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- °Thc response of monocoque direct-contact and backpacked liners as hardened buried
structures was studied through ex-perim ents  on scale models (5/S-inch-diameter
t u n n e l ) ,  guided by anal yses of s t ructure and rock response assuming a Mohr— Coulomb
rock strength characterizat ion . ‘I’wo loading machines were modified to extend their
capabi l i t ies  and improve their performance . The modif icat ions to the machine s pro —
dticccl improvements in tunnel access , in scaling between vertical and la teral  pressure
chambers , in dynamic pressure pulses , and in general test pro cedures .
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20. ABSTRACT (Continued)

After the testing machine modifications and cal ibration tests , we performed static and
dynamic structure experiments, mostly with a rock simulant having an unconfined
compressive strength of about 4300 ps: and a friction angle of 33 degrees. Structure s
consisted of direct-contact steel Iincrs of three different radius-to-thickness ratios
(a/h 50, 25, 12.5) and backpacked steel liners with a/h 25 aad a/h 12 .5 steel
liners and with a backpacking having a radius-to-thickness ratio of R/Il 4 .5 .  Afte r
discussing the efficacy of laboratory experiments as a reasonable representat ion of
actual field conditions , we performed a series of isotropic (equal stress in all three
directions) and uniax ial-strain loading tests on models in water-saturated rock , fol-
lowed by uniax ial-strain loading tests on similar models in dry rock.

In the isotropic loading experiments, the load-deformation relationship for the direct-
contact liners agreed with pretest theoretical curve s from the elastic-plastic anal ysis
and showed substantial increase in strength with increasing l iner thickness. At the
highe r load s, the a/h 50 and 25 liners buckled and the deformations became larger
than predicted from the theory. The a/h 12.5 liners did not buckle , even at tunnel
closures of f ive percent . With backpacking, the load was increased until the backpack-
ing was severely crushed ; the steel liners sustained negligible deformation. Similar
behavio r was found in uniaxial-s train loading experiments , but 30 to 50 percent less
load was required to cause five percent tunnel closure than under isotrop ic loading.
In the uniaxial-straia loading experiments in dry rock , the response was s imi la r  to
that in saturated rock but with slightly smaller deformations. In cyclic loading experi-
ments (both isotropic and uniax ial-strain) on a direct-contact line r in dry rock-, the
f inal  deformation of the tunnel was not seriously affected by repeated unloading and
reloading ( i . e . ,  the tunnel closure system shakes down).

A structures experiment was performed as add-on to the Dining Car E vent at NTS .
Twelve structures, a factor in ten large r in size than the laboratory models , were
fielded. The se structures have been recovered , and the results of the test arc
presented in POR No. 6887.
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SUMMARY

The goal of this project is the development of efficient structures

for deep basing. Our approach has been to continue the investigation of

• the response of deep based structures through static and dynamic scale

model experiments started under a previous contract and reported in

~ i]. The model tests are used to relate structural response to the

surrounding rock properties, thus making it possible to design struc-

tures that are optimally matched to their environments. The scale—model

experiments were guided by analyses of structure and rock response

assuming a Mohr-Cou lomb rock strength characterization .

The two loading machines developed during the previous program

were modified to extend their capabilities and improve their per for-

mance. One is a hydraulic static loading machine that can test 4-inch

(10.2 cm)-diametc’r rock models with 5/8-inch (1.59 cm )-diameter tunnels.

**under both isotropic and a w ide range of triaxial loading conditions .

The other is an explosive dynamic loading machine to test similar models.

also under isotropic or triaxial loading. The modif ications to the

machines produced improvements in the tour following areas: (1) tunnel

access , (2) sealing between vertical and lateral pressure chambers .

(3) dynamic pressure pulses , and (4) general test procedures. Approxi-

mately sixty static and thirty dynamic experiments were performed in

the course of the testing machine development phase of the project.

*
Numbers in brackets designate references at the end of the report.

**The term isotropic loading is used throughout this report to denote
loading with equal stresses in all three directions. In the static
case it is synonomous with hydrostatic loading, but there is no
standard equivalent term for the dynamic case.
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U\f t c r  the t e s t i n g  machine  m o d i f i c a t i o n s  and c a l i b r a t i o n  t e s t s , we

pc r [orme d t w en ty  s t a t i c  and three  d n amic  e x p e r i m e n t s  on rock spec imens

to exp lore  the  bas ic  response of monocoque d i r e c t — c o n t a c t  and backpacked

l iners  as hardened buried s t r u c t u r e s . Mos t of the exper imen t s  were con-

ducted w i t  ii a rock s i m ul an t  (6B rock) h a v i n g  an unconfined compressive

st rength  of about  4300 psi (29 . 6 ~iU’a) and a friction angle of 33 degrees

(0.576 r a d ) .  In add i t i on  to the l abora to ry  tes ts , a s t r u c t u r e s  experi-

ment add—on to the Din ing  Car  event  at  NTS was perlormed. Twelve st rue—

t ures , a f a ctor of ten la rge r  in size t h a n  t h e  1 abora t orv ~ode i s , we re

f i e l d e d .  The r e su l t s  of t h i s  test  arc  repor ted  in P0k 6887 .

Before  we began the  l a b o r a t o ry  s t u dy  of d i r e c t — c o n t  a c t  and  back-

packe d l i ners , we per formed a s er i e s  of p r el i m i n a ry  t e st s  t o  check the

v a l i d i ty  of the  e x p e r i m e n t s .  The se preliminary t i ’s  t s  addressed ques t  ions

con c e r n i n g  bounda ry  e f f e c t s , r eproduc ib i  i i t v  , the  of t e e  t of p o re w at c r

pressure , and t h e  ef t e c t  ot t he  absence of a l i n e r .  .\ I  t e r  t h e s e  s t ud i e s

of l a b o r a tory  e x p e r i m e n t s  a~ a r e p res e n t a t i o n  of a c t u a l  f i e l d  condit  ion s ,

we per forme d the  t w e n t y — t h r e e  t e st  m a t r i x  of expe r imen t s  on d i r e c t —

con t a c t  and backpacke d l i n e r s .  lhc  r e m a i n d e r  01 t h i s  summa ry p i - i - s i -n t s

a b r i e f  descr i p t  ion ot  t h e  r e s u l t s  of i s o t r o p i c  and uniaxial—strain

l o a d i n g  t e s t s  on models  in w a i l ~i- — sa turated rock , i isc l  u n i a x i  a I — s t  r a i n

l o adi n g  t e s t s  on models  in d ry  rock .

1 5 1 1 1  ~~l l) i C Load i l i s~ I - x 1)e i m ien t S in Sa t  U rat ccl Rock

Si x s l a t  id I So t  ~~~~ I ’  
1(311 ( 1 I l g  C ’N p ( ’  I ’  if ll ef l  I S \Vd’ I F  per I carmed oil 1111 nh-I ~

in wat -i’ — sa tut’at e cl rock, w i t h  v a i t c r  pi t - n i t  ted t o  h I m  h o r n  t h e  ‘ ‘ ‘ i

(III, ing t i l l ’  t e s t  so t h a t  13 l )  I I I l l 1’ \ S , lt i ’ i  p I I 5 5 S I l ’t ’  ( t I C, l l I p I i t .  l iii’ ( I iI’l’ i t  —

c o n t a c t  u n i t - s  we re it tade corn m i l d  5 1 1 - 1 - 1  1v i v l d  s i t  t n t h  1 ( 1 (10(1 
~

li_ i

( 2 7 5  M P a ) ]  w i t h  t h l - I - c  d i i  I l - r I - l I t  I - , I l t i i I 5 — t I I - l h i - h I I l - ~~~ i - a t  i ll s : a t h 5~ t . 25 ,

12 .5 ( - U l t e  F ’i gu r e  1—1 , page  2 6 ) .  Tti.’ t w o  h : i c ’k p i c k e r l  m I i l i I ’ l  S ( ‘ I
~~ — 1  ~ i - i l  ( I I

S t - i - i  l i ner s  ( o s - i t l i  I h = 25 m d  12 .5) Su r r o I lI l l i by p O l V I I i - I - t h a t t -  I o a r
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b a c k p a c k i n g  (w i t h  a r a d i u s — t o — t h i c k n e s s  r a t i o  k/E l = 4.5), w h i c h  ha s a

crush s t r e n g t h  01 about 550 psi (3 .79  ~ll’a) up to a strain of 40 percent .

P l o t s  cat t u n n e l  closure versus pressure for these t e s t s  are shown in

Figure  S — i . We see t h a t  the results of the two repeat tests on the

= 50 d i r e c t  c o n t a c t  l i ne rs ( u p pe r  two curves)  are in close agreement ,

• demo n s t r a t i n g  t h e  r ep r o d u c i b i l i ty  of the exper im ent . Bo th l iners  buckled

dur ing  the tes t , as did tile a - h  = 25 d i r e c t  contact l i n e r .  The deforma-

t ion  of the t h i c k e r  ( a/ h  = 25) d i rec t  c o n t a c t  l i n e r  is less than tha t in

the a/It = 50 l ine r  because i t  a p p l i e s  gr e a t e r  confining pressure to the

rock an d a l so  buck les  less severe l~ - t h a n  t h e  t h i n n e r  l i ne i - . Si m i l a r l y ,

the d e f o r m a t i o n  of  the Il/h = 12.5 liner is smaller still , since it does

not  buckle  a t  a l l . In t u e  b a c k p a c k e d  l i n e r s , the  backpacking was severely

crushed  ( fu n ng t h e  t e s t  but  the  s t e e l  1 i n er s  we re re l a t  i v i- ly  u n c l e f o r m cd

because  t h e  b ac k p a c k i n g  had absorbed mo st  o f  t h e  rock c a v i  tv  d c -f o r m a t  ion

-i t h o u t  app lv i t t g  excess ivi-  p re s su re  t o  thc  st e c  1 1 n~ers

l- ~~~i~ t i i - e S — i  a l s o  stnni s t t n - n i ’ i - t  t e l l  pi’c-dic - t 111115 f r o m  all  i-last i c — p l a s i  i~

ii Ia I vs is assuim ing t ile Mob ‘ — ( ‘n I 11: 11 - \ II I d  c I i I c c i  oil 1 11( 1 d ss or ia t i’d f l o w

l u  Ic .  1-or t l i i -  a it = 2 ,5 1 111( 1 and  1 lie a II 12. s l i n er  • t l id ’  l I g r i - en t e i l l

b e t  \Veefl  t h e I l L ’ v 1111(1 cxp e r  u i - u t i s  su i p u -  i i —  i u l i . I v a  l I l t ,  i i t -  I he a h = 50

l i n e r,  t h i -  t h - o r ~ t u l ld e i ’ e st  i l l i l i l s  t u e  i t i t t l c l i n t  I t  ( - l I l s t i ( - ( ’ . T h i s  i s  a t  t i - i t  —

t i l e d  I I)  1 m l  i ’  t i l e k  I m u g  • t~lt j i l l  & , u t i s c - i t  I lie j i l t ,  1 1 1 1 1  i l I  — 5 1 1 1 1  111)1) 1 i c ’~ t t 13 t h e

( ‘ I V L i  V w a l l  t i  1 : 1 -  ~- i l l )  i f i  r i t i  I I \ I ~ s s I tail I Iii- 5 t t i i p l e  11) 111) \ i l 1d VIl  hic-

u s e d  i l l I he c- ,i Ic u l  a t  i n s .

\ (l’.II l I ’  1 i t - lo t  i ’op i t ’  l o a d i n g  t c -~~ t n , l s  ~n - r  l i m e d  oil t h e  a II = 50

d i  I I  - V t  I - f l u  l i t  I t i l l ~~~ i n  s.i l u i •a  I ed l O c k .  I l l  t ile ( i V t l l l f l t  i c  l i s t  - wa t el ’  W a s

I l l  p III  I I t & - i I  I I I  ( l i ’ a  i i i  i r u i t i  t i t e  i’ ll( i- ( l u l l ’  i 3 ~~ I Ile l i S t  so t h a t  p0cc-wI lt cc

pl’ l - S S I I I ’ I d i d  Iil~~~ I ’ l l lJ ) .  TI1I r e s u l t  i s 1150 p i t  I l - i  ( s t a t ’  sy m b o l  in

F igu cc - S — 1. \ i t  II fti1 ~t I  t h i s  i i  0 e i ’  I l ick 11 (1 1 ih  1 1 5 s t  .11 i e i ‘I  l i l t t i l l i

1 V I I ’  1 1111 1 I III’ ill - I f  ‘ t I l l I i l l i l  ~ t t  t i l l  - ( t ’, m m f l l  i i - i - _ I  “ I - I I— II l i l t  i l l  j )I - i’ l l / i l  I
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0 •
o a/h 50 Direct Contact Liner
• a/h = 50 Direct Contact Liner

14 — a a/h = 25 Direct Contact Liner 0 
—

• a/h = 125 Direct Contact Liner
v a/h = 25 Liner with Backpacking
• a/h = 125 Liner w ith Backpacking 

• /
* a/h = 50 Direct Contact Liner I12 — (Dynamic Test ) • /

Theoretical Results /
S 

/
a/h 50

• I
C

~~10 -

C 0 .

/
w I

l i  =25
0

-

0 /
a ta ~0 £ U

: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 ~ * ,~~, e  ~~~~~~ t ; ~~~~*0 2 4 6 8 10 12 14 16 18 20 22 24 26
APPLIED PRESSURE , P0 — ksi

MA 374 3 - 95

FIGURE S-i EX PERIMENTAL AND THEORETICAL CLOSURE VERSUS APPLIED PRESSURE
FOR STATIC . ISOTROPIC LOADING OF 6B ROCK
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part to the presence of porewater pressure in the dynamic loading test ,

which carries part of the load (see Section 2.4).

Uniaxial Strain Loading Experiments on Saturated Rock

Five static uniaxial-strain loading experiments wet-c- performed on

the d i r e c t — c o n t a c t  and backpacke d l iners  in s a t u r a t e d  rock , a g a i n  w i t h

water permitted to drain during the test as in the static isotropic

tests. Figure  5—2 shows plots of v e rt i c a l  t unne l  c losure ~D / D  as a

f u n c t i o n  of v e r t i c a l p ressu re  P,~, f rom these  t e s t s .  For t i l e  d i r e c t —

c o n t a c t  l i n e r s, we ob serve , as for  t h e  i s o t r o p i c  t e s t s , t h a t  for a

g iven  load t h e  t unne l c losure  decreases as the  t h i c k n e s s  of t ile l ine r

increases .  Iloweves’ . t h e  d i if fe l ’e n c e  in c l o s u r e  fi’om one l i n e r  t o  t h e

next  is not neau’~~ - as g r e a t  as it  was fo r  i s o t r o p ic  load ing  ( F i g u r e  s — i ) .

The apparent  reas on is t h a t  fo r  i s ot r o p i c  l o a d i n g , t he l i n e r  i ’esis ts

de fo rmat  j d)fl t h r o u g h  hoop compress iou , uvh ic-li is t he most e f f i c i e n t  means

of  i ’e sj st a nc - e tot’ a t h i n — w a l l e d  s h e l l , T h u s ,  for i so t rop ic’  lo a d i i n g .

t h e  l i n e r  c a r r i e s  a s igni  1’ i c a i l t  pai’t 0! l i i i ’  t o t a l  i oad ;  i . e .  . t h e  s u r —

r o u n d i n g  rock does not carry all the load. h owever, foi’ uniaxial-strain

loading , the liner yes ists deforma t ion t h r o u g h  a c o m b i n a t  ion of  hoop

compression and bending , which is a less e f fi c i e n t  means 01 resistance.

Thus, for uniaxia l—strain loading, the liner carries a smaller part of

the load , with t h e  major p a r t  be ing  ca r r i ed  by  t h e  rock. Since the rock

carries most of t h e  load. t h e t ype of liner usedi has little effect , and

hence , the reduction in deformation from one liner to the next is small ,

considering tha t the liner wall thickness is doubled and thcn doubled

again.

Liner deformation is reduced substantially when backpacking is

added. However , under uniaxial— strain loading , the liners now have de-

formations of a few percent , in contrast to less than one percent through-

out the entire loading range under axisymmetric loading (compare Figures S—i

and S—2). The S shape of the load—deformation curves under uniaxial strain

5

- - - ~ ~ià~~~
’U~ — - -



16 I I

• a/h = 50 Direct Contact Liner 
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£ a/h = 25 D~ rect Contact Liner
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FIGURE 5-2 VERTICAL  TUNNEL CLOSURE VERSUS VERTICAL PRESSURE FOR
UNIAXIAL STRAIN LOADING OF SATURATED 6B ROCK
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loading (Figure S—2; the actormation rises , then remains at a plateau , and

then rises aga in)  is probably a reflection of the shape of the stress—

strain cur~~ of the foam as it crushes. During early deformation the

finite initial modulus of the foam gives rise to a radial stress differ—

ence around the circumference of the steel liner as the rock cavity closes

asymmetrically under u n i ax i a l — s t r a in  l o a d i n g,  This causes  the liner to

deform into an oval  shape . At larger cavity closures , this stress dif-

ference can no longer increase because the f o a m  begins  to crush at  con-

st ant  s t ress  a t  tile crown and i n v e r t , where the rock closure is largest .

Thus , dur ing  t h i s  period tile curve has a p l a t e a u , where the stee l l ine r

deformat ion  remains cons t an t  as the  e x t e r n a l  load ing  i nc r ea se s , even

though the  rock cavity c o n t i n u e s  to close . ,- \ t  still larger external

loading and rock closure , the  f o a m  begins to lock up so t h a t  the stress

a g a i n  r ises  and tile s teel  l i n e r  once a g a i n  d e f o r m s  w i t h  i n c r e a s i n g  load.

This sequence of events is consis tent  w i t h  the p l a t e a u s  in Fi gure S—2

e x t en d i n g  over tile same l o a d i n g  range f o r  both  the  a/il = 12 .5 and

a/h  = 25 liners , but  w it ii t h e  p l a t e a u  at  a l a rge r d e f o r m a t i o n  f o r  the

a /h  25 l ine r . Being t h i n n e r , the  a/h  = 25 l i n e r  m u s t  oval  more t h a n

the a/hi = 12.5 liner to  r e s i s t  t h e  s t r e s s  d i f f e r e n c e  around i t s  c i r c u m —

ference . We would expect these plateaus of deformation to be reduced

for a loam w i t h  more nearly rigid—pcrfcct]v plastic stress—strain behavior

(as in  cellular concrete), rathe r thafl elastic—plastic behavior (as in

the  p o lyu r e t h a n e  f o a m  used here )

(‘ icu t lpa  r i son o F  t h e  u n i ax i a  1—st  i’a in and i s o t r o p i c  load fog  resu i t s  f o r

s a t u r a t ed  rock shows t h a t di- foi’ma t ion for a given s I rue I. ii i’i’ undes ’  i sot  ropic

load iu i ~ is con s j d i ( - I ’ a h  1~- lowet ’ . For exarnj ) Ic .  f o r  t h e  a / l i  = 50 d il’ec I

( ‘ ( i i i  I ac I i i  nc - i ’ . t lie 1011(1 rcqu i red t o  cause  5 Pc rcen t t untie 1 c losure  unde 1’

isotropic l o a d i ng is P
\~ 

= 12 , 000 psi (82. 7 1113a)  wh i l e  under u n i ax i a l

strain loading , it is P~, = 8,500 psi (58.6 l iPa) .  Thus , for the a/h  = 50
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liner , the load—carrying capacity between isotropic ld)adling and unjaxial-

strain loadling is reduced by about 30 percent. This i’echuct ion in load—

c a r ry i n g  capac i t y  is even larger for the thicker liners . This is another

aspect d)f the i n c r e a s e d  e f fi c - ic-nc- y o f  l iners  u n d e r  i s o t r op i c  loading as

compared w i th  u n i ax i a l — s t i ’ a i n  loading.  Thus , as the hoop s t r eng th  of

the lin ea’ )Jecd)nies more s i g n i f i c a n t  compared w i t h  t he  s tr e n g t h  of t ile

rock ( a/h  dec reases ),  the d i f f e r e n c e  in c r i t i c a l  loads b e tween  i s o t r o p i c

and un i a x i a l - s t r a i n  loading becomes l a r g er .

lt n i a x i a l- S tr a in  Loading Exper iments  on Di’v Rock

Five static uniaxial—strain loadling cxpc i’ iinents wer e performed on

the direct—contact and backpacked liners in dry rock for compar ison w i t h

the saturated rock experiments dioscribed above . Figure S—3 plots yen ical

tunnel closure as a f u n c t i o n  of vent teal pressure from these tests. The

general behavior of the s t ruc tu res  in dry rock is similar to that in

saturated rock , and the same conclusions hold. lIe note , however , that

the dry rock results show reduced deformation compared to tile saturated

rock. This is because the dry rock maintains a larger friction angle at

high load than does the saturated rock .

In addition to the monotonic loading tests jus t discussed , a static ,

cyclic , uniaxial—strain loading test was performed on an a/h = 12.5 steel—

lined tunnel ill dry rock. The results of this test are shown in Figure S—4 ,

where vertical tunnel closure is plotted against vertical pressure . During

the initial load ing to a pressure P~ = 9.5 ksi (65 ,5 MPa), the tunnel

closure reached 2.25 percent . Upon unloading to 1.1 ksi (7.58 ~Pa),

the tunnel expanded slightly to a closure of 1.95 percent . Reloading to

9,5 ksl (65.5 MPa) brought the closure to 2.35 percent , a very slight

additional, strain. Similar behavior was observed during unloading and

reloading in the vicinity of 4 percent closure , as shown . Also shown

8
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ace t lie lunonol on ic  Io~ d i ng  t i - s t  i’ -~~ i t it s . ‘ l I t e  lo a d i n g  p a i l  of t lie cv i -  l ie

loadi tog i’esti  I t s  i s  ye i’~ i losi- t o  t h a t u i  t l ie Iliot lol not e  l o a d i n g  resu i t s .

tic cot icl iide I h a t  t lie I iiia 1 t Ie  I o i ’ i i t . i  I intl ul I lIe I uniic- l was 1101 ser ious  lv

a I icc’ I e(I b v repea t cdl n t i  load i rig a ild n .e 1 oad i ui g Ii rid I h a t  l iii- t t i nne  1 c- losu re

sys teni “shakes down . S itll i lI t  I’ I t h a ~ j o t ’  was o I s i - i ’ v c - i l  iii a cvi -  1 in . isot i’opic

loading test.
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Conversion factors for U. S. customary
to metr ic (SI ) units of measurement.

To d’onvert  From To J~ ~~~~~~~~~~~~~~~~~~~ 
1

angstrom mete rs (ml 1.000 000 X E -10

atmosphere (normal) ki lo pascal (kPa) - 1 013 2 5 X E + 2
bar ki lo pascal (kPa) 1. 000 000 N E + 2

barn meter2 (m 2 ) 1.000 000 X E -2+

Br i t i sh  thermal  unit  ( thermochemical)  joule ).J ( i~ (154 350 X E +3

calorie (thermochemicai)  joule (J ) 4 .  1+4 000

c i i  (therm ochemicai ) /crn 2 mega joui e/m 2 t l l J / m ) -i .  1+4 000 X E  -2
(-ur ic giga becquerel IGBq) - 3. 700 00) ) N E I

degree (angle)  radian )rad l 1 . 7 4 5 3 2 9  N E -2

degree Fah renheit degree ke lv in ) t’I) r ,, = Ii ’ 459 . 67)/ i. o

electron volt joul e ~~( - 1. 11)2 19 X E -19

erg joule (J) 1. 100 000 N E -7

erg/second wat i  (Wi - 1. 00’) 000 N E -7

Cooi meter  (ml ~1 I ) )  )))) 0 N E — 1

foot-pound —force joule (J) 1 355 +1+

gallon ) t . S l i qu i d l  1 meter 3 (m 3) 3. 7~ 5 4 12 N E -3

Lflc h meter  (ml  , 2 5-I )) t o ) )  N E —2

je rk  joule 12) 1 0 .1 ))  000 N E • 9
joule /kilog ram )J/kg ) ( radiat ion dose

absorbed ) Gray  )G y( 1 000 1)0 )

ki lotons terajoules - 4. i + ~)

kip 11000 Ib() ncwton 5) 4~ 4-1 + 22 2  X E 3
kip/ inch 2 (ksi) k ilo pascal )kPa ) - 6 +94 757 X E .3
ktap newton - secon d ‘ot —

N — s  fl1~~ - 
1 000 000 X E 2

micron  meter  (m(  1 10)) 1)0)) N E —I;

m i l  meter  (m)  2 . 540 000 N E —5

mi le  I int e ’r nau iona l )  met er (ml  1 0)9 t - i 4  N E + :1

ou nce - kilog ra m (kg ) 2 +34 952 N F —2
pound —to rce libs avoi  rdupoi Si newton I N )  4 .  4- i 222
pound-force inch newton-mete r  N - m t  

- 1 129 +4~ N E -1

pound -force/inch 
- 

newton/meter (N  !mI I Til t 2 0+ N E • 2
pound—force /foot 2 k ilo  pascal (kp a) 4. 75+ ))2 6 X F -2
pound—F or ce/inch 2 (psi)  I k i lo  pasca l (kPa( 6 . +9-1 757
pound-mass )ibm avoirtl u pois( k i logram )k g) 4 . 535 924 N E -1
pound—mas s-foo t  (moment  of i n e r t i a )  - k i logr am -mete r2 

-

- 
)kg ’m 2 ) 4 . 2 1 4  011 N F -2

pound-mass/ foot~ - k ilogram/me te r3

(kg/rn 3) 1.60 1 ‘-- t o  X E + 1
rad ( radiation dose absorbed) “ora~ (Gy) - 1 000 000 X E  -2
roentgen coulo mlifki logram

(i /kg ) 2 . 579 760 N F -4
shake second (51 1 00)) 1) 01) N F —+
slug k i l o gr a m  (kg) 1 .4 5 9 390 X F • 1

~~~~~~~~~~~~~~~ 0’ ( kfl~ 1 (k1’a( 
- - 

i~~~ -l 2 2 x E ~~~~~~~~~~ J
I s-.+ uer i- l (lO ll is 1kb Si un i t  of r ad ioac t iv i t y 1  1 l)q I i ’Vr-ni  ~Js~

‘‘ih.’ Or , i v  l I l y )  Is the SI un h i  of absorbed r ad ia t ion .
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1. I N’l’RODU CI ’ ION

1. 1 Bac’ I-c g t’ t i c t n t i

Fi le  poO l u i  I ( I I  is work is 1. Dc’ dccc’ l oputu c ’u t t  o f  c- F N c  i c -n t  s t r u t  I c l u e s

l o u ’  ( ( cc - I )  l a o  (n o , .  Ott  r L lpp i ’o J c ’ t l  t i l l s Lccn  t c  c oat  t u t t e  t ile laces t igat t iit ’ . of

t h e  i’ i - s p ’) t t s c  i i i  t (t-ep based st i ’ n e t u i t ’ e ~ t h i ’ o t i g l t  s t I l t ia a n d  d v i ’ . a u u u j c  sell bc

tu todel  expc ’r i t t ten t  s , w h i c h  was s tar t c - d unde r a 1) 1ev j olt s c o n t r a c t  and
-fr

t ’ i: p o i t c ’ d in  ~
‘1 - 

, ‘(itt ’ u u t o d c b  t e s t s  arc’  us - u t  I i ’  i ’e lat c  si  i ’ c t c t u i i ’ a i re—

spouse to the surrot t t ’.c ling rock prop e~- rt i e s , t h u s  c o i tt r i b u t it i p  to  t h c -  d c —

s b p u ’ .  of s t r u c t u r e _ - s  t I t l u t  ir e  O p t i l u u l u l l V  u i t a t c t i ~ -d to  t t I c - i r  e _ ’n v i r o t t m c - n t s .

Dec- p I ;a s c ’ i I  St - u uc - I nr c - s  a t’ c- I t  - , - c t i  u t ii) P u ’  i t  i_ - c t  eonttu iaui d c oat  i’ob . atid

t - i , n u i u c u t ’ .j c ’ a t  i ’ it i centers [tout nuc’lc’au’ a t t a c k .  lit -eats . - o l  the high c o t  01

I uu i i ti jtt g t Ile _ sc’ st t ’ i t e t c t t e _ ’s , o f  t i c  i c t i c -V is tpol ’t Lltt t . t I t e  t i u o s t  c I  l i c  ic- i t t

o u i ’ tt c ’ I l l  u i  - I i  I ng ott e 1 11111 p 1’ iv icl c-s I lie t’c u 1cu i t e d  i ol  t i t t t t _’ 011(1 li lt i’dutc ’sS Lit

i t - a s c - i i o u  , The t c-st  S t  t’OC i i i  i t -  c u r  t I c  c - I )  I 15 i ng  ii i l l  dep eut c l  on t h e

t ’ e - f u i  i r e_- d  ‘. i 1 u t t ~uu , I i-p of c ’ o t t t  (-II I 5 ’  b u t - I l  b p eo l  ()~~ \ .  1111(1 h a u u l i i c - s s  b c - i c - i .

Il enc’ c- , c l i i -  I i - s t  u i - p c  o f  51 r u c tt l i’e lou’  O’lt I’auip c- o f  t _ ’ o t i c t i t  lu l l s  ulII t \ tot

- I l l  - I i - s  I t \ p - I itu’ alto t h u _ - I ’  I’Li t i p c  o I t ou t t i  i 1 i ot i s .

T p i c L u I i t t - u - p  ba sed  s t r u c t u r e_ - s c o n s i s t  o f  cv l i t ’ .c ir i c a l  or spherical

c av i  t i c - s i i i  i’ock , l l l t r d l c u u c ’ d w i t h  I i ne r s  of S t  c t - I  a n d  cone n e _ - b c - , These

s t i’cic’tui’u - s  a Iso tu u a ’, t i a i c  a - t ’ u s ) u , i l - l c ’  t - i c - L p a c - t ~ i ng r tu a l c i ’i a  1 I - u_ - l i ve_ -c- n t h e

l i t t e r  and  t t u t -  ( - O V i t V  uva l l . 0~ I id ic~i t C d  in  F i g t ir e  1 — 1 .  IIc ’liSoilaI le

dc ’ s i~~ll I l I ’ c ’SOI I I ’c - S  i t ~~’ a si i ’i u e t n r e  of ’ t h i s  1 cpu i t - c  on t l l t _- order  ol  b kt ~ai ’

2 ~~~. S inc -u  a s h e l l  s I rue 1 t I re  des i gnc-d I i ,  stupp ol ’  1 1 ( ii ’ l u l l  1 — h t ’ ,l I’ p t - c-s 511cc’

t i n t  14 t : c -  j n lpt ’ac’t i - ~~i 1 . i t  is i ppa i ’c’nt  t i t a  I t I i i -  I tO I u - c  roc k nt ci s I ca ccv m o s t

N t u u u t t  u - t o  in  I - r a c k e t s  lu -s i p u u a  I c - i c Ic’ u’ c-nc-es at t ile end of  t h e  l ’epoI’ (
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ol  t h e  b at ! . ‘ f l i t - ru ’  l o r e , t i l e  1110s f c - l f i c  i t - I l l  51 I ’iic’ l i i  u t - s  l o u ’  dc-el) l i c t o j u i g

ii-~ 11 Pc’ t h ost- t h a t, I t- st c’ ti,t iLII ’ .c ’e,’ b It t ’ lcuacl— eo, ’i’ ’, ( l i p  c -Op a c ’  i i  \ u I  I lu c’ 110 1 ivc’ 
—

‘i t t  - k

S c - v t - i c c  I tic ’s i i ~ t l c o i l e d - p t  S I t i n  ttc ’c’)) I lls (tIP wi i t -  ( t t \ t ’ s l  1( 1 1 1 cci itt

1I - \ l l l )  1t , - \’b ’ cn~~h l’ I l~l- 1) 11 I V I I I ,  an t I  c u d i l  i f  i u ’ u i c l  1 t l u ~ I iuunt v, i l l  I - 1 -  I t ’ s t e c i  i l l  I t i c ’

M lGl l ’I ’ \ ’  I-I ’ IC ci t tul II lAiil ~ ) h AWK c i u i d t ’ i ’ p u ’ o u ,t i l d  t i ’s  t i-i . ‘ f ’ i u c ’ u - c - I c - s t  s ~~I’oV ide

t u t u - h  cisc ’ (ii i i l l  ( ‘ 1 1 1 1 , 1 1  i ou  , i i  c ge ne ra 1 i i  f i l u ’ c ,  ll tuw c ’’ . u t ’ , i t I e e l ’ c’ del  cii

u , I’ ot ’I’v,I l i o ns ‘ i i i ’  ci w i t h - i ’  u’~ut tpc of p t -tu1 ~ i t c ’ u e n t I l  t i u ’ u i s  auiti 1cectti ~ I t t -

I ’ t ’ i l t u i i ’ c ’ t l  l e t  ( i u t c ’ t ’ I l u i I I c ’  (0 11111 1 c l o t  iii ’ l I I l t j i O  out the app ! ic , u I  i l i t ’, u I  t In ’

\ , i u ’j oc i s  cii ’s i i u i  c ’ i~ I l nc ’p t  o .  01 11’. I ‘out s u t t ’ I u  c u t  ( — e - u ’ \  i f  b O I l S  l i t ’  m i ’ ,’ c i t ’s  ( p u t

c o l i c- c - p t  s I ( I t t ’ l v  (0  L I I ’  i s u ’ .

(‘ l i e ’  , i I i l u t v  u i  a p p l y  b a t s  c e l l  a b c u I - u ’ i ’ , I I , ’ u - \  ~- - i b c -  is l I l t- I c - i  t o

ul u ’’, c’ 1 lIp ! l~ l c’ I fie i - l i t  St r i t e  (utn ~-s I t ic  t Ic-c ’)) I ,i~~’ i ti l l. In I It t ’ I i l  u ’ u , t  t , i u ’ ’.

u l e ’l , u j I t ’d  o I s e -t ’ ’ .’c tt i u i u u a  t a n  I c ’ : i , u u t u - c ’ e u u t u u u t ; u j c ’ ,I l i i  er  \ , I I ’ l e u l t s  c it e ’!) I using

(‘ c i t t t u } i l O  0’. u 1  ci W h u t , - h O t  , u ~ - - u ’ i u l u , c ’ i u - , u t i t l  ( o c u c l i l i g  u e t i i l j t  l u c I u s .  Ft’u uu n

slid - i l cltist’i ’i.I I I Ot t O  it i l l  ( i ’ t i l i  L i l t  u l u u , i i I ’ s t  , i l t c i  1 1 0  u I  r ol), ’u tse lIi -etl,i lt b i b  t I u ~i i

t i l l ’ .  It- _ it t 1 1 1  u t - l i  c , ’ ut - , I l l s  lie u ’  ( (c u lt  ‘u i - c i h l ~~~, ‘ ( ‘ f i t ’  (;lI , ‘ i , i  I c t ’ .  ~~- t !i ciil c _ i l l

I n n  l u  I’ c ’Lcpp l t l  ii liii’ t , u l i l d  111111 c - , - ’  u u i u t u i t - c i f u ‘ , e l t p i l  i t t  u t  u n - n  c ’ i ’ u n - i -p t s

is I li e’ ’ . ,I i c ’  ~c~ ’, i - I t - p  - i

I ’ t ” i  l u ll s u ‘-, I i u t ’ u b ; l u ’ i l f S  t i l l  c u , u  I c’ u t i c ’ i t e I s  ‘‘I Ii u p  l i t - i t c h  ~~l cp u -i  a ’ c ’ i ~i t l , c ’ , t

) t C  c u t  u l , - ’ . , , I c ’c f  I I  u n c u t e \ c - l n O i \ e  I ’ .  I i ’  5 1 , 1 1  I c  l u - s t  i t l p ,  11 , 11t h 1 ,  Il , ’\’ l,i u lcli- ,

, i u i , t  S i t o - I c  ~3j  pe l ’ l u ’ I ’ i c i ’ c i  s l i t  ic e - \ p u - t ’ t t c l ~ - I l l s  o t t  i i i i l  i nc -cl  . i t l c f  I im t e ’ui I n t u i t ,  I

u: ’ ’ ’ 1 , - Is j u l  I j u t e ’i- t l  u ’ f l t ’  h i d  h : t , l I ’ t l t ’ . l l t ’ u i e i ’ ,t t i t i  i t c ’ t l t i u ’ e e t t  L I . I i i- ’t c i t  ou t ! i t o - u t

‘pi l l  c i t  — ‘ I t S  t u g  L I  w c - ~ u I ,  u ‘u - I~ — Itt _ I I c I t  I t c i  p I lo t ,i s I I, i t ’ l u  t u  - I~ u : t , I I c - I ’  I - I I .

I t ’  ‘ l i l t  I ’  I l l ,  I t t p u I i ii- , ,i t i u l l i i  t m ’  ‘ i xl c ’u i cie 1 I I I t ,  ‘tI Ic ’ I t i c  I l u l l e  - , - x~~ ’i - t i  —

t l l u ’ i l I i ,  i i i  I t h u - u I  I c u u , t , - l t -u I t  l ’ c u I I ~ u u ’ i t t I e ’ u l  . i t c i l  j t i l , i c t l O u Is . c t u—c u l i u l  t l c ’ l t l i t ’ u l t i

,i u t u l  I i i  I i o u - , I i  - i t t  i l l  t I u , ’ i - c u ’  i \ I l i - t ’ u u : u , - u u u u c , u l , u n . i  ~u I t - y e - I s  l i e i u  l c e ’ J i I

1 , 1 1 - I ’ .  Inc i . e . , I l u t t l l e -  I , l e , t ; c t ~~c - , ‘ t  t i n t ’ ,  ,u l u - n  I ’ ’  to ‘ ‘ i l l  , , i t u u l  - ‘ -H i ’ . u ’
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-
-
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t h e s e  t e s t s  were p lagued by specimen c r a c k i n g  not assoc ia ted  w i t h  t h e

c a v i t y .

The response of (loop based s t r u c t u r e s  was s t u d i e l - I l  a t  Sill 1j

I (t r o u g h  expet’ imeult s  on scale  m o d e l s ,  gu ided  by a n a ly s e s  of s t r u c t u r e

anti rock i’esponse a s s u m i n g  a M o h r — C o u l o m b  rock st u’e l l gth  c h a r a c t e r  i z a —

t ion. Most of t i l e  expoi’iment s were  dynan l ic  . i v i t h  the loadiiltg pulSe

sea led to s i m u l a t e  a long di,u t ’a t  ion ground  shock [t om a m In e  ic-al ’  bu r s t

‘(‘wo new load ing  nt a ch in e s  wcu’c d e s i g n e d . f a b r i c ’ a t e f .  and dc- ’ .cloped into

w o r k i n g  l abo ra to ry  tools .  One is a h v d i ’a t i l i c  s t a t  ic load ing  m i,ichinc ’

t h a t  can t e s t  - 1 — i n c h  ( 10.2 cm ) — t i i a m e t c i ’  i ’ock models  w i t h  or w i t h o u t

3/ 8 — i n c h  ( 1. 59 cm)  — c i j an i e t c i ’  I tinne is . cindel ’ bo th  axi symnn lc ’ t i’ic’ and a

wi de range of I r iaxi ci l l o a d i n g  cou’i di t  ions .  The h u t  h e r  is .in  explosive

dy n a m i c  l oad ing  m a c h i n e  to t e s t  s i m i l a r  models  of the  same s i ze  unde r

dy n a m i c  t r i ax i a l  l o a d i n g s  t h a t  closely s i m u l a t e  nud e _ - a r  l o a d i n g  env i ron-

m e n t s  w i t h  va r ious  f low c o n d i t i on s  (e .g .  , nitiaxial or di i ’c ’i ’g iuug  fboti ’s)

A f t e t ’  t e s t  ing m a c h i n e  developnient  and c a i i l ) I ’ a t  ion t e s t s .  wc’ lI eu ’ loruiled

16 d y n a m i c  e x p e r i m e n t s  on roc k spec imens b u t  exp lore b a s i c  response uf

simple unlined and lined tunnels. All the expel’ iluic’itt S WCi’ ’ c o n d u c t e d

w i t h  a rock s i m c u l a n l  l i c i v i n g  an c inc ’oi t f i u i ec i  c’omilpr ess ivc ’  st  l’e i tgt  h of

8500 psi ( las . 6 Ml ’ a)  . a [riot ion angle of 30 t h t - p u ’ c ’ u - s  ( 0 . 52 3  I’a (i~

v e r t i c a l  l o a d i ng  pi ’csscmi’cs i ’a l tg ing fl’Omil 8500 psi ( i~~~. 0 Ml ’ ,u ~ t o  2( 1 , 000 psi

138 MPci ) . anti  ho l ’ izol lt  a 1 prc ’ssul’es in mos t  c xp cr  in l e n t s  c c ( i j i i S t  cdi t o  g i v c’

a u n i a x i al — s t r a i n  load ing c o n d i t  ion.  E i g h t  of  t h e  e x pe l ’i m en t s  wc ’r ( ’

p u _ - i ’ f o~’ntu_ ’ i on nu l l med 1 t unm i e l models  in i n t a c t  l ’oCk. The mt id e  ‘ ‘ I  [a i l u r e

in those spec imens was I he fou’ma I job) of shear c r a c k s .  n h  ic’ h or ig i ita I i’d

at the spr ingl ines of the 1 cinlte l and I hen spi ra led t o  become i c  I t  in,i l

c r a c k s  e xt e n t l i n g  f a r  into the rock mec litmnl . l)anlagc ic-vt-is ranged f rom

n e g l i g i b le ’  t o  severe.  Foci I’ of t l l e _ S e  c’ igh t  e x p e r i m e n t s  n c- i’d’ I’c’pea t e d  on

tunnels with steel liners in (i j i ’d ’et c o n t a c t  w i t h  t i l e  t u n n e l c a v i t y .
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l it  eaci t  case,  1 ite effect d) I t hi’ 1 i ll er  Was to  cause  a coIls i tiei ’ablc ’

redcic I b ou t  imi t h e  amociul I of c’ lost i rc’  sus  to inc-ti b~ 1 lie I u nI t e  1 arId lc’ss

c x l  t ’ t l s  icc ’ l iPi d’ t t i r i l t g  c u f  t h e  I ’ c) t’ Id .

‘l’lte f i mi Ll  I i cici 1’ expc’ 1’ ilt Ic- lIt S W er e  ~)c’i’ fcc rI fled t I l t  t I l t  1 i I1L’d t ciniu ,_ ’ 1 s jut

, j u t i i t t e _ ’ t i  m t iec i i c i  Wj t l l  t w o  f n i t m i c _’ l ch i an i e t c l ’ — t c u — j o i u t t — s p c l c i u l p  i’ci t ins . I t  ‘S = 5

t inci  10. l Iit ,,’ , j t i i u t t s  W e _ - i c  i mt t i’ cxiclc ’ed ill I lie mnociels ,is l)am ’ali(-i pl1lml c’ s

ot’ i c ’u i t c d  pat ’al  lo 1 t o  t he .ix is c i I t hic’ t cmm lm t e 1 Ilitd pc - u ’ p c ’i l c ( i c ’i t  i c t i ’  t o  t h e

ve l ’  I ic’ Ll b (I inc-c’  I j o lt  d) I Pt’ ililll I V  i t t l i c h  ( l I p .  ‘l’he I 01111 c-cl  iito dc ’ Is n c - i c -  it l o l ’ e_ ’

highly ( h l t i t u l l t-l c ’ c I  1111111 t i t e i  I’ j i t t , t t  I t ’ O t i u l t c _ ’ i ’pc I I ’ i 5 ,l 1 t h e  s l u t ’  l oud  blips.

