloading

Reloading data are shown in Figure B—4. Here time data show a

greater dependence on foil thickness than on mode of compression . The

curves ma rked “fiberglass matrix” and “Lucite matrix ” represent data

for one foil thickness , 0.002 inches. It is seen that the maximum

difference again is on the order of ±15%.
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-1. Lower Stress Limit

The lower practical limit of stress sensitivity is somewhat a

function 01 duration of time stress pulse being measured and time power

supply system . As the dura t ion  inc reases , jou le  heal ing of time gage I-
(due to the large viewing currents necessary to detect time resistance

change) in a pulsed supply causes larger changes in r e s i s t ance  than do

stresses. For short dura t ions , a few hundred microseconds , a lower -

limit of tens of bars is practical . By use of ac bridges , rather than —

pulsed dc , a resolution of 100 bars has been obtained for durations

of tens of milliseconds.
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Appendix C

ESTIMATE OF UNDERREGIST RATION OF PRESSURE , LOW
MODULUS GROUT IN HIGH MODULUS SOIL (ROCK)

The uncertainties discussed in Appendix B refer to stress in the

gage matrix. Relating this stress to that in a surrounding medium is

more difficult since the dynamic constitutive properties of the medium

are often unknown. General studies of the response of various gages

in the elastic range of gage and medium materials have shown strong

dependence of gage stress on relative moduli , as well as on gage aspect

ratio and on sensor—to—gage area. These studies have not been extended

to the elastic—plastic regime. At stresses well above yield strengths ,

deviatoric stresses become less significant and gage stress can be

readily related to med ium stress. In this appendix , we estimate the

possible effect of a mismatch in moduli between the gage—grout con-

sidered as a gage and the surrounding modium . In the case of tuff , we

have assumed that the “gage” registers correctly because the grout is

matched in modulus and strength to the tuff. This is not necessarily so ,

because the dyn amic strengths in situ are largely unknown .

With respect to granite , an estimate can be made by considering

the analysis for elastic material behavior as presented by Taylor
C 1

and others.

Taylor has shown that the relative pressure , gage to soil , is a

function of the gage geometry and relative compressive moduli according

to:
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~~K~~~~~~~~MS 1
Pg — P s _~~ 

Mg B

Ps 
— I B Ms I D

l l + ~~~~~~~~~~ KD Mg

where Ps = soil pressure

Pg = gage pressure

K = constant

Ms = bulk modulus of soil

Mg = bulk modulus of gage

B = half thickness of gage

D gage diameter

If we assume the grout column to be our “gage ,” then B/D = 0.5 and

the relative pressure , Pg/Ps, as a function of modulus ratio , Ms/Mg , is

as shown in Figure C—l , where K has been assumed equal to 1.

In the case of a grout column in granite and in a stress range

from ~~~ 0.25 to 3 kbar:

_ 
12 2

Ms = constant 10 dynes/cm

Mg 1 lo
ll 

to 2 x lo
ll 

dynes/cm

and varies from 10 to 5.
Mg

The grout modulus is assumed to be identical to a nearly saturated

ash—fall tuff. The “gage” underreg isters from ~.-.~75% to 60% over the

range from -~ 0.25 kbar to —~ 3 kbar granite pressure.

J
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Appendix D

STR 1-~SS-RESI STANCE RESPONSE OF YTFERBIUM

0—10 kbar

The loading stress—resistance data for ytterbium have been fitted

by Ginsberg to time relations:

= 1.08
2 

1 — Exp(—20.8 0x ) + 9.lO8x

fo r

x = ~R/R between 0 .0  and
0

1,0 (.‘lO kbar).

Data for x in increments of 0.001 are given in Table D—l.
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Table D-1

STRESS (o) - RESISTANCE CALIBRATION DATA

DELTA P/RD SIHESS (KHAR) DELTA I’~
,
~~0 S T P E S S ( K B A ~~)

0 - r ~n0 0,00tJ0000
~00J. 