~~~~~~~ t h e  fl lcSI c _’is w i t l l  I) ‘ S = 111 ~~c t S t 1 c  c ac t I  i t t e i l ’ e  u I l l i l l , l c l c ’  t t u ~~ rt I h t o~~c’ w i t i l

1) S = 5.

1 .2  - ‘tppi’octc’h arid Sc - i i l l c -  o i l  i t t ’ .  u - s t i l t  ion

lI t  t h i s  imivi- sI i p l i t  i , t u ,  I l , ,  l ’ u t-’ p c e f l s c  ‘ ‘ I  t h e , I ’ ( ‘ t o t - u t  5 1 1 0 , 1 t i l t S  I ’ l

m u t e  It ’at ’  g roun d  ~ h ’  ‘ I ,  l i _ l i t  up li _ lu — s t u d  i t - I I t ’ ,  u - - i t t  I ( 1 1111  t i l l  I t I c ’  sd- _ I  i i  - e _ b u t(I c I

u - x p c - I ’ L u : l u  n t s  1 1 1 5 1  ( ( ‘ p — i i ’j l ) c i I . (liii’ l u l l  i i i  I I~ l it ec Ic !I lu _ t o I u  t i c - v u - h i ’  u n ’

t ’a e h u  p c - u u l i ’ -  in  c u t l l t i j i  [ l u l l  i l  [ 1 1 1 , - u ’, 5 1  10 u l l d c n 5 1 , i m l i l i l i l :  e l  h i t  c l,hic,L ,’-

t1cc - c ’ l l ~u I i i s ulu a n o l  u , ’ t u t i ’ e t l b  1 111: . p~tr. It : h ~ - i ’  ‘s ( t o ’  l i i i ’  I l l ’ s  l I t  d - o i p t t  n u u i u - i ’p t s :

t i i i t t u t ’ I s  w i t h  d i r t - c l  e ’ u u u I , l e f  h u n - i ’ s  , t u t , l  h u i l i t i t - l o  a m  t i c  I u , i e I s I i , l ,  Li it i u n ~~t - s.

S ix  c l i  ( I c - I ’ d - I l l  s t u ’ t l c l l i t ’ e - s  ii, ne tc ’ s l t ’cI . ‘Hut I iu ~~- l s l l ’ I l t t h l l ’ c ‘i i . lS  J i t  i t u t i  t I l e _ P h

ItI li u tel . ‘l ’ll i— i S  I I c , -  s t i  p l c ’ s t  u i : u i u u ’  1 _ l ti cl S e - I ’’. c - C - 115 1 h ) . l s u  1 1 1 1 ’ -  ‘ u I ’

pL t ~ ’ u S i u u  u - i  l i t  u t i o r e -  u~ u ’ I l I b i t - ’ I i e l l t , - i t  I t t I t I l c - l 51  t ’ i ; e i t i m ’ es .  ‘( ‘ I i i  n - N t  1 l i l t - i

l l p I t l u - l s  cccii c l i i i I — e _ ’ l t I i I , l e u  s I , - u - l  b i m l e - l ’ u-, c i f  d i  I l c ’ I ’ c ’ t l t  h ’ , I t t i l l s — l u i - — t I l l e I ’ , I l c ’ t’Z s

1, 1 1 1 0 ’ - :1 P = ht .5 , 25 , ,,b l (Si - i - I i g l t i ’ t -  1 — 1 ) . - ‘ t I l t  l I t - i--c e l t u u ,  u i - -  i i i

i I I I t  t ’ e tI lii i tIc : , sc-c t - c- , -a u - i  i l  t i l l I u i t  I he e l  I t  c I o l  I l i l t  l ’ i l c I  I i u ’ u S i - - I l l ’ ’ O i l

I 111110-1 1- ’ spun - - - , I I i ,  t i t l e -  r a i l  p I’e - s s c l m ’ c- h~~’I ‘n s - u t  1 i - - e  I’ ‘ni l 1 lIl lIt e I is a t

I t ,  - \‘ I ’ I - I l i l t  sSbll ’ ( - i l l  I l I t  1 i lit - I’ I I t  1,01!., 1 I t ’ l l  I 111111 _ It c i t  I lie - u - c - n  i , i  S I  - e l f I It —

I t  l O S  I , cl tl(h ccitt Pc’ ‘- S I bI n  I ‘ i t  t o  P = _ f t  UI , it’ l l ,  I c ’  -~ I 5 l ion I -i t ) , 11)1) j ’ ,— 1
I ‘.

I P ~ ‘ u - i t  - l , t ( l ,  is I i - i t  s t u l ) ,I ’ c - i l  I l i t  - 111 1 liii t I e ’  - ol L I Ii  op - - : c ) c : u i c - u i c i c i u

I t h t t l ’ t  I th Ic k I i~ ug . I i ia I Iv , I - - t i  sI  r i l e  I c u t ’  ‘ ‘ ‘ I t  Ii  I i  a I , j t o I i i :  I t  II = I , 51

—
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as we l l  as tcl l t l i e l 1 inc-i’s (a / l i  = 12.5 altd 25) were t e s t e d  to  i i tv c ’s t i g a tc -

tite e f fe c t  of backp ack imtg  in p r ev e n t i mig  t u mt l t e l closure, ’ .

The s t r u c t u r e s  ivere tes ted in a rock Si lu lul a i l t  r e p r ese n t  i u t g  nl e d iul tu

s t rem t g t h  rock uitder both dry  and w c t t e r — s a t u r a t e d  c oi id i tj o it s  au i d  umtd c - r

5 tc l  t i c  and d v n a m i l i c  c o i t d i t i o ut s  so t lt a t  taw civna i t i i c  e f f e c t s  on t h e  rc ’spOnsc ’

of t h e  s t ru c tcu r c ’ s could be s t u d i e d . Two typc ’s of l o a d i u t g  we rc - tm scd :

isot ropic  (ax i sv umu n e t r id  w i t h  r e spec t  to t ite  I cu lnc ’l  a x i s)  and  c i i i i a x i u u l —

st r a i m i  l o a d ilt g ’. The i s o t r o p i c  load iu ’ig

( 1) S i m u l a t e s  the t~’pc of l o a d i mt g  exper i em lced  by I l l , :  s I  i ’uct u ii’s
in t lie D i n i t tp  Car  expcr imu lc -n  t desc r ibed  I a t c u ’  ( t i l e , ’  l ) i i t i n g  (‘ or
l oad ing  is bouiidc-d between i s o t r o p i c  and tilt 1 LI X 1  I l l  S t  I ’l i i i l )

( 2 )  Provides  a lute alt s  of co i’re_- 1 ui t  i i u p  c’xpc ’ i’i nb c - mi t  I l l  F~ - i- i t l t  s w i  t i t
c u r r e n t  des ign  procetlure s wh i c h t  assuuttc i s o t r o p i c  loadh ing

(3) Provitles a coultpari soit  ‘.vith tile u n i a x i  c i i  — s t  r c l i u l  c’xpc- ri  mcii t s
to a s c e r t a i n  tIt e i mn p o r t a i i  e of locici a syn in uc ’t  i” . ,

‘l’he t e s t  m a t r i x  is showmt in Table 1.1 . Siu’uc e tu iost ot  t he  cxpc’rilllcl’i t s

r epor ted  in Li  were t lv nauu u ic  , t i l ls  ‘.vork conceit t rat c-s priluin ri lv out s t  c i t  ic

t e s t i n g .  These exper imei l  I s  were suppo r t ed  by ci t l lc-orc ’  t i c a l  e I lorl in

w lt i c h t  c u r r eu t t l v  L i v c t j i l l b l e  e l a s t i c  aut d  c l a s tj c— I ) l c l s t i c  t it c ’or ic-s’  - - - t i ’ , - tu s c ’c i

t o  t i c - s  igil st  rcmc 1 cur ’ c’o , plaIt c_’xper inlemt  t 5 , and  i n  tc rpr c ’ t t lie t - x p c  - 1’~ Inc-li t Ill

re s cli t s.

l)ur i  ng t ile cotursc ’ of the  work , cit idi t iout a  I f u n d s  We i c  ‘ g  volt  t c’(I t o

l)road( ’u l I hic scope of the p r o j e c t  o includc ’ pe rt  orlllimig a s t ru c t  nrc-s

e x p e r im e n t  as an a d d — o n  t o  t h e  I ) i n i ng  Car  even t  a t  N I’S ( u’epor ted  i n

10)11 6887) . Twe l ve st r cu c t u r es  , a f a c t o r  of t e n  l a r g e r  i n  Si ZO t h a n  t h e

l a b o r a t o r y  m o d e l s , were fielded along with their small—scale c o u n t e r p a r ts

w h i c h  serve as a t i e — i l t  t o  t h e  l a b o r a t o r y  I c~~I s  and a l s o  t o  d e t l t o n s t r a t e  t h e

e f f e c t  of s c a l i n g . ‘Fiic l a b o r a t o r y  t e s t s  i c ’ i l i  be cused t o  s u p p o r t  t h i s  e x p e r i —

u ’s’ l i t  and  ot her p1 altned unde rg  l’ouItd t e s t s  of  I a r g e— s c a  ic  st ruc t  t i res
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1.3 O r g a n i z a t i o n  ol ’ Report

l’hte r ema inder  of t h i s  report  describes t h e  p l a n n i n g  of the  expe r i—

m en t s ,  the exper imen tal  r e s u l t s ,  and an i n t e r p r e t a t  j olt oi’ th iese  r e s u l t s

w i t h t  accompanying  t h e o r e t i c a l  a n a l y s e s .  Chap te r  2 dea ls  w i t h  the

theoretical considerations clsed in the design of the spec imens and

testing machines and u t  t h e  p la itn it t g  of t h e  e x p e r i m e n ts .  Chap te r  3

presen ts  a b r i e f  de s c r i p t i o n  of t lt e  c u r r e n t  operation and capabilities

o f  the  t e s t i n g  inacit ines.  Chapter  - -1 1)I’CSeflts t ite r e s u l t s  of a ser ies  of

expe r iment s  used to v a l id a t e  t h e  e x p e r i m e n t a l  proc’ecIcii’e. C h a p t e r  5

t ic-sc r ibes  the  r e s u l t s  of s t a t i c  anti d~’namic isotropic load ing  t e s t s  on

t u n n e l s  w i t h  d i r e c t  c o n t a c t  l i ne rs  aitd w i t h  backpacked l i n e r s .  These

are scale models of the st rue tures tested in t ile I) im i i l l g  Car  expel’ intent

C h a p t e r  6 prescuits t h e  r e s u l t s  of s t a t i c  c i l t i a x i a l — S I  r a i u t  l o a d i n g  t e st s

00 5 j ill i lar s t i’ci c l u r e s .  ‘I’he nut  iax ia 1—st  t’a in load iutg  rest i  l t s  clre Collll)a red

w i t i t  the i so t ropic  b a t t i n g  r e s u l ts .  Clt aptet’  7 p1-c-Sc-Ills a d i j S C c l S S i O i t  of

the planning and field imp of I lie Diuting Car st rue t t i res expel ’imert t

C h a p t e r  8 gives  t h e  theor e  t i c - c l  1 auta lvses amtd con~par ison w i t h  exp e r i m e n t  cii

r e s u l t s .  Append ices A t h i u ’ ou g lt I) givc ’ d e t a i l e d  t h i sc u s~ ions of t h e

t h e o r e t i c a l  a n a ly s e s .  u’ ock m o d e l i n g ,  test  luiach iutes , autO ex p e r i m e n t a l

da ta . r espec t ive ly .

_________________ 
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2 .  THEORETICAL BASIS FOR IAI3ORA’l’ORY INVE STI GAT I ON

In t h is chap t e r  we d iscuss  t lt e t hcor e t  ic-al  b’ackgl’oclnd lor t lie

tics igut ciutd p l an u t iu i g  of t h e  exper intents. Tb is j ute lcldes a 0 inc-oS j ona 1

am ta iy s i s .  d i scuss  ions of bocundary  e f f e c t s .  w a v e -  propaga 1 ion of  f c c t s .

porewatel ’  pressure , t h e  rock s imu b it t . au t O tilL ’ of I c - c t  of t lie I.e lot  ioul —

sh t i p  between I-in c-k a nd 1 iuter  propci ’t ic-s .  aitd ci dcst’r  il )t  ion of the t c-st

spec j i t i c -u t . T h e  f i r s t  t it rec  of  th i e ~~e topics  were ct ddt ’essed in 1 j. Fta’

c’outt imtu i t  v , t lie resu i t s  I c-pm-tech  in [1 are i c-peat  e(h here u i  ci l) i ) i ’c ’\ - j o t  c c l

form a long w i t h  t i le  110W u ’esul t s froni t lie pt ’csem ’it p l’ogI’am.

2 . 1 l)imcmis iomta l ,‘I i t c i  lvs is

Since t lie use  fcm lu t e s s  of t h i s  in v e St  igc i  t id)iI cic ’p c-mio ts on I i t e  - S [liii l i t  1 1 t h ,

of t h e  sca le  models , t he  vac’iables tha t have a tlontjttan ’, c - I  iec’ t on t h e

response of our St  r t u c - t  ures 1111,1st Pc- ap l)r opi ’icl  t e lv sc-a i t ’d .  ‘l’iie ii iillc - Ilt-t [0110 1

ana l i -sis is s il u l i l ar  t o  t h a t  in  L1J b u t  w i t h  s c - V t - I ’ l l  d h j f l , _’ l ’ c ’h i t c-s I i t ~it  , i i ’ e,’

d iscclssed la te l ’ . The lol low imp vci 1’ iah  ic-s ccu’e coils iderc -dI  s i g n  i f  ic - c cI tt

App i ic-t i  Loads

P = peak v c u ’ f  ic-cc 1 p ressur e

P = lie_ -ak heir iz o ut t a  1 pr (,’ssc m ro
11

M a t e r i a l  Propet ’ I ic_ S

i- ; = \ o u m g ‘S moOn los c i  f i ’oc k

= Poisson ’ s r a t io c i f  rock

= t h c ’u i s i t v  ( i f  rock

-- 1111000 f [ned compress ivc’ s t  i ’eu igt  P of rock
1,1
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V ,-

= tensile st c ’eu ig t i l  o f  rock

= aitg le of  i n t e r n a l f t - i c - f  tt)lt ( i f  t o ok

F
L 

= \ ou l t g  ‘S uuuo dh u i c u s  of  1 inc- I.

= Pci is soui ’ S i - c i t  t o  o f i i  l ieu’

p = t Ic -os it ~ of  ij u t e r
L

= v i e _ - i d  s t ren g t h  of l iner  ti uc u t c - t’ j ct l

= c’ I’I IS II  s t  i’ c’tlg l I t  e i f  b a ck p a c k  ilig m il cl ter iull
Pp

= lock ilig sit - ct i ll t) I iiac’kpciek tr ig m a t e r i a l
Pp

Gc’ timu ie t i v

1) = t u u tm ic - l  di iOnic’ tel ’

ii = l i mi e r  t h i c k n e s s

H = back pack ing  t h i c kn e s s

Sy s tems Respo nse

U , ci
r = r a d i a l  a nd c - t  r o c inu I c -remi t 1 al d i S h )  1 a celtIc-mt t O f  rock

€ 
-
, € = r a d i a l  altO c i r cu m t c r c n t i a l  s t r a i n  of rock

= r a d i a l  and cj u ’ c ’ t t t u u f c — r e n t i a l  St r e s s  of rock

U , c m r a th ca l  an t i  c i  r e tu rn  f e  rent  ia 1 t h i sp  in c-c -nc -u t  t o t l i n e r
rL -~ L

~ = r a d i a l  and c i r c c i r n f e r e n t  i a l  s t r a i m i  of l i n e r
rL L

• ~ = r a d i a l  and c i r c u m f e r e n t i a l  s t r e s s  of l i n e r
rL ~ L

U . Il  = rod i i i  clut c h t’ ir c ’u rnfc -I’c -ml t [ci i d i S I ) l c i c -( ’i t t c ’n I  in I b a ck p a c k  i m ~g
l’b l) Ci ) p

‘-I , € I’cIdl ia 1 c in d  c i  I’ c l i lul fc’i ’ c- n I [cl i st ra in  ct f bac’kpcit-k ingt ’h ) 1i (~ Pp
- . - = 1-0th [ci i, am i d c i l- cnn  i t ’  I’c’lt t id I s t  I’c-s 0 ‘ i f  bc ickpc i ck  i ilg1- 1)1) ~ ii1)

‘l ’his s c - i c - c - I  i e i t i  o f  35 s i g m i i f i c ’ a u i l c- ci r i c i i i l t - o  l e , ’ dI ( IS  i t t  t ile,’ t e i l l l h W i m t g  s t - I
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In  our expc l ’j r n et t t s . t ile I un n e l  d iai’ieter D is s/s inch (1. 59 c m) .

Consequent ly. f o r  a 10—foot. (3.05 nl ) — d iam e t e r  p r o t o typ e  t u n n e l ,  t h i s

represents a sc-ale fact or of aboim t 200. Thcus, h . ii , cm II - ci , cI -

~ eL ~L

ii • ctncl u n t i s  I ‘also be sea led by t h i s  sante f a c t o r  f o r  s m u  1-a n t  v .
rbp  0bp

The I-c-st of these ~-a i ’iables  in our utiode l a re  i d e n t i c a l  to  those  in t i le

p r o t o typ e .

The I’jSc- t ime amid ! duration ol’ the  l o a d i n g  p cmls e  at-c no t  Secl le di

i i i  t hese expel- inleults as t h ey  wore in { l~~. ~1 longer  r i s e  t imuie and d~m i - a —

ion were cisc-ti in t h e  cc lu ’ I ’en t  ex p e r i n i cu it s  t o  ut t in im i z e  cun c i es i t ’-ab le  wave

pl’opaga t ion e f f e c t s  in [ito loading ( t i t i s  is d i scussed  in not-c- d c - t a i l  in

Sc- c- I ion 2 . 3  . This  change in t u e  pci lse shape is ito! expected  I ci  l u a v e

any  S ign i  f i can t  c- fleet oct t i le  respot ise  of t ile  s t  rue  t t i re  s im ’t cc t h e

rospoutse  is essemi t t a lly  q u a s i — s t a t i c  j u t  n a t cu c c . as w i l l  be t i i s ct i s se t i  in

Sec t ion 2 . 3 .  O t h er  v ar i a ble s  riot scaled are  g r a i n  s i z e ,  pot -c- s i ze , and

s tu a i n  i - a t e .  A l t h o u g h  t h o s e  v a i ’ i a bb e s  clu ’c- mt ot  1)0 1 iey ed  t o  be clonc i ut ant  -

more t-eseat’ch is uteeded t t  05 c c- i ’  h a  in t h e  it- i m u t p o r t a m l c e  -

2 . 2  S t i-ess  F i e ld

J u t  our expel ’ intents  we seek t o  i’epi ’otlciee t h e  st  i c - s o  f i e l d  t h a t

c-xis t~ a i ’o c iu l ( h  a c a v i ty  j~ a n i n f i n i t c ’  both- . Sjuic -c’ otit’ spec- ttuu ei t muust

i-t ave  f [lu te  0 j iuu ens  ions - t h e  du t I es  I ion at ’  isos as t o  110w c l ,t ~ c’ 1 ltc boiinthanjes

c a l l  lie t e t  t h e  d ’ d l \ ’ i t v  w i l h o c t t s ig n i f i c a n t  iv  a l t e r i n g  tile st i ’ t’i’-S f i e l d .

Il l  I i t  wcts  5 l u , i t e _ I l  I h a t  c’ h i s  tic l)c’rt ci u ’ba I ionS ill tile St less f ic’ Id caulsod

I l t  t ile hic , ic ’  ( ‘xl  c-m id o n ly  t c i abou t  I -I i -ad i i  in  [ci t ile’ mt uec i Pam.  (‘(ifls et h c lc - t t t  iv

nub ’  spec’ in m el ls  ice _ -i - c’ cii i gi, 1111 1 lv dies ignc-d sti th t c i  t t lit ’ i~~i t i i t t i a  I’ i c- s  wei’c fliOl’c-

t itan I 1 11t h I i  , u i l O \  I l’(im t h e  c- ci t- i i v  A f t e r  1)ldlSt i r  f l o w  t c i k c s  l ) I c i c - - . t he

( ‘ l a s t  ic c- _ c I c t i l a t  [ e h l l O  a l t  n t i  l h i m i g ( ’ m ’  v c l  1 i i i . To tk ’t - i ’ i u t i u i o  id i o t  lId ’ I t i c ’

Ioeuric Ici~’i e - s  h i t  t ht ’ o p t - c -  imi t en w e - I t -  su m h l i i -  ic- It t I v  l i i -  u’ t ’i ~ui i\ t ’tl ti ’ out t t h e  t a t  i t  \

i t )  S [H i l t  1, 1 h e ’  ( l i t -  [Il l m i  I t -  body t - , i oc- . unck-i ’ h) l dist  ic  f l o w  e , ’onti i t  ions ,

:15
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series of experiments was performed on samples w i t h  d i f f e r e n t  hole s izes .

It was agaiut fouutd that the 4—radii criterion was sufficient for damage

levels  of i n t e r e s t .  Deta i l s  of these exper iments  are give_ -n in Sect ion  4 .1.

2 . 3  Wave Propaga t ion  E f f e c t s

For our dy mt am ic  exper incuit s  a p o s s i b i l i ty  of u mt d e s ir a b l c  wave

propagatioui effects exists. Since our  spocinlens are f i m t i t e  and our

pulse dui-atiomis lomtg compared w i t h  t h e  t r a n s i t  t ime of a wave across our

sample , th te  waves r e S cl lt i t t g  f rom the  aI)p lied boad~ w i l l  r e v e r b e r a t e

th rough  the- speciutte n several  t imes  i u t s t e a d  of p a s s i ut g  t h rough  t h e  s t ruc-

t u r e o n ly  omice OS ~~fl t h e  a c t u a l  case in the  f i e l d . The re fo re , the ques—

t ion  of o ver st r e s s  ci t  t he  c a v i t y  w c i l l  due to wave e f f e c t s  must  be reso lved .

.\ t y p i c a l  ex p cr i u t m e n t  Ill p cul se  is shown in 1-’ igure  2—1 (r a m p  r ise to a

broach max imum fo l l owed  by a r o u g h ly  expo t t emit i a l  d e c ay ) .  The r i se  t i m e  is

about  1 ms amid the ’ t o ta l  t iu r a t  ion is 10 ms .  This r ise t inle  amid d u r a t  ion

arc longe r t h a i -i those requ i red  oui a 1/200 sca le  of a s u r f a c e  n u c l e a r

burs t . The j u s t  i [ i c - c i t  j o l t  f o r  the’ cIsc ’ of a pu l se  iv it i i  a rise t ime a m d

dcm r a t i o i u  t h t a t  dl u’e,’ lom -iger  t h i c u u l  t he  sc c u l c - d  pu lse  is based Oh e a l culd lt i o i t s

~~~~~~~~~~~ ~~ , l ’ I t c ’  i- c- , ~i p r c - s s c i t ’e— i t t ip t u l s c -  p lot  fo r  t tlltnc’l closure showed

t h c t t  t lic respon sc’ cit the , ’ t u n n e l  i i i  t he,’ ramige of iuiterest is quasi—static

in m t a t u r e ) i . e . , th te  amo um i t of c losure  is s e n s i t i v e  to t i te  peak pressure

of the  pu l se  b u t  h o t  to the  d t u r a t i o u i  of th te  pu lse . C o n s e q u e n t ly ,  our

model expe r imen t s  sitoulci be a reasonable r ep re s enta t iomi  of the  respoutse

of dec-p based s t r u c t u r e s  OV e n  though the  load ing  pcilses arc’ n o t  closely

sca led.  The use of a long r ise  t ime  and  duratiom i also elimiutate s the

two u n d e s i r a b l e  wave propagation c’ffects described next.

E x t r a p o l a t i ou u  of’ un derground d a t a  to a 100 MT burst  amid  1-anges of a
t’cw thousand feet  give- s r i se  t ime s and d u r a t i o n  of the  order of 30 msec
and 300 msec , r e s p e c t i v e l y, i n  full scale. These translate t o  0 . 15 and
1. 5 msec in 1/21)0 sca le ,

36
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As th i s c u s st - c l  il l  l , t h e  t i i f  I r d b c t i o n  o f  ci p l c u m i c ’  -, ‘ ,tv - by a c y l i m i c i r i —

cal  cc lv i i  v x’c ’stml t s  ilt alt Oil ’ l’St l’c5S cit t iii ca t ’  i t  \ ‘ v  c b 1 1. i - o r ci ste_- p wave

Wi tit zero iise t immi e • t i l e  i t u c  Ic-cisc’ ill st rc’ss d y e, - i’ t u e  static value is

about 15 pe rcent  . I’ oi- a wave’ w i t h  a long i’cse,- t ituic’ , as occcii’s i t t  I he

ac tct a l  case j u t  t i te 1 ie ldh  , t h i s  diVe , ’ l O t  h’d ’SS is lc ’ss I h a I l  15 I)c’ I’e - u u  I

l i tus , wav e t i j i f  l’ c t c t  iou - i  c ’ f I c - c t s  a re’ h o t  ~ it~t til  iccuii t u t  ( l i e , ’  I u - i d  u u oi ’  j u t

out- models.

The lom ig  r i se  I j ul ie , ’ c i i  SO c t l  1 c i i  c u t ’ s  t i l e , ’  p u’obic’tut 01 ovc- 1st le ss i t l g

f t-on i -c -f l e e t  ioit  01 1 he,’ w a v e _ - S  c i t  t i lt  - t ) O t l t l d c t l’ i c - s  o t  I iie spe c iuuic - t t  . ‘f ’his

overs I t ’e_ ’ss t i c-p c -n t i s on t u e  i u~i p t - d a u c c i  uu t i  Stu d t e l l  b et  et c - t i  I l ie rock spec i t t i e i t

nia t c-ri al autt i  t h-i c - te~S ii  t u g  m tia ci lim lc - u~u~i I t -  i’i al  t Ito I Ito lets t i l e  spec iu t tc - t i  - i-or

a rise t ime 01 1 illS , t h i s  c)\’c ’rst  t’t - S s  is u i e _ - g l i g i b l e -  it t  our m ’ock .

F’ i c u a h l v  , il-ic louig r ise t iliie au t c l  d u r a t i o n  r e -due ,- ’ the i) roble_ ’tu i of  O v e r —

s t  m ’ e _ - s s i u i g  t i t le to  w c h v e  re_- f ic - c t  ion s ill I lie f l u i d  t l t a t  sc l r r o c tu ld i s  I lie,’

s p e - c i t t u c u t  - ‘l’his is d i sc c m s s e d  im i d e t a i l  iii -l p p e m t c h i x  C . The, ’ ii uipoi ’ t oti t

c - I  I c c - I s  s i u i c u l a t e t f  in  t h e s e , ’  t t y u t d lmui i c  t & - S t s  t h a t  arc- n o t  sj u n u i a t e , ’ d  i n  s t a t  ic

t e s t s  are,’ [lie,’ dy t t z t u u i i c  m a t e  l’~ cu l  p r o p e r t  ic- s of t h e  rock , i itc  l c i c i i u t g  ) c) l ’ c- —

w a t e r  p r c - s s cm r t  - Porewat c- t’ pressci re_’ olteti c c l l i t t o t  be,’ properl y si t uu t il c i t e c l

in static tests with tcimuuels be,’cacmsc’ unrealistic l)OI’c’\VditeI’ uuu i ai’ dut  ion

causes  the ,- t u i iu n c ’l s  t o  b t m l g i -  (see,’ I- igurc- 4 — 4  a m i d  dii s cus s  ion ) -

2.  I Pc i i’ew c c t c-c - Pre ss l il t

.\ 11 i -~ ‘c - k s  c - t i l t  ~a i l l  c i  ‘ids I i lc i  f l I t ’  t i s c i c t  l i t -  f j i l t - t i  cv ith wIt I t - u ’  cli I l i t ’

t i c - p t  hIs tI l u l l  t i - i -il I i t l ’  dc-c - p 1icis jltg. h u e  i u u c t t e - m ’  i a i  ttid t V he c i c ’w t ’ h as

i i , -  l l t g cuinuposed ‘f . 1 o t t  [0 c - t i c k s l s t ’ l t ’ t e i m I  t l ’ av e , ’u ’oc ’ d l i v  ci l I c ’ t w c i l ’k  ‘ ‘ I

c - , i  p 1  11 c i ’  i t - s  I j i l t  -0 wit P wait - u ’ . i’ l u - u i  f lit’ i - i t c h  is 1 c i c t d e c h  • pci i t  c ii t lie

u ’  Id is c - , i t ’ u ’ i , - t f  by t lie c -t ick  oI~c -  11 - 1( 1 1 1  anti pcI I t  li t I In ’ wa t e, ’u ’ . The ci [o i l ’  i —

h i l t  ion c i i  t i l e ’  1 n c i t h  lie - f i t t - c - u i  I iue ’ u- tn -k ske,’ l t -  t i ‘ u u  a m i d  t h e  iva ( c - I ’  t i c- pc -r i d s  h i l t

l i m e St  l u t e - f  a’c’ t i f  t lu c’ si-ic-ic- t on 0110 f l u e ’  I c - i _ I t [y e  t ’ i~t u u j i t ’ t ’ s sj hj 1 i i  j es  i t t
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lie t i l e , -  h c i a  l i-is  a i t t i  I htc tea It’i ’ , Tile poi’ccva i c-i’ i~i’c-ss ct i’e_ ’ is t h i  pci It t) I

t I l e ’  loct d c a l ’ l ’ied  by the- watcl’ .

J u t  per  f o r l t u i l ’ L g lilt a mt a l v s i s  tt l ’ t i le u ’ t’sp itise of cc uu ia l c ’ i ’ i a l  w i t h

p i i l ’ e_ ’ w c l t e l ’  p i - t - s s cir e  pr e_ - s e l - i t  - 11w- c- i u w - c - p t  of  ‘ c’ f t  c - c - I  i c c -  s t  c’ess ” is

c’ci iu i i t ton lv  u~~c-tl . ‘fhte c h i c - c t  [ i— c’ st  c’ess is t h ue ’  I t ,  u a 1 51 I’ t ’ s S mii i n t i s  t h e

poi’ecc’cl t el ’  p u - e_ ’ ssc u  i c ’ . ‘I’iIe pot-c- cc-cl l et ’  pl’c s  su t  c-c is sc tb t  I d l e  1 c d  I c’oiut  t i - i c

1 ( l t d - i l ot l OSS b c - c a u se’ i t  is -a s s t t m t t e t h  tc )  i t a \ - c- 110 i l - i  f l u e - m i c e,- h i l t  t ic  !0I ’mt i :it i ( iht

c- u’ icc i h i t ’ , - . A t ~ pi e_ ’c i  1 Meihi’ ici i lc l i ’e_ ’  c-t ivc - iop e I tt ’ t v c i t e c ’ — s a  I uu i’a l cd i i  ic-k

i s  s h t o w m i  in  Figc i rc- 2. 2 . Th e’ d i a Sh i e d  c - u - c ’  l i - s  u-c-present t rt ci xial slate _ -s 01

St  u - c - o s ,  jute,’ icid [tic- peirew ci 1 c-c pl’essU re . a t  load in g  - ti ui d it ions under cc’lt ic-li

i’ m - I - c s I c - (- i e , I h - m t s  l a i l  ( c ’ . c.  - t i l e -  lct s lted e _ ’ i I ’ c le it -i t hue l ight give _ -s stu’ e,-ss

o i c c  t i - s  l i i i ’  l o c cd  j u t ”  by i c c -  i t  i c - c i t p r e s s t t  I c - a m id c - o t t  I inimug pc’essctl’c c
2 1

h’ l’outt I f t c - s c -  (icc I dl . t h e , ’  t e l  I a  1— s t  i c - s o  Mohi’ c - u t - i - c - l o p e - , j m i d  i c - a l  c - t I  b~’ I he d a s h ed

1 L I I I ’ , is c ’ o lt st l ’ c tc - t  t - , l  . I I t h e ’  \l t ihI I’ c- i t’d,’ ic’s d ir e  l’e’pI ‘ h I  I cdi w i t h  the , ’

pol ’e_’wa t c-I’ pI ’c’ss ti  i c -  001) 1 rcc e t c- i l  ( e  . t I-ic - sot  tel c - i c e , ’  I c - s  c’epl’c-sc-mtt a

y e - I l j c - , c l Pi’ c-sS~~c-c- - 
/ 

= ‘ — p a u t O  a e omt  I im li m ig ~~~~~~~~~~ 
- ‘ = - —

2 2 - 1 1
wh c -u ’e_ ’  p is l i i i  - h i i t l ’ e’ pl ’ t - so i l  i’e ) - iii - oh t  a imt I lie , ’ e I f e _ - c ’  t I t  c - — S t  ‘c-so M oh i i ’

I c i i h t i r & c-utt ’d’lehp e’ i t i c h i c - c i t i - i l  hi - I hue  s t i l i d  lu te,’ . Til e,- d i 5 0 0 t u i p t  [ o ut  c i i  111c-

c’ I f c ’( ’  I i c - c’ — s t i ’ i -ss c o m i c - c -p t  LO I Pc i  I flue c f  k - i - I  it- c-—s f t ’ c’ss . l , i t u  u ’ e’ul\s’ lope’ i s

t he - sc o u t- a u-t tltcc l t th t , u 101 (1 it i l u e  spe_ ’e imcm i s , v i - u ’ e_- ~~l l t t w e ,’d t o  , h u ’ , i i m i  \t,t t c ’ h ’

d f t l l ’ l u t c -  t h e  t i ’ i , . u x i a l  i c - s l s .  ‘i’hic - c - I l l - c - I c i i  t h i c ’  pou ’ t - c u I ’ - u -  In c -soc - i c - is to

s h i f t  l I t , -  c - i c - e l m - s  ( i i  t i n ’  l ight cOld i cc-toe,- a l, i c t , - i ’ i u t c -  c l i  t h e -  1 m ’ l u t ’  I , i j l t u m ’ c-

uuvt ~- 1 i~ ic -  -

P t i t ’ , - w _ i t e ’ u’ pl’ e ’o S t l r c  cviii hcty’- din c - I  I c - c - I  t i l t I l t e , ’  i ’ t - s p i i t t o h  e t h  t O i l ’

5 1 I i u c ’ t c l I ’ e ’ s .  i f  ctc - e’ou tsideh’ t h e , ’  c - l a s t  i t  i’ c-s l i m i u u o i -  i i i  a I o n i c  w i t  Ii ,i

c - c  i i h l d l ’ i c ’ al  c-~i i ’ i I \  S l l h ) , j c - c - t c ’ d i  I e i  1 l i ~~ - c ’  I i t - i d  p u t ’ s s u u u ’ t’ I’ . at i  [ i t t ’  I -n d

c a v i t y  pi’ i-sSiu l’ t ’ P — cl utch  ,i 
~n ’ s- pu’ s s u u i ’ ~ - p. ccc- f i m i c i  I t ot :, S t t ’ ,t b u I l t feiu ’wal’ d

1,
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las t  it ’ autct l vs  is ( sc -c -  ‘I’ilule,isllc-ItkO autd Gcioci j et’  7~ ) 1 lu ci  t l Ime ’ c-ad iii 1 dis —

p lae,’eiio~’nt cI is

~2 
( l ÷ c )  ( l - 2 ’ ~~ci = , (p — — + , (p  — 1’

1’, 0 1 1’ l-~ o

where  1- . is ~~ot i u t g  ‘S utictdu icIS - cin ch ~
‘ is Poissomi  ‘ 5 c-c t  I i o . We se-c’ t h a t  as

p j m i c’ i’ t ’ccoe , -s , U etc-c’ i’ e ’ i Se _ ’S . T I t u S .  I Pc’ c - f  f e e t , ~~‘ f ptim’c ’wdl t dl’ pI’c’sstu i c ’ is (

uui akc ’ 1 lie ’ nua tei’ial appear  s t  i I h e r , si n c e  ti - i c ’  the ’ f h i t - lul l - it ~ ~in Ic-i’ a d c-n Ic - c - c-

l ie ’  1~i p c -e_ ’ss im I c -  is smu ia l i e  i’ cv i i  II poi’e’watc-i ’  pi ’e’s5 t i r e  t h a n  cv i i  P c - c u t  - ‘l’lt is

c’ I f t c ’ I c-lilt tilt Ii 1)0 ( ‘ x a lt i  imte , ’ t h  j u l  a ( iv lt a l it i t ’  t e s t  c-is w i l l  be’ di i s e _ ’i u s s e c i  itt

Sec -I  jout -1 .2 .

‘i’lue,’ e’ ftc-c- i a f poi’c-wa Ic ’ r p i ’e’ssiu i’c out asvmmuie I I ’  i c ’a l l  v he  adc-d I ci lil ie ’ h o

is itu o c-c- e ’omui p l ic-cu i c - t i . t I t i-ic ’ f i - c- c- lie 10 load is asvmuuuict t ic- . t i t e u t  I he

le ic t ~i c ipp i i t ’d t o t h e  1 j O e l ’  by I lie rock sI-c e Ic - I  dill c c i i i  be,’ dlsc’ l u uui et  i ’ie .

i l , m w c ’ y e ’ l ’ . i t o ’  load ap p l i e d  I c >  f lue ’ l Ut e l ’  bt t h e , ’  teal c-i’ c c - i l l  he a x i s y m u u u t e t l ’ i c .

‘l’he’i’e’ lo  c-c’ - I he r t ’ sp e iu u s c ’  o I t ile 1 iu te , -m ’  c v i i i  (101)0101 51 i c - h g i v  out t lIe ( l i s t  c- i  —

1)1,1 t i c -mi  c i  I l o a t h  Pt-i  icc-c-ti flit - ‘ u ‘c L  ske  let  ti l l  a u t O  t i l e ’  icc -it c’ 1’ .

2 . 5 Selec t  ion o I tic-c k S i u u ui t  l , i n t

J u l  t -o I i u u ~ a l d i h , l l ’ d-i 1 , 1- v lt i t id lc ’ i ci I alt clhtdiel ’gl ’ollI tc l s tt ’i t e ,  t i l l ’ , ’ , c ’dll’c - 111 1

ittoti c’ I i t l 4  ( > 1  1 lie,’ sci l l ’ O i t t i d  iuu g i t -  Is iS i n u p e b l ’ t d u u u t . The i tt-k c- al t  be i ’c-l’\ ’

t i i f f i c ’ i u l l  I t )  h t t l t d l c ’ 1  b e ’c , i u u s c -  F a c u l I  ,s amid ~o j m I t  s s u u m i i t l d  bc s t- , t l c - d i . M i m i - c - c - v e t ’ .

cccl It-I’ cc-lit emit is Llttptil’ I di m - i l  ci m t l c-c- c’ i ’burden pi’c’ssct l’ t’ lit a \’ be’ Si git i I l e a n t  iii

( t I c -  de’plIIS ~t f i u u l c ’ l ’ h ’ s t .  R el i a b l e  y 1c l u u e _ ’ s t i t  t h e s e  p a t ’a u t i c - t e’i’o d Ir e  t h i f t i —

c - c u l t  I t )  t ) P I a i h i . , ‘s l i ’- c i d i l i v  f , i m ’  ci i , i m ’ ~~, ’ \‘ t l i i l l i i c ’  i t l  u’tic’ k c i t  c u t - a t  d ep t i t .

i- c- t n  i f  c-t ic- k cau i  lx ’ a d l e ( f t l c i  I c ’ i v uuiocte, ’ Ic - c l  - I he,’ cv ide , ’  u ’ a u u g c ’  e i f  puss i P Ic

t -o n c i i  I i , ’mi s  c c i i i  l ’ c ’( l i t i l ’ c’ s i m uip h i  lie- li t i c - u i .

11111 h u e  - I’ 111 :11 - i lit I c-nip I t o  t i lt tilt - 1 tIc’ I a ii s ci f u ’ock st  rut ’  I c i t - c -  ,i i td t c x  t O  t’ t - .

we u s e-e l a g u ’ t i u u f  c-spec’ i c i l i ’ , t i t ’sigi’Ie ’ti  I t t  s i l l i t I l a  I e ,’ I h u e ’  c l t ’ t i e , ’ l ’lil  -h a l ’ ac ’ te l ’ —

is I i c- s  e t  f .1 l’ ( ick  (if il - it c-I c’s t . 11- ti t e, ’ I’ivdt’,’S 1’:xpci’ iuutent S t a t  [oh ( wi-:s

- 1 1
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p rovi tic -ti us cv i t h  grout  specimens ( C c i i  led 6B iock  5 i l u tt l i  a l i t )  tV~ th  st re- ru g tl’i ,

modulus , au-i d f r i c t i o l t  ang le rc -pres c -m t a t i v e  of medium s t r e n g t h  (o r  jo i it t e’d

h igh  s t r e n g t h )  rock . Tumtne l  exper iments  wc -r t  p c- i - fo rmed out t h e  rock in

both tite dry and f u l l y  w a t e r — s a t u r a t e d  c ou u d i l i o n s .  The 6 d e s i g n a t e s  t h a t

t ltc -  rock cvas mt -ide f rom commercial  g r ade  sand  bu t  w i t h  l a rge  g r a i n s  re—

moved by a itumber 6 s ieve . The B d e s i g n a t e s  t h a t  i t  is t h e  second formci—

l a t i on  s tud i ed  by WES . We’ c i l so  used the 6A s imi lc i lan t  , cvhich is s t r o u t g c r .

M ct tc ’i ’ia i  proi)c- i ’tv t e s t s  cVe,’i’ t ’ i)Oi- I c ih ’nt edh t)fl samp les of t h e  t o o k

by b o t h  lIES and S R I  - St r c s s — s t i ’ a i mt  e ’cmr vc - s  l i i i ’  t h e  s a l c i i ’ a tc - d  i’oc’k c i t e

shown iii 1-’igct i’c 2 . 3 .  The cc~i’vc on t i - i c -  le , ’I i  is t a k e _ n  f1’d )l t i d a t a  pI’ov i ched

by lIE S - ‘fite dashed  1 il-ic i’epi ’c-semt ts c s e _ c - a n t  or a-ic-rage elastic’ l i ld idt l  l c u s .

The c c t r - c  on t he,’ r i g l l l is fI’ omu l t e s t s  d c- li e’ a t  S R I .  TIle c - c u r v e , -  is o f f s e t

from t ile lIES d a t a  becau se of t h e  l a rge  au ui ocumt t ci f t ic ’ t i t  i i m o s  s t - i - c c i t t

r ecfu i rcti  t o  seat  I h u e,-  spec’ imutemt . The nmte,’on f i t tc ’dI s t  m ’ e’m u gt  b au tO a-i-c ’ r a ge ’

modcm h i s  fi ’om ti -ic ’ c’ci c-c-es arc’ in  c cb ~~~ h ag t’celOc’nt - Bt i t t ’t c-t i c -c - c - s  li-n i ic-ate- amt

, un c o u - i f in e c l  stl’c-ltgt it of  l O ( t t ) — - l F i O t t  ps i  ( 2 7 .  0 —3 1 .  I I  ~- I I ’ _ t ) and  am i ac -c ’I ’agc -

c- las t  ic m o d c l l t u s  51 i g h t I  iv “vc-~’ 2 x 10 ps i  (13 .  ~ GPa L

Mohu ’ fcc i lur e, ’  c-ut - i -c ’ lope’s foi’ t h e -  o ,u t d u a l  c -c l  roe- k a t  c c i  I’ ic-us t e s t  a g e _ s

are  s itt iwri il-i Figci i.e 2 — -I .  ‘h u e , ’  i’tit’ k cvas kc’pI un ‘ 1 st  ch i t - i ’  in c  ci g  i c-c c . ‘cs

t i-ic- t e s t  cigc ’ lilt’  c-cases . t h e  m i , l s  I ci i -c ’ e, ’c- It t cmi i a m i d  r I c - g i ’ t - c -  t ‘ f s a t  i l r a l  i cm

inc  i’ecisc- - ‘i’ll is c’acusc’ s t t ic ’  auui ot iu i  t i I pt i l’ e’cva t e l ’  p t ’ m -55 t1  I’ c’ I ila I u l e ’ v c -  lop s

clii I’ iltg  t he t c’s 1 1~ ’ t n t ’  c-c Isc’ s ’ i u w - t -  t hue, ’ sp t - t - i tu i c ’t i s  a l - c -  c i u i c h r a  ic - i c -t i  d i i i ’  i mtg

t h e  I e ’sI . I n  I l u e , -  b e t h  t Im 0 icc -~~t ’ _ i t i l . t h e  spc’c’ ice- ru i s  I u i l v  s a t c i r c i t i - h i  and

t h u c -  Me i hui ’ e’ ic-c  i c - s  cit - c- sh l i f t c - c l  a t’t ilt s jo i c ’m ’ ,t li i , -  ci [sI  Ic -te d ’  t ci I l - i c ’  m ’ i g l u t

h i -cause  of  t h e  p o l ’e wat cu ’  Pt’c ’sSc l u~~- . I t  , lppc ’ , i i ’ s  t h i a t  t i-ic a u t c i c -

i l tt  c- I ’t i dt i Ii ’ ic - i icc-i I ,t t ’ I l-ic- e’ l ie_ -i- I i c c  - , l c il i  I ’ I _ i  i i c ir e , ’  ( - u l v e -  icipt ’ c”tni  i l l  bc-

Pc -twc e ’ui  30 cim cci  31 )  degu ’c’es ( ( 1 . ,“ 23 cu r iO I t . 0’, )t ’-~ i’ c i o i ~ l i i i ’  ii ’ s 5 1 , - so l t ’ i ’c - l s .

E c u ’ h i j ~~l u o l t ’ c - o o  l evels  h t o i ’ u t u c i l ~ I l e O : -  e i i c i y m -  I t )  k s i  ( > d l . 9 ‘-Wi t t h uc

I c - i t - I  inn  a u t g l t ’  i s  c ’ O t t s i d h e l ’ d i h i V  I t - o s ,
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FIGURE 2-3 STRESS-STRAIN CURVES FOR MOISTURIZED 68 ROCK SIMULANT
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FIGURE 2-4 MOHR DIAGRAMS FOR 6B ROCK AT DIFFERENT TEST AGES (R L.
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F’ igcli - c’ 2 — 5  shcicvs ci 51 l’c’ss —S I 1,11 in C’ i l l ’ ’ , e , ’  i t it ’ c u - u - -  (-~
_ 20- sct I cm i’a t itirt

i c-c- k .  ‘l’he,’ c -h  dis I ic uil c i d ic i  f i t s  c t u i c h  ci nc on I i  ui c~ I c ’c i iu mpl ’c - s s  ic-c ’ -i I t ’ c ’u t gt  P a re

si igll t iv l cms ’c -u’ I l u a u  ( I t ,  - vc c lot-s  f , m I ’  I l ie , -  sd i i i  l a  t ech  t ’em c ’k .  T h i s  is pi’obabl v

chuc - i t )  ci i  I Iel ’c’ul e ,-es imi  c - tm i’ i tig be,’ I we emi I he sa t  it i-a t e c h  t u c k  c i ut c i  c l i v  i- tick.

F igcu Ic ’ 2—6 SIlciwS a M ci h t  u’ lad icic-c e’n v e,’ lope ’ ! c m l ’  d i v  Oi l  i - t i c - i - c . S inc-c- utt m

poi ’ewci,t  c- i ’  pi’e’s SdI  c-c’ i s  p I c - s c -t i  I - I t ie ,’  I i ’  Ic’ t b i l l  d i  m u g  ic’ is hi i g h u  , =

36 tic-gt’ecs , fo r  no i’mci l stio-s st - S di~~ I ~i 2 k P at ’ .

‘l’ble hulodhe 1 c-t ick pd ’opc- l I  ic-s l i i i ’  1 lie,’ lctl,eit’ ci I ‘ ‘ i c I c - S t  S have  i) e eml

~c- 1 c’c’ t ech (c i  lie’ c-c-p c -c-semi id  I ice’ c i i  c - i t  l ie _- c- h u e d  i i i iu i  s(  i’c’lig ( P c -t i c k iii ( l ie

i n t a c t  c ’ o m t d i l  i~m n or h i g h  sI  c - c - h g !  It u’oc’h’c i l i  t h e , ’  j o i n t  c - i l  c ’ e i m t c i i t  i on .  T u e

c-c- i a t  ionship s  Pc ’ I we_- c ut I hue  ituc -tie, ’ 1 t r u c k pm ’ tt li e ’ I t  I t O  ci m t cf  in s i t u  rock prc-pe’t’ —

I ic-s ci I c -  c-o mi t -c -mi ic -mit i v  ci iSi) l l iyc-d j u t  ,i u u uo idc i  i ci s  st  i’e-ltg 1, 11 h i l o t  as osed b\
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p c-bo ils l a m ’  Ij ’ umltu  I l u -  or i g i n  ,u a’ c u ’ c - p b ’ t sc t u t a t i c ’ e  o f  s t u ’ d , u i g  r ock  l’ c ’ I a t i i - c ’ l c

Ic-ce I u ’ c-i~ j o i lt t s.  Ot t ’ c i a ’  ni i ’ ’ c e ’ I ,  y i u : i u i l a m i t , v, u P  c- i id  st ’-, I l i t i c - ’ ’ i-- . t ic -

hi~iv ,’ i- - ‘0 l l , l n ~0 and - 7: l b . 1. O u t  u b t e  gu ’ a p l t  t h i s  i s  t c - - I > u ’ o ’s c - u b l c - c I
ii L ciii vL

h c  p c - i ll !  ‘c,  cc’I t j c ’ I t  L a l  is c u ,  u 0~ L u p p c u ’ h y  , i c t i u l , ,  u -c l ’ ’ i’ u - c a l  i’ tue - I - , i l _ i l  is

,_ ‘ i l l t c _ ’ u’ w , ,,k , c , ’  t i g h t l y  , j c i t l I c - , i _ ‘ ic, ,- l c l b c ’ u - i  a m i d  c - l i- ,  u ’ v , u l t c ’ u u  i s  t h a t  O c u t h

I , u u ’ , c - t u ’  i-c-c - Ic s i u c u u i l a u i t  ci m c - i , c i ’  i ’ c-a l i c c -k , I 0 - -  I l l - b ’  ,u l w , i c - s  c i c - i c i s  f i t - s t

ax ii-  ‘, un t i l c -  u I ’  i c  1 ,,,c- 1 1 ttg -

l ie - su it s c - I  s ini l Lu, ’ c- ,,1c - c t tal louis cci u~ u i j , t x i , i l — s u u ’ ,,in ic-acli tig are’

S i t c m w t t  I i i  I i _ g i l l ’ , ’  2 — 1 0 .  l I t e - y c ;  c - u u ~ ’ ’ c-s , u u ’ c- n t ’ ’ , ’  c - c u l l ) !  i c - a t e ’ , b  i l ~ar t  ‘‘c- l i c e -

c c x u s c m u u i t u c ’ I i c c  l i d  h u g  c , ,u-ce - . ( t I c  I I,e’ sI i ’ ,b inc h i 
- ttp l b ’ b ’ — b ’ I n I c i  l i - i  i c - t I c c l

h i c  c i t  u ’vc ’ y . v i c  - lab cc - c - c l-cc ’s yi t , c c n -  cc - b c -u  P 1 Ic c - t i e _ i c u’ ,, m t i l l Ice ’ u ’ c , c I c  i

lb ,. sjut’i n~~l 
j
~ t c ,~ ( ‘ I I  H i ‘ ‘‘~u I Ite ’ i tu t tax i . i i s l~ u _ c i t - i  ‘ l i u ’ , - c t  l u - i ’

t h u  t l u c ’  c - i i u ’ v i I t n ,  l , c c , ’ ” — i c - I t  b ’ c c u - h  i ’ ’ u u  ‘ ‘ I  h h t o  ( l i v e s ,  u i ’  l i u t t - m ’ v ic1 u I~ i t

I t ’ ’  c - c pu ’  j , ti c- I j u j c ~- - l u  I - h u t -  ic - cl- c y t lOs at ,u i” l u l l  t u , - l c,,~~ c ”  - Pc- sp u ’ l uc -c i c Ite

,i uu ,i t I u c ci ’ , cv uu c c , ’  I Ic- c u u c , ’ l ’ t - i c - b ’  c i i i ’  00 I c - i - , i- c uuni ; l , , uut aut O t:u , ’~~t u’ c’,il

I’ ,  c- I c s - i t  - 1 i n c ’ ,  c I c -  Icly lii’s t i ’ t i  a- i i  = 25 ciutd It i - Ito I I ‘u - c c - u i ’  0 1-  u’ ‘c-k

o iutut c f , u u u u  ,t ni l cc , -a 0 u’ ‘ -ic, I I i , ’  u - t i c - I - c  c ic’ ids I ii’ s u I ,  c i ’  , t  ‘it = 12, 5, 0,  Inn s i

I) ’. ’ i ’ d 1 i— c: 0 I 1 h i s  I t t Iii tc i’pi - c i i m g  n i t  i’ it n i , u  x id - i I — s I - , c  i i i  c Np,’ , ‘i  e_ ,,_ l I t  S —

2.7 i i , - _ c u t i , I j c , t l  - ‘ I  I c ’ ’-’ I y p c - - i c n c u l

‘Icc - - c t ‘— p c - c l i - t b  i - c ’ , ’ ’ c i t ’ s t g u t , - c I  ,tb b c - u ’ ’ I u i i c _ t , t  I I uc - i ’ c -
~~i l j t ’ o ’ t : t , - I l f S  ,Ic’~~—

t i Pc-cl b I t  I I i ’  - l b l ’ ( ’ c o ’ , l  i u t g  sc - i ’ d  inii i-~. . \ ph~~i ‘c~t’,t p ic ‘ I ‘n - c - f  I l u c ’  t h u  lj n c - 1

t , - n~~’ - 1  ‘ u t , , , I e ’ i ,s ii-  s b u c u i c ’ u i  i t t  i i ~~~u u’ ’ - 2 - I l .  ‘l i c e , -  spe,’c - b u c - - u c  is c v l j i t c h u ’ i c ’a l  c O l I c

, u u h i , - e _ c ’ - u -  r 1 I i~~c - I u , ’ s  ( 1 1 1 . 2  c -m n c u t i , b  . i i c - ’i~~ t u t  c m l  d H ’ P c m c - l i , ’ s  (7.u t,~

15,2 c u lt - I I c ’ - i - - 
~ I)~ t u ~~’tt ~ - iv , -, ’, 1 , - c l  I u ’ cm tut b I b - ‘ e n t e r ’  p c -u ’ 1  u n i t  c - h  ci

— ‘ ; M  ~~~~~~c i c - - c ,,n .. ’; “‘ ‘ c - - ” c : l ~ M 
M ‘ ‘c” l~~~~~~~~~~~~~~~~~~~~~~
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large  b lock  of  grout. iX 5— ’
~~—iutch ( 1.59 c ’nu ~ — d i a m i i e t e u ’  c ac ’i t  v runs t h r ough

t h e  spec m ien a t  m i c lh oi g h  1 p c ’i ’penc iictu J ar ’  1 o t h e  spec imen ’s c vi  iuidi ’  i c- a l

a x i s .  The- c c t v it v  s iu t iu l a t e s  t h e  c u n h i u t c - d  t t u m i n e ’  1 . lit 1 lie c - xp c -u ’ i iu i en t s

t i - i c -  ocu tot ’  b o cui tda i -  ic- s of  t i -ic spec ic-en we’ u - c- lo aci c -ch t o  i ’c-pr oduce iii  octi ’

niodc ’ 1 t lie st  u ’essc-s I h a t  1010,11 id exist a ic-munch a bcu i’ ic’d si, r uc tu t ’e  c u t i d e ’ u ’ gc ,  ing

t h e  c i  f c ’ c ’ t s  of  a u t c i c l c ’ a u -  g’r’ouuicl shioc k in  t h e  f i c - i c h .  Gem ic -m ’ahi’,’ . I c , , ’  a

g i v e n  ~‘ot’ t lc~~l loath . 1, he- ic-i t eu ’a 1 l cm c uc i  is c’Po sc’mi 1 c m  l e s t  u ’a i n  anc’ h a t e  u - c c  1

nucu t’c’mtuc mi t 01 t I-ic ’ b c-it h Oar ic’s. Th is is t lu c ’  c-c’S t b - cl i l - i l I Pa I WOO 1(1 be prov icleci

b~- I Iuc ’ scu c-round itig ic-c-ic jut il - ic - l’ i ehh  uztcicr cum t icux Ia i—s t ia ill flow. In

ad d ~ I i c - m i . oc’\ c’t’a I t ’xpc’ I’ l u n c h - i I s  we i c ’  r u n  c t u i d l e  i’ iso tropic i t  ‘a ~l i h g  c c  , u u d  i t  iauits

t o  c-i I c u d c - ’ I l ie ’ e l’ feci 1 c ’ !  a svmnxuic -  ( c - c -  i l-i  I I c e ’  ic-c-c l .

- -
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3. TEST IN G MACH I NES

in  t i i~~s ch ap t e r .  we desc ribe  t i - i c -  s t a t i c  and ch\ - i t aui i ic  t c ’st in g  n iac-i tiu ies

cisc-ti 1 c m  i c u c -t i  c m i i i ’  rock spec’ iuulc ’ns - These nuac P jutes ice-me’ ties igned and bit i ll

on ci p c -c -v  tills l i N t c-t iu t t i-act I~ - i)u i’ iu ’ug I l - i c- c ocu l s c -  of ’  l i-ic- c-u i ’rc-m i 1 woi k -

sc-ve l dt 1 ~ t i b st c ij i t ici l mui cmd i lie-at iemm is wc-i-c- nuade to (he iuiacltiiic’s ttu improve

h ue  it ’  pc-u’ Ic-rmu iciui c’e cim t cl ex t  c - m id ( lie i r  capabilities. A (ic-tai led dc-script ion

of Iiie ’se, ’ m tb ( m ( h i tic-ci t icm mi s is given in Append ix C. The c’cur i ’c-nt s t a t u s  of -

I lu c -  muta c ’h ic-c ’s is t i c - s c - u i  b eth be- leuw .

3. 1 I)v~tanu i c ‘I cc--i t ih ’ug Mach j ne

The b~is it,’ c-pc’ !‘di 1 i ii~ I c - c u rt iq t i e ’  ‘I’ I li e d~’nam ic’ dc’ s I ing muuac h t rio is

I lie cc)fll i’e u l  led c-c- lease’ 0) 1 exp los ice gases ft’cuuii ci voiti ccl ch ami tbcu -  charged

w i t h  ic-cc — dc-mi s  i t  v e x p l o s i v e’ . ‘i’ii is tc’c - hu t i c i c i e  cvdis or i g i n a l ly d ove loped at

Sil l in 197 1 t ‘‘ s iu m u u 111 1 c’ ( l ie , -  sdm c ki c- lt i-c-lease c m i  c -u teu’ gv imt  a mine ic -au’  c-c-ac’ lot ’

in  ci su c l c i en— l o s s — t i f— c o o l a n t  ac-c  icieni - In 1972. t h e ’  t c -c h n i q t u e  was

stue ’( ’c ’ss  fcu I ii d pi) l i ed  t c- ~ ilt ut l Ia I c -  I he ic-I  c -misc  uncle i’gi’cu cun d prc-sscmres t hat

s t e - f l u  h i o u ’ i z o n t a  1 1 i n c — c - f  — s  ig lu t ( IILOS ) p ipes j u t  m ine  lead-  i c - s t  s . ‘l’hc

t u i ’ i g i m i c c l IIIAJ S n c - ic -h in t ’  wit s cap a i) lc -  of app lying o n l y  ax is~’riunc-t i i c  1j c -~~~~~’c-

a r’cu cun c i ci cvi il t dh I’ic’dt 1 opec ’  imuue’ l i  -

l it  197-i , a cc- tv load iuig c-ac- ii im i e ivas cle’s i gute d aut O b t m i i  I dcli’ ~ utg t I - i c

in it  ic - i  ho i ’iccl  51 r o u t ’  I u u u ’ c ’  p l ’ c i gl ’au n ii. This uttachiu ne has the c a p a b i l i ty

~i f  app l  c- imig i u m i  i d l x i a  1 S I c - u i  il-i a m i d  11’ Icix icu 1 lt c - ici  i ugs such c-is c-c-c-Oil’ Ofl

l ie u ’  i- i . e  m I d  I deep Pu c - i  c-ti I un mi e  is ii n d her  mui l e  ic-ct  i’ c - i t t  ac-k , Dii c-i utg I lie c- cm i’i-crt I

pi -ogl ’au tu , ninth I, 1 j c ’ cd I i outs ccc ’ u - c ’  l i idb ( I ( ’  1 0 ini~i c-c ‘c-c ’ i t s  pc’ m ’ f oui ’m ut a  I-ic- c c-it O g ic - c’ i t

t he  c-c-pal ) i i i  I c- o f  a p p ly  imtg istit c-op ic,- l e, ad  ings ( svmnic-I o’ ic ai ’otmit t i  t h e

t tunmie 1 ) -

‘ it

- - — -r~~~~ - ‘~ ~~~~~~~~~~~~~~~~ - ‘  
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3. 1. 1. ‘I’ o’icc x c . c l Loading Cc-c-i Uigui’at ic-mt

A p b i o t o g u ’ ci ph di l td i  dill ciss c-ttib lv ciu’ c uw it ig c l  (lie’ dc ’u i c i t u t i e  b e s t e r  i n

t h e I i i , ,  x i . ,  I I c u c t ( h  i l ig  c- t an I i g i t  b u l l  ic -i t  al’c’ s I u t m c v n i n  1- ~~~it I.e 3 — i  - ‘i ’bi e’ u d uc i c’  Ii imi e

c c b n o  1 s t  s c-I ’ ci 51 ci c ’k c m l  l b  i c - i c  l ’iub g ’s cvi t h u  t I i t  id p cb 5 s , t g e ’\ v , t 1  5 l t t d d c i i j l t e , ’ d  j m i t  , ,

t Pc ’u u i .  ‘l ’b ic i ’ i u t g s  d i r e ’  luc id I ~u g c t h e i ’  ii’ it hi c’ut d p ic i l e’s and 12 h c u l ( s  ai ’ c m c t u i t l

d u e  c i  m ’ c - u t m t t  I c ’ l ’ c’uic ’ c ’ . ‘l I ce ’  l ’ ct c ’ k c-- p c - c -  f l t t e - h  is I i u u c l i c - s  ( 1 (1 .2 c-ill 1 in 0 i, t u cs I c m ’

cuid cc-t i  be’ I ‘cmii 3 i t ’  P inc-lie’s (7. 6 1c m I S .  2 c-tub I c c t t g  - II u t - s  Is i i i  l i i i -

e, ’c m t t  e u ’  c u !  d l i i ’  m t u c i e ’ I i i u i c ’  , as ~ hic ’tc ’n. ‘i’Pc’ d c - t u n e - I is b cmu ’e d  c- ciit ip i c ’I  c - I n  I I t u ’ ,u it n l t

h ue’ c - c  I i u i t h i ’ u o - , i l  u ’ , t c - k  s i c - - c  in c-ut , i i c ’ t t g  . d j . i u c i c ’ t e , ’ u ’  c i i  i c i c l hue  i - a P t .  V i c i ’ , i c -p

~~t m  i t o  ,i i c ’  ~ b ’ t i v  t t i c ’cl i l - i  t lie’ u t , u c -  P i t t ’  - ,i I c-dde Ii cc-cl ci I 1 I u c  - t u b  i l l - ic ’  1 I c ’ c - i  1 c ~i’

i u i g i c — s p c ’ c - c i  I~ I c i t ” ~- c - a p I v ,- i t c - I  , i c - c  c - s s  n m ’  i i t s i  i ’ l u i ~t c ’ f l d ~ t t  i c - u I  i c ’ i u c ’ s  ( c ’ u c ,  p t b i ’ t

is sh i c-wtt c- it h i t  - it- I t ‘ i  1 I t t ’ d t ’ c i c ’ : i t t g ’

I m mc hc - p o u u c l c- u t u c c- I l l ‘ ‘‘1 ‘ I  \ , ‘ u ’ l  ic-al ,t u u i l  l . i l c - , ’ , , l  p m ’ c ’ s s u u h ’ ~ -s is

pi’ t c ’ i i l c ’ c I  h i - c  , u u u s o ’  l ’ ,, i , ’ i ut: 1 =  . ipp i j c ’d  Pc I ce, ’ St - p c i b ’ L d t c -  c - X p l c c o i c t ’  ( ‘I c - I h i - I c ,  ‘ 1— .

‘l’Pc ’ c m p p c - i ’  , ‘xp  1 ’ s  1 i t  - bi t t — i c ’ - u ’ , t p p l  i c -s 1 I i ,  - c c - i t i c - _ i 1 pc-c ~sct u’ e’ au t O  i s  5 t u : i p  I c’

cu c c l i m i t h i ’ I c a i  ‘ i v  t i c  t I l t ’  c c l i  i c - l u  b I t  , - x p l , ’ s i c - c -h, t i ’ ’’ (a i~ u x I i t i ’,- c - I  I ’ i

ci nd Iti ( ‘I ’ d) Ic-i 1 I,~~’ t o  , u  uu ,  I , h t ’ I ’  ‘ c u , u  I ‘r ,, ‘ c - p I , u  c ‘ I . ‘11w — i t  i I t  — p t ,  -s si c i c ’  c xp  l ’s  i

pb ’  ‘ i c - c t s , u u t -  v t - l i t c d  i n  l o t  I I t o -  , \ l b ,b b u s  ~~‘ 01 , - I t , u i : i I , c -  t I hu ’ t ’ i t ’ Ou  l i t ,  - ~ c - u ’ i t  ‘‘  I

I u , ’ l o ’ s  sh t ’ io ’u i  c l i i  I l e c h  I I u i ’ , ’ uu ’ c tt t h e ’  I b i t c h ,  , ‘i’ u f i t ’ ’ P 1~t I c ’  l ’ d ’ , c o o ’ t i  i h u ,  c ’ X i b I t t O  j \ e , ’

c’ Iu,ui :ib t _ ’m ’ ct t - iuh I i ’ -  , - -.p,i m lo i , ’ tu c - I c , i u : ~h u o ’ i - . ‘f ’h u t ’  c - x p i t i i - c  u , ’ i c  c ’h . ,t ~c I i c  i Iu , c - — ci 1 , _ i l l  he ’

p l d t t c  I t t  I i ,  1 i~ 
it uix d lte u ,b 5  c - m u ch I u b ’ c - \ o - u i l  o c ,ck he ’t i  i , c e , c - L i u ’c - c I  c - ‘n c ~~- t i t  i’ ,i I i c c - c s  ‘ ‘ I

l b ’  I’S t i i ’ t - , I u t c ’  I t ,  I 1w’ i t , ’ I I i ulg , t I I, I t o ’  cc _ Is (Ii (‘, ‘t id ’ Ii  1 1 c c  - cc - ’  i I i c - c- p 1., t o ’ . i l

I t _ n t  i s  cu_ p iu l jc ’cl c l i u ’ ( ’ c - t l\  t o  I P c ’  o p t - c -  t i - c e - c u  by I I t o ’  u c i s .  I i i ,  _ i , ’’ a t I  I h ue ’

b u t ’  I c - s  in 1 lie’ ‘i’ i I i c ,  I h u t  t ‘ -  t i c ’  I c - ,‘c - i lies l i i ’  - i’ I se  - t u : ’  c c  I f lu e ’ I t n t  c I  u u u  a pi t  I - c

I iitt’ , X c i t i t 5 t t i t t ’ i t %  c t  I l i t’ i t s , -  ‘tic : ’ - i s  pu’ ’c u~~i , - c l  ity c ’lt.n u c u i - i c -  i i i , -  e - x p d e u t s i , t m i

e ’ I c , , t : l c - m ’  c c c I , t : i , ’  l c ~~ L t b 5 t ’ t ’ t  i l t g  i l l  i l b t ’ i ’ l  s ’ ’ l i c l  ( P t t x c . c - i I l . I i c i , ’ , b s c  c o - i l l u b u :

(,iiuu h d l i , - , ’ , ho , ’, - 1 1 ,1st’ ,I~ - , i v  liii , - f l - c c  10, - ‘ - , i l l c ’ s i c c -  c ’ b t , i c - I m c - t ’  i s  , b c ’ c - ’ ’ t t —

p h i slt c ’uI t I t m ’ ttmuc ci , bt ,i l o ’s j u u I Ic , \ , - u u i  h ’ u u i c c  I , -  (Wc- ,- ul I h i c ’  t - x p l c , c c i c , -  t - I a t i - - I , ,

u ’ I m t : ’ , ,ui ch ( h u e ’  c - i t c h  p l c - I ’ - .

- - -
- 
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.1 s i iuui  ic-i’ a l ’l ’amt gelu iemt t  c - I  I lie Pot I omn c m  I I l i e  1 t o t  im i g m ach ic-c- is

usc-cl to load I lie 5 i(ic’s t)i  t hue spec inic -mt .  iiciwc-vc-r, u t  I h i s  c-aoc ’ t h e  load

is I, o ’c -nsbu i i t  Ic-cl P v c - i  i t t  i d —  lii led late b c ,  1 p t ’ess iurc -  ( ‘h aiutl ) c-r A Pc-i lof i ’am

is i c - c c - t e c h  j u s t  above ti - ic -  b a f f l e  p l a t e  t o  ac t  as ciii i m i t e i ’ f a c o  be tween

l i - i c -  g cc s amid l i - i c -  f i t t  id . ‘f h ie 1cc-ce,’ u’ expan s  i c -mt c - i i amui h c -  u - c i pp 1 iecs t he l a i c - u ’ a l

~~~~~~~~~~~ th i ’c-cigh  poi’ts (cult u _ l i e -  f l u i d  s ide c- i r I lie l o t  in! i’auuu ) se-c- n c-on—

nc-c’ I ing I he’ ic-icc-i’ expa i t s  inn c ’ hc in t b c - i ’  I ’’  th ic ’  l a d  c I a  1 p c - s c - l i r e  c ’I tamnb c ’r .

‘i’hic- t o p  an d 1)0) 11 con c c i ’  t i cc - I  p ressc i  c-c’s cdl’c,’ sc-a ic-cl li- i ti I I i , ’  l a t e ’i ’ cu 1 1)1-es scu c-c’

c -h -anther by t h i n  c oppec’ cu_ ups autcl O— u’ im igs cchcbc’c’ cinch he’l,,cv th e’ spe c jute- n .

Thc’ c ctp s  a i c -  i tic - c-i-Ic - tb s c m  t h a t  I he P i g h u  pu ’ c’s s i t  c-c’ ~~~ 1 5 c-I s  i d e ’  I lie c-tips a mud

pu’ c ’ssc -S t itc ’mu , t p _ , i m i s l I h u c ’  O — u ’ i m i g o  t o  sc-c, I t h e  c - I t c c i i h c - t - , O — u ’ i u i c c s s , - ,,1 t h e
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t h e  m a c i - m e in t h i s  c o n f i g ur a t i o n  is essont iai l \’  i l - i c  same as in t h e

t r i a x i al  c- cum - il ’i g c i rat i o n.  T h e  m t i a u n  d i f f e r e n c e  is t h a t  i t  has  o m t l v  oute

exp los ive  chamber  antI 01-ic expansiomi chamber. The specimen is comp lete-tv

su_t i-routuded by fluid which transmits the load f rom t he  gas p ressure  iii

t i - i c -  expan sion cita mu ibe i ’ t o  t i-ic spec -m ien. A g a i m t . a i3cllofi-ait i  a c t s  as an

im terface bc-tweet-i t h e  gas and the  f i cu i d .