,‘J4J4412 .~ 51 1.175’)026
.002 .0624238 .052 1 .1i18~J ll
.003 ,0’~?9574 .053 1.2056009
.004 .1230512 .054 1.225l6~52
.005 .l~~?.’Fi42 •~J~~~ 1 ,2 - 4- 157 1 2
.006 • 1d19554 .056 1.25784 02
.0 0 7  .2 10 7 8 3 3  • ( ) 5 7  1 ,2(39571

~~~~~~ 1.239 9309
.009 7? 33~ .059  1 ,30 5 7 6 4 ~7
.010 .2)43720 •060 1 ,321-612
.011 .322l3~4 .v61 1 .3.3 70233
.012 •3’+90154 .062 1,35~~ 539.013 .3755377 .063 1.3617555
.016  .4u 17018 .V~ 4 1.3t4 -~9308
.015 . 627516 Q ,tj~~5 1.3979~ 25
.016 .4529875 .065 1.4l2~~i3O
.017 .4781235 .067 1.4�’.77250
.018 .5029307 .0613 1.’:- ’24207
.019 .5274160 .u69 1.4570027
.020 .5515859 .070 1. 4 7 1 4 7 3 2
.021 .5/54471 .011 1.4858346
.022 ,599005i3 .0 72 1.50o0890
.023 .62226 83 .073 1,5142 58
.024 •64 52 ’ - 06 .074 1.52 )2L ~50
.025 .6679288 .075 1.5422323
•026  .~~903336  .076 1~~5560-912
.027 •7124 7 .~9 .017 1,5490 33 2
.028 .7343462 .078 1,5834 909
.029 .7~ 5955o .079 1.5 9 70 5 -5 2
.030 .7173011 .080 1,6 105309
.031 .7984 096 .081 1.6239 170
•03 2 .819 2658 .082 1,6372 162
.033 .8398u1,4 .083 1.6 5 04 30 5
.034 .8602614 .084 1.66356 14 -
.035 .8804 106 .uBS 1.6756 107
.036 .9003331 .085 1.6 1395802
.037 .9200354 .087 1,7024714
.038 .939b2~ 3 .088 1.7152859
.039 .9587928 .089 1 .7280254
.040 .9178573 .09~ 1 ,74u6 914
.041 .9961181 .091 1 .7532853
.042 1.0153794 •u92 1,7o~ 8ol38
.043 1.~~J38452 .093 1.7182632
.044 1.0~ 21197 .094 1.7906499
.045 1.010206 7 ,u95 1,8u29703
.046 1.0881100 .096 1.8152259
.047 1.1058336 .091 1.8274179
•048 1.1233811 .098 1.8395476
.049 1.1407560 •099 1 ,8516164
.050 1.1579620 .100 1.8636255
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Table 0-1 (Concluded)

DELTA R/R 0 ST~1ESS (’ < ’9AI~) D L L TA  f~/~~Q ST~~~~~~ ç~~;~~ )
1.9Ci059o3

.120 2.0929881 .-‘ lu

.130 2.2014139 
~~~~ 5 ,1. r 9 3 3 ~~3

.140 2.3u6695~ •~~3-j

.15 0 2. 4 C.’Y ’d19 .540 h ,03~~7-~~7

.160 2.5100/43 .SSo

.170 2,6u98”18 ,b1,~

.180 2.7066607 .5_ l i 6 .30 7 ? h c ~3
• 190 2.8J312-~o .t.3 ~ 6, 3 u 9 / ~33~
.200 2.8)5 1126 .59 o ~~,“ .~1 11-1)
.210 2.9935440 .000
.220 3.0878197 .610
.230 3 .iui5~’id .b2~ 6.7661573
.24o 3.274971u .~~3u.250 3.3530311 •64~j 6,9-~95~ d2
.260 3.4608320 .35o 7 ,O~- 11 ’ l5
.270 3.5~ 442d4 .660 7 .13dd!~i.3
.280 3 ,6456419 ~u7 U
.290 3 .7381225 .080 7 .3162392
.300 3 .83O29~~3 .090 7 .4o 7919’~.310 3,9223555 .7 0 0 7 .4 995995
.320 4 .0 14 3682  .71o 7 .59 12796
.330 4.1053095 .12o
.340 4.1982019 ,lJu 7 .71,6397
.350 4 ,2900 543 .74 0 7 ,86~~3193
.360 4 ,3 1318743 .750 7 .957 9 - ’ 913
.370 4 .4 13668 1 .760 ~ .0~ 9~ 799
.380 4.Sb54’~o5 

,77o 1~ - 135’~9
.390 4 .65 11955 .780 8 .2330399
.400 4.7489366 .79u 13.324719 9
.410 4. 840565 9 .dOu 8 .4 153999
.420 4.932386 1 .810 8 .5u30799
•430 5.0240983 .820 8,5997600
.440 5.1158053 .~~3u 

3.5)1~~-~e00.450 5.20 7506 8 ~~~~ 13,783 1200
.460 5.2992 043 .85 o 8.87 98 000
.470 5 .3908985 ,d6~ 8 ,966’4800
•480 5.4825901 .370 9 , O s S i S O O
.490 5.5142795 .~ au 9.1498400
.500 5,6659671 ,89u 9.2415200

9 . 3 33 2 0 0 0
.110 9 .42 ’# 8~3 0 0

9 .5 16 5600
.930 9 .60 1326 00
,~~4U 

9.6999200
,95) 9.7915000

9.8332800

•97u 9.9749600
10 .0566400

.990 10 .1583200
1.000 10 .2500000
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