Pressu res are niomti to i ’ech cit va r  i oc m s  p c- i t - i t s  iii t i-ic - f lu  id by

pic-zoeiec’t t ’ic gages as sl icuwn .  T y p i c a l  pu ’c-ssuc -es  a t  S t a t  ic-its 1 c - much 3 a u - c’

sh own im ic ’igu b~e 3— ’l - We see t h a t  t h e  p i ’essci i ’e—t imuue Ii i st o i - i e s  a t  1)0) 11-i

b eat ion s at- c- almost ident ical , intl icc -I  ing tha t umliles i u’ablc ioci c- c’ 1)l’clPcb —

g d c t i o m t  effects at-c m i m t ima l .

3 . 2 .  Sl a t  it ’ ‘I’c’s( i b tg M a c l u i m i e

‘I’Fi e s l a t  ic t e s t  i m g  n - i d- ic -h i l t - i c -  pc -n c ’ id es s t a t  icc’ ti - i ,uc-cia 1 1cc-id l uug ‘ t I c-ill ’

5i)c-C ii iic -m-is wit i it ’ ni-a im ’ it a inun g ’  I l- ic - t cimtne is cit a t  in c - sp i t e.’ i ’ it ’ pi’cssu me,’ a mid

prov id i b t g  ph c) t  ogu’aph icc’ am-id ju st c-c-mont cit ic-n cie’c’c’SS - ‘l’Pc- i c - c -ohs  a r e  cipp i i c’cI

hvcli ’au t i c - a l  ic  by I-i i j t—p i ’esscui’c ’  t i c - i t c h  P ib Ib i i ) 5  , I- ’ ie, i t c-i’ 3 — 5  is ,c 1 ) l t e m l  t b 4 r , I 1 ) I I

ac-cl a s s e m b ly  d u -a w i n g  of’ t h e  nuac h u  j m ic  . Like I luc’ chvn amut ic t e ’ st e ,’c - . d i i  is

uuiaciuimue consists of’ a s tack of Ut ic -k r j u gs I t o - I d  1 t t g c ’  I l ie -i ’ Wi ( i i  c ’ I t ( l  i ) l d d  i t - S

cinch b o l t s  au’ o t i m t d  the c-il-count I’c-rcmice (tel-i iii I l i t ’  s I c - i l ii’ t im - i  i I ‘I . ‘ l ’ l t o ’  i ’ock

spec m ien - -1 incites ( 10. 2 c-ni) in ti icc-tie tot’ c-m u ch 1 c-c-nc 3 i i  ~ i i-ic lies (9 ,  6 t t)

i 5 2  c-ni) 1,iflg . rests I t t  the center c u f  t h e  m tia c l i iuut ’ . as shuui wmi . \‘i ,-w iu i lc

poc -( S  a~’~’ oc-~c-~- i d c - c i  in I lie mt i a c i - i in e  (one  poc -t  is s i i , ’w u u  cit  I lie’ to i l )  c 1  I he’

d c - c o w i n g ) cit  (he  c - much 01’ t h e  I, c-tic -c-i t o  ci i i  b m W  P h t O )  t ‘ ‘ cc  t ’ t  plc i c c - t c - e ’  ‘ i  g t ’  0) !  1 lie’

dcc’ fou ’ma I ion ps’’ ‘d ec--i s ~iit (h a c c e s s  l i i i ’  ci l m o Ic g d ge d c i  t ,  - , m s i t  I t  - l i i  m i m i c - i  d icinuc -  let ’

cl u . c n g o ’ s .

To pl’ou_ ’iohc ’ ilidt’l )euioht- flI toni ‘ ‘ ‘1  e t  I ‘, ‘ - m l  i c , ,  I . imtd i _ i t i - l a b  1 pl ’c ’s i -ccId’c ’ s

(‘t i c -  It’ i axial Ieuc ut l jI i ~~ t b - s I  5. ti -ic ’ le u c - c i  I n i- c is c ip p i  i ‘ uI  by l i— bc h , c c - id  P 1th 111) s.

‘I’lic ’ ~u p p e c -  i n t l i c t i c t ’  I ’  c - l i c i iu t h c -  l’ s c- il - i’ p m’ , ’c:s t t m u  -i c - c l  I n ‘t i l e . ’  l u t t u : i i b  - c - n i h  I hu t ’  s ide
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- 

t i t e’ i’e,’i- itu i di’ i o h  I e ’s t ~~ t o  t’ c - s o i v o ’

qcle’s I i c u i l s  C tml i t ’ e ’ i ’ l t i 1 t ~~ I ite c- c-i l itt it \ o b I ‘ i t t ’  c’ xpe ’I ’ il t lc ’IiI i-u p u ’  ,t ’ c ’i l t i  ‘ c v .

Sub jo ’ c-ts citithi’esse’d cute’ (lit ’ c-i ’ t o - c t  c- I I lie site-c ittt~
_’n bottutc iar ic’s out the

t- ,
~’s pt t u i s t ’ c- i 1 lie,’ I c u m i u i e , ’  1 - ( l i t ’  m ’epi’odci c’ i b i l l  I c ‘a I e’xpe’i’ imc ’i-i I c - i  rca- cit i t  S .
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i o u c ’t c h i u i g

1. 1 iit’ p rcm duic c_i hi b i t  c- ci c- cl 1 3cc - mI tch _ c  i c  i-~ I ’ I c - c - - i  s
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t’esp unisc’s. Ii ’  iuuv c -s d I d c i l c ’ d i  d IR’ t c - m c umt cl. tt - -, t - l l e c - t ( i . , ,  . t h e  e I t c - c - t  ‘ ‘ I  I h u c ’

l’c d t  i c b  , ‘ I  I d l i i i , ’  i oh i c - u :~, - I e l’ I c )  s i f l - c -  I u d c t - u b  I i  .iiuto ’ i t ’  i ’~ t i c  p e r  I e m I ’ u t u i u l t c  c ’Xpe’ m’i utue ’ tit S

Cm li I i t t i h t t ’  Ic — W e  i h  c - _ i l _ i O t I S  li ,, til ,- 1, - I c - c  uu ’lt i I c -  ) s c ’c’p i t t — c  I hue’ scui t t p l c  - s i / c -  c - b u n s  I c im t t

cc-t e l I I i ,  ui t ’ c c b ! i p , I b ’  I ti c- I lie’ t ’ c -s u I d  5 -
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c - t t c , , l I  c c b ’ c l i t t  s i , ’, - , Su c t . , l I gi ’ , i i u t  S i - i c - iCc- S t’ c’qi t j l ’ c ci l t u u ’  i t - v t  i m i g  i n u t m i e - i s

ic i l h  c i i . , m u t t ’ l t ’ t ’ S  , ,s s c i i , i l  1 i c - S  Id k i t - i t  : 1 )  7l 1 t h u 1 
- i v h u c ’ u ’ c ’  l c i , ’ o c t - g u ’ c i i u i v c i t i c - I c t

h c ivc ’  , i m t  , -  I I c - c ’ I o ut I l i t ’  b ’ c - v p c t u u v t - _ I l , - \ I IM g b ’ c n u l I i c i v  cu l t  t t h t t ’ o i m i  I i nc - o h e’eu ll b pm ’ e’c-c-— u c- c’

~~~ I u ” - u i c - t h i  t ei ,u t i , m t t t = 10( 1( 1 p s i  ( ( ; , sD i i ’,, ’ c i n c h  i cu w  j l i l o ’ l ’ u i , , l  I c - l o t  t , ’ u .

[cit - l u  I t - s I  c -a l- c  1 - i ( ’ m ’ I e I ’ n t t ’ I l  c i t i  .1 s d i b t b p l c -  u u ’ i l  I u ci I n n m i t ’ l i i , , c  i m u g  , t  u - c l t ’ , - l  I uu it ’ m ’

v u - h I  v t u ” - t i : ~ i h  = 10 . 181(1 b c - i  ( 2 7 t i  ~- 1l’ ,u 1 o c u i h i  a ,‘, t c l i u t c - - — I t t — t h c i c - I v t u c ’ s v

I U ’ -i  is u i - u  dlt’l ’ t itu\miu I c c ,  I h , , s l v c  ,\ c - o ’  , ‘ c t , ’ k — m u a l c l i  i u b a  m ’c - t i t - ‘O t i s  u s  ( I i ,

i h l d i d , - I ’ i , , l  n i - i t ’ d  I t , l u l l  l It , - i g  o - u ’ c ’ c -, c — - t u m l s  i n  l l u t -  h b i m i i u i c -  d c i i ’  c c - c - m i t ,
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l’ i-L I t i m  c m l  12. 5. ‘I i ’s I s  we’ i c ’ pc l ’ tori t ue , ’cl c-ri l u u m ’ u mue ’ is ci’ i t  ii ci ic-me’ I Cr5 o f S S -

7 , 16 - a n d  5,’IG i iic’h i  ( L , s D . 1. 11 c - i tch  0 .79  t i n ) i m i  c - t i m ’  v i  c i u i c i c i m ’ c I  -l —im ie ’ h

( 1 0 . 2 cit i — t l i , i t t , e ’ t c ’ i ’ h i  j — j i i c h i  ( 7 . ti c - u t b~ — b c m m t g  c v i  i n t l i ’ i e ’ c i l s p c ’ c - i t u u e m u s .  c \ l  I

( lie’ o - \ i i c - b ’ i l t i t ’ f l t s  we,’c-c ’ sOi l cc .  u i i i a x i c u i — s t m ’ a i m i  t e s t s .  t o - i t  i c - ct !  c ’ i , m s c u , ’ c - as

ci I cu mi c  1 ic -i l  , i f  
~
) I ’ t ’ S S t l  i c ’  Wc i s 111011 i t  ou ’ c’d u u - i l h  a sc-a l b  ic -u Ic-- gci gc-- cicu  i’ ing  cc-eli

( c - s t

I- t g cu t ’ e’ I — 1  sh i ’, iws se-c- I i t ,n e ’ol  c ie -wS , t f  spe c’ i lule ’m s cvi l b  t lie I hm ’c - e

c I i I l i - c - c - l i t  tI i c i t t u t ’  d o - I ’ S .  ‘I’hic ’ t o ’  i’mu u i muci 1 i ’e-spomt se 1 e’ve is ‘a I I lie 5 8— i  mid ’ h ( 1. 59 cii i )

1 c i m d  i t o ,’ 7/ 1 6—  i m u c h t  ( 1. I I  emit ) i n c-ne  I, c u b c  - a I t u t o i s t  i d e - I t t  i c c - i l .  Thie ’

S b G — i t i e - I i  (ru . 7D c-Ill 1 t i u m u m i e , ’ i h t c i ~ bess c ’ l c u s c u i ’ c- be’c’ci use  I I l i d s s u i h ) c - c - t e d  d c i

ci smuu ci h i c c -  f i m i c i l iocic i . l - a c - h i  cml ’  t h e  ~ -~s — i m uc- l i  ( i . s ~ n h 1  c - n d  7 1d—imtc h ( i .  i i  c iii )

I wine- I ‘‘xpe’m ’ i l t i e - t i l  s c - cbs i c - p c - c - t e d  - P i , ’t s  of c c -I l ic_ i-i l t c i l t t i e ’  1 c’ b c u s c i t ’ c’ vc ’  u ’ su s

Vei ’ d ic- c-i l pl’ e ’ssdul ’ e,’ iou ’ c i i i  f i ~ ’ c- t e s t s  c - m e  s l u , t i v u i  i n  Fig uum’c - 1— 2 , lie’ st e l I u c - d

lie’ a rn i uu m t  d c ’ I b a d  c-e ’cpu i l - c - t I  I , u c c -u s c -  c-i g i c ’emt amutoc ur t  I c - i l ’  C i t u s i t  c-c’ c - ct i- i c’s b’s ’

lc-ss I ha~u Ic”, po_’c - e’cui t  c - i t  I i c - u ’  be’ l ive-c- ru t e s t s  t o m ’  t c u i u n e  iv  ui- i I Ii cl i  t i c - u - c - I - i d

chic -ti le ’ I eu-s cmi’ bed  ieee- mt t’ , ‘p~- .,t O - st s  a t  t lie’ sc -mt ic ’ t I i citi be , ’ t e ’ m ’ . ‘I ’h i i v  i n c h  ie~i t  c-s

h hc i t c-nc -  5 S — i m i e ’ b u  (1 .59 c-n i 1 ( c i i t m t e ’ i s  ir e  c - c i t  s i g m i i F i c c u i t i v  a I I c - c - t e c h  by

I he’ cc’ bcise’mt ess tO’ (h e  h c u i u m i d c i t’ i c ’S  t o m ’  I tltinc’ 1 c’ 1, t s it  t ’ c- i-i  itj) I ’ ’  iS Pt- i’o,’ e’ m t t  c i m ich

t h i c i  I t ’ u l c -  t ’ X p c ’ i ’  i itic ’mt t S cdi’ tc I ’e ’ p i ’ , b d l U c ’  i b i t ’  ( c i  lvi t h i l t  -~ pc ’ u ’ c’ c ’ ci t -

1. 2 1) i ’ ci i iue’ oi V c ’m ’ s t t s  t ’ n c h l ’ cu in e ’d  ‘ To-i-i l i m u g

‘[‘he’ mll cc , I o m c- i t  v c - i l  cmii i ’  c ’x pt ’i’ iut i c mu l  s c-c t’ , -  pc - i ’  I t i r u c u t - o l  c u l t  I h u o ’  d i i  m ’ , t c ’h i n

t h in htm l I i  s . u t u c - c i t c d  e ’ e u n o h j l i c t i i ,  I’, , -  h ic - ol i c - i  u ’ c ’~~e , l i c ’  wlue ’ t l b c - i ’  i I \ Vc ds i l t O i l ’ t ’

co pp i ’ ei pl ’ i c i t c -  t o  pc i’ h ou m ’ i i i  t Iie ’c- it ’ I t - i - i t s  lI t  lhc ’  cli ’a I b u t - I l  u I  ( I c - m u t t  I ) b u i ’ c- u c c t t e - t ’

pl ’ o ’ s s c t i ’ o - )  en ’  u i m t , i m ’ a  u m t t - e I  ( i c i t  It p c c i’ t -w citt’l ’ pb ’b ’s slbb’ d - )  c ’ t u l t t l i l  i t i i i .  $ l , i I  I c ’

js cit t”ipi(’ l - ’ , c , h  i u i c c  I c - s i  s c - t i c ’  p t - u ’  I , u c - i i i c - o i  , t l t  scntb p lo’c-c ii i l h i  ( i — I bi d ( o .  152 iu t i tt ’—

t i m u ’ t ’ s ( _ i  II = S I C ’ i t u i ’  hi e i ( i t  tI ,t -s t - c’i u nchii m eu n s .

I n I h i i s  I l c d  L i i ”  t t ich i t t  a l l  pc-s I t t - s t  p i to t ogr cup iis of mulo c le ’ I  s f ti-onu t i l t  i ax i  c i i  —

sI  l’ , d l l i  ( S t  S I i m ’ e s t ’ l i h m ,’d t h rough ou t ( h i t ’  i’c’p c m r l  , l iii’ mtiodo ’ls  a r c -  or ie ’m i t c ’ d
w i t h  ( l ie-  1.~ u ’ge m ’ I c - , i t 1 i m i~ ( P )  in t h e,’ y e -  i t  i c c t b  c l i  i’c’ct ic -i-u -
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- (a) D 5 8” (SUX 45)

- -- - ~V M A X  = 4250 psi

~H M A X  = 1880 1)SI

= 21%

— ~
DH D = 14’ ,-

P\~

—H ~~~~~~~~

(b) D = 7( 16”  (SUX - 46)

~ V M A X  = 4000 pSi

~ H M A X  
- 1 690 pSi

~
Dv D = 2l cc o

- 
~ D8 0 - 1 2 - c

( c )  D = 5 16” (SUX 42 )

~V M A X  = 3500 psi

~H M A X  - - 1420 psi
= 16” , -

o = - 1 2 , -

\ l t’  3 -i -iA

F I G U R E 4 - 1 TH E RES PONSE OF ~UNNELS WIT I I  VARIOUS DIAMET I  RS
TO STATIC U N IA X I A L  STRAIN  LOADING
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I- ’ig-ure ’ 4 — 3  shows I I-it’ 1 o S d I l  ts of th e ’  d r c i i m i e ’ d  s pe - c im e- mi  t o - S d  . ‘flit -

pe ci l~ boad was  P = 22 , 000 psi (152 il,Pci) , and t hi t -  I iui cui closure’ ‘,o’ ci ,s
0

~ I I 1) 15 P CI-C Cit t - i )urimi- c- t h i n  te ’ s t , h c m c k i i u i g  uu ’as ohse ’rc- e-d t o  i m u  i t  i c u t e

a t  abou t 7 , 000 psi (48.3 ~1Pa) - it th u s load , ih it ’ surface o l l i t ’  I i i u c -u ’

_ d pp c ’ci m e-cl m c m l  I bc -c l  lvi I h  h i i g h i — e u m ’ c h c - m ’  I i c - r i t i c i m i i t ’ wi ’ ink  I i  m u g .  ‘l ’h tt ’  tin t -k  i c - s g m ’ t - w

cus t he iemc u ch  am i d the , ’ I c m t ’ m u i c - i  I I cmt i  i mit’  i ’ e’ci seu h  u u m u t  i i  I lie-c’ c - o ’c ic h t e ’c i  t l i t ’  so- vt - m c ’

s t , i I  e- 0 ) 1  bu i c k 1 imi g  ~ hi o iv m i i i  ( l ie ’  ph t - i  I c - g m - c -p h

In  t lit ’ o ’ x p e ’ i ’ i u t t t ’ I i d  hut -c t (lc ’Sc’u ’ l t i c - o h ,  wa t t - i ’  w a s  c i i  lomwe ’cI  l c d  di ’ci t m u  l u ’ ei i t i

t i i t  i’cme, ’k se t  I b u a t  flbi p b b i ’ t ’ i O , i t t ’ I ’  pm ’ c ’Ssci u’e t I , ’ i  t - i e t p c ’ o l .  Ge ’tic ’i ’ci l iv . u t  I lie , ’

l’ ie ’b oi . w c - t ’ c - t ’  d I , i t ’ s  c - o i l  d r c i j m t . c in ch  p cu m’e ’ i c c u t t - i ’  p i’ c’s sc l i ’ e’ - ‘ , t u l c l  p l c - v  ci s i g u - u i —

I i c , i l t t pc-i’ d i m i  I, l i t -  st  m t - s c -  I’ i t - i d  c d i ’ c m u t t i i i  a I u u t i m i e , ’  1. ~\ I I t t ’ c t m ’ c ’l i c c - i  c , mic i iv s  is

c - i l  t hu t ’  e, ’l’ I c - c - (  c u t  p b i ’ c’ pi ’c’ S s l t i ’ c - w c i s  g iv e n  i l l  8 t - c ’ (  i c - m t  2 ,  I .  ‘l’ cu ch c l e ’ i ’mui imt e , ’

I I  5 c’ I t e e ’  I c ’Xpc ’ r imutc ’ n 1 c - i  Ic -  - we’ u’epe ’ci I t - c l  I ho ’  p i ’~ - c - i c t i u s  t ’x,p er ii cue ’m i l bcu t w i  l h

uc c d ( c ’ i ’  mu ou t c u l l c m w e , ’ c I  l c d  c h i ’ c - i mt , ‘l’hu c’ l t u a c h i m ’ ig ic c-s s i _ i t i c  , u t u , I  i s c c t r c i p i c ’  c is

b c - I c - i c -. lic - st Il tS o i l  l l u o -  t c -~~I d t l ’ d ’  t--i iu o , ti’i i  J u l  i i c - I i b ’ c 1 I .  h ) i u t ’k l t - s  I l u s t

h c - c ’ , i u ~i c -  v i s  i b b o ’  i l - i  I I to -  b i n ’  - i ’  t e l - i c - t i  I he-  l e u a c l  u t  - i c - h u e - o h  1 l u , t u  Sc-I I l l  Ps (3  1 - 5 MPc- 1 -

w it liii i (lie- t’ , i l i o ~ t - , m l u s e ’ u ’ v e , i l  i n  d u e  dIl- cc i lt c ’ii t o - s t  ( t h i s  i t i c - i p i o - l i i  b c - c -h i  u n g  is

o i i l ’ l ’ i c - c i i i  I ’ ’  , u I ) s t ’ l ’ vc- , i c ’c - u u t ’ . i l e i v ) .  I’,’h ue ’ n I Ii , l e m c - c i  uuas  i u u c - i ’ t- ,e st -i b d c i  ,S I d c - t I

ps i  ( 1 5 5 , 2  ‘, l I ’ c t  , I h t ’  h it e ’ i c i , - s  b t - t ’ c i t i i ,  u i - c - t o -  c i s i h u l t -  h u t  u t - b c  v i  i l l

s uu u , u  i i . ‘I ’h i c ’  bc ,c i c l  uvas h e - i t h  , , d  51)0( 1 } ) c - i  ( 5 5 .2  Ml u ci 1 , bitt c c i i , -  ‘1 t h u t ’  I i u c - l~ 1o’s

c - l t d  ic - cue-cl Ic - u ~i’ c ’w . ‘i,t mub c d j m i l d i  il - i d l i , -  8(8) 1) p S i  ( s s,  2 ~- 1I’ ,i~ bc -c-ti i l - i  d u o ’

p u ’ o - s t - u u , ’ e  cml (1k v gu ’ti u ct h. ptuuu ip i mtg ‘‘I t h e ,’ h i c ’ c I , ’ cii u l i c - I lu _ m u c h  I l i a d  l ’ ’ i c l c - o t  t h i n

u’ , t c - Iv h a d  I c c  It t -  c- t i m - i d  i m u u t t - u h  , ‘I ’ h u e -  u ’ e ’a s e u mi I c i i ’  d l i , -  c’ c ’ m i d i m u t u c - c I  h u t t ’ k  I c ’ c - c - o w l  Ii is

t l u , i I I i t t ’  p i - c - s s l i i ’e ’  ( l u _ i d cb o ’ t  i-u c m l i  l i c e , ’  b u i i ’ - u ’  i’ e ’ s i u i l  s t m ’ t t lu i  t ic’ c ’ , m n i b i t t c i l i c - m i

b i  I t h e  - c l ,  I um m ’mii ~i t I t  t m - i  ‘a I i i c  - i- e i t ’ i ~ c - t v  i t  v ( i - c ’ . - t lie ’ p u ’~ - c - c - it m c  - ‘xc  - m’ I c d tic I l ie

m e m o - I - c ) p u t s  ( l i t -  p ,ti’t ’u vc clt - i’ pi’c-ss du r t ’ . ic- 1 h i t ’  l i m i t - i ’  b u c k  I c - s . i t  se - pu ‘cit o s

I m ’c m uut I l i t -  i’ c ic ’l -c h u h  d l i , -  1~’’ i t - c - c i t  c - u ’  c i i  l ’cii’s I l i t  l m t t t ’ I~ l o -  , , u i c l ,  I t t - t i c - c ’ , I lie

p t I ’ t - c - i l  t - m’ p ’  - sc- c it i’ ’ t - , ‘ t i l l )  ‘It , c u t  ‘ ‘ f l I t ,  - I e mc u t l  (‘ t i n t  I l i l t ,  ‘S I , m  t o ’ I e m t lie ’ 1 imuc ’ i ’ -

c’ .i u t s i t i ~ ( l i t -  I i u i t ’ k h , - c -  I ’ ’  ui - c c , .  \ c - l I i o ’  l u i ~i o l c - i s  i i i t ’ i ’ c ’ , i s c ’ u l , 1 h i s  l - i t t c ’ h l e ’

c-c-mi I i uicmcd to glow ( cmc ’ t ’ I’ a I i m u t o -  p 0 ’  c - i c - c l  t~l aboci I 1 mimi m i n t  t - ) n i t  d i i i t  r t - c , c ’ I u , ’ d

its I i u c , i  1 5 1 d b  Ic’ s l t o m c i ’ i i  i i i  I lit’ ph iot ograplt al  Ii = 12 , 000 pS i  ( 82 . 7 ~ i’~i )  -
0)
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FIGURE 4-3 RESPONSE OF A STEEL- L INED TUNNEL TO A
STATIC , ISOTROPIC LOAD W I THOUT PORE
P R E S S U R E --’-a/h = 50, “ , ‘ ~~ , 0  

= 22 ,000 psi ,
= 0,15
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F IGURE 4-4 RESPONSE OF A STEEL-LINED TUNNEL TO A
STAT I C, ISOTROPIC LOAD W I T H  P O R E
PRESSURE ,t 8 = 50, P,,,,,~ = 12 ,000 psi
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S im i c ’e  I lie’ g u ’ o u w t  It c - i f  ( h u e ’  b u t c h  i t ’ iu n chc ’i ’  c ’ ’ c i s  I c c m u t, l c , cuch  i s a  s

pu’ o , c a - s s’ g ’m y  c- rh o- cl  tic f l u e ’  ‘0t h p c ’i ’ i t tec ob i  l i t  v , i t  p i’ cu h c i h u u  i i b d c ~ Id u io t  , b c ’ C u u i ’

u n cle - i’ t I l e , -  d v t i c b l c t l c -  t oc i ch i m u g n c - n i h ’, i c - I t s  t h a t  e x i s t  i i i  ( I t , ’  f i e l d , ‘I ’h i s

ic-cl ic - c - ic-v I Iu . i  I d o - s t  S t i n  t i c - c h i c -  imu c ’ d  spe c- j u l i o - U s  ( 1. o , - t e l l  hi p’ c u - c - c - a I c ~-i ’

pt’ c ’v v u t i ’ e  p t ” ’ s c m t t )  s l u ’ ’ u u  id he’ c lc ’ mic - iuu ic ’  r a t  I t o - i ’  I h i c - m i  s t a t ic . ( o i u t s c ’d 1i t e l t t  l v ,

c- c -tv c h i ’a iu i c ’o I  spec ’ f t c - c c-s Wc -c -c’  t o - v t  c c l  i i i  c-u i’ v i  ,il I c ’  I ’ ’ c - i c l e ’r .  i’m c l r a  im t c’d

spo t ’ i mt tc ’ mls  Wi ’ u ’ c- tc ’s  I eel i u- i , u c u r  d h v m i a u t i i c ’  l i - i c - c I t  i’ .

- l - 3. 1 i -il  i t t e ’d l  i t’  ‘s i t s  L iu i c ’c l  ‘ f c tu u t ic ’  I ‘I c - st  s

D u r in g  c-i prc -c- ic - u _ i s  con I i- . t  i i  _ 1,, , dill -x l c - u u s i v c -  stud y w d b s muu ad c of t he

u ’ s  Pc-li SC of l i t - i c - c l  a mid  ciii ii u oh t c i n m i e ’ l 5 seu b j c ’c (c-cl to  no i a x i a l — S t r a i t )  l o a d i n g .

‘I’h is work was  coui  t i ti t l e-cl  ~ ii I hue pre ’se’ltt PI ’o c - l’c -uui ivi th u  ( hue ’ cich di t iou - u  of iso-

t ropic l o a d i u c g  as i - c - I l, as c u t  i c i ~~i~i 1 — st i ’ a i i i  l o c i d i u c g  , l - i g c t r c ’  4 — 5  shows t i-ic ’

r e sc i l t s  of S I c - t i c  c - I t ch  c l v n a t t u i c  i s o t r o p i c  I o c , d i t u g  t e S t s  c-t i c m t u l i m i c d  t c tu ~u~c - ls
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FIGUR I 4-5 A COMPARISON OF UNLINED TUNNEL RESPONSE IN 68 ROCK SUBJECTED
TO STATIC AND DYNAMIC ISOTROPIC LOADING

75

I - 

- -- —~~ 
—

~~~~~~ - ~~~~~~~~~ 

- 

~~~~~~~
- - “

~~~

_ ‘



— — - - - - r - r - ‘ ‘w

hle ’c c ibuso- I I t e , ’  l’l cik i m i g  I led u I _ o h - c o ’ s  p i c i c ’ c -  cc c - o u _ i m i c l  I_ hit ’  t h i s j i l t ’ c i i  d l i i -

- 
I c c - i n c - i  o i cc ’i t rs  i i i  u i i t p i ’ e ’ c h i e ’ t z u b i c ’  l c c c ’ c i l  i d d d b v  cit i ,h is c l i I I’ i o ’ c u l I  l o u  u c u c - c d s i u I ’ c ’ .

i t  u s  h i c i i ’ oI t om c h c u c u t i t  i I i  I lie ’ d i cu t ic igo ’  I h ici I , c o - c - i t  i’ s i n  d i l l  ut ui b in c -c l  1 ui uine, ’ 1

uim i tl e,’i’ i s c ’ t  m ’ , u l m j c , ’ l c t c i c h i m i g ,  ‘i ’Iu c ’ c i c i o l u  I i b b h i  t ul a i h u i l i  I i u i c ’ t ’  c i  i u : - i h i c d l c - v  t h i s

f l c i k j m t g , c i s  c l c i t i c - t i s tu ’ a l e c l  h i  d I e ’  i ’ e ’ sc i l l s  u i  s t , u t  i c  a u n I  ch ~ ’ u i , i u c u i c , ’ l i s t s

c- It  c- t c u t i m i e , ’  i cv i i  Ii a 6 — i - i l l  (0 .  132 iuuui ~ -‘ t h u  i c - h  I I l i e u ’  - ci , Ii = ,u tt - I I c i i i  I i ’ I —6

-“ c,’ 1 1 c c - i c  I c c t ’ c -  c,’ , u t i l i t t c ’ c I  f u ii ’ i h i o ’ t ’  i t t - c - c - s t  igci l, ic c-i i c c  i _ l i e  s I c u o l v  c ’ l  t i t t i t u o ’ l s

w i t h  c - j t l t e i ’  o h i u ’ o - c ’ t  c’c’n dci c’d  l i m t e ’u ’ s c i i ’  h c c c kp c - c ’ t c c - o l  1 i u t e ’ t ’ c - .

— —~~ ii~~~~_,~ c c , I -~~~~ -, ,,...,,..1 ,,, ,
‘ “ 

~~
‘- -

~~
‘
~~~~
‘ -

~~~~~~~
‘“

~~~~~~~~~~~~
‘
~~
“‘ “ 

~~~~~~~~
‘ ‘  ‘

~~~

“

~~
“‘ 

~~~~~~~~



‘— ~‘~‘~~1
”

‘h

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~~~~~~ ~ ‘-- ~:-

~‘~~~~~~ FJW’ 4 ’
- c ‘ S t (a ) STATIC LOADING (S I- - 35)

I - 

~MA X 
= 20 ,000 psi

- - AVG. ~ D D  8
I

r~~~
’ ~~- 4 ~~~~~~~~~~ ,~~~~~~~~~~~~ 

-

~~ 
~~~~ 

- 

~ 

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

..::

- (b) DYNA~I.-1 hC LOADING
~~ d 

~~
- , ( D I  -28)

,
-

~
P E A K  = 16 ,000 psi

4 - - AVG. ~ D D 5.5- - -

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

: 

‘

,

- - 1 ~ 

“ . 

- 
-

c- ’ c ’ 3743- b A

FIGURE 4-6 A COMPARISON OF LINt 0 (a/h 501 TUNNE L RESPONSE IN 6B ROCK
S U B J E C T E D  TO STATIC AND DY NAMII, ISOT RuIPI C LOADING

I’d))

_ _ _ _ _ _  A ~~~~~~~~~~~~~~~~~~~—4 - - --- -~~ - -—,—--~~



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
___  -

3 -  ISO’I’llOPI(’ 1~OA D I N (  EXPE11 lMl-N ’FS

b I t  t h i s  t ’ I i a p u c - r , l I d ’  p u ’ c - v c ’ n d  I he ’ ‘ c - s u l l y  ‘I  i s t b i l ’ b d p i c -  ( c u x i v v l u u i c t o - u u ’ i c - )

i c’acl iu ig expe l’ iuuueuit s il l sci 1 t t u ’ c, I c - cl 613 u’ e ,c ’k , 1’htc - l o - s i s  inc 1 i t c h ’  hoi  hi S t a t  t c

c-c-cl c l ,  c i , u u u u j c - L o ’ c u c h j u ’ , g ; t h e ’ s l a t  ic t e s t s  a d o ’  c h i c - j u t e - c l  c - i t c h  t h o -  d v t u a n i i n  1 , - y t s

c-c- c: u u u i c l r c i i i i o dh _ c- s  c h i s c - u u s s e c l  i n  Sco t i , u m u  1 . 2 .  ‘I ’hc ’ sI  m ’ ctc ’ t u _ u i ’ e ’ s  t e s t ed  uv c’i’e
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i c - s  ‘-u ’ , ) .  I i i  ( h i s  c ’ u i - n ’ . t he  Im , i c - L p , i , ’I- , i u c ’ -  c u ’ c - s i c c - c I  u _ c -  ,u S % i ’ c l i r i  c - I  ,u b uci t s ’h
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5 . 2  i ) v u i c - m t i i c  Te s t  R e s u l t s

Two d v h i d i b t u i c  isot ropic c-xpcr irn c-nt s cc-c- mc’ p erformned. One was  on dl

t c m n m t e l  w i t h  a d i r e c t — c o n t a c t  ( a / I t  = 50) s teel  l iu t c r  in s a t u r a t e d  60 r o c k :

thuc othu e -  r w a s  on an ct 1 tiluilhi c-ill tiiochc 1 of the C~\SES st  rci c t c-re , wI t i cii was

t c st ec i  in IL -’tRM g rou t . I - i c - c u r e , -  5—7 shocv s the  r e s u l t s  of t h e  t e s t  oh the ’

,u . hi = 50 1 iu u e r .  ‘rite pe ctk p ressure  was  P = 10 , 500 psi ( 7 2 .2 I~~a ) c- h i d
0

the ’  f i m i a l  c losure’ was  ~ D/D = 2 pe r c e n t .  Thi s l i n e r is bc ickled , as wdi s

i ts st c i t i c  iOci (h it ’tg coduiterpai-t  eliscet ssned iii the ’  Prev ious  sect ion , where

b c m c k b i n g  s t a r t e d  a t  7 , 000 psi  ( 4 8 . 3  MPc i ) .

II ic-h —spce’ci pitot c’grapits ‘ ‘ I  I Iuc ’  m’cs p t u’l se’ of I lie , ’ 1 ic-ct’ we’ i c , ’  take-It

cicui’ im tg t h i e i  l e s t  . Sk t r c - m t s p c - u ’c ’m ct p l c- s t  in t ube -  f i l l ed  cv i t l t  a c i ’ eu sb i c -b l e

plc-s t ic’ fcc-tm cvci s insci- dcci imit c- I_ hue ’ l i n e r .  P hic - t  o - igr ap l i s  cc-el-c t ak e u t  w i t h

a I l vcc - mui  cc -hI lt_c - c -  its  nug back l i g h t  I i l - i c - .  Fi g u r e  5— 5 5 hiow s ( lie ’ 1 inc h i  St  orv

or I lie,’ m e ’spcuutse - ‘I’hc -_ c- i  mug , u  I l i g h t  ( is I h u e ’  1 ic-h u t  I r a lt snb i  t t c-cl t t r o u gh

I he p lc-s t  ii’ l u _ i  be ( hicu I I ~~ 1cc-c’s I lie d c  fcc--nc - ( i t u mi  d i  1 1, lie 1 fIl e- i ’ - We ’ o c l ) s e m ’ c c ’

t h e  f , u u - u c c c u t  i t _ i t t  o i l  c- bc-cIt in in (hue’ 1cc-eec- n c-itt I_ic-nd s id e ol 1 lie , ’ 1 I ru e-i’

a t  I = 315 s. -U t = 9211 c-s . t h e  p i c t u r e  is cctmp le te lc ’  c d h s c ’ m t t ’ , - c I by

smoke l i-cc-il I I i , ’  l cuc i c i  i c - c -  u u i a e , - h i i m i c .

.\ s itupi e’ m u ic u c ie- l c - I  a ( ‘t s l - :s  c ’ d d tl p d c s i l t ’  imi I e,’i,i c-it l h Itc h’ ( R e f .  9)

Ic-iS di I c - , ’  t i - S I  c - c l .  R a l l i e r  I i c - m u  I t ’s t o m muu o c lc l  I l ie ’  d c - t a i l s  o h  v I  c- t i  c - m u ch

‘c - i l l c u t - c - c l  c , b n e ’ I ’ c ’ I e -  c u s c o l  i m i  t h e  e ’ t t u t i p c u s i t c -  i m i ( e g r c m l l i lt e i ’ _ ic c ’  d e e ’  I t ic ’ch  d i m

cIs c’ -i i-c- c l t , i l i b t l u i u u i luu (~~ i 606 1— ’l’O w i t h  cm vi ’ - hcl i - I  u’ c ’ss ’~. = 15 . 000 psi

( 103 ‘- H ’ , )  ) l i t t e , ’  i’ t I _ i c ,  1 ,‘,‘ , u , u i c l  v j e l d  dl t c i p p i - o x i m n a I i -  lv I hi t ’  S d b u c u o -  p u- c ’s  st li ’ c ’

2 , :~tt c - psi  ( 17 .2 ‘II’ :, )
~ 

cu s  I h e  n d d t c l p ’ b s  i l  c ’  j u l  c ’ c - u ’ cd l i m t e i ’ . S c [ t

ci I u t i t i l m u c u l u t  iS i5 C’ ltctse ’t ’u I i-’ I lie’ h u t ,  b i i, ,  I c - c -  ic i 1 s c m I Itat I he i - ci t h  I b i s — l c d — i  hi ic - h u b ,  -ss

c - c - I  I , ,  ( a  I t = 6 ’)  w o u i l o h  I , t -  l , c c ~’ t i c i n l u i b i i  b u it - kl j iu g. I ’ h tc - h i u i c ’ i ’  uvcu s t o ’ s d c c h

in  l I U F I  c - h o c - i t  hc’e’ , b l s t - t h i s  ivci s d l t e ’  md m t , ’ t - i , , l  t h a t  s c ir c - u u _ u r i c l , - , I  t h ie st  r d i e ’ t d h h ’ e

in  I I t ’  - I ) i l u  I t u g  ( ‘ ,~ b’ t - x p c - r i t u i t - m i t  cie ’ sc ’ u ’  i heed in 1_ ’licc p ( c c  7 - F i c -c it -c  5 — 9  sIic-tc-~

t h e ’  ‘ c c - t i l t s  c - h  d l  ( I v u u , c u : c i c , i s c l  u ’c-p i c -  l c c - u d i l i u i  t c ’s l  ‘ii  I l t i s  s t c - u i t ’d c i r c  c c i t t - i c - .
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at a peak pressure of P = 11,200 (77.2 MPa). we observe t h a t  this liner
0

is severely collapsed .

5.3 Interpretation of Static and Dynamic Isotropic Loading Tests

We w i l l  now compare the  r e s u l t s  of the  static and d y n a m i c  isotropic

loading t e s t s .  Table 5—2 gives a summ ary of the  t e s t  r esu l t s .  F igure  5—11

plots  closure ve r sus  pressure  for  the  isotropic loading exper iments .  The

resu l t s  of the  two tests on the a/h  = 50 direct  contac t  l iners  (upper  two

c u r v e s )  are in close agreement . demon s t ral  ing t h e  r e p r o d u c i b i l i t y  of the

e x p e r ime n t .  The de f or m a t i o n  of the  t h i c k e r  (a ll 25) d i r ec t  c o n t a c t  l i ne r

is s m a l l e r  t h a n  t h a t  in t h e  a/h  = 50 l i n e r  because the  t h i c k e r  l iner

app l ies  g rea ter  c o n f i n i n g  pressure  to  t h e  rock and a l so  buck les  less

s e ver e ly  t h a n  t h e  t h i n n e r  l i ne r .  S i m i l a r ly ,  t h e  de fo rma t ion of t h e

a/li = 12.5 l i n e r  is s m a l l e r  s t i l l  s ince  it does not  b u c k l e  a t  a l l .  The

two back packed l i n e r s  are r e l a t i ve ly  undam aged  because t h e  b a c k p a c k i n g  has

absorbed most of t l ie rock ca vi ’  y ile forma t ion w i t h o u t  app ly ing excess ive

p ’essure t o  t h e  s te e l  l i n e r s .

We 110W compare  t h e  St  ~( t tea l i v  loaded a /li = 50 liner w i t  Ii i t s  d nam—

ica l i v  loaded c o u n t  e r p a rt  . ( ~-4 v 1 igii re 5—1 0 .  ~ Because t h e  f i n a l  peak

pl ’ess(I l ’C  in  t h e  s l a t  ic l i s t  w v ~ more I han  a f a c t o r  of two g r e a t e r  t h a n

in tllC d y n a m ic t e s t  . I he a m o u n t  o l  ile lornia t ~on for  t h e  s t a t i c  loading  is

cons id e rab l v  l a r g e r  t h a n  ( o r  I he d v n a m  it  load i ii~ . We w i l l  compare

(IC ’ I om’nla t ion a t  t lie Sdi i I t  p i t s  S i l l  iii I lie n ex t  p ar ag r a p h .  A l t h o u g h  t he

amount  01 (Ic 1o1’fliil t 1*111 I S i i i  I i i  I i t , ( l i e  cl ia r a c t t i ’  of  t h e  two responses

is ye iv S ifl hi la 1’ . ( h e y  1)01 ii S H iii I lit same I \~ )C of  h i g h  harmonic  b u c k l i n g

p at  I c i i i .

‘I’he dvn a m  ic load! l1~ i’cs it it I t he i Ii = 5( 1 d i r e c t  con tact  l i ner  is

a [so p lo t  t ed  ( s I  at’ symb o l  ‘
~ in F ig i i i ’ e  5—11. The di’ loirma t ion is about

1( 1 ~ m e e l i t  l ov e  1’ iii t h e  ( i vn a m i c  case I h a n  in t h e  s t a t  ic case.  Th i s
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Table  5-2

S UMM ARY OF Iso’rRoPIC TESTS IN SA TURATE D ROC K

Static Tests

P AD /D
omax max

S t r u c t u r e  ( p s i )  (percent ) Comments

Steel  a/h = 50 22 ,000 15.0 I,iner severely buckled

start ing at 7000 psi

Steel  a /h  = 50 28 ,000 26 .0 Liner severely buckled

start ing at 5000 psi

Steel a/h = 25 29 , 000 12 .0 Liner  m o d e r a t e l y  buck led
s t a r t i n g  at  8000 psi

Steel  a /h  = 12 .5 25 , 000 5 .1 L ine r  not b u c k l e d

Steel a/h = 25 23 ,000 0 .75 Backpacking severely crushed ,

l i n e r  undamaged

Steel  a / h  = 12 .5 24 ,000 0.25 Backpacking severely crushed ,
liner undamaged

Dy n a n i i c  Tests

P AD /D
omax max

S t r u c t u r e  ( p s i )  (percent ) Comment s

Steel  a /h  = 50 10 ,500 2 .0 Liner moderately buckled

A l 6061-TO
*

a/h = 6.5 11 ,200 — Liner severely collapsed

*
T h i s  s t r u c t u r e  was t e s t e d  in  IIAItM g r o u t .
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(a) STAT iC RESPONSE AT P0 = 22 ,000 psi

DIT38

p

4

(b) DYNA MIC RESPONSE AT P0 = 10 ,500 psi
MP-314 3-43

FIGURE 5 1 0  COMPARISON OF STATIC AND DYNAMIC RESPONSE
OF A STEEL -L INED TUNNEL TO ISOTROPIC
I DADING - a/h 50

97

- —n ~
-- 

~~~~ ‘~—‘~~~~



30 1 1

o a/h = 50 Direct Contact Liner

• a/h = 50 Direct Contact Liner
25 £ a/h 25 Direct Contact ~:ner —

.a/h 12.5 Direct Contact Liner

. a/h 25 Liner with Backpacking

20 — 
•a/h = 12.5 Liner with Backpacking
*a/h = 50 Direct Contact Liner (Dynamic Test )
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difference can be attributed in part to the presence of porewater pres-

sure in the  dynamic  loading tes t , wh ich  tends to make the rock s tronger

as discussed in Section 2 . 4 .

5.1 Static, Cyclic, I s o t r o p i c  Test R e s u l t s

To help answer the question of how y i e ld ing  s t r u c t u r e s  respond

under repeated load ing, we performed cyclic loading tests on rock

specimens with a/h = 12.5 steel—lined tunnels in dry 6B rock. In the

f i r s t  test the loading was i s o t r o p i c .  This  was fo l lowed by a uniaxial—

s t r a i n  load ing  tes t  (desc r ibed  in the  next  c h a p t e r ) .

Figu re 5—12 shows the  r e s u l t s  of t h e  i so t rop ic  l o a d i n g  t e s t  tunne l

c losure A l )  I) is p lo t t ed  aga ins t  appl ied  press~ii’e P . Repeated loading t o
I)

the  sante load r e s u l t s  in o n ly  v ery  s m a l l  a d d i t i o n a l i n c r e m e n t s  in tunne l

c losure. For example,  in t h e  f i r s t  load ing  t o  a I)i’css~mre  P = 11.5 ks i

(79 .3 MPa~ . t he  t u n n e l  c l o s u r e  was 11)/I) = 1.85 p e r c e n t .  Upon u n l o a d i n g

to  1.0 ks i (6 .89  MPa . (a  sma 11 pressure  was requ i red to  ma i n t a  in the

seals )  t h e  l i n e r  expanded sl igli  11 y t o  a tunne l c lo su re  of I) - I) = 1. 65

percent . R e l o a d i n g  back to  11.5 ks i  (79 .3  MPa ) took place back up the

u n l o a d i n g  l i ne  t o  abou t 9 k s i  ( 6 2 . 0  Mpa ) amid t hen  d ivergeci s l i g h t ly  t o

a f i n a l  c l o s u r e  o f  2. 00 pei’i ’emit a t  11.5 k s i  ( 7 9 . 3  MPa~ . A second

u n l o a d i n g  and re load jflg eve  le to  11. 5 ks i (79 .3  MPa ’
~ i’esulted in a

r m a i  c losu re  of 2.  10 p e r c e n t .  T h u s ,  t lie feat’  t h a t  each cvc le of

r e l o a d i n g  m i g h t g i v e  an  a d d i t i o n a l  c losure  inc remen t  comparable  to the

m i t  ial  c lo s i i i ’ e was not  real ized ( t h a t  is .  t h e  c l o s u r e  did  not  increase

from 2 t o  I t o  (; p e r cen t  a t  t h e  end of each eve Ic)

h a y i n g  d e m o n s t r a t e d  t h a t  repeated load ing to I he 2 pei’cent i n i t i a l

c lo su re  load produced omi l y snia 11 add it . iona 1 c l o s u r e , we inc reased t h e

load to 17.5 k s i  ( 1 2 . 0  M P a ) .  This  increased t h e  c losure  along an c x —

tens ion of the  m i t  ia 1 c losui’c c t i i ’ v e  to  a f i n a l c losure  ol 1.03 percen t

99
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= 3600 psi
D R Y  6B ROCK U

= 36~
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ii = 40 000 ~ SI /
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0 5 10 15 20 25

PRESSURE , P0 — ksi
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FIGURE 5-12 CYCLIC LOADING TEST —IS OTROPIC LOADING
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Unloading and! re loading to  17 .0 ksi (117 MPa) gave a total closure of

1.3 percent . a g a i n  onl y a very  smal l  amount g rea te r  t h a n  th e  c losure

at  the i n i t i a l  17 .5 lcsi (120 M P a ) .  Upon c o n t i n u ed  loading  to 21 ksi

( i-is Mp a) ,  t h e  closu ~-e resumed i t s  more s u b s t a n t i a l  increase, t o  a

f i n a l  c losure  of 5 .2  percen t .

I t  app ears  t h a t  the f i n a l  d e f o r m a t i o n  of t h e  t u n n e l  is not seriously

I f e c t e d  by repea ted  u n l o a d i n g  and r e l o ad i n g .  The rock and t u n n e l  d o -

sure sy s t e m  a p p a r e n t ly  ‘ shakes  down ” u n d e r  r e p e a t e d  l o ad i n g ,  so t h a t  the

r o c k— l i n e r  s t r u c tu r e  sy s t e m  rema ins  e l a s t i c  to h ig her  loads on second

and subsequent  l oad ings .
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6. UNIAXIAL- STRA IN LOADING EXPERI MEN TS

In this chapter , we present the results of static , uniaxial—strain

loading experiments in both w a t e r — s a t u r a t e d  and dry 6B rock . The tests

in saturated rock are drained as described in Section 4.2. Again , the

structures tested consisted of models of the lined tunnels with and

w i t h o u t  b a c k p a c k i n g  tes ted in D i n i n g  C a r . We a lso  present  the r e s u l t s

of a s t a t i c, cyc l i c , u n i a x i a l — s t r a i n  loading test  on a lined t utinel in

dry 6B rock. A l l  tes ts  were with 4-inch-diameter rock specimens as in

t he i so t rop ic  t e s t s  j u s t  described in Section 5.

6. 1 S a t ur a t e d  Rock E x p e r i m e n t s

F ive  s t a t i c . u n i a x  ia 1—st  ra in expel’ i n t en t s  were per formed on mode is

in s a t u r a t e d  6B rock.  Tab le  6—1 g ives  a l i s t  of t h e  s t r u c t u r e s  tes ted

and t h e  maximum v e r t i c a l  p ressure  P , and ho r i zon ta l  pressure  P app l ied .

F igure  6— 1 shows the  t ’e sult s  of a t e s t  on a t unn e l  w i t h  a d i r e c t  c o n t a ct

s t e e l  l i n e r  w i t h  a/h  = 50. The peak v e r t i c a l  load was P~ = 12 .500 psi

( 8 6 . 2  MPa) ,  and t h e  peak h o r i z o n t a l  load was P = 1 . 750 psi  ( 3 2 . 3  MPa ’i .

The f i n a l v er t  t e a l  cl o s u r e  was ~ 1) I) = 11.35 Pei’ci~flt . The I m et’ is

ova l ied and has buck les a t  I he s pr in gl  ines.  F igum ’c 6—2 shows p h o t o g r a p h s

of the  h i s  t o ry  of t h e  b uc k l i n g  t a k e n  a t  i n c r e m e n t s  in  ver t  ica 1 load.

The p h o t o g r a p h s  were t a k e n  t h r o u g h a concave lens t h a t  f i t  i n s ide  t h e

Li nne 1 en t  m’y In be. The sum’  fact’ of t h e  i i  net ’ ranges lroni smoot Ii t o

m o t t l ed i  b e t w e e n  P 5 ksi  ( 3 - 1 . 5  rilPa ) and P = 7 .5 k si (51.7  MPa ’~.

• The m o t t l i n g  is a p p a r e n t  ly  cl ime t o  t h e  h a r d  grit  ins  in t h e  roc k s im im l a mi t

i n d e n t  ing t h e  w a l l  of the  l i n e r .  At l’s, = 8 k si  ( 5 5 . 2  MPa ) . a buck le  a t

t h e  sp r ing  l i n e  is c l e a r l y  v i s i b l e .  At  P~, = ii k s i  (75. 8 MPa ‘
~ , the

buck le  is w e l l  de v e l o p e d .
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I

11

Table 6-1

S’FA’l’lc U N I A X IAL - S TP A IN  TESTS IN SATURATE D ROCK

P P
Umax “aj ax

l est N i i m b c  i ’ St r ile t o re  ( p s i  (ps t

• SU X —8 9 Steel a /li = 50 12 , 501) -I , 750

SUX- ~I2 Steel  a/ li 25 19 .000 8 , 600

SUX— 83 S teel a/li = 12.5 16 , 500 ~ . 3O0

SUX-88 Steel a /l i = 25 22,000 11 ,400
w i t h  b ackpack ing

SUX-87 Steel a/ h  = 12 .5 22 .000 10,050
w i t h  backpack ing

I..
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F i g u r e  6—3 shows t lie resu i t s  o f a t vs t on a di  i’ve t c o n t a c t  s t e e l

l i n e r  w i t h  a Ii = 25. The f i n a l pe~ik vem’ t teal load was P = 10 . 000 ps i

(13 1 MPa ‘~ . and (lie peak horizontal load was P = .600 1)s~ ( 1 5 9 . 3  MPa )

l ’hle f i n a l  ye 1.1 ic’a 1 c l o s u r e  was -~ 1) 
• 

1) = 1 I .  7 pe i’cent . A~ a in . I lie 11 lvi’

is ova I led and h a s  buck  led a t t h e  spi ’  i n g i  1 nes . 1”ig Li ‘c h —  I show s  t h e

b u c k !  i n &  h is I w v ,  In  t h i s  case , t h e  1) 1101 ogm’ ap i i s  wei’e t a k en  w i t h  a

35—nun camera  and st andat’d 5(1— nun len s  jv i t  hoo t t h e  concave lens . The

deve  lopinc ’nt o f t h e  buck les is s in  i Li i’ t o  I he p i’ev iouS c a s e,  bu t  it. t a k e s

p lace  ( l ’~vi’ .i Wj d ’i’ span 0 I t oad InC ~i i idh  t Iil1l1 ~ - 1  e lo s t i  l (  • . ‘111€ ’ st i r  I ~lcl - of

t ile l i n e r  r a n~~es 11(1111 snioo t hi t o  :101 ( it ’d b e t w e e n  P = 5 k s i  ( 3 - 1 . 5 MPa~V
and P = 13 I~si  (~1i) . (~ MPa~ Ths compared t o  P = 5 k si  3- 1. 5 MPa ) t o

P = 7 . 5 ks i ( 5 1. 7 MPa~ b r  he a/ h  = 5)) t in e t ’  . A b u c k le  a t  t h e

spr ingLine is bare lv vis I b l e  ,it P = I 1 , 000 ps i  (od . 5 MPa ’ b u t  ts iv e l l

deve loped  a t  P = 19 , (lOll P s i  ( i:t o MPa~

F i g u r e  ( 3 — 5  sOows t h e  i’ esii l l s  1 .u ‘ t - S l  on a t u n n e l  w i t h  a d i l l - e l

i u u i i t~ i e t  ljlR i’ w i t h  a Ii  = 12. ~~. T h e  p eak  v e r b  i e a l  load was P . = lO . SOt )

P~~i ( i i i  ~~~~ . a n d  he  1s- ~iL he r i , o i l a I  t I l l  w as  P
0 

= ~~. 3O0 p s i  ( .~ 7 . 2 MPa

Thu I m l  \ I - r i  t ea  I t u n i t e 1  ( ‘ I  s O i l -  v is  •‘ l )  ~ 1l = 0. Ui p iC- e a t  and 1 l i i .’ ina i
V

ho r i z o n t a l  I n i i i ~~- l  i - x p a n s i o m i  \ , . l s  I I )  h i  = —H 90 p e i ’ i -c n t  ( l l i t w a u ’ d  r~: ’\ v i ~i i - I l l

c on s id c r v( I  n I - v a t ivv ~~. r I te  l Ul l- i ’ u s l v i i  l~ - i l  1)11 1 n o t  b u ck l e d .

1-j ~~i i i c -  0 — N  s h o ws I i i  ‘(S l I l t s  o l  a l e s t  (ill a ( u n i t e !  w i t  Ii ,i s t e - i

l i l i e l  (,l Ii = ~~~~~ s l l i ’ l ’ o t u i l d h e d  by  ha l  , h l c k i l l - ;  W I  I i i  i i ’ a d i l i s — i l l — t l l l v k l i ( s s

r a t i o  U h i  = I .~~~. The  pc’~tk  y e n  i e,i l i l l  w a s  i = ~~ , nt t p s i  ( is~ ~~l ’ i ’ .

an d h  t i e  p e ak  l l o i ’ i z o l i t a L  1 ,10 n , u s  P = 11 , 1 ( 1 ( 1  p s i  5 . 0  i i i  ~. l v  l l h s t - t V c

I l o u t  t h e  b a c k p a c k i i o  is I ; io l ’ e s i ’ i i - i ’  c i i  e i ’ i ~~ lit ’d a t 1 l ie e i ’ W l l  and invert

(ot; pv t e e n  I e m ’ u s h t i p 1 I h a m i  a t  ( lie spi’  t not i l l s (Sd ~t~ - i ’ c e  n t  c L’LlSliti Ii . TI1Q

I i lvi I i i ’m’t iea  1 L u  nIle 1 e I I  5(1 ii  w.~~ 
‘ I ) , - 

I) = I . ss pt ’reen  I , and I I ll - F in . i  1

h l 0 ! ’ 1 / O l l t ~ i 1  ( t i f l i i e l ( \ I ) . I l i S l O Ii ivis ~ l) I )  :; ,~ .i  I~~~~
’ (I l i t .

1( ( t i

L. 
‘
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l” i gt i n e  6— 7 shows t h e  r e s u l t s  of’ a s i m i l a r  t es t  on a backpacked

l i n e t ’  w i t h  a Ii = 12.5.  The peak v e r t i c a l  load was P = 22,000 psi

(152 MPa ) and I lie peak h o r i z o n t a l  load was P
1 

= 10 , 050 psi  (69. 3 MPa )

Ak a  in t h e  back packing  is more s e v e r e ly  c rushed  at  t h e  crown and i ;ive i ’t

(76 p e r c e n t  c r u s h u p  t h a n  a t  t lie s p r i n g  l imes  (36 pe rcen t  c ’rushup

The reason lot ’ ( lie d i  J l er en c e  in a m o u n t  of b a c k p a c k i n g  c u ’ushup  I t oni

he t e s t  r epor t ed  above is u n k n o w n .  In t h i s  c a s e,  t h e  v e n t  ical  t u n t i c  I

c l o s u r e  SD I) = - 1 . 0  Pe rcen t  j S o nly  s l i gh t l y  l a rge r  in m a g n i t u d e  t h a n

t h e  h o r i z o n t a l  t u n n e l  expans ion  SD /D = — 3 . 2 2  pe rcen t .

6 . 2  l)rv Rock Expe r iments

Exp et ’  m Ien 1 s s j ail  t a r  t o  t he  ones in t lie p m’L ’vio i t s  S t e  t ion  WC ’i’C a iso

pci ’ formed oti m o d e l s  in di ’v GB i ’ock. h e r e  we g i ve  t h e  resti i t s  of  I i tesc

l e s t  s compa F iSonis w i t  Ii t lie sa to  i’a t ech i ’ock i’csu i t s  a i’e g i  \‘eri in

Sect  io n N . 3. ‘Fable 6—2 g i v e s  a l i s t  of I he st rue to re’s t e s t e d  and t lie

m a x i l t i t l m  Lo~u c Is a p p l i e d , l ’i g u t ’ v  6— S shows I lie r e s u l t s  , u I  a l e s t  (iii a

d i r e c t  t’ ’ ’n t a c t  l i n e r  w i t h  a bu = 50 . The Pd~ t Ii v em ’t  h a l  load was P =
V

23 , S t h i  ps i  ( 162 MPa ) . and t h e  peak h u o t ’ i z o l t l a l  l oa th  ivIl s 
h I  

= ~~~~~~~ psi

0 M PU . ‘l’he f m a  1 ye r I  ica 1 e lost i  t’e was 51) 1) = 17. ~ pv t’c~ ’iit

We h s c t ’ i c ’  t h a t  t h e  1 nier is ov a l l e d  antI  h i t s b u i c k  U ’s a t  t h e  5p i ’it i ~~l tIles

as dl id i t s  ( - e l i O t  e i ’p a m ’ t  in  sa t  u t ’a  I cdl r ek .

I - L g u m ’ e  (;—t ( g i i - e i - i  t h e  i ’ e st i l t s  o f  a t e s t  eu a cl i i’et’ t ( ‘ l l t i l t t v t  l niet ’

w i t h  a 11 = 25 .  Th e’ peak i - c i t  j e a l  load was P = 30, 1)0(1 ~ si (207 Mlku

and ( l i e  peak li (it’izOflt a t  b al l W its  P = 13. 3(10 I)~ 
i ( 9 1 .  7 MI’ ,u ) . ‘FI le l i n a l

y ’ i ’ t  m c i i i c l o s u r e  was 51) /I ) = 20 .0  pei ’ev l i t .  •L~ i in , t he l i n e r  i s  oi - , u l l v d

iv i t  h buck  les a t  t h e  spu ’  L11~~l i n c

h~
j
~~um’ ’ - 0 — 10 shows  t h e  result I ,u I , s( oO a i l t  u - i t c o t i t . u t - t  I s u e t ’

w i t h  a E u = 12 . 5 .  The peak ~ i ’ t ’ t  t e a l  loath wa s  P = 18 .0( 1( 1 P S i  (12 1 \iPa~

and  ( I n -  peak I i o r i zo n i~ i I load is P
11 

= 0,960 p si  ( 1 7 . 9 1  3I’,t~ . I l i - I m a t

112
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Tab], c 6-2

STATIC tNIAXIAL-STRAIN TESTS IN DRY ROCK 
‘

P p
Vmax 11max

Test Number  St r u c t u r e  ( p s i )  (p s i~

SUX-75 Steel  a/ li = 50 23 ,500 9 .800

SUX—76 Steel  a/ li = 25 30,000 13,300

SUX -84 Steel a/h = 12.5 18.000 6,950

SLIX_f i Steel a/h = 25 2-1 .500 10,300
with backpacking

SUX-86 Steel a/li = 12.5 26.000 10.950
w i t h  backpack ing

11-1 
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FIGURE 6 - 8  RESPONSE OF A STEEL-L INED TUNNEL IN DRY ROCK
TO STATIC , UNIAXIAL STRAIN LOADING — a h 50,

~ 23,500 psi , ~ Dv D 0 1 7 5

~ 

.
-
~~~~~~~~~ - -_ ----~~~~~~~ ,— 

--‘ 4 ~—
‘- - . -- - -4 .  

‘- 
~- — - -- —--- b—



- 
‘

“ 
-
‘ t “ .~ 

-
- 

I • ‘ 1’~~ -,J , I,
.. ~~~. ~~~~ ~~~ ~~~~~ 

.

4
’
’

- -

.

‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘
4

‘
~~ ~

. 
‘

- - -‘ 
. - 

S t4 . 
~~.:

~~:. . “
S ’ ”  ‘ ‘~‘~:‘ ‘? ‘c~ p

~~~ ‘?II ‘ .4 
“4 

. •‘
,‘

~~~

_ ‘

~~~~~~ 
V

l , ’” .~~ ,~~~~~~ . .: 
~~~~~

- 
‘ a 

, . ____

a~~~ Si \ 6  
i:: ? 1 1 ~• 

4 
- - ‘ ‘ ,~~* _J,~~-

~~~~~~

- 

: 
• 

‘4 , . ,,, &• 4
- —

4 4 - 6 ‘
. ~‘:_ _ _ _ _ _ _ _  - — ‘  - .4—

• .1 
-‘. ‘ :- ‘ ., -

~~

‘
: ‘ “- -

~~~ 
, - . -

‘
I 

-
.

‘4 

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

,:.‘~~.

f
£ aI’~, %  4

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
~~~~~~~~~

• -: —

~~~~~
MP-3743-50

FIGURE 6-9 RESPONSE OF A STEEL-LINED TUNNEL IN DRY ROCK
TO STATIC , UNIAXIAL STRAIN LOADING-- a/h = 25 ,
1’Vrn,j x = 30,000 psi , ,~tD~~/D 020
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F I G U R E  6-10 RESPONSE OF A STEEL-LINE D TUNNEL IN DRY 0OC~
TO S T A T I C , UNIAXIAL STRAIN LOADING --a~I’ - 125 ,
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~eu’t ic~ill c b os mure  is 51) 
- 

I)  = 8.8 Pc’ I’een I . and t liv ’ 1 1 u ia 1 ho t’ m zoo t ~ii  cx —

pansiot i  is 51) ~1) = — 2 .  56 pei’ct’nt  . Thw 1 i l i e n  is ova l led but  not  buck led .

The resu i ts  of a l e s t  cii a t t u n n e l  wi (hi a ste e l ii net ’  (a / 11 = 25)

sus’romiiided b y b a c k p a c k i n g  (~~ I I  = -1 .  5)  are  shown iii F i g u r e  6 — I l .  ‘l I l t -

peals v e rt  ica 1 load was P = 2 -i  .600 psi (169 MPa , at id ( l i e  Pc~lk h em’ izo t it  a l

loath was P = 10. 300 psi  ( 7 1 . 0  MPa . The b a c k p a c k in g  was more sever e  1 Y

C r m t s h i e d  a t  ( lie ’ ( r i  IW O ~it ) d l  i n v e r t  (66 percent  c u’ushup t h a n  at  t h e  s))t’ i u i g  —

1 ities ( - i s  p e r cen t  c’ i ’ t i s l u t t p )  . The 1 it ia  1 yen ica 1 t u n t i e  1 c l o s m t  1~e

51) ‘1) = 3 . 36 per t ’ett t and  I lie f i n a l hot’ i zon t  a 1 expans  ion was 51) ‘1) =
II

—5.  1-1 pei’cen t . wli i t- li  is a lates t as la rge-  as I, lie yen  j ea  1 (u n tie  I c losut ’e .

1” igtu re 0 — 1 2  s h ews I lie ’ resu I t s  I) I a s i m i l a r  I es t u rn  au a h = 12, 5

1 m et’ w i t h  b a c k p a c k i ng .  ‘t he peak v en t  it - a l  load was P = 26 . 00(1 l)si

179 MPa ) and  t he peals Iioi’izotita l load was 1)
11 

= 10 ,930 P~~i ( 75 .  3 MPa

Sg~t 1 il . I lie backpac’ k i n g  is fli t.) i ’d ’ 5 e VI - ne lv  cl’t l  s lied a t  I lie’ c renal atid j ove ’ t i

(69 pet’ t ’el it  c t ’ ttshmup t i ia t~ at  t h e  spi’ tr ig l ines (33 pe rcen t  c niisbup ’I . The

l i t t e r ’ expanded l  l a t e r a l ly  ,us n u u c h i  i ts  i t  co l t)  t ’ , u c t e d  v en t  i e al  i i ,  ‘I’ l it- f i n a l

i-er I ica 1 e io st tr c  was 51) 1) = 2 .  22 Pc t v - e n  t . a ni d I he f t  na 1 ho t ’  izon ,a l

i N pj t i s  toil was = — 2 . 2 2  l e t ’ t ’ e n t

6 . 3  E n t c t ’ p u ’ e t a t  i ’ll u i l  U n i a x i . u l — S t r ~t i n  Loading I-~ ’i j ieu’ i lll& ’ nt s

‘t a b l e  6— 3  iS a Smi t l l t l i a i ’ \ o f  t h i e  st  a t  it’ , t t n i~u x i a l — ’ s t  r a i n  l o a d i ng  t e s t

t i - s u I t  s . ‘I’hie cli i i  rae l e t ’  i i  f I h u e  i-c ’ s potise iii ’ t lie’ v~m t’ jOltS st rue (it it’ s it )

sit I m u t a t e d  r ock is e s s C t i (  j a i l  v ( l i e  same  its I h a t  o f  I lie it’ c c t t n t  et ’pa t ’(  s

iii d ry  t i c _ C .  l o t ’ a m o t e  q m i a n l t  s t a t  Sic t’Olli~~~~t’150tl o I t h e  response’ c i

t E l l  - S t  i’u t c  1, t i r es . l e t  mIs ex a f lumi l t ’  I u t ~ni e I ( I i ’ Io t ’t t ua l i o n  as  a t u n e  I, j efl o t

I oach . I” igit i.e 6— 13  shows  p ie  I S oh ye t ’I  t e a l  I t t n t i e  1 e losu i c  S 1) \. 1) as a

lm tnc t ioti o f  i i i ’ )  il - u i  pi’ i - i - i s u l t ’ e P It ~~’ t h y - s I  r t c _ - t t u t ’es i l l s , t t i i t ’ , l t cd  i’ s -C .

I -e r  I l ie th irec I — c o o t  ac I I i  t i l t ’ S ,  WI ’  Ol ) S( ’i ’~~t ’ I ha t fom’ a tven 1,1 ,111 t h e

t t u u i t i e l  c 1c~ m t t ’ t -  h , -i ’ i ’ i - ~ises its I (ii- 10 te h t ~~-ss  ci I I i i -  i t  ii i’ i t u( ’ ry ’a su ’s .
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FI GURE 6 - 11 RESPONSE OF A STEE L L INER WITH BACKPACKING
IN DRY ROCK TO STATIC , UNIAXIAL STRAIN
LOADING ,i Ii 25 , P
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I lowcvc r , I lie di  f l u  retice in c losmtre f rot I l otie l i ne r to the  tic-it t is not

t i c : i’iy as g r e a t  as i t  was  f o r  isot. l’opic lo : u d h i i g  (I ” igs l i ’ e  5—11) . The

,iI)h),l nv -li t re. SOI l is t h :tt t o r  isot  ropic lo~t d i t ig -  , the l ine t -  re’ s i S  1 5 ( l i - f  ( ) t ’ l l I ~I —

t I oti t l t x ’omt ghi  h oop compress  iou , w h i c h  is t h e  titost ef t i c  iv ilt  means  1) 1 re—

s ist ~i t icc  fox ’ a t h i n — w a i l e d  she l l . I- or isotropic l o a d i n g , (lie 1 iu:v .’r

c~l t r i e s  a S igil i t i c  :i:t Pit r t  of the  t o t a l  l o a t h , j  . e . , I lie s mu i’t’ound I tig rock

loi s n o t  ca i ’ i ’ \-  a l l  t h e  load a l o n e . hl ow cvex ’ , f o r  t u t i I ~t x i ~t l  S I  r a i n  lo~i d i l I g

he l i n e r  i t ’  SI s t  s clv’ )- ortt I~u t iou: u h i ’omt g l i  a co titb i t ia  t i o t u  01 h OOP cOlliPi’~ ss lol l

and  b e t i d i  u g ,  t h i e f :  i s  a less  i~~! f i ci e n t  n ican s  of i’es is t ~t t ic e . i n  t h i s

case , t li e 1 m et ’ c~i cr i e s  a stun 11cr’ P it  i t  of  t h y ’  l oad , w i t  It I lie i’ock

ca r i ’v i n g  t h e  t lti t ,jor part . Since  t he  rock c~u x ’ r i t - s  mO st  ol the  load , the

t v p v ’  of I j o ur  mts e d  has  l i t  I h- v - f  f e e t  • and hence , t h e  i ’ed mt v’ t i on  i n  d t ’ t  ot’a~ I t i Of l

1’Oill OflC I i  net ’ t o  t lie nex t  i s san 11 coit ipa i’ccl W i t  hi a ( h o m i l ) l  i t ig i i i  w a l l  ( I i  ick--

ness f r o m  otie I m et ’ t y p e  t o  t h e ’  t u v ’ x t

Lu te r He fo r tnn  I ion is reduced subs  t a n  I in  1 l v ’ .v I t t - I l  b a c k p a c k s  ng  i s

~tdc1ed , hE o wy ’~’e r , uncl e r un i axi a 1—st ra ii i  load I:: , t In- 1 inc i’s to w h :u vt

di ’ fornia  t ions oI  a few percen t  I , i n  v- ot i t  r’ns t t o  l e s s  t h in t i  out ’ i~ rCen

ht ’omt gliout t hy ’ t - : I t  i r e  lo ad  j o g  r a n g e  ut i dy ’  t’ :x isvtnt t ie  I n c  l e d  j u g  ( Cot l ip i i i ’ u

I - i g m t r v -  s 5—11 :in cl 6—13 )  . ‘l’he ~ shape  01 t h e  1o~t cl — dv ’  I ox’::::: I ion C I t rv -s

mi t x d v ’  u’ m in i ~u x i  iii St t’ . I l l :  I e t c h i n g  ( l”ig ui’c 6—13;  the  ( Iv-  f or m ~i I ion i’i st-s , t lit-n

t~e n i n  j u t s  a t  ~t p1 a t  u n I t , :u t i d  t h en  l i st ’ s a g a i n)  is l)1’0b~i b i \ n i ’ l -  I Icc I i  Oil 01

the  shnpc  o f  t h e  St  t ’ - s s — s t t ’ i i t i  e- u t ’ve  of (l ie l O i t t l I  as i t  c’ t ’us l i c s.  D u r i n g

t n  u’I ~’ d c  f orm:i (j o t :  I lie f i t :  i f  t -  m i  I i ; t I  m o c l m t l u s  of  t l iv-  f o n- : g I ~‘cs r i se  t o

a r~i ( h i C t  1 s t  russ  tI i I I t -  i ’el~~- y’ a r o m t t l ( h  t h e  ci i’cmttiife ’ retici- o f  ( l i e  S t  ( ‘( 1 l i n e r

is thu , rock c lvi I v  c loses ;u s~’t1i i i te tr ic ~ii1v  u t id er  m t t l i a x i n l — s t i ’ , l i t :  loading.

i bi s  r euses  t h u  l i n e r  to d e f o r m  i n t o  an o val  sh ape . A t  l ai ’gy - t ’  c a v i ty

c losu res , t h i s  sI  n t - s s  d i i  f i ’rc t i ce  c i t t  no lo tige r  i r u c r c : t s - because  t he

I onm I s - g i n s  to crush  a t  const  n ot  S I  Vt ’  ss ;t t  1 Ii ’  crown n n ( h  i t t y c r t  , wlie i’ v-

lie rock c losuu’ e  is 1 a r gu s  I . Thus , clui ’in g t h i s  pe r iod  I liv ’ c u r ve  has  a

p 1 a te  it t , w l t i -  r’ - [liv ’ s teel  l i n e r  He’ f o r m at i ott rena i n s  coils)  an I i t s  t lie cx—

I t -  m a  I loading i tic rc :usi’s  , even I hot igh t t h ic rock c a v i  I \‘ coti I i  f l u t e s  t o  c l o se .

I s I i i i  l a rge  t’ (- x l v ’  i i i  ui load jog ~tni(h rock ci osmi rc , I hi ’ f o a m beg itt s t o

12. 1
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loc k i,t [) so ( l i n t  t he  s t r e s s  : :ga it :  r i ses  nt icl t he  s t u c - l  i i t i c ’ t’ on ce Cugniti

d e f o r m s  w i t h  inc i ’ v’ : : s it : g  lo :t d .

‘l’hi s seq itt ’~:c v’ of  c - v e n t s  is COOS 15 I t’l l t W i (h i  t h e  p la Iv :115 in l” igure  6—13

e x t  en d  iug  OV v i ’ t he  snttuc lo~id i l:g r a n g e  f o r  bo th  t lie :: Ii = 12 . 5 a nd  :i lx =

25 l i n e  rs , but  - i i  (h i  ( lie’ 1)1 a f t - i t t  n t  a l a rge r clef  onnat  ion fox -  the  a - Ii =

25 I I  mi~~~ . B e i n g  th i t i n ex ’  , the  :u li = 25 l i m i t ’  t’ incus t ova l  C O i I  - t h an  ( hut-

n / h  = 12 . 5 l i ner  t o  r e s i s t  ( It t -  St  r u m s  di  f f t - t’ v- nt ’ t ’ a round  i ts  c i i ’ c ct n x f e r c m i c e

STe -i.’ouid expect these p l a t e a u s  of c l e f o r it i a t i o n  t o  be i ’v-ducecl b r  :: f o a m

w i t h  more ne~u’iv r i g  i d — p t -  i t t - c t  lv p l ast  C C  st i’, -s s— s t r n in b e lunv i or (ns in

c e l l u l a r  con ci ’e tv ’ ) , r (lit- u ’ t h a n  - l a s t i c — p l a s t i c  bc-h:t i’ior ( a s  i t :  (h i-

pol ui’e t h a n e  t o :  n~i v ised lie u i  - )

S m i  i n n  p l o t  s I o r  ( l i t -  s t  i ’ctct cure ’ s t v - s  t i - cl  i t t  cI i’v rock arc  shown in

I: i : i r i -  6— 1 - I  , l i l t  g t - ne -  m ’ : u l  be l inv  ior 01 t h e  st i’cuc (u t ’  - s  it: di’ s- i- eeC i s

s i l n h l a m ’  to  t h a t  m i  s a t i t r a t v ’ cI rock , ~:ncl t h u  mat te  c o n cl ut s i o n s  h o ld .

I v :  w i l l  t I l l’ o u p t t ’ t -  t i l e  1’ i 5~~~~l ’ f l 5 I ’  of the itid iv i c lii ~u l s t r u - :  l I l t  5

Ic - st  v - t I  s e l l  Ii t i i , -  t i t u’ e~ - t i P - s  o I ii  ‘:td iu i  su n  in -
~ ia 1 s I t - a  i n l oad i n g  i t t

sa ( m u  u ’ :: I t - t I  at icl  c l i v  t o t -k  , t rid I S I  I t  t’O
~) lv Liad  i n C  i ii s at  t i t’a ted t o r I , ,  I- ign  I 1

U — i S  sh ows p i t s  ‘ I i  i - i l t v - I l l  t t t i i ? i v ’ l v l t ’ s m t i ’ ~~ c t -t - s u s  v - t ’ t  i t - a l  p l ’ i - : ; s C l t ’ i-

I ’  u d i  t v - u t  c o n  I tv ’ I I i  tu t u’s :‘. i t  Ii a I: = 511 , l o t ’  t in l a x  c:: I si r a i n  load i t :~~

u ’ e ’c lu c t  ji lt i t t  c l c i o t ’ : - i i t  i l l :  1 — , s ig t i i  l i t - an t  in  t f i t -  d i v  t’ ’t ’h t ’ l S m l l l s  as

u L I p ~~ I ’ t ’d f l  I I :v ’ s a t m t u ’ ,t t c c i  t ’ov ’ k i , 5 . :p , : t N -  ( I I ’ - ’’ ’1 )v i i  ,t t i : l  i I u s , - t l  c i r c 1 ’- ~~~.

‘[‘h is is h v- v - ,m: : s t -  I l u -  d ry  m ’ ,w’ k u : i i t j t i t _ m i l : s  a la t ’ : ’ - i -  I t’ u v - C  ion l i u C I t ’  at , h i g h

li eu : I ’ ’ t .- -~ t h e  s , x l u i ’a I  ‘:f i’ t i e -k .  Co tt tpn t ’ i :-- ’n ‘f liii’ t i n  i , t x i t l — s t r a  in

at x: I  j s ,, tt - ’1i ji - l’’,t , I j t ~g r e s u l t s  ‘‘i’ s a t u r a t e d  r i - I ,  ( s I  (ci c - I n d ies au t H

t ’ i : u t i g t v - s )  s l t , ivs I I n t l  t I c  i o t ’ u : t a t jot i  Is c ’’ns  :1 , ‘ ,d , Iv  st tl,t I l t ’ t ’  i i t i t k ’i ’  I so t  t ’ ~~ l [ l i ( -

lo ad l u g ,  I I : - I n t l - , - ~~n i ced t o  e , x u s t -  5 p e i ’ccnt  t tu t uu , -1 c’l’ sui’ t- uu u n h et ’

I~~of t’op l t ’ Io~t d i m t g  is P~. = 12, 111 1  psi ( s : ’ , 7 , 1l 1 ,t~ , w h i l , -  t u t t d c i ’  t u n i , t x i , u l —

st m’~tIn lo:td i t ig  i t  is P = 5 . 511 (1 p5i (,5S , U ’ - Ii’ ,:I . ‘I’I :tis , lot’ tIme ,u I:  = 5(1

h i t - i ’ , t h e  t ’ ’’: I u t t i , t i  j ut Ii , , :tI - , - , t t ’ t ’ \ ’ i u: :  t u p t ~ - i t i  h - u w i ’ , - : u  I s ’ t r i O t  l u : t i l i u i g

amid i t t i i , t \ i , :  I s t t ’ , t i u i  l’ ,o i u Ig- is a l n i t i t  31) p et - u i ’  l i t .

I
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FIGURE 6-14 VERTICAL TUNNEL CLOSURE VERSUS VERTICAL  PRESSURE FOR
UNIAX IAL  STRAIN LOADING OF DRY 6B ROCK
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FIGURE 6 - 1 5  VERTICAL  TUNNEL CLOSURE VERSUS VERTICAL PRESSURE FOR
= 50 D I R E C T  CONTACT LINER
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F i gc it e  6—16 sh ows s m u  l a n  cott ipat ’ isons for  ( h i d  d iu’ec  t c o m i t a c  t 1 iner

w i t h  a - l i  = 25 .  ft c observe’ a pal  t e r n  s i nt i l au ’  to  (lie t’ v ’ s m u 1 I ~ fox’ ( lie

a/h  = 50 l inet ’ . ‘I’hie umu a in  d i f f ei ’ t ’t iv ’e- is t h a I  w i t h  ( l i v -  t h i i ck e ’t ’  l in er  t h e

separa I ion be twee t i  I he isol t’opic a t mh  I tn i a x  ia 1 m l  t ’a i i ,  load log v- i l ci v’s is

w i d e r  I h a n  be lone . The load re qut  i red (1) ca tts c’ 5 p e n - c u t c lo smure  t u m i c h e t ’

i sot r o p i c  load it ig is P = 18 . 000 Psi w l u i l e  t i nde r  t t u i i a x i a  1 s(i’a in load h u g

i t  is P~, = 10 , 0111) ps i  (65 , 9 ~Il ’~t~ . TInts , fo t ’  t h e  , t i ’ l i  = 25 l i u i e ’t ’ , I hue ’

r e c hmi c t  i o n  in lOCidh—e’ai’r\’iti g ‘al):tu i I ~ is a b o u t  - I S  p e u ’c e m i t  b c t n t - v ’ t u  i SO ti ’ o pi c

load log antI  tu mi  m x  in  1— s t  i a  in  load i m u g  ( c’onipa u’ t cl w j l l t  30 p e t ’ v- cn t  fut i ’ t h e

a/ li  = 50 1 itit ’i ’ . ‘I ’hi is u ’ es ml  11 is ano I hex ’ aspi  - v t  of  t lie In c  t eased ci  Ii  —

e’ ienc v of 1 i t icr s  m u m i c h e r  i s i t  t ’Oj )ie ’ 1o~u d ing  its e ’oti lp au ’ e’ch w i t  hi n i t  i a x ia  1—

s t  i’a in l o a d i n g .  Thuts  - ~us ( l i e  hoop s t  u i - h g I hi 0 1 (he  1 1 mit t’ be’c, tic’ s UI l i e

s i g t i i f ic a n t  cotii p~ui’cd t o  ( l i t -  s t  t ’e mig l  Ii o f  I hi ’ t oy -k (~~ h vhe ’ t ’ i ’ v ’ast ’s , f lue

c h if f e x ’en cc  iii c r i t i c- a l  loads be l wv ’eti  i s o t  l ’opie itric i  m t t i m , t i ’ ij a l — s t r a j n

load i tig  becvtm :tes lax -get’ .

F i g u r e  6—17 shows tI le ’  c u r v e s  eu ’ t Iii ’  :11 ‘c i t  cot i 1,u I Ii tie-u’ it’ i t  It

a/h  = 12. 5. The ’ sante t rend  n o ted  ah u vt -  j u t  go j u g  I u’ ott u a hi = 50 t o

a/hi  = 25 cont  i flutes he re  I l lS . ‘I’I t - u t aH t’ e ’qm u i ned l o u ’  5 Ix ’ t ’ c cn t  c - i ,  s u I t e

unchei ’ i so t i’opic  load ( t i n  i s  P = 2 1 . 01)0 ps i ( i  ll~ . 5 MIS t wIt i i i’  utide’t’

u n i a x i a l — s I  t ’a i ti l o a d i ng  i t  is P~, = 11 . 01)0 psi  ( 7 5 •  5 MPa~ . T h i s  is a

55 j )ci~ccti I cccliii’ I ion i t t  load — c :u t ’ i v  i tIL cap ,u c  i t  V ( y’ ot llpa red Wi l b  -15 Perc ’v’n

for  a/li = 25 and 30 peu ’c - I t t  l o t -  a /1: = so)

I-’ igcui’e 6— 1 5  sh ows th y ’ u’c~ x t1 t  s f i t ’ t h e  bav’kpackc d  1 lout’  ivi t h a It =

25. As f t ) x  t h i r cy ’  t cüt i  1 ite 1 1 it i d t’5. th e  I t l t i t i d  1 ci i ’s : :  iv-  fox ’ a g i i-en load

mm dci ’  u n i a x i : t l  s t r a i n  l o a d i n g  iii  ( lie c I t y  m o c k  is less t h a n  in  l iii’

ma I m u u _ It t ec h  rock s i i u - i  - ( lie ’ ch t ’ v  rock is 51 ‘ ‘mi C e ’ u ’ a t  h i g h  ii e e l s .  ‘I’hie

pecit l i i i  t ’ ‘‘hu t n ip  ‘ in I lie c u i  u - i - u -  l x ’  I we’en I’ = 3001) Psi  (3 1. 5 M1’a amid 1’ =

1 1 , 000 p s i  ( 9 6 . 5  MPa ) i n  t h e  s a t t i t ’ a t c w h  t ’ i ’v’ i’i is  n o t  i - x p i - t t t ’ d .  ‘l ’h i ~

anonia lo tus  b , - l : av  j ot ’  colt ill lx - chm u e  (1) a c rack m ’t iu i u i i tig hot’ ivot i  I , u l iv  ( I i  u ’ u n u g l i
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FIGURE 6-16 V E R T I C A L  TUNNEL CLOSURE VERSUS VERTICAL  PRESSURE FOR
,i- h 25 DIRECT CONTACT LINER
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I l iv ’ spec m ien , wh i c h  was d i sc tuvc t ’e c l  a f t  cx’ s e c t i o n i n g  I~ sue F ig i im ’ v - 6—1 1

‘Ehie u u i i a x i a l — s t  i .ain lo ach i t i g  ole f o r m a t  louis n i  I lie backpackc ’ch l incx ’s  in

bot hi I lie sa Ill no ted  and d r y  rock are  1)0 low 5 pe i’cen( fox’ yc- t’tical loath

up t o  22 . 000 psi  ( 152 MPa ) . I ndex’  i SO (  l’t ) p iC  lo’oc l i t ig  tf:v ’ c iosmu i’c is

lv ’SS t h a n  1 percent  out t o  t h i s  gaulle’ m a d

}‘igmhl’o 6—1 9 sh ows t h e  v - mt i’ves fox’ t h e  backpacked  1 lit er  mc i 1 Ii ~t - - ’l u =

12. 5. ‘l’hic resp ot lsc of t h e  l i n e r  in t h i s  case is m im i  lan  to  t h a t  f v ~~’

(lie a h = 25 l i n e n  iv i t  Ii b a c k p a c k i n g .  l lere  . t un n e l  v- losit  - c’ is  l u - s m  t I t a n

2 pe rcen t  iou’ a load mt p t O )  2 ( 1 . 000 psi ( 135 MPa) mtmic l er m lnia xia l strain

l o a t h i n g .  I t  ~ippt ’a x’s I h a  t 1 I l t - h m t p occurs sootier  in (l ie l in e  i ’ in sa fi t u .n to o l

rock s ince  i t s  slope slccp c’Iis a t  P = 15 . 000 Psi ( l2  1 MPa ) w h i l e  t I l e

slope of the  1 iuie ’i’ in clx’ s’ roc k st  a~~s x ’e la t  i i  c i  1_ lil t o ut  t O )  P = 23. 000

~~S i ( 159 MPa . ‘I’hv ’ de lox ’nu a I iomi o I t t v ’  b ackpacked  ii  mi en  m m dc i ’  iso I t o p i c

load ing is t iegi  i g ib l u .

d . I S t a t  ic, Cve’lic. i m i j a x i a l  Strain Lo~ ci iuig ‘l v ’st husii lt s

In See- I ion 5 .5  liv’ tlesy’i’jhcdj t h e ’  t v - s U i t S  of ~t s t a t  u ’~~. c y c l i c .

isot nopic ’  load itig I t ’s  t omi an  ~t / I i  = 12. 5 s t  cc- I —1 it i ccl  I i t t im ie  1 i t t  c l i ’ ’, 611

rock.  We found  t h a t  (h e  I i  cia 1 de fom’m ~j t ion o f  I lie ’ I m i mimic ’  1 was 11, 1

i-ic ’t ’ io vu s l v  a f f e c ( v - : f  h’,’ t’ u ’ ~ i ( , t I ed mt nloacht tig _ tncl rt ’ 1,1 1101 l t g .  I m i  (his sev t jot).

we- p u ’ -s c n t  ( I : , ’  u’ e’st u l l s  of  a s i r t l i la ) ’  t e s t  :v j i l i  c - i - c - l i t ’  t i n i , t x j , : 1 — s l  m ’ a i n

1 OI t ( l  j og tnt t h u - i ’  t l u a t i  eve  l ie  i so t  cop ii’ l t , t t l l l : g .

The u ’csmt I t s  of lb  is l e s t  a u t -  shown i n  F i gmt cc U — 2 ( 1 , wh i e t ’ c - v cm’ t  i e a  1

lu t i n c i c l o st u r u  ‘ 1) - I )  j 5  p l o t  t e c h  ~t i a a i t i ~~I ve ’i’t i ca l  pi’ - s s m t r ’  1~ . l I t ’I i av  u , ’ ,
V

i s i’et ’~’ sitix i i~u t ’  t o  t h a t  iou’ i s u t i  t o p i c -  lIll u ll j u ig, Thi- u t t a i m i  c l i i ’  t i n ny - u - is

t h a t  1 , t m v u - t ’  ~~i’ i~- I ’a-IlIi~(~’5 i t t ~d t’ , qt t j t ech t o  p t ’ o d m m c - u ’ ,t gii  u - n  _ tn tom u mi t tO I t h t i t i e ’  1

c l o su t ’ , -  t ) ( ’ d ’ ,t l lsi ’  I h c  l oad iu ig  is ~is~~mtuix e t m’ic’ . l ) t t m ’ i t u g  t h y ’  i u i i t  j , i l io~n l i t u ~

t o )  ii ~~t ’l’SS tt i l -  P~, = 9.S hs i ( u s ,  5 MPa ) , ( i t t -  I t u n m i e l  i o s m t m ’ v’ u t - t i - l i e d  2 . 2 5

()Ch ’t’’’Il I , t pom t t uuu1o ~tch in g  i n  1. 1 ks i (7. 55 Mh ~a . i i: ’  - 1 tl ti fld ’ 1 t ’~~i) .uu i d e d
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m l  igh t ly  (o a ( l t ) smix ’c  , i f  l .  pei’c’v ~ui i  . I tcl ’~i t i  imig it 9 .5  ks i (65 .  5 ~!1) a )

brou g h t  t l ie c’ l o sm tu’ c  10) 2. 35 pc i cy - l i t  , ~u i i i ’ ’ ,  m l  1 gli ( a d d  it tuna 1 st i a  in .

I’ t i l onoh ing -  amid i.e load ing ~mg ~u in  px ’odld v ’c ’d l o n ly  a smtua 11 ~t cId  i t  ion~t 1 st m a  im i .

S lu t  i l ar  be ’hiav iox’ mi-as ob seu ’i - e t f  f i n ’  u n l o a d  lug ant I  in -  load it ig  in I l i t -  v i e  m u  v

o f  I P & - t ’ v ’ e ’ l u  I c l o s m u u ’ y ’ . ~\ i so  s h u i w m i  on I h i s  p l o i  ~t ‘‘ v- I I t o  n tou io l  u t u t i c  l o a d i n g

t e st  x .esu 11 s . ‘I’Ix c’ load i i i i~ p~ux ’t  0 F I l i e -  eve ’  l ic  1, 10( 11 l1~~ ‘ i ‘ s t i l l s  is i c - i ’ ’ ,

c lose ic i  I I t o  i of ~ I h e f l lo t l ( )  I t ) u i i c  load ing m y - sn  i ts .  l v -  iiICit itt c’ ,tn c  h i d e  t Ito t

I l i t ’  I m OO 1 tIc i01’lltO t lot- ‘f I he I m i n m i e l  was li t ,t s~ i ious lv  a F l i - c ’  t e c h  by t ’ - —

peat  ccl m u n l u ach i us and i - v t  a l l  f i x~ am i d  t h a t  I lie I m i n u t e  1 v l ,i sut ‘ i- system

‘‘shakes dowti ’’.
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7 . D I N I N G  C.-\It STRUCTURES E X P E R I M E N T

I n  t h i s  c h a p t e r , we s u m m a r i z e  the  p l a n n i n g  anti f i e l d i n g  of l a m - g e t ’

sca le  st ruc tux’es  as an ac Id—on to  the  D i n i n g  Car  event at the  Nev ~,ch a

Test S i t e  ( V I ’ S) .  P l a n n i n g  and f i e l d i n g  were done on the  present  c o n t r a c t .

P o s t t est  recovcx’v and i n t e r p r e t a t i o n  were p e r f o r m e d  on C o n t r a c t

I ) N - \ 0 d l — 7 5 — C — 0 2 - 15 . A d e t a i l ed  d i s c u s s i o n  of t h i s  e xp e r i m e n t  is g i v e n  i n

D i n i n g  C a t  POll 6557 .

Di iii n g Cax’ px’ovic ies  a r e l a t i v ely  low cost  o p p o r t u n i t y  fox ’  a

s t m i t t’  t i m  m c ’s e’’1 ç~t I i  nv l I t  a d d — o n  because  i t  has two c rosscu t  t unne ls  betn ’een

t h e  uta i ti l i n e — o f — s i g h t  ( LOS ) p i p e  amid t h e  access t u n n e l  a t  r a n g e s  h a v i n g

p t ’ u - s s t u m ’ ~ - s o f  a b o u t  i ( .6 and l  U . 9 k b n n  (Gd and 90 MPa ) ( t ’ i g v t i ’ e  7 — 1 ) ,  ‘rhe

‘t i l t  hi o f  t h u  t ’ m ” , s s t ’ m i t  t u t i n c i s  i s  about  5 f e e t  (1 . 52 m )  and (h o  t o t a l

1 eng t  h ~m v n  i 1 .ih i i -  l , i t ’  a c I d — o n  mode i s is Obo u m (  100 f e e t  (30 . 5 a)  . ‘fhu ts

u ’u’ .is ,,mm ihlv I n  m’ ~ie’ , i , l v - l s  a t  p u ’~~~ss u l ’c ’  ~e V e l s  of  i nte r e st  can be fi e l d ed

vi  ci mi n i l v  n o ) a t I c h i t  i o na l  t i m u i m i e l i n g  cost .

7 .1 S tr ’ vi c (  t m t ’ u ’ ~ : t i t I O lt  cc l  i ves

The on I i vt I - t i c ’  k u_ lint st,mi’m’ outncl s I Itt’su’ c t’oss cu mt  t unnc  i s  i s  NI ’S t i m  f I

i ’sI i~’,~t m  i ’d to fl,l ’,’c’ an unconfincci CO,ttpress iii’ st x’ength of 1 l ) d ( ( — 2 i W l )  p s i

( U .S h — 1 3 , 55 ’lI ’ a )  a nd  a f m - j u t  i o n  a n g l e  of  abou t 5 de ’gi’r e s  (0 . 1)87 i’ n t l )

I f ecau ~~’ ’ i t  i s  so - , iu ’~,k , and mox ’e i m p o r t a n t , h a s  a low f t ’ t v ’ t i on  a n g l e ,

( ‘ 1 f f  b i n —  u i i I ’ - s i u ’ n b l u ’  sI x ’ e ng t h  p r ope m’t  iu ’s  lot ’  cheep b a s i n g . ( l i o n - e ver , i t

ha s I I n ’  ‘Ic- s i m ’ n h i  I ‘ -  ~~‘‘~r~’r t  V of  Ii i g h  p ot ’ os  i t  v and  hence ’ I i i  g h shack  01 1 e t im m nt i rig

a b i  l i t . ) 1 o  sI  md y t n ’ s f t o m t s c ’  i n  h i i g h e t ’  st i ’ en gt  h i nc- k , n o t ’ ,’ repre sent at iv ’

of  m o c k  t ‘‘ I n ’  f o t t n d  a t  5 515 p o t e n t i a l  h ’ep  hast ’  s i t e ’ s , t h e  n i p t ’ IcO il i n  t h e

Si l l  a c b h — o n  ‘ ‘x ; ~’ - u ’ i i i i ’n t  im’n s I n  f i e i r i  s l i ’ t u c I  l i i i ’  l i t od e l s  i n  a t ’ot ’ k sim i t ula n l

Thu m o c k  s i m t t l a n t  G I l  It ~u s been s i - l e c I ’ ’ i I  I ,  he u n i v  o f  j I t f , ’ m ’ l I u ’ I i a t t ’  s I i ’ , ’ I l C l j ,

mmnc ori fined ( o i i p m ’ ’’SS I V C  st  m’u i i u t h i  : i f , o ’ i f  - 13 (1(1 p s i  (2 0 G \1Pa ) ’
~ ~~u I h~i t

P ’ m ; i r i d I  rig U ’sI  ~ ca n h~~- m ade  on I ,tui t lu’i d u s t  gt i5 ~t t u he’ av :, i l a b i l e  t i C  and

31;

— -  
— —

~~~~~~~~~~~~~~ 
-

~~~ 
- 

- -



‘ ~~~~~~~~~~~~~~~~~~~~~~~

,J L) Z ci~ (,3 I—
I-

_ _  

°
~~~~

-t ~ ~~~~~~~ H ]

137

- -—:2-n-k . 
- —=‘

--
I,.. -—’ -~~~~~~~~ ‘—‘-- -~~~~~~~~~~~~~ - ~~~~~~~~~~~~ :‘  — r-..~ 

‘ ~~~~~~~~~~~~~~~~~



0 ,9 k ln t i’ (61 ) n u t i l  90 MP~t )  Iu’vu ’ I s p t’e ’di c ’te (h at t lie ’ s t t ’ umc t t i t’e l o c a l  l ou t s ,

I i , , u u ’y , ’ u ’ , n ut  h i  ku ’ I h a l  o f  I t u l l ’ , I l ie t’ r ’ i c t  j o l t  i l f lg  l u  i s  ~l 3 I & ’ C u ’ c ’ l ’~ ( ( 1 . 5 7 ;  m a t h )

so ( l i n t  I lie t r i t e  i a I sI  i ’eng I I t ch  ug j u t  c ’i ’ac I l o u t  h u ’ I  weet i  I t m t i t i e  I ~~~~~~~~ i ’t’

: t t t , h  roc k i ’ e sh i o t i s u ’ w i t h  h i g h F t ’ i c’ t i ot l  d ’ at t  be t m t v t ’ s I  i g n t e t i ,

‘I’hie ’ m o c k s in n  I ami t I u ) i ’  & ‘~ich I t im id ’ I s t  u n m e t  ore i s  3 I eel i i i  c l i  i i i IS3 t i ’ m ’

arid $ f ,‘i ’t I ot i g  ( I - i ut’e 7 — 2 )  , ‘h ’ it u i t i c’ I s  t i e  C i neh ies  ( 1 5 , 2 c’ I t t )  I mx tI i a l l i c ( c  t ’ ,
u ’ t t u i u i i mi g t i , ’ itt I i : t— m t  (0 . 9 1 - I  itt ) l e t t g l  Ii n i  l i i i ’  rock  5 i mlilmia t i t 50 ( h i n t

hot  Ii t o t _ It Spee’ i l i l d ’ t m — t u m — I  u n t i e  I i i i  I n t ’ l  i’t’ i t o h  I l m t i t i i ’  I l i ’ t I C f  h i — I  n — i l  c a m e l  e m ’  I ’ ll  in

a u ’ y’ c ’ d l t m , i  I t o  C , l i t  t ’ge d ’ u m o l m g li t o  tn~tkc  h o it m i c h a  m’\  u ’ f I  t i - I s  s lIm 1 I . Is a c l i  red’t

I i y ’— i n  I ’  I z m h o t ’ ~i I n u ’v I u ’ ~~I s  ot t  s’t t t a l I o u ’  st ’ i l , ’ — f l ’ I t d ’ l ttt’ c’s 5 5 — i t i c ’ h t  ( 1 , 0) v i ~i ) —

i l l  t i s ’ t  ci’ I mmti t i y— i5  , e~t c ,l i  C — i  nt ’li I I S . 2 v iii ’) — t h j  inn’) i ’m ’  I u t i m x u ’ l  f t : i s  a coi ’ i’esponi l  i t s

/5~ i t ic’li ( I . 0’ clii ) d i  iii t c~t i i ’  I i t u x t i e  1 o h  s , i  l i e  I t h u d . l’lit ’ sit s,  I 1, - i ’  sd 1t h ’

5pt ’d ’ i 1i ’ I i ~~ i ’ , ’ lt ~~~i s 1  i f  - I — i n c h  ( I d i . 2 c’i ~i ) — d i a , t t e1 y ’i ’  by I — i I i i ’ I l  ( 10 . 2 c’ i i i ) — t o t t g

in mc’  It s ( it ’ m m  i n  m i t  i ’ 1 i il l It ’ m’ s

S i x i h i I ii ’t’ & ’ n l  s t  r t i t ’ I i t i ’ o ’s p l l u s  I Ii c ’ i t ’ s in . ,  I I — s e a l , ’ c ’ot m n t u ’ t ’ p : i i ’ t  5 wu’ m ’ i’

F i e l d e d  i mi o ’ :w ’Ii  ‘ i f  m I t , ’ c’t ’ imssi ’ I i t s . f l i t -  i i  t ’ s t  s t  m u d  in ’ ’ i s  n u t  u m m t ] j  1 , - f

I , m t i m i , ’ h  . \ - ~~~~ t at ” ’  1 1 m m ’ , ’ , ’ 1 u t t i m u ’ I s  i v i t l i  d i  - ‘ ‘ i t — c i m m i l  ~ic ’ I s I t ’ , I 1 j l l , ’ d - - o F

c l i  I IS ’t ’ is m i I t ’~t i h  il l— — I u — I  Ii i c ’ k m l , ’ -~ — c a l  i n - :  (a  ft  = 12 . 5 , 25 , S i ) )  . I - I  t in  I I v , I n ~~

- t m ’u t ’ t um ’c ’ s iv ,  l b  t~~ l, ’ l-i 1, i , - k i l tC  1, 11 II  1 .5 ’) as uvu ’ l 1 i i —  I t m t i t i e t  1 ili, ’i’ — (,t ‘Ii 12 . 5

m m i i  2 5 )  mm - , ’ m - , F i e I k ’ il t o  t t l v i ’~~t t g : t ( u ’ ( lit ’ i ’ l l  i i  o l  b n c ’kj i ~i c k i  1111  i l l  p t , ’i - ’ ’ itt  iti g

I t t m m u i , ’ l  d i n - - l I t , ’ , ‘u ~—t tnii - iai’ ’ , ‘ I  I I i i ’ si  m ’ l t t ’ I  t i m ’ s  l j e l t l , - l  ot tO ( i t t - t i ’  i t  i t ’d j v ’ ’s

i l-.’ i l l u  m n  ii  I : i I i I , ’ 7— I . l ) i r s ’ l t s j o h t s  , m l  l i i i ’  51 m ’ u y ’ I l t i ’ m ’ ’ ~ 11 i’ d’ ‘5 i i - , ’ ml j u l  L I ’ I o ’  7 — : ’ .
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‘i’abl e  7 — I

D I N I N G  CAll ADD—ON STRU CTU RES

I d e n t i c a l  se t s  in  c’u ’o s s c m m t s  I a rid 2 t o  e x am i n e  response
at  t iv o l o a d i n g  l e v e l s .

Si m ’ m mc ’ t x m i ’e s  O b j  c c l  i vv ’

1 l i i i m c d  it_ litt le I Ii,tst 1 j ute ’  t ’ m t e’k 5P’- ’~ i l l icIt  a t u b
l i t i ) f l t ’  I t ’ e s J ) o l i s e ’—— it t m ) ( I c ’  ‘ a t ,  u _ u )

sci’vei’e y- ‘t Os i l  i’c’ c’Xpe’C’ 1 c c l

3 en .  Limicc h  in d il’cc I c’y m n ( a c t  . i-I I Fec ’ t m , F i l l )  , ‘u ’mi a I pt ’ t- ss tu’c
um - i t h i  a / I t  = Sn , 25 , 12 .5 p = It / a .
s t e e l  i i  net ’s . .1 t ao’ Lv ’ 1, Li ‘It Imot ’ t t ( i  m o d ’ ot~ilc

I u t m i m i e  1 b u c k  i i  it s  ( i F i i  ‘ v - v - i t t ’ s

2 cit . Linc’i’s w i t h  b a c k p a ck  i t ig I- I l u - v t o f  bac ’kpac’l-; im i g  b ’s’
w i t h  n~~Ii = 51) an d  25 g I  ec’ i. e’ornpai ’ 150i1 W i t h  0 ( i c c ’ t un it  l o u t
l i t t e rs . line’i ’s

6 ea. Simm a 11—se-a le  c m  m t i t x  I ,‘ m’p , t  m’t s I nexpe ’n i-i i’~c I ie — i t t  t u )  0 b , m vy ’  —
of ~u h u m i t ’  6 t u n n e l s  0 1 g m ’ o t tu i d l  I y ’s i  s nil  Ii st i i a l l t ’i ’ —
5/ s  — i tic Ii s i zu - sca le  ut t ocl c  ls

‘I’o I al uium iibcm ’ o I ml  t ’m mctmm i t ’s = C Ia t ’ ge ( 6 — i n c h — d i a m e t e r  t u n n e ls )  amid
6 s m a l l  (5 /8~~i n ch— d i  ammiete t ’  t u n n e l s)  a t  each c r o s s c u t .
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Table  7—2

D I T I - N S I O N S  01” L IN E R S

6 — i n c h — c t  iame( ci’ St m ’ t i c  t u i t ’ e s

Steel  L ine r  I3av ’kp ack in g
h ock C a v i l  v

St t”,lc ’ t tire ’ I , I) . I tal  1 1. 1) . l’, :u 11 1)iame’ I ci’

__________________ 

( in. ) ( i n .  ( i n .  ( i n . )  ( i t t .

1, ml Im ic t l  1 u n i t e  1 — — — — — —  — —  C . ( 11)

U o f l t a d ’ f l i n e r  5 . 57  0. (162 — —  — —  C , 00

C o n t a c t  l iaieu’ 6 .00  0. i 2S  —— — —  6 . 25

Contac t 1 ili v’ i ’ 6 .00  I i .  2 5() — —  — — G~ i((

l lnc lcpac k v ’cl  I (n c r  C . 00 (1 . 125 6 . 25  1. 00 S . 2S

ilac ’Icp ackc ’ol 1 i m i e u ’  6 .00  (1 ,2  SOt C . 50 1 , 00 5 . 50

5 .5 — i m u c l x — d  iLmmltc t  c ’i ’ SI  isle’ I i i  ‘cs

St c u - I  L i m i e r  hiiic’k pacl-i i mig l ln i 1~ l a x i t t

St  t n t ’ I u t ’ c I .  Ii . 1, _ i l l  I .  P . \‘~~ ‘~ I i  1) i ati t c t e ’’
( j ui .  ( i i i . )  ( i n .  ) ( i n .  ) ( i t t ,

i t t  I i t i c ’t I  I i t h i i i e ’  1 — —  — — — —  — _  I t . C2 5

( , , n t  i t t  1 ( t i l t’ 0. C2 3 0 . ( ( t iC  — — — —  0 .  C37

I’ o t m t , t t ’ I  1 ( I t t - i ’  ( 1.625 0 . 012 5 — — — —  ( l . O S I i

(‘ m , n l a c ’ I I i u i m ’ m ’  ( i , G2 , 5  ( I , () 2S — —  - — —

I t t i - I p i  h - I  I I l t i t ’  i i . ( ;2 5 0 . 1( 125 0. C 5(l I i . 112 . 57 11

I t _ i t - 1 - _ p.t - l - : u - i I  l i u m t ’ i ’  0 . ~~~ Ii , 02S ll . (; 7T , 0 . i t i n

I I I
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5’. ‘I’I[LORETICAL ,-‘tNA L\S IS

I t t  t h i s  clt ap (e i ’  . we d i s c uss  m lie’ t bxe ot ’e t  t e al  e l l o i ’ l  t h a t  su ippor ted i

t lie p l an t i  ing at wh in 1 el’pl’e t a t  ion o f  omi t. e’xpem’ i t i t e mi t  s . lIt is e I l o t ’  I is

based p x ’ i m n a u ’ i l y  on t I l e  u S e ’  of an au i a l v s i s  desci ’ i bec l i t t  ~ 1 t o m ’  e l a s t i c —

p l a s t ic  response o F  a e ’ v li n c lx ’ i c a l  c’~i\  j l \ -  i i i  n u t  i m i f i t t i l e  b oOt smt b_j e ’cted

t o  a x i s~ ’tt tmtt e l m ’ ic load ing-. ‘ t h e  so l id  is a ss t m i txe d  to  Fol  low I i ~e ~1 , , f t r —

Coulomb y (cR1 em ’ it crion -and its assum e tat e(h I low x’u Ic ’ . ,\ sm i t t tu i ia t’ \ ’  o f  l I t  i~

aut a ly si s  is g i v e n  in ,- \p p c n d h i x  ‘1.

‘fIt is e’hxapt em’ [tic luI d h i ’s a cI i s c ’um ss  io ti  ~ m I 1 l iv ’  c’ I I ce  I t ’  F c l i  la t a ti cv

( lie’ p i’ edh ic tech  c’ losu i. e’s m ’  f t lit ’  51 rue  l i l i e s  in I lie’ D i n i n g  (‘or  expe’i ’ in ten t

a t Ies i g n  a p pr o a d ’h i  I m m u ’  v i d O  i ng  5 ( I S l e t  it in - s  , a ltO a t I  i s c m m s s  ion ‘‘I t lie

e f (cc’ I ‘‘I ~ a 1 ine’r ott 1 h i ’  I t _ i t -  I m m x c  pa I t c ’ m ’ u i  a u’ tm m m m i d b  a i - at  i i i - .

8. 1 U f l e d  ‘ i f  l ) i l , t l a u i e ’ v

‘l’hie t l t ~ ’ , m u ’ v t i t - a l  pt ’ c’t I ic t iot i  o 1 1 he’ ole Fu mi ’ l t la  I toru s in  I lie’ I l i m i i t i g  ( a t ’

cxp e ’x’mnme ’t i l is based ot t ~tn  c l a s i  i c — p l~u s l  ic ~t t i a  l ’~ s i s  L t s i I i 1 1  t h e  , l , , I i m ’ —

(‘ , m t l  lou l ib  y i u ~- h I  c - I ’  i t  t m ’  i o m u .  Enmp 1 i m i  i i x ~i I l ie I i  ow i ’ tm l u  ass’  mc m a t  ccl w i t h  I lii s

u - r i b  i m ’ [ ’ l i  I ’ m  ( ‘ o t l t p m i ( u ’  ( lie’ d h i s p h i t d c ’ I l t ( ’ t i I  5 in s t i l  I s  i n  a V o i t l h l i c  d’X~~iifl5 1Oh) ‘ml

t l i t ’  ~- j u ’ ldc’(I flin t eI~i~il  c h t m r m  ig l) 1,t s t  I ’ ’ I l im it ’ . ‘F l i t s  b e l i a t  j u n is e’a l i e d

cI i l a t a ti cv  . I ) [in  I a t x c  v i s  ob served  I n  mme t ’m im’ jut m i m i - h  . l i mi t  riot I i o ’ i - o ’ss .u i i  1’,-

t o  ( l ie  t N  1 1 1 1 1  p t n ’ d h  i c  I c’d b~ I n -  s i m p l e  M o l t r— ( ’ tnm lomb v ie  Id autO I low r u m Ic.

‘ F m ,  exant inc I lie ‘ ) t  l ie u ’  e’x I renic d i i  a t  anc’v  can be c -i j ill ~ ti a 1 e (h i t i  t I m e  t h i co r v

I i i  m i m i  t ig t tx ,m ll,uss ,mc’ i a t ed  I iu , xv  cmi Ic’ ; i. t ’ . , In ltssum m lii ng I h a t  I Iii ’ I ) l t l st  ic

u i ~t I c u  i .t  1 is in conmpi ’css  i b lc

‘I ’ Imt ’m ’e ’  is no t l t , ’ i m u ’ m ’ t  j c .u l b a s is  lot’ ( h i s  , i s s i t n t p l  toi l . b m m i i i  t b m m e i -  g i v e
i n  ‘‘ x l  m’ d’t It t’ .
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I” igmui ’c’ S—~ c’iwipilre s t hie t hieox’v n i (hi ati tl without dilatnncv , and w ithi

Ite I a ho t ’ a  I mo m” )  e x l it ’ i ’ i i l l e m i t  s d i s c u s s ed  in Sect ion 5 .1. The cl ar k  t r i a n g l e s

nx ’e d a t a  j ) o i i it  s [ coin t h e  a 5 ht  - - 25 d i r e c t  c o n t a c t  l i n e r , and t h e  hio l ion ’

squai’es are trolll (he  a it - 12 . 5 ch ix ’ect contac t  l i n e r . Since the  t h i nt t e r

i i  it em ’ b u c k l ed  si ig l i l  l v  (1 i i m c i ’  btuckl ing  i s  not c o n s i d e r ed  i n  t h e  a n a ly s i  s)

t lie a / h i  = 12. S I i S v - i ’  m t - s n  Us pi’imv id e’ a mt to l ’ e m e l  iablc’  comlipal ’ i s v im l  xvi (h i

t lie I I t i ’ , , r i  . I” i -  Sc’v ’ t I i i  I I ’ m ’  bol Ii 1 imic ’u’s (lie 1 f tc ’ , >t ’ v’ I (v i a l  pu’c cl  ( v t  ions

mm ut i le ’  i c-s I isa Ic ’ t lie a I l o t l  h i t  u , !  I u t u i nc  1 ‘ 
- l o s im m’e . I lowever  , t h e  t hie oi ’ v t h a t

itic lm t t l e ’ s  c l i  lot  a m i c ’ v is e’o~i s i t I t - u ’ ~t b i v  v ’ l , m s v - x ’  I t ’  I lie’ c’xpei’ i t t c m t t  1 h a u t  ( l i e

I b ’ i m ~’i t o i l  h i o m m t  c l i  l a t a h i e v .  l o u ’  cxamt tp lc.  a t  P = 2 1 , 1)0 0 9S i ( 111$ ‘)lPa )

t lie exper im i temi t  a 1 c losu IC ’  i m l  1 I i ,  - a It = 12 • S l im i e r  is I .  9 lie i’ v ’~ ’ti t 1 l iv ’

t l t t ’’’ l ’ \  i v i t l t  c h i i a t a i x e ’ v pl’e dh i e’ts  1 . 2  p d l ’i o_’t i t :  ~t t i d  t h e  t l i c o i ’v  i v i t l i o m i l

c l i  Lu l a i d ’  V pi ’cdl j e t s  2. .5 p cx ’ccu i t  . ‘l ’l iv - c l i  F 0 - l i  -mic e hcl, mcci i  expel’  i t t tc mi l  amid

I lic ’ tirv xv i t b xc n m I cli  la t a n cv  is I lil ’ee t ilite s as l~u i sv’ as (lie ’ di  I I cu’cnc’c iv i t  Ix

cli l i tt anc  x . h owever  , he Ic, i v  imne  t h e m -m u ’’ ,- v - a ti he- c h o s e m i  i ts  be ( t e l ’  1 h a n  ( l i v ’

ot bet’. htto i’c v- x t  c - i t s  [ye coitp a  m i s  n t i s  s h o u l d  he macIc I t ,  d e l  ci’I ’ttx j  t ic I f t c -  m x —

c i t  t o  n h  ic’Ii I lie d il l  ci’enct’s a u’e c~u u t s v ’ i l  by o t h m e  r e ri’ ‘i’s ( c . g . , im i

n i a t  cc i a l  Pa I’nt i I l C t  ci’s su i t ’  h its l- ami d ‘
) • N v ’v et’ l  heicss  . in o h  1 t lie a t t n  1 i s e s

t h a t  f o l l ’ t w , t h y -  I I ic ’ou’v xv i t  Ii c l i  l a t a n c v  is u s e d

8 . 2  I j i h l i h i g  (‘ a m ’  Pu ’c ch i t t  ions

5 . 2.  1 51 i’e ’sS ‘t mfl I ) l  i fl e a  I ion i i i  f l i t -  1) i m i i t x g  ( ‘~t i’ l- xpe’ r i l l i c i t

The’ Sit I st  cue 1 m m  i v’s I e st  ccl i n  ( l ie  Di It I ng Ca t ’  expct’i  sent  c’ofls is I —

t ’ ib  ol S— Foot  ( I)  .9 1 -I  in )  —( I i a it te l  cc c v i i  n cle t ’s  of Gil rock s inn 1 ali t w i t  hi

6— m d i  ( o , 1S2 rti ) — cI i aum ie (c i ~ l i t  t ine  Is I ’tI  n u t  imig  I Ii m ’ c m u i g  Ii  1 he’ een t  c r  ~m h i  ‘i t s  t In ’

a x i s  m l  t h u  i’ , m c - L  c’,- I i t i dc ’x’ . I ’ I t t ’ s , ’  roc k n to o hv ’ I s  We ’re p i~t cecI  i t i  t h e  l i \ C

d’ t ’ u m s s d ’ t i t s  amid I l i c ’m ’ m t I l t -  v o l m i t t l e  hc ’twccn t h e  CII  t ’ , m u ’Ic a l t O  I lie e m ’ , m s s t ’ t i f  u v a h l

was I i l I ed  w i t  It a lI m m ~~kv  l i t  i’ tm t’ k—nm atc’ lu in g 5 l ’ , m u t ( u . 1 I I ’ l  s i ’ ’ m u t  . l k ’cau s c ’

I l ie  613 i’ m n ’ k  is st  i l i i i ’  and m l  i’ ’ ’ t l ~~~ t l ’  I h an ( h i c l i i i I o u c h  11.1121 gu’ou t I b i a l

1 Ut 

~~~~~~~~~~~~ ~~~~~~~~~~“~~~‘ ‘ “ “  ‘~~~“ ~~~~~ 5:
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s u l i ’ I ’ t u l l h l d i t  . I t ’ , ’, - F i c ’ l c l  p i’ v -~ i P i t t  l I l t  b u m  I I  i vi h i ( s i ll s ’  a u  i t l i i p h  i —

I j e c h  p I ’ u - s s m t u ’ c’ P a I ( l i v ’  i l t t c x ’  Itt i v ’ h ct mm ’ c ’v ’I l  I i ,  C II rot h- , an t I  I hivi ’ ,-, t’ ’ t o i l
I -

l’Ito ’ am tt om mm i l u I  ~t t t lp  I I I ica C i n  xvi 11 d t ’p e m t c l  t m t i  1 lie ’ u’ - l o t  i v , -  pl ’ mm pc ’i ’ l (us  i i

(l i e Cli rock , ( lie’ t i l l ! , alit! ( lie Il .\h1 ’ .l i’ o t i t

‘I’ . ’ e s t i i i t a t v -  t h i s  . i i : t p l i  I ie ,u t [tOt . an i - l . t ~~l i i ’ — p l .t s l  ic L u t i i i l i s i S  Wi - u s

P t ’  I i m u ’ m n e c l  d mhi  Li i l i dmch e l  e ’ , m i l s i s [  i l t g  ‘ ‘ I  .t c v h i l i d h d r  ‘ ‘ I  C I ;  t ’ ov’ k su m l ’ m ’ , , t i i t t l i - t I  b~’

.tn  in f l i t  I I  o’  h i m c l v  u m f  ( mm I f  s t i l t  l u - c  I c d l  I ~~‘ a I i ’ m -  - t i c ’  id p i’ i - s s t i  m c  P .  i ts

s liomu’n itt I - ’i~~t i i ” -  5 — 2 ( a ) .  ( ‘ I ’ l i c  11112 - i g m ’ o m m l h , , - l  i ’ - i t  I lie (313 u’tick ottO t h e

l i t  F I v ,as  ~t s s m l h l t c d l  ( m m  he’ idle ’mij it - a l  I ’ . ’ ( m m  F I u _ u  s Cit i ~) I -i I t ( l i e  ari a I i  si  S.

h t m l  I ’  t i i , i ( u ’ m ’i a l s  xv c ’ i ’ e’ i-m s s v i t n c - t I  t i m  k ’ l i i m w  (lie ‘ ) l u , I i t ’ — C t t i lottib v ic- id v’i ’itet’i oli .

sri ( Int l ( l ie  613 roc k had a p l a s t  xi t’ v ’t i ion ‘ -‘i I e ’nd i i tg  I t t  11 . at ic l  1 f t c  t i m  I I

ha i l  -i p 1ast iv’ l ’ t’~~~ j o l t  e x m et i c l i mi g I t ’  I i ,  i ts 1 i c i l y  5 — 2 (  h ” s f i t m o v s. l ay ’ l t

m a t e  t ’ i d  onu s I rca l u - I .S v - p .u t ’ it I v  l v ,  lv i I l l  I lie ’ ( t i l t  t ’  I t t u ,  - pi ’ v ’ S S t i  t i -  P he’ ili (t

t m t t h  l l t ’ t ’ , 5.  P xciii- loul m ldl In -  aix i t  0 t’ , i I  i t t  p t ’  ‘ v t  - t I  i t ’  itt xx ’li ( c l i  1’ was  ~mc l —

I I
,j u l s t d ’ d l  b~- i’ - t i n  I t  I t — i t u i t  i i  I In ’ C I t  ‘ ‘ i -k an d  u _ t I  I I d I i s p i a c - e’l~ldhi I 5 W v - t v -

d’(I iIit 1 01 1 he ( I t  I u - h ’  I - i t - .

I iy:oi i - s—: t  s l i t ic s .u p l t ~ ( o f  P i t - i ’ s ti s  P ‘ i  a weak amid  a s I  t’ ’t i s

l t u i  I .  l h v ’ s c  s t i ’c n g l h i  i i  i t i c s  ‘ ‘ I  tm l I I ~‘ i l l  I’ t ’p l ’ v ’sv ’t i ( l owei’ nuid

uipp d ’t ’ b t , u m t t c l s  fox’ I i i  F I i n  ( l I t ’  v i d ’ i l x i t  v i l  1 Ic ’ l ) i h t i n g  ( a t  I u t n t t e i s  ~tt ~ S.

( u c i t e s  a l t ’  d l l ’ .u t ’ , I i  I i ’  t a i n t s ,0 P u m m s s o t i ’ s t a t i ,, ii t l . 25 , 0 .35 . au d I  1) , 13 .

The’ an t o t ln  I of iitti ~~ i i  h ea l  i om l dcc ’ m ’e,~ ses appi’c ’c ’ i ,i b lv  W i t  Ii imic’ I ’ d - i s  I mig 1m m I I

~~l m ’ u - i t g I  Ii in’ i m i c ’ u ’ i ’ a s m o t g  l’ m , u s s o m i ’ i-i 1’,it in. I i c ’ a s umt i ~i b l e ’  v , t h x i u _’s u ’ l  P o i s s m ’m i ’ s

‘ t I  i u )  w o u l d  pt ’ u m l x u b l  V I m i  h i m - I  t t v 5 u ’h i  ii = 0. 25 , ~um’ i c h 1), 35, ‘l ’lti m s . ~t l  I’
~, e l lu i l t i

m m  1 . 0  k b , i i ’  ( 1 - 1 , 500 I i —  i m m ’ 100 ‘)ll ’~i , P ivoit  id e ’ u j u m a l  1 1 , 901) P si  (1 1)2  MPa~

lor  st i ’ u m t l g  l u f f  o o ’j t h i  V = 0.33 il l -m d  1,5 , 101) lt t . i ( 127 ~1l ’ a ’l For ic c- al - , ( m u l l

w i l l  I) = 0 . 2 3 ,  ‘ h I m -  asp i I I j c n t  j o l t  a t  Is  h t e t w u - t ’ t i  ~t i t , m i t 2 . 8  peu ’ u -~- mtt  .t nu l

27 p e i n ’ u ’ m t t  , w i l  It IS  p c i - u - m i t  b t m ’ (115 t i l t t i V u I , I t _ t \ a  l t ~~ .
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5 .2 .2 P i i ’ i l  ( i ’t c ’ t l  U l m m s m m m ’ , ’ 01 Si  x’Uc - N i I ” - - -

The e’last ic—plast IC t t uinl sis w a s  i m s v i d t o  c o l i l p ih i  C’ ( I i i ’ pi ’~~t h i i ’ 1 & i l

c l o s u r e  of  t h e  D i u i i m i g  ( a i ~ s t i ’ t t v ’ l t i l t ’ s , a n t I  t h e se I’v ’sm ml t s \i’Ci’C e’t m i t , l ) ~i i ’C ’i I

i v i th  t h e  expt .’ r i l i t e n t  s t lv ’s e ’ rl h i c c l  j u t  Sec I ion  5 . I . The ~t miu  1 i- s w  its

v ’ u s t l p l  e I ccl anti  i’ v .’ I Sm r (  ed it t  P rog res s  Let ( o r  N o .  2 (1~ir c l i  , I 9 75 )  bet o u t ’

( he y ’x l t v ’ i ’ l n t e u t l  s we’ i’’ - pci’ I n  t’~~t’il  . The l’ c - s t t i  I i s  repen t ccl C c l v i  i n

I ’ i 5 l I i ’ v ’ 5— -! . w h i c h  g i V e s  a p l t o  of  C t o t - ~i i 1 e  L I) II  V , ’ I t -  I S  v - : - , i  C t ’l t a l  ‘m i s s oli ’c

1-m t ot’ t i ll , [ O t i S  i t I I ’ ’  l ’ l ~~ l I I ‘I ’ ’ - ’- ii I C’S P • 1 V t  l i l t ’  P (1 i t t )  I i v  pon d s I o
o t

nit  tit i l [ h i d  I t un m ic ’ l , I ’  
- = 533 ~~~ (5 . 7 1 ‘-U’ ;i ) v’ ui u’l’e ~~i n i t i - l s’ t o  a I i n cx ’  i t - i t  hi
1

n - l i  = Sil , l’
~ 

= 1667 p : j  (U . S ill’ t t )  v ’O I ’ t ’ k ’ t-~l i o I S i S  t o  i-I i i t ~v i ’  w i t h  n~~li = 25 ,

O i l  P ~1~1~1~1 p s t~ (2 3  , I )  ~, 1Pii ) cn i ’ i ’~’s p o n t I s  t o  a 11 n c r  w i t h  a Ii 12 . 5 .

‘t h e  c ’ N l t v ’ i ’ i i t i v ’Ii t i t l t’ c’~~t t l  u_ s i x ’ ’- p l o l. ( oil 101’ I he  a i l l  S i l  I i l i t ’ I ’  ( ( C v ’  cl i ck

(‘iii ’ I l i t ’  i i  l I  25 I inc- i ’  ( t h e  c la rk  t t ’ i a n ’ - l c s  I 
* 

and  I n i  t h e

i- i /h  = 12 .,‘i I ( i t em ’  ( ( l i v ’  c l t t  i’k i—q i i , i t ’ t - s  ) , I - o m ’ I l i e -a bi = 25 I i  nv - I ’  a mtul  (he

a Ix 12 . 5 1 ih’t(’i’, t h e  ng  t ’ v i u : t i - n I  h et i v e’cix t h t v ’ t m i v n i l  m ’
~~ , j ’ ,  m ’ u i - ; v ’ t l f  is

so m m ’ ; i l ’ i ’ ~I h t 5 1y L t l i ) d l . l o x’ ( l i e  a hi SI )  l ine - i ’ , f l i t -  1 I t t - n v m l h x t l c ’ l - u s t  I i i ~ t t v ’5

I h€ ’ ~, i t i o I mn I o i c’ i n - — t i l t ’ . ‘I ’li I is at  u _ r i  l i n t  c l  I o I i  nei ’  I n i c k 11115 , w h i c h

v ’ t i t i s c ’ d  ( lie m l  v’i ’t ttt l ~~~~~~~~~~~~~~ 
I p p l i c d l  t o  t I t i ’  c a v i t y  x v n t  1 I t ~ he s i gn i f i c a n t  i v

l e s s  I han f b i ’  s i :ip l ’ - hoop i ci 0 va l u _ m e mu s e d  i n  t I l t -  v~~t I coil at i t m t l s  • I n

f ; m c ’ l , l f t u ’  a ‘I t  = SI )  d a t a  1011115  l i t ’  v u ’ i ’ v  close’ to t h e  th c , i x ’e ’t ( v i a l  e- i- t i ’ v u ’

f ox’ I’ 0 .
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s , :~ l I t ’s  ( g ii  \pp i’ u i a c l x  Ic im ’  \ ‘ic it I  ing St rue  t m i  I c ’ s

5 . 3 .  1 I l u ’ s  l i-l i  (~~ l n c v p i

‘I Ce’ I t i t s i e ’  d u - s  [ i - I t  v- u t l i c c p (  i t t  a ny  \ i e l d h i l t . St l ’ i I d ’ I l I t ’ v ’ itt m oc k is

[I  lu _ ms  I t o t e d  iii  1” (i-S i c’ 5 — S . ,‘ul  1 t 1 m m a t t t  i t  i t - s  a t e ’ chi ’a xo’tt h ’ ’  p r o p el ’  t ’e la t  i tc

s c a le  tot t h e  u -  ‘i- i l l ! )  1 , ’  of a st  i n c  I u _ l i e  dy ’S L g I i v ’ t l  i - u t i c b  I [t i t led i - u t  a I I . 5 — k b- a t ’

( So  iU~i - u )  l u t e 1  i t t  h i d i t l l l t i a l l i m i t ,  1-01 ’  s i m t t p i i c i l v  t h i t ’ o u _ m S h l t , I t ( l i v -  a n a i \ s i s .

t h e  load a m i d  l’c sp u l l i s i ’  a t e  it lc ’ ,u 1 j zo ’ tI  i t s  S\ I lU l tc ’ l u ’ i u ’  a i ’ouuich ( l ie  c v i  it i cl r j ei -l 1

u i - t v  i t  y .

‘l’Iie c’ I w - v ’ p t  c’ ‘I t s  u _ s t  s 0 F t i l t  i; in g  tI - m e ’  i ’ ’ w -h c u v  u _ I s  0 v’ 1 se- a

s m a l l  boi l  I [m d l v ’ . t l : I ’ ’ l i i i l  so t h a i  I lie ‘ t i - k  ~‘ i u I , l —  ( b t i ’ o u i g h i u t m i l  t ~~~~~ it’

7,d)nc ’ i n  u_ lie t’ ’ ,y - k , is s l l , m \ ’ , I t .  I i i  I I i , -  I b l cd i x ’ i . i - i t ’  ( c h i n s  is b i t - u  t ii o c ’ c u m l ’

.tcv ’ ,m I’Iliti g 1” t h u  ‘- l ’ h l ’ — ( , l l t bo lu i b  c m ’ i l e ’r i u u i , c l i a t ’ ac ’t ,  cizc ’c l  by i - I l l  t l m i c ’ o m i t i u i c d

c’on lpm ’c’ssi e ’ 5 ( 1 1 1 1 5 1 Ii  and  J 1 ’ i c l  i on  , t n ~~l v  - , \vi : t n i c  v i ~ ’l i I i t i g  i s  t l l , ’t t cd ,
ml

m I t t -  c a v i t y  t ’ a t h i i m s  l i i y ’ ’ l I v ’s s I i I i - u l l , - i ’  , l l i d h  ( f t c  P l i -u s t  i c  m ’ a c h i u i s  ( l a m ’ s -  I , i s l i u ’ t l

c i r c l e )  be ’comues i a m ’ i - c I ’ . ‘l’lie ’ l a l ’ c i ’  p la~~t (vi r , t c h i i i - ~ (tit p ll -s 1 I t l ’ sc r  l u t a d

1’ i i i  Ii n , ( h i e t ’ v st s u  i n  v . I \ i l i  p i ’e ’ s s im t ’ t ’ I ’ . ‘ I ’ I i t i s ,  [m i l l  a c h t , t t x t , u ’ - is
ci i

I t hc ’m i ‘‘1’ t hy ’  r i n k  S l l ’ e i l , l b i  so t h a t  a l i - m u s t ’  ]am , u u i  1’ c’ i - tl l by ’ su i s t  ,i imt c ’cl  I i ’ ,

a Il i t i C It s t l t Ll l l e ’ i ’  l i l t ’  I’  i’ i ’st  i’ ,t j h i l l t t t  h i t ’ u ’ 5 t ~ l I t ’ t -  P , I n  I I ,  c ’Xu i t l p lt ’ . t h u

I i , 5 kba i ’  ( 7 ,  2S ks [ d m u ’  SI) ~1P t  ‘I p i ’ v ’ s s u _ m i’e I’,, is su I s l ~t i mi e ch  b a l i m i e r  p r c ’s —

S i l l ’ ’ - of ot i l i  P - 
= 2 Cs i h i a !  l t  ‘0’, I I l L  l i i ,  e a t  u _ t v  I 0 e’ l’ s, ’  111 Ii a pe’l’ t’e l it

I-

The’ it i c ’i ’ u - u s u -  in  P , 
w i t h  ilt c ’I’ ~ - l s i I i 5  p li - ust I t’ u’a ili t t s is i ’ i - t s ( l v

v i sn , (  1 i z c ch  , Tb l ’ o l t g l l u ) m t  t I t i e  p l i s t  ic ’ li m I t ,  - 
, i-t m -md itt I-mitt’ 1 it’ll lam ’ al 1 lie

p 1i-t s m  it ’ i ’ , i i l j i i s .  t he’ u ’ a c h i a i  s t i ’ ’- ss  ‘ amid  l , l I t ’ ’ - I t t i t l  s l i ’ , -s s ’ , i i ’ c’ l i -
i’ 

-

l , u t c ’ c I  h ’, t l i c t  M o b i m ’ — (’ ’ i t i l ’ m u i b  ‘ ( u - I d  c ’ o m m d i t  j , m u i  — — N =
- i’ (I

= ( i  ~ s i t i  ~~)/ ( 1 — s i m m  ‘, ) .  - i t s ’ ’ , t o -  k n o s  Uni t l i t ’  ( t w i t  f lit ’ c~u i ,’ j I t ,

I htm - s l  i ’ t - s s  I i t  - I d  is h , ’ n u ’ ’ ~~m I l ’  - I m m i s  , = = I’ . s’’ I h a I — N- m ’ 0 1’ II

11111  h o  y m i l d  i m i g  ‘ m u - c i j i - —~. i s ( I n ’  t ’~ t t i t t is l p p i ’ o i c ’ l i c ’ t h . in I I t u -  y ’ i i - t s l  i v

Z’ m l t m  - , h m ’ - t’ t ’a’-~ i - i - ~ , I t , - ,  - t l t s m  ‘ it I l i t ’  t I  x i t  V 1)011 t td t i  u ’ ’ ,  - = P - 
‘ ‘ 1’ , o’,l i 1 lm -

1 0
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m t i c ’ l ’ i ’ i - t s , -s  I n t l  1 1  t i c ’ l u l t t t t  ‘5 5  L I I ’ S  i - I l  l I l y ’ p I~ I S l  m c  b u m u i l i u l a l ’ ’ ,  ~~ ‘ u i s . ’ m

g u ’ a h i l l  i n  l - t ~~ t i ’m ’ 5 _ 5 1 , I l t m s  I~~’ 1 1w’ c l a s s i t - t I  s i l i m a l  it ’ l l l o t ’  S t t ’ t ’ v s  t ’ ’ I t -

deli 1 ‘1  1 I tilt ii’ , ‘ii 11, 1 ,t l u ’  Ic ’

u_ ’ u t u i s m , l ,  I’  l l , ~ W ( b i t ’ s i t t I m l u ’ , ‘ .t i ~, m v i i l t  t i m  I m ’ i v ’t i o n ,  s , m  1 1 1 , 1 1  - =

i - i  h u h  I l i e ’  y m ,  - [ t I  c, ‘ m i t l  i I t u ’ I i  I 5 I I ll j i l  I I i ’ ’  I’ i ’ i ’Sy ,l e t ’ t i t l  t I I~ m u l  - 

r
‘I ’ l t t i s . I h t t ’ u m i i u i - h i , m n i  I I n ’ p l , t 5 I  I c  Z, ’I t c , 1 1 1 , 1  ,i I h ,  h i t m u t i i u l , , u t ’ i  , I I I , ’  1, t h l t i ,  I t  m l

S m  l~~~~ 5 S l ’ , ’ i i , l i t t S  , i i , I I 1 ’o ’ t l  i , t l i t , ’  - l l i ’i f u ’ l ’  I b l a n  I t , ’  i ’ i- m t l m i - i l S t u ’ , 55, i ’ , —

,i r I l u ’ s s  m l  ( h i t ’  ,I p l i l  m t ’ , I  l , , t , I I’  ( S t t  l , t u t  ,ts m l  i s  1 1 1 5 1 1  t ’ i t t ’ t H I ’

i i m ’ l i l m m i , i - t , I k ’ t ’ , t t s , - - 
- 

‘ I ’ - , - u ’ c’ , t S ’ - g  a f)  ‘I I, ’ i t t t m \ , ’ S  I , ,  l . t i ’ ~~u ’ t ’  u ’ , t , I t  m i n

I St  , ‘ i , i s I  1 ‘ ‘‘‘ ‘i C’ , 05, i - l t i  t m ’ S  0 t S ti, l I t ’ , -  I t a t  ,tit m I l t t ’ t ’ . t S y ’  i l l  I’  - h , , ’ t  I i
u ,

, t i t u l  1 1 , 1 1 ’  m I m i  I I - I ’ t ’ I i , c i l t c c e - , ls c i s  i-ti ’ u ’ ’ ’ i i t t i , ’ t l , u t , - , I  I t ’ , L I u c  l i l , t S l  It

b ) , m t l n , l , l m ’ \  s m i : i j ’ t i  l I l t mIt t - t m l i l  I , ’  .1 I , t  u - c u  i’ , i , I t t i g ,  I t t  l I t ’ I i i  ‘ ‘ i t  t Ilt ‘ i l

‘ , I S c , i i i  l I t  m m c l  t om i , I I t , ’  I l l ,  l t - ,t ~~, -, I  l , m , t , b  I s  , ‘ \ u ’I t l t l , ’ l ’ , 0 , 1 5 1  i i  , i , u ’ ’ I , I t i , ’ i l , i t & - , I

I t u ’ y ’ ,i t t u - ; t ’  t h u - i N 3’ 1 t u i t i  lie t I t t ’ o t , i h m l t ’  SI  - ‘‘si- ; I t t  t ’ I ’ - U ( c - ‘ , t l  v i ,  t t f

I s , ,  t i l ,  t ’ u ’ , u s u ’ s  is  I’  m u l , i - t n ,  i-i ,

5 .3 .5  I m , - s m i i i  t ’ l u , i i ’ i  ,, i ’ I m , - l t f i i i  S l i ’ u i c ’ l u t - m - s

‘ ‘ I t  i l l , ’ i s , - , ’  i n ~~ , I i s t ’ t i ~~s t t ’t t  u’ , -  st - m ’  l b t , , t  i i ,  f m ’ , - , ’ ‘ S i t

t h e ’ s  o u i  p, t m ’ , t I t i m  I t - I ’S i t t ’  ,I  i l ’ -  I I  L I l t  5 ( 1 1 1 c 1  t r y ’  .1 I t ’ S, I m ,o ,l I f l -~ p h ’ , ~~St , l ’ m

I ’ . I l i ,  S I  i ’ l t i  l i i i ’ , ’ i , ’ s I s I  I l l S  l i t ’ i ’ s s I I t ’ t ’  I ’ - 1 11 ,1  I f , -  m - , i i  m e  c I , , s t t r , - I I ,

b - t , I ’  i l l , , l ’ ’ ‘, m ’ I I , ’ t ’ , I  1 , l s V I i t I I l c ’ l  t i c  l~ ’ , i t I  i i i:, I i , - - _ t -  l i t ’  ,t  I l  m i l l e t  i t ’ i I s  c i  I I I  1

, m i ’ t m t i i t t l I i ,  S t  l i l y  h i t i ’ - , ‘ F f t t ’  t ’ , ’ l , t  I I t ’ l l ’ I ;  I I ”  , t l t i o m i c  I’ , I’ , 1 1 1 , 1  9

u - ’ ’ t m v m ’ m m m m - l l t  b t I i s p l ~t v m ’ mI  m O m , m , I e ’~~m~~i t  c h I l l  m l  I’ t ’ rst i s y , l O  i i ’

O i l  ( hi  h , ’ , i t l u h l t l  m m ’ m ’ s s t u t ’ , -  I ’  is  ,t f t i t i ’ u i u ’ t t ’ I , I - m t ~i i i ’ 5 — i ,  i~~~~ 5 l i t  , ‘, t l ; t p l u ’

c h i l l  I t , m ’  D l  - ‘ ‘ - I i -  s t i t m i  I i u t l  ( a  t t m ’ - l c i ’ , i l c h i  s i  ‘w i l  i ’ d , ,  l ’* i l m , - l , - u l

m h i i ,i c l m ’ t m c l , s  b i , t t u ’  s I  t ’ ’ - n - - t I i s  u ’ , ’ i i s t , I , ’ i ’ , , I i l v l I t  l t , ’ l ’  t b l . I I t  l I t  i t t t , - oi m F t i l ,

t t ’ i t t j i l ’ ~ t _ 1~ I ii - S I  ‘ m i i i ’  I I I  ‘ ‘ I  I t ’ l l  I ~ 15 I - ,  
1 ,  ‘i l l ’  i t I  h b i t - I  l ’ ’’t  I~ u— j u l  i i  —

t , nvi- , s o t - h i  iS i ’ m u I I I h - i  1 1 1 1 i i i  I ‘; . , t ’ m , - 5 1 1 , - m I t  I i  i ,  I’ , I S u ,  I f i ,

- I 1 , -c I t i m ’  ~- , I i’ s I t I I I 4  I , ‘  I I t  I I t  ‘i’, I’ I’,i m i i i ’  -

-
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FIGURE 8-6 DESIGN CHART FOR YIELDING STRUCTURES

Shows u ~~ I i t  i t s  t i - f l I p s  a m o ng  ‘001 st al pa r i tm et s r  t
( , t p p f i ed load ) , 

~ 
( h it s, m esi s t i n g  i I , ’i-i i t I , ’ l , ,t ncl

‘1 h i I) I i tI ck Cj v t l  V c lo sulrol ,  F s ii ’ ‘P r , ’ is tom
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j ’, ’ i t i l s i - t l t r m i g  c ’ i - l d ’ I i  ti ! t h e  c ’ u u i s l a t i l — l o a d  ( ‘ i t l ’ vc ’ i’t i ’ i ’p l ’ ( s t ’ l l t  t h v~~ i~~t t t

um p (  1, ’ I l s  l i , I ’  ( l i v -  ~~i vc t t  l i m i - u c l .  I - t i m ’  cxamitp lt’ . t l u c y ’ t t p t  i t m t o s  ~i 
, II . , i t t i l  (‘

1 1 1

i -ui - c’ i t i ub 1, -i I cd l u mt i  I l ie I’ 1 .  1) l i -ba t ’  Itma i l t’ux .o- c’. ‘I’hie’si’ I h u e - u -  p i i i  t u t  s

u h c’hlions I x’a Ii’ I lie ni ’ ’i-u I t’ v ’iht i u ’ I i nIt in I’ t’ , 1 m i i t’c t l  sI  m o e  I m i t t ’  p l ’ t ’ s s t i i ’ c P ( i iiuc’i ~
St ru ns (Ii) 11 1.11 can ic a e l i j ’ - i i ’ t h  s O h l y ’ h i  m i todv ’s I  a t i t c m u n l s  ‘‘I cavity cl -oil ’ ,’

t i ,  ,t (lotted Fot’. I’uij, ti t ~\ ~ hi mmws I hi-u t I lie’ S l x ’ u c ’ I u i m ’ e’ 1111151 b ui - uv c ’  a S I  I ’ , t igI Ii

of P = 51111(1 P S i  - ( 3 1 . 5  ~,tI ’ iI~ 10 Ct-v- p i - I )  1) is s i l t - a l l  ,us 1 pe’m’ vm ’mt( . \‘,Ii e’Ii

a L’lt ’SlIcc i-’ l) P -< 2 . 1  pe ’m’ccm i t  is a l l m ’ o o c d . Out ’ I’ u - t I l i l t ’ e’dl 5(i’c llS(hi dll ’ vIis I ’’

P = 51 1 (111 p s u _  ( 13. 5 ~t l ’ , l )  ( p o i nt  Ii ~~~. it  pi l i h t l 

~
‘
1 ’ :1 1 1) = 3 . 5 p e ’r c c h I t

i - i m~~h P 10(1( 1 P s i  ( 6 .  5f 1 i - l I St  ~, Eli I,lc I , i- st (lie’ P = 1 . 11 kb-at’  1u ~i-sd . ( l i e
1 1)

1 i i i c ’x ’  S t  l o c h m i t t ’ imi  t bie ’mt ’y c ,,iii,I f l u ’  c , - i : t ’ m v t ’ c l  a l t  i ’S t -i h e r  111t h  1 l i t ’  c l , , s m i r c

won Id in c ’ m ’ c ’ t s u ’  ‘‘liii I t ,  S pc ’i ’ c, - i l l  ( i x I I I  (5  I’ d lil t i t t  - I V  51 t ’ t m l l i , i , i t  ‘ 1k  .

I f ,  t i m - i ’  - c . .11 1’ = 1. 5 kb i - l  i’ ( I S O  ~.h1~a a l l  O i l - m i ( I i i  t I  I unite’ 1 soon 1 cI c i ’  s i  - t i  m i’ u’
it

I h al t  2 ( 1  p u - m ’c - v ’ m i t

I I  is  c it ’d S I I n t l  st 1 , - u - I  i i m m i  u ,  I .i l v ’ s  I I I  i m p t  i , m m i  c o l ts  i s  I t ‘ I

c i ’ m - .u l  imi . I I I  , t p p m ’ ’p r i i - u l e ’  l i i  i i - u m i v c l~ I wcctl  51 i ’ l l d l I u i ’ c SI I’ t ’ l i ’ i L  Ii i - in t l  load

I I’ , l l tS I t - I ’  t o  ( lie t t a I  i t ,  ‘ ‘i t , s t l ’ , ’ l i 3 I h t . I I  r i o t  y ’t i , ’ ’j vi - l i  y ’ a \ j l \  t - 1 , , s t u u - , is

a1  ( ‘‘i t o- i l .  1 hcu i  i - t i  I i t  t i c ’  ‘ I  t h t t -  m c i - l i -  s I  r i - t n t  I l l  c i p I h i  l I l t  1 5  115t h , t m i d

i I i , -  s t  c u t - I u _ U t  1115151 l,~ i t ’ m m ’ iI [11,5 Ic ’ l v  Si l’ t’l\i -i ( I - m i n t s  neat’ I . Out t I n  -

O l l l t ’ t ’  h u n c h . ( I  I h i t ’  sI  i ’ t i t - l  S I c  IS lhi ,l,lc ‘1’ wi ’ , t I c . I l t c m i  t - i- u v i l  V c l , m S i i l ’ c l ’ c c m ’ I t i u - s

l I l t ’  t ’ ’ j m t ~u h l t  t I l e’ , I h i t l  l l t i ’ i ’ v ’ [S i t , )  t t i , I t ’ i , i - i~~ . t ’ i i - t i I i S t  h i i t i - l l e ’ t ’  1ui ~i c l s  I , ’ i t i t 5

11 ,0’ . l i t ’s  i gt i s  l i m ’ , I I ’  p i m i h i l  H ut ’ v ’ t ,, il ,tti c ’cd u l ’ s i llS l,,c ,i  1. l i — h h u i - i m’ l i i i .

I ’ ’ i t I  s f t  - l b  - I I  - , L t t t I I t  s l i m , w  I I ’ ’ -  1’ -s p l I s t ’  i l l  1 h i m  I t
11 . 5  1 1 .5  5 1

l u - s L u t  II l,’o’:cu’ i - t t i d  I i i -  I i , ’ l ’  [ ‘ ‘ i l  l I l t t s .  I h i c  t h i ’ s i g m m  i s  I’ t , I S ’ ’ I i . I b i l i  , , , I I — c c —

t i - i  I I ye m t i  I h i , t  I .i I I . 5 I, i , , , i ’  ( iSo 1I~i-t I I t ’  c’ I t~~5 1I  I”  ~~ P~’~’~ u - n t  , t t - f t  1 ’  f t

t o , , i i l u l  C u -  .u ’ c m - p ( ~ t h l m ’  I i  t h e  i t - s I  ‘ ‘ I  I l l , ’  s l m ’ t i , t s , ’ , i s  i l t - s I s S I ,  m l  .1 i t ’ ’ i ’ ’ 1 1 1 : 1 ’, .

\ t  2 . 0 l c l m , i t ’ i b i m -  i l t , s i i r ’ m -  i s  12 11, - l u - u ’  n I  1 1 1 , 1  io ’o l , I  pt’ t ’hi , t I ~ ly  1 i’ i i,’~ ,’ I’

S I ’ m l t s  , I ,u i i i , i s e ’  I i ’ , I I , - S  11 ,11  c m m I I S  ~ i I ’  i ’ m ’ d I  hu t ’ ’ - . ~t i c I t  . 1 5  CocCi lil t  I ’m’ l.i I I l L ’ ’ ,

i i t t  I t - S l o t ’  tnt mil I I  i np , s -

ir I

—,, 0 
— ~~ i - c -~~o i -~~~~ —. ~~~~~~~
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In  1 lie I ol l o w l t t g  pzi r i- s g r t ip h i s  iv y ’ w i l l  fol i m m w  t h iu’ ,r ui pl i III ~5 t I , ’ s  ip t i

SC ’  b c’ u ’ (  u _ O t t l) l ’~ m t ’ c ’ s s  Fo x ’ ( l i v ’  i-ipc ’t’ i l i t ’ exal ilpic ’ o F  11 -me ’ Cii i l l  — Ill) St i ’u i t ’ I l i i ’ , - .
‘,~

1” l i s t  . set’ w I l l  dv ’i-n’ribc ’ De ’t tc ’l ’a 1 i- ic ’l c l  it i 5’ s I  t ’tl C 1 i m t ’ c’ t i l l , ’ , - p 1  s anti  I l ie ’

spec’ i I Ic a p p r u > i i c l t  i’  I I l I t ’  bo l  ii  t — u p  dlt’S ig’tx ih t dl hote i t  C’’ api, i , i t ’ l l  l i-i ‘‘ 1 lic e

Cc’s igmi s  ( m u  a t o t a l  i ’ u ’ s y ’ i - t u’c ’Ii ~~‘og r aml l .  ‘b hi et ’m sve i v i l l  SI l e iw  \ ‘ a t ’ i , i m l s  ‘‘li t i l i t t 5

u _ I t  it i od e i ’ al c ’lv  i - i ( t ’ t l m i g  I ’ t , y ’ k.  w h i l e ’  s i i p v ’ i ’ l l a t ’ c I  ~ t i mc ’ I 1 I l ’ t ’ S  l i e  111051 l , t t  l i u ’ a h l u

i-ma cI I u _ n a i l ’ , -  hi t - mw I l - m u ’  u lc ’s i gn s  c an  Cc t c ’ s ( i ’ o h  i l l  t h e ’  i - c a l -i - e l ’  t i l l I i ’ , , t h i - a t  N ’I ’ i-l .

5 . -I I h i i l t — l .’ p S t  i ’ i u y ’ t m l m ’ c’ (‘ot ic ’ep( i - t n d  D u ’ i - z i g m x  OpI  i t ’ I l S

1 ( e ’tu c ’t ’a 1 \ ‘ield  [m ii i  St  L i m e S  l I r e ’  Dv’s i g m x s

,bi v i , i t i i t l , t t l , I t  i 1” t  I l l  .L l i l l v ’ t l — t u n l x e ’ l 5 5  i ’ S l c ’ t t i i ’ c t t ’  c , i V i t  i c losnx ’e ’

t i - s n liv ’ _ o v ’ c i ’r t p l  ( s h y - i l  by l iv , ,  h i , u S  i t ’  I t i i ’ l I i t l t l s .  Eu  b - m u - i ’  l i i ,  1 ( 1 - m v - i ’  i t  s, ’l  I y - , I n

Ct’ ihv ’s iSllu’dI I , ,  I u 1 l c ~ v t h e  1a rv ~ ’ p 1-1st is b I t m i l l i  S t r i l i l i s  ‘ ‘ I  s e i ’ ’ i ’u l  P c ’u ’c ’t ’ l t t

v ’ I i  m s u i  i’e . o i ’ i -u c u l l  sl I a  I i i ,  - li -t v’ kpi-uek l I l t na 1 c m ’  Li 1 col t Ii , p Ia ~ -~ il  Ct ’ I s c ’ , - mi 111t-

h, t h u - I ’  ,ui’ l t l  1 tie ’ c i t  i t  V ‘ ‘pe ’m i  i t t — .  1~~i i s i ’ l i - u  I i ’  I lie ’ l i t i ,  - i ’ . ~\ 1 1 ( lie ’ s u l p t ’ i ’ I i i - u i ’ t I

V t e l d h i h i 5  S I I ’ i l C t I I l ’ t i t  I t ’s i t , tt s ii ,s i ’  i - i l  l i i i’ d l i ’  h i t i l l i  m ’ I  I Il esy ’ I :Ii’l bi o d s ill

i-a r i ‘ I i  S (‘0511) i h a l  (o t i s ,

‘I ’h ie ’ t ” ’ I . t p i s i lc  i h i l , ’ i - ’iI ’. l l  t i l t , ’ x ’  15 1 pi’oitiisit ig v ’ t~ ut ed I it (Ito h

i - i ds ’ , , i : i I ; l O , I , l t i - s  t’ I O S I t i ’ i by t h i  i’ c’c’ l I i m i e ’ t ’  h oop i - i l  x ’J I t i .  b ’ I l i s  ( otic ’v ’p l I u , i s L i i ’

ac hc h m, I l o I l a  1 1 , 0 0 1  i , ,, I i , - ~~ l ’,g  i t i , l l l e ’  u p  ‘ 1 a i ’ l ’ l t i p ’  ‘ s i l t  o l  at t  ilul ,_ ‘ r i m ’ i ’  s l u - v - i

t i t u c r  in  1 1 1 1 , - c l  c o i i l , l d l  w i t  hi ~t m i  ‘ - v I ’ - t ’ i u ’ t ’  I’  ~h t F, ’ i ’ i - u ’ i I i , ’ l I d ’ t ’ t I v ’  l a t c i ’ .

I ) i i i ’ i m t g  e ’ i u , s i i i ’ u - . I l i e ’  i h i l v ’ I ’ j t m t ’  ~~1 ’ ‘ ‘ 1  l i t ’w ’ t’  j t ’ l i l s ~i t s d I  l o t  i i l , - s  e’~1tt I 1i u ’ C S s i t 1 m i

i - lt t i - l i itii - 1 I I t t-  t ’ t m mit ’ u ’ t ’ t m ’  . ( I n ’s , ’  Cv i l I u ’ i ’ ) ’as u _ n g  ( b i t -  , ‘ ‘ I t i l ’ , ’ t  i ’  s I i ’e’ ti~ t l h i  l) t -  i- i x ’ t m i v -

‘ ‘ I  ( I n ’  b i g ht i u i i ’ - i ’ u i , i I  I i ’ j t ’ I j ’ m m i  h \ p i c ’ . ii  m l  c ’mic I ’ c ’ I , -  I , i , I I c ’ l ’ i a I s .  ‘l ’bic ’ s ( t ’ u ’ l

_ i ll i l v’,,Ilc ‘c’ h e ’  I ) ,  I l l  I , ,  1 I ‘ ‘is’ I I t ,  - Set e’ Ia 1 I t t ’  I t  t n  I c ’ I t  S l U t ’  ‘ 0  I I h i ’  t a t  i I i

I I t  ‘ - ‘ i t t I ’  li - i t t’ ’ - p 1.1st I c’ I 1, 0 5 ’ ,- ii I lie’ 11001) ul  1 I’~ ‘ - I m u m h i .  I I ,  — i ’ l l  1 1 ’ l ,  L os  a l v ’

pi’(’t- e’l lt ( I t ,  1 1 , 1 1 ( t m - i ’ , I h m i ti s l u ’ e t  ~ l i ’ I I  1 1 , 1 , 1  I ) t i c l , l m i l t t  i InI ’ i t lg pI ts! 0’

I ‘ ‘tv . i - H i l l  ‘ ,  I it’ e’ v ’ ’lll I I i , ’  c ’’ti d ’i ’ m - I  t ’ I r ’ t t t  t t i c S  111 5 . 11  b , i r t t t ’  ht m l) SI 1 , 1  i l l S .

b i u ’ ’ I h i , - i ’  I’ l ’ ’ ’ l l l , ’ I i i  ts ItiotI l i l I t I t i -  , m ( u ’ t ’ m t l ’ ’ l I t ,S os j, Il i i ui I l t ’ -  s l m ’ u i c  I sis’ ’ - . u l ~~ , m t o ’

L ~
, 
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, i y ’ v ’ t ’ i t i i t i , , i I i - L I e’ to t h e  d h u i - t l t i m - l v ’ u ’  c ’ h i i . u l iDe  1) 1 c i - l V  i t t  5 1 , 1 5 0 1 ’ s ,  ‘I ’l i i s  p t ’ m m h ie ’III 1 5

Lsy ’c’d l  ( mu sm lbt i lar  111, 1-i . l o t ’  c ’x a mII p it ’  . btt l itt S t I C t I i a I ’j l l c ’ S  I he’ 11111 1 st  n u l l S

,i l’ y ’ s s ’j l h u i n  t b - m e  s l , i s t  ic 1 i l t i j l  so t h a t  cb i am t i e t e ’ i ’  e l l a t i Ct ’s  l I e ’  i m h i i V  0 Ic ’s ’,

I c m x l  h is  o 1 .1 pel’t’e’hi I

N t ’ i e ’ l ’I b i e ’ i CS S .  I hue v’ ,~ l C l i o 5 i li ’  it i t eg t ’ i i l i i t i e ’ i ’  i S a pl ’ t m h i l i s i l l i

c o n c ep t  h t ’ i ’a m l s v i  it mt se s  im ie ’xpv ’ I u s  i t - c ’  e l m S t i d e  1 i m t t l  I t t , l  I ( ‘ e L i - m i t - i  x l i  O u t  e ’ I I x c  I u ’ m i t

w i - u t .  ‘r Ite c dr i u e e p t  cam i be ex t v ’m i d l e t l  t o  c a v i t y  v ’ l i ’ smt i ’c ’ s C c i  u ’ n u I  1 lie ’ m i l t ’ t t i - i l i l v

i i o t l l )  si 1st in l il t - mit lit ou sim ig i t  i t t  c’ ’ot tI mid i m I n  w i t  I t a b ackp ac l i -  u _ l u — i -  L I v e r .

~\ Ilt ’ t I l t ’ c  cm ) lic t - I )l t h a t  at’cotttlllt dlalm’S clii’y ’e t ii’ (m m i Cc’ t ’i - t y ll V

e’ l o sm u m ’c is ( bie’ e- l uI i l liii - ulit I [ne t’ . E m i  ( h i t - i  v ’ , l i l ( ’ l ’ p l  I b~e y ’ , m i l I  ititl tuis v ’ ’ ’ I t i— t l’(ld

I ion of t hy ’ t ’ tmhl i pos [iv’ j t i 1 C ’~~l ’ i - u l  u-i l r t t c t u i ’ t -  15 i ’ t ’p l i - i t ’ I ’ u I  1~~o I i ’ , mt i i  - 1 1,’ ,~

c im’ c ’ un t t e’ i ’c’ m il [i-L i S e t t I I l c ’ l i t S  s y i l l i  e ’i t lp l i i i t i t p 1 5 1  o t t — I  o p t ’  c , m l u i i e t ’ l i ouis h c ’ I t i - c m ’ S

S e t t I t i e l i t s  t h a t  , l c e o i t i l t l t ’ t I , t t c  t h e  h i u i i i p  d i sp l i - u v ’ u - e t t ’ i l l  s .  ‘b’ I i i s  v ’ ’ ’nc e -p t  v ’ i l ’ c mi in —

\ c ’ I i t S  p r o h i l e i t t s  ‘ ‘I  I ) t ~~~~ to — f l o W  l , u o ’ h , l il lS ,~~ I t I l e ’  i m i l c ’ u ’ l , ’ I ’  s l y - i - i  l i l i v ’I’ .

l l i ,we i’ c’x ’ . t he’ cottip i i an t  t i i i ’ c l t , l I Lj S t l l  S i - li  b i  lid ii~~ . p a l l  I c i i  J i l t • l t I t  c ’I l I i c e  1 t i ’ I i S

w i t h  ad Liv ’ m ’ I t l  sec’ l t o l l S  m i t ’  a t  c’t i d h  e l o sm t m’c’ s .  l I s t ’ . ( l i e  , i l : t t ’ i l l u t  o f  r a t l u _ , i l

p t ’c’ss l i u ’ u ’  1 ha I E l i , ’  i ‘ ‘i t ip i  i : i l i t sI te ’ 1 1 t S t l t  1 L’ i - u l t siii i t  I , ’  u _ h i , -  S i I t ’i ’ u i t i t t d h  1 I t t i -  i i - t v ’ i l i t i t t i

iS  I i tuu i I c- t I l i t  ( l i t ’ c l ’ u _ msII i mi ii s l i t  ‘ mi ~~t It 01 l l m  ‘ ‘ 1 . 1 1 e’ 1’ i l  1 ill I I , ’  p i s  ( ‘ ‘ m i .  1- t t l ’

c s ,n :i p l ’  , i t t  ,t C-  i n c h  ( 1 5 . 5  eni~~— I  I i i ,  I .  u_’othl p l Lim i t  I il -mu’ ” 00 L l I t  6 — u i -  I t  ( 1 5 . 2  cm)

Ihi t ’k p i s t ’ ’t i s  I i l l m ’ , I  1 1 t h  1 (1110 psi ( l l t . S f (  ‘,l l ’ , i I  e c l 1 i ~ I , u t ’  t i ’ I t e I ’ c t m  . ( l i e

h i ’ ”  ‘p ( l i e u _ m s  I i~ t ’ m i  h F = ( t ( i i I I I  1 C 
- 

I u t .  ( 1 • (15 s I ( (
( 

~ i ,  m m  I i - l . \  u ,ii hu’1l5 I C

e t m l t i } ) . i l ’ v ’ t I  o v i t l t  a l m , , i i t  5 111 .10 01 l h i / ( t i .  (IS .s x I~~
1 

N 
‘
lx ’ I , m c  a i t — i n c h  ( 1 5 . 2  eI: i~

( h i c k  m i m l t i p m l s ( t m ’  i t i l t I t l ’ , I i  l t n , - c ,  l ’ s  a S — F l  ( 1 . S 2  m~ i u t l u ’ m ’ f , i u - e d I Li-iltlc’Ii ’ L’

Ihe se ’  l r , t I l 5 i i - I l c ’  I ’ ’  l i t l , - r — I ; l m - , h i u i t u t  i ! v , -r  1 , 1 , - c ~~t’ m ’ 5 S t i l ’ m ’ S  ‘ 1 P .  = ¶ 1 . 1(0 30 =

:-on lii 
~~s i (211 , 7 ‘-3 ’ , i  I I mi t’ I l l ’ ’  v ’ , l t t t ; sm s  i I e t n I t ’g i ’ a I l i t - m e ’ ) ’  ,, n h  oti l v 2 ,01  l ’~

(‘ox’ t h e  Cm ’t lh U il j u l 0 1  i i  dIm ’i ’

‘ ( l i i ’  b~m i  1 1 — i t t )  51 m ’ i t i ’ l u i i ’ e ’  is  I’,i’ im p , l s i - i I  b l c ’ m ’ , -  . ls  . lt i  i - L 1 ( ’ ’ I ’ I l . i I  i t t ’

t ’~~) t t I m ’ p t  l o m  i ’ i t ’ u ’ i u t t i y t ’ t t t possib l e’  h m i c k i  l i i i -  o f  I h i m  i h t l i ’ t ’ i , m l ’ S i ’  u - i  l j t u , ’ m ’ ,

w h m i  Ic i - u t  I h i m ’  Si-Otic I Li-c  g c c ’ i -t l I s  l’ u ’ d t i c i l l o ’  I l i e  t h ! i - i i i u t ’ h - r ’ c l l . I l I t t c  I , ,  SV I1I ( ’ I l

I b i t ’  l ti i ’uiii I I li lt i t  I ( he’ SI t’llC 101’ ’’ (‘,m li I m i t  1 5 I l ilISt i- lc ’ d ’OitItIlm ’dh Lt 1 , -

I SC

- - -
________________________________________ - 



- -‘~~‘ -

5 . 1. 2  B u i l t — I  h I S t t ’ u c - I m i i ’ c ’  I L - s i g n

‘l’hie hut  i it —HI) SI null ’ I U I ’ ~ - st ui miul s a I I lie ‘ i t  i i ,  S u - x u _  ‘e lIte ~ m i ( l ie

s p m ’ v ’ I  l i l a  u m l  v i ~ ’ l t I i t u g  s t r m i c l m t i ’ v ’ dl e s i : i l i t - i . I t t  t h i s  i l y t s i ’ ,,i- n a l l  i b i c ’  p l . iu - - i iv ’
d c ’  I c t encu l i d O l  , i SS i y ’ i~~le’cI wi(ll e~ u V i t  V i’ l ,mSI ,lI’ u ’  i s  iakc ’t i  511) LIt t b ic ’  y i ’ u i S h l i - ( l ) l u

I i , i  511,0 illS l o v e r  suj  u _ h a l  t h e -  i t t i i ’ l ’ L v t t ’  s t v - , - L  l i i i ’  1’ ‘ u i i , l ( l t i -i- v - 1 a s ’~ic .

H u ’ c - i - u t t s e ’  I lie’ mi - l~u s l  it’ u t i m ’ d l I l i l S  i m f  ~~t v t e l  u _ s  i-St (u i- ui- i O t t ’  i’i’ ulc’ l’s mit ntagnitucle

Ii ( ti - Il u ‘i’ tI - mi - lIt l iv ’ p l u s  I ic mi to chr ,t (u s  . h u_ ic ’k l  i t t i - .  I f u n  sal t  he’ pi’t’’~v ’u l I C I I  hi’ i-i
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l i - i ’ -- I i , i i i ’ u ’  I S  s i l L l p l t b i g -t i i ’e ’  S— C s o i ( b u  I I - mm ’ : -o ’ m 1 u i a l u l  i t j , i -  , i t h i h m  1 ,ls t i - t m ’ j i - i I O ’’s
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t h i e ’u i  3 1 i t t i v ’s  b I te ’ c ’ a v i L v  c l n s u t ’ v ’s g ii-’c ’t ’m on t h i s  hot  t oni coou’d ini -t u t . Linc ’x ’

I C  j y ’ l i - l l t ’ S s — i t m - ’ t ’ L l d I j u i S  r a t i o s  a m ’ e m’e l a l v ’ i I  t m ’  P Cv II ‘Ii p /~ - t e i t h i  t h i s
L I ii

w o c l i - in g  st  i’ v’ss o f t h e  s t y - u - i  I , t h t ’n  i - I S  10 . 1(0 0 P~~ 
( 276 MI ’ i -u~~. ,-‘t l l

t h u - s i ’  t i i i l l i h c ’ i ’ S  s t i l l  v’ lxi -t l ige  ~ 1 l u - h i  I I t  wl ie ’ti i-sc (u i - s i n i - a l t ’ s  (a  1 pc ‘p i t i e s  are

u m s e c h  , b mmt  i h i e s u ’  m o u n d  l l m t I u i h e i ’ s  i -I i ’ v’ 150 1 is I he ’ i a  l I m e s .

lIe st - i ’  I t ’ ’ i t t  p u m i n t S  - ‘u , B . F’ , 1) it s  I lie F (g I l l ’ s ( I t - a t  . W i  ( I t  a b ae ’kp ac ’ki t t i i -

v ’i ’ l l s l t i ng s t r e s s  i m i  2 1 1 ( 1( 1  h S ~ ( 13 .s  M1 ’ ,I  ) . l u i i - i d l  p l ’ , - s s u i i ’ y ’s P di i ) t u m  a bou t

1.5 kha i’  ( 150 MI~i-i~ s i - i t t he s S i s I i - i i f l t ’ i l . ‘l’hiC se L i l t  ~ti I C c  t ’ a m l L t c Of i n te re s t

l t m x ’ su ipc ’i ’ Iiard  st i’uIe’ture’s. Sci-tu. P = 1. 5 1-ibi-s u ’ ( i so  SPa . .
‘,\ ‘ V = 1 —

1 — ( 1 . 1 = 0 . 19 . ‘l I t ,  ‘Sc i - t i e  x ’ e’a ,s i t i - x  C t m  v i - x l m i e s  amid t i - t n be i’ec hu _ uc e c l

i i  , h i - s i i ’ e ’ i b  h~ 5 1 5 1 1 - m t - i -  v ’ i ’l l s l i i -t b l e ’  1110 1 t r i a l s  w i l  hi a I i - t i ’ u- v ’ i ’ e’i ’ llShiillui - 51 mi - s i m m .

,~~1l i I : u i t t l m t I i  I i , m n e ’ i , - , m u t i h i .  I ’ l l ’  exi -mlisp IC , i tt i l  v - luS t s  7( 1 p t - x ’ y ’ v ’ i t t  ‘ ‘ I  i t S  t) L ’ iu - i l t i - l l

t h h i u -Ii - ll m ’SS . t ’ ;it h m I h x i s  m l i l x t v ’ I ’i a l . t h e ’  a b i t ’ o m  t o l u l i l l e  I i~~u i ’ 1  i ’ i l l S  v - , i n i t h  lie

t’eclll cedl t o  1 . 1 1  i-u 1. 5 khi -u’  (13( 1 Ml ’ s )  , t mx c l  I I . ( 10 a t  1. 0 l i - ha m ’  ( i o o  5151),

‘Ehtis tlt i-ule’rt,u l is iei’y u t - i - l t u ’ I S S( v e , “ I  ( ‘ O O l l ’ Se , Ciii, when  v - o i i s i i l s i ’ , - t h  S m ’ —

~ v ’ l h i e ’ c w i t b u  , ‘x, - , i t , i t (,m m i i - i t i c h  l m ’ a n s l m m l l ’ t i - t t i , t i i  v ’ ’ m S ( S .  e x o t i c  m i x a t m - c i , 1 1 5  ‘ m l

( hi is t o  pe a I t  tv , m u ’ t  hi t ’x p l n l ’  i lnt I ‘ m t  t u ’mi  l v  s x i p e m ’ l l i - t i ’ d . m c ’  1 i , t b l v ’  51 IS l e  I L l x ’ t S .

‘l I l y ’ s I m u ’ h  l i I u m ’ I ’ .11 P 5 1 1 1 1 ( 1  p s i  ( 13. S SI’ i )  b i . t s  a t I i i c h i - l l i ’ S s —

( o — r i - i t h i m t s  l’Ll l ( ‘ 1  o l  (1 .1 15 ‘tI a I — I t  ( 1 . 22 n i l  dI m , l l t i e t e m ’  i t s  l h i i c k l u v ’ s s  is

1 lieu’ s- I ’ mm . v ’ 1. 2 i t i t ’hy ’s  ( s . 1 5  cn i~ , , L I i , , S l  I 1W i cc  1 lit I o f  a y- t1l ti INl i ’ahle ’ l j t - m~~t ’

in ,i 1- i l t i p l m s i t i ’  i t i t e t i - t ’i - l I  i h i - u - i - i t i - i I  I , m r  t h e ’  S , i l t t t - l m m . t u l P . l I l y -  i l l ,  l e , i s , - u I

u - m m ~s t ,, 1 l u , -  I C i c ’k c ’m’  I i l i l t ’ i’,’ i t i l i t h  h I m  - , , l i - p m  - 1 1 5 , 1  l m - t I  hi’ (h - me’ ‘- 1 i lIl 1 11,1 1 I ‘ ‘ I l  o I

I hi t ’  li etwm ’I’ k o l  t ’ ’ ’ i I ( t ’ , ’ t t ’  l’ m ’ i l i l l ’ I ’ c ’ ( 1 1 5  hi-m rs . c’ I , m s y - l t  sp,sc ’ c’th I l I t ,  1’ , i l t t ’ l t , ’ I ’ i l i t t

Ii, ill s . , t n t l  I C c’  , - ,  op I i - m I i t t  l m  - 1 1 1 , 1  1 1 1 1 0 1 1 1 - m t I t i l t  I ’  I c m li  I cmi i s  t ’u. ’ t h i l  i t  ~‘t h I ’ ’  I ’  I, I t t ’

, ‘ i l l t i h t m m S i l t ’  ( I l l ’  : 1 , 1 1  1 0 1 , - I ’ . I - , ithn’i’ t I m - s i t - I l  I t m t ’ h i - s I i l ’ i m t t u i s i l i t : . ‘l’ b u i ’ 1 1 1 5 1  i i i —

(‘ . 1 1  i n t l  l , m t ’  l m m [ l t m s ’ .’ i n i - i- I t t i t h i t l t t ’ o u l u - h x  (h i s  l’ ’ s m ’ i - l i ’ u h i  ~~I l i 5 5 t ’  15 111 , 11 , , 1 , ’Il

p i - s  co t s  a t ’ m ’ i - , s ’ ’ t i i - u h ’ I m -  d l c ’ s i l i - I t  a t  I I t , ’  l i t , ,  m i - I, I ’ m I t t ~~’S , m f  a t - c - m m t t i l : l , , ( b . u t  l o u t

c - i - s i l l y  c i t-i- m i t ’ ’ -  t ’ l m l i u ’ t ’ l t  t v i l b i  I i l l , l’  l t ’ i m ’ p  s l u t  i t t  ‘ ‘ I ’  m - l i t i t ’ m ’ I \  s v i l h  l u - m u - k —

Ii- j i m ~i- c t’ , t ’ .l m . ,‘t l - , t , , ( I t t ’  i - u - _ i l ”  ‘i-t , t s ’ j m - m t t u i i t ’ ,l 1 l i t i t ’ i ’ p,u-hn 5 I n  I h i m ’  1j u l 1 1 1
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i t ’ n \ i ’ l t l i , m f l i - t 11 i c  i m i l ” ’ m ’u _ ’e ’ ch  y ’ t ’ i t s i ’ , I - t h e ’ s i u - t t ,  I t  ‘( i-i l t i l  Ii i ,iS Sli ’ 5 1  i ’u ic’l t ll ’e’ S ,

sv hi i lmu l I l y ’  Cu_ l i it— iI j ) m lm ’u- i .tll tiseu- cimt it ’ e’m l( 1, 1111,11 5i i I l v ’ l I e ( I  s b t c ’ I  I 1 ’ - - i l l  i , i i - i

m m l i  i - i  t i - i , l t ’ i S i t  m -  sv ’:u I s .

5 ,  1. I I 1 u ’ s i t t t i  ( i l l L ’ u u i - ;  l u m i ’  S I l ’ i l c t u I m ’ eS I : i - p t : m ’ i I u , - I u t i l l  ‘ l u l l

I i t , i , - c t u , ’ t t i t t s v l  I - s I t -’ a I N I ’S t - m l  I c - i’ a L i i i  q l l t ’  m~ l i h ) , m i ’ x  l i - l i t 1 V I m~ 1 ,  i-i- i-

s u p t - c h i a t ’ t b  s 1 t ~u i - u i s u  I ’m’S, h i t i l  111 1 1-me p ‘ 1 , 1 0 5 , i t  L i I i t ~ I i  i t t  ,iL . L i - I  I ‘ i ”

1 ‘1111,1 i- il 1 Ct - S i - i c .  ‘l ’ s St  j I l t -  I st q ~ - r I t a  m t  I I m m  ( i - i c ,  S ifl J i i t ’ , os m mm c It I S

‘ 1 i - i - t I e - i ”  i - - i  i i i  i t S ’  I I  l i t  , l 1 i u i - e  I I I  S lie R i e i -’k I I : ’  h~ ’. i , I  I u h l , i I l i t i S i  5,

s l i t i - t i - l j i i y ’ t l  Li - :  l ’ u ’ t l l O ’ v ’ i l  h i v ’ c , t i t ’ ~ m i l l  1 C’ ! : i - : I t l v  , - I u , m e h i - — i - t  t t ‘ i - _ l i _ i l i l l S  1° m ’ I i ,  I i i

I p’ ‘ t ’ t m~~s tom I c i ’  l i - i l s. lI ly ’  i i l c i - u  I s u i p y  I I ’ , I t s  t 1 t . i t ,  ‘so s c - , i, ‘11 I d  ~~im m ki i n ’

I I i i  s - I ’  s I 1, 1 C l v ’  si t ’ my ’ l-i - — ,i 1 1 ’  lil t _ i l i t u u -  l ea  ( l i - l i  i ll t 1 ) 1 1 , I’ I - t u =t , i  I t ” m c l ~ i i i  I

I I i - ’  h i - -  t m I ’ 5 I t m  li -u I I ,  i ’ J  l i : l  l i l y ’ s ‘ ‘m c l i -  i ll  , h t ’ t ’ , ’ c l i t  m i- ~ vS i - e S 1 1 , s I

l u l l ’ s  is s 1 1 o , i  l u - i l . \ h s ’ , j  I i - C u l t :  I t  I hi  i - h  I s I m a I t  l l l t , u  a t 1,1  h I m  - I i ,  C i ~ l u ~ ’

S I l”  i l .  I i i -  o f  I : t i 0 ’ t L ’ ’ i , t~~~( I e t t i  l’ ’t s I - i -  t I - i t -  t i l , i I i - ’  i i  h 1 ’ss i - lu , to’ thy ’s I t i - I l .1 i - -I l ’t le ’-

I u i - v l m , t  i ’uI  e I i ’ ’ t i i -  I i -  1 ‘ m t ‘~l i - t I~t t t ~~.’ m m ’  I mm’ I It s i l i -  1’ ~~ls ~ C .m misO ISs 1 ‘ I i  I l l

I i i ’ S  i’ t m i  - . .  I l l - i- , I ‘ ‘ m 15  l I t t e ’ l ’ t ’ S l  LI  S I L ’ t l y  l i t i ’ , i t  Spo u s m  i i i  t i -  ~
- l t , m t ’ y b

, , x i  ,‘., ‘ n m  i’ m - h - i l l ’ ’ ’  m y , i I ‘ t i m ’S 1  l t , l l  1 ‘ ‘ C u  5 1 1 1 1 5  , i I  ‘~ h i ”  i,s ( 1 ’ s ’  t m ’ l m ~

i-i- l i t - i i ’ , m ’ l e~~i t ,  i n  t f l  u-i s, I I  l o l l  I i i i - i ( i I ’ s i  ‘ , i : t  I i ,  to - tI I ‘ - l i l t ’  0 1 i-

I”  SI ”  - n t - - i I b in  I v ,m t i h u h  1 ,skc’ l a m - s  i n  l i~~ i ’u l I ’ ’ e l -

1 ’ ’  ,I 1”t’ is’m’i’ 1 1 1 0 m f n t  t i , m i t , IV , c . , i - I m , l ’ e t I l e ’  f m - i - l u  I i  sh I l l  ‘ ‘ I

I I - l I l t .  1— 0  . In I ’  : i - ,~ u l ’ - i ’ , i t m  L i  I t . t i ’ u i  i ’ d - , , w i t  II , t S L l l  li - I l ’  i h m ’ S I u i - I l  511, 151

i-I l i i i  0, 15 ’ c h m ’ i I  I I .  , l N t t - t \ t ’ i l t i t  h i s  i - t li, m l v S i s )  lIt l i - i - l I l t  S — I l l . t i -  m i l l ! .

l I t ’  m ’ ’ m i . l h i , i i ’ I s t t l i  s b i - t m s v s 1 1 1 , 1 1 I b i s  t i u ’ S j l ’ l C  m ’ I i i ’ \ m : S  , i I - m l ’ t - i - i s m ’ l t , l I l l t  s x u m 1,11 ’ I

tee a S l- ; t , c  l O t ,  I l ie  1. 1 -  I 2 . 11 51,1 1 -  ( H i t l  I i ’  2 0 (1  ‘- 1 1 , 1 ’ i l - t O  m’s i t t  I l i ,  lh I l’ i l e l ’

h . w i t h  I b ~~ ( 0 3 : ’  ( m m  ( 1 , 3  C l o u t ’  ( 5 2  I ’ m  SI )  ShSm ’ i ’ S I l ’ V l s I o u ’  I C e  s , m I ( ’  I

I l l  I I  1 1 1 0 1,  r ‘ I . I m i s ( l i - i l h i - u t ’  i t ’ , ( I  v c 11,011 1’ ’ -s i n  I I u m  h t , l  u ’ t I , ’ r in t l  so I I m r

t’ mmt ’k t; , I C , ’  I’ ~~~ ~‘~~i ( I f .~~ ‘, i I ’ .u ~~ u - l i t - s L i m ’ , s i l l  1 0 , 1 , 1 ’ , S —i) c ’ i : l m , l m ’ e

l , , s u ’ l v  w i l h i  I ’ -~ i S i i c  p S i  ( h l i . 3  M I N i  5 t h - c  l I l i E s  i t t  1 i - i - l I l t ’  s - i l l , Hi-
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I l l i - t i t i  cl i  I I e ’ m ’ c ’lse ’ s is I l -mi - i t  t hi s ’ se’nsit i v i ( t -  u t f  c a t  i t t -  y’lo sm im ’e I, ,,  l u , i - m t h  is

‘- ‘m ’c ’a  ( t i - I ’  i t s  I liv ’ SO I t  sr roc k ( l i — t n in ti - me ’ I t i - t i ’d e ’m ’ l’ ,,v ’ Ic . l’ ni’t bic ’i’mimni ’c , m m h s m  - i t , -

t h a t  t h e  i’ , i I u -~ v ’ oh ’ t l y ’ i - i j u t i t st  t ’ m i c l m i r a l i-i t ‘t u t u - t h i s  I’ t o  h u e t - cu n s i d e ’t ’ scl l oi’ .

si- i t .  a 3 pes’ c’e ’nt  si-tv it V c i  ‘ m t - l i  i t ’  CiC~S ig m i , is f i’olil P 3 (1(1 Ps i (3 . -15 Mh ’,i

t i m  P 1000 psi  ( 2 7 .6  M h ’ a ) l , m m ’  lo i - schs li’OlI t  P , = 1 . 1 1  t ’ ’  2 . 1)  k b i -ui ’ s ( i on  to

200 M,Pa ) in ( l iv ’  hii - i l ’ t lc ’l ’  I” m c I - , ,  l t i  I lie ’ st ,  I I m m ’  i’ m eL I h is 501-i’ - 1, 1 1 1 5 1 ’  it

st  i’m ic 1 m m  cc st  i ’smsg I his P u - u n ’  m ’ e ’ s p t m n t h s  t i ~ loads I i ”  ‘ii I i , 33 Im t 1 ) .  7 h h i-sr  (3s

t i m  30 MP )

‘l’I t i i s .  u’ .x p v - l ’ i i t u u ’ u t l  5 itt l U l l  s t i l l  g i s t  i ’, - .~I) t m m 5 t  m h i - i I , i  mm m i  l Il y- S i- l in t ’

s t t ’ I i y ’ t S i l ’ C S  ( s i - i m l l e ’  p )  i-sm ic l  t i m  (he ’ S uI t e  t l t - t i ’ I ’ I t i , l I  i l l s  I I i i - m ( a r t ’  , m I  I m i t e ’ru : s t

l m ’ i ’  l m a u ’ c h e r  i’ tw ’I-i . i I fits ’ l m m a c h i n g  pi’ t s i ’~i l i ’ u ’ 5  . 1 1 ’ m -  i’ c ’ u l uic ’ecl I i m m t n  ( I t t -  1. 1) i n

2. ( 1 l i - h i - s m ’  ( 1 ( 1 ( 1  ( m m  21 10 MP ) m i - s i t u - c ’  < I ow mi I , ’  ( l i e  I I . 33 I i ’  0. 7 kbi - si ’  (35 t o

7 11 ‘Jh’ ,~~ ri-m I t t : ’ ’ . 1’, i I I l  i l - m i s  1 , 1 1 t h - c  of l t u i - sch s  ,u l id  , 1S S m ’ c i , l t y ’ d  sI  i ’ u i e ’ t u i m ’ c ’

st  m m ’ t i h 4 t h i s ,  I l v ’  t y ’~~ 5 s t i l l  ( I t c h ’ , -  f , m i ’ u ’  P i ’ , m v i dc ’  I ’e ’ S p l i l t s e  d a t a  1 I i i  I c ’at  C m

l m ~~
- , I I ‘ m u ’  h i m  I hi I t a t ’d  rock  i - u t m c l  so I I , i’oc’ k s i t i n n ,

‘I Cc’ 111051 1 i t i ~~ ’ ‘ t ’ t~ u n t  fe i-s I sl i t ’ ,, I h a i t I  t’ m ’ t ’ l i -  5 1  1 i I l t  h o t  inc l l I dv ’ c I

u _ l i  I I i , - ic ’ s I is  ) c l i l l t  5. I l ’ ’ ~v v - t  Ci’ , Ii l t l i s S i ,m l i  ol  ( I l  is t’Oit lp l ic’i-t l i n t i -  l e ’ a l m l r e

1, 1 5  ( h i m ’ , u t h t , t l t l  ,t ~~ u ’  I hi - u I 1 1 mm - I t ’ s h  ‘ c - S n 1 I s  is’i i l lK’ fllue’l i  le’~~s c ’ l t m l h C I m ’ d  Cv

‘ m c I ,  m u ’ S I i m l I l i - ’ m ’  I ( l i m m s v l i c t ’ , I s i e ’ S ,  ‘l ’h t en .  ( ml m i l l - I c  t y ’ s i s  l v i  ( I t  m , m i n t s ,

l ’e’sh i l l S e  t e ’ , l I u _ t I ’ e S  s , i t i s m - i h  Cv l o i t i ts  (‘i-I t t  he s t ’ p , I I ’ i - i l  - t b  t u m i l  U ’ lu l I t  i ’ v S p ’ ’ t i se

I t i - i  ( I l l ’ s-s m ‘h i ss  m ’ v m  - ‘ I  ~ tl 1 1 1 1  S I es I u ’a u m s c ’ iI Cv 1 m l i - I t  I i - I s  V I t I t i m  ‘ I I’S amid  l i i  u-vS c’ F’ cl,

5 ( 1 1 - l i l t  ( h i  P r ~~Pe’ 1,1 I ’ S .

S . s SI  15) L i I I u ’ i ’ i  ,“l t ’ ’ t l h i t i l  L ined  i - m t - m d  l ’ ti l i t t t ’ c h  ‘ h ’ i l t i ume  i s

Omi t’ i i i - - , I I i , ’  t ’ i m l i  I ’ S , ’  ( i f  OlI t’ t ’Xp e l ’  li -’ , -!l 15 ‘n s in i  i l l ’  t I  i-slid 1 inc ’uI  i unt ie l s

( i t t ’  I he p m ,  ‘ v i  m t u m ~~ pr m , j  m e t  ~ 1~ . tv m - ‘list’ i’ vm i l  t h i s  I um u’n u i  I t u r n  mu I s I i c ~si’

( i ’ a t - h u i  I’ m - S  1 1 1 , 1 1  i-i - I  I t t  i l  I h i m  - 1 u l m i u t u ’  I i - i t o h  t l t ’ t i ’c ’  nea l’  it t v ’ u ’ (  i c ’ ,I 1 1’, m , ’  I l i e ’

“ “k  i i i m ’ t h i t i l t i  t’ sse F i guii ’es 5 — 1 1 ( a )  l u l l  S — I S ’  i - t L  I V i l b I  ,t s i i l t h t h e  y ’ I , t s t  i s

, l I i , i l V S j 5  7~ 11 1,1 I h t u ’  ‘, l m ’ ! i i ’ --(’ o u l m m t t i h I I  i l t i i ’ u -  u _ ’ , ’ j l e m i , m t i . t O e  h i - i v y ’  sn i t l p i l l e ’ i l

1 6 -1
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I a) UNLINED TUNNEL EXPE RIMENT - P~ = 20 ,000 ps i ,
5,000 psi

t b v = P

POTENTIAL
SL I P LINES

m i H = 1 4 P

-a

-

. 

, I I I
(h) THEORETICAL SLIP LINES FOR UNLINED TUNNEL

IGUAI 8-1 1 SLIP LIN E PREDICTION ( ( I l l  UNLINED TUNNEL

— - . : ~~ ‘ . ‘:
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(a) LINED TUNNEL EXPERIMENT - P~~, = 20 ,000 ps i ,
PH = 5,000 pSi

o v P

POTENTIAL 
____

SL I P L I N E S
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‘5-1 1 4 P
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I I I
(b)  1HI  O RE  [ ICA L  SL IP  L I N E S  FOR L INED TUNNEL

‘,n- _ ,~i, ,— 1

F I G I I O I  8 - 1 2  SLIP L I r - j f POE DICTION FOR L h N l  0 TUNNEL
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i-i I i m ’ s t  n p p i ’n x l l i - i t t  Lol l i l  the ’  l t m m , i - i t i _ i l l  m u l  s l i p  l i l i m ’ S  iii i -u n i m i l i t t i t s  bodi ’

It L I hi ,i c t - i  i i i th i ’ i e ’ a 1 c i - s v i t t -  ss t h ,j y e ’  I v - i l  itt i-i S V I i i i l l v ’ l  I’ ~t’ m i - i d i Ou -  l iv i-ms~~si m ~i im iu-

I h i , u t  t O t -  p i ’ l l t c I p i - i i  s I  t e s s  I i ’ i-I , j c ’ v ’ I t ’ l ’ j c ’s i n t I l e ’  i l l sia st  i s  v’ , i s m -  i - l i e ’  5 j I l l j l i - l i ’

t c) t l i u - m s v ’  l t m i d c ’ m e 1i-sst is 1 ni-s d i t s - i -  t

‘l ’h me losi-s 1 i ( i l I S  i m f  t l i e - s i ’  s l i p  line ’s u lspsm ’i d on the ’ lu _ i t e - i ’n i- t  1 1 m ’ i c’ I i o t i

i - i is lv ’ , i L  I lie i -n u (Cr  i a i  i - smi th  ott I lie u i - i l, io o f  I lss app l i t - c t  vy ’ l’ t ic’a 1. i- stsc l

I io i ’i v l m I t t i - l l 1,1 .1115 ,  h i t t  t i s u t ‘ii I h e ir  I ni - l : i i i l u I d l s s .  1- 1 , 1 ’  a t i nt i i’ l ’ i v - t i u m mi

tss- m, t c ’i ’ i t l ,  IVi , ’sv ’ t ine ’s wou ld v’ , i i , m i e ’ j t l m ’  t v i t h  l u t e ’ S  1) 1 Iti, lxin lm luhl S h l v , i l ’ t - I  l v  Ss .

h It t i c ’  lii i ctwsm y V 13 t l s t i - l ’ t ’y ’s  ( o .7 s 3  r i - i l l )  1 Cci 1VCv ’lm (l ie  P i ’i l i c i P i -u l 5 t l ’e - S s

cI j l’Ce’ 1 i t m l l S  . ( I i  cmi i i’ v . u lsi,i 1 I t  i O l i S  , We h i i - u v e ’  a s s ln l l e ’ch  a mi - i I e- l i- I  1 w i t  hi

-
- 31) dc ’uL’ c’t ’s (0 . 32 - I i ’nd ) , ‘I ’l l i s  v a s t - u - s  t btc ’ s l i p  l i n t - s  t o  h i t ’  j u i c ’ l i t i c ’ c h

O t  i - i l l  i - l u - t i e  m l  13 l I e u - I si s — 1 2 30 , l t ’ t 4 i ’ t ’c’s 0 1 . 3 2 1  i nch ) to  t h e  ( h i i ’ v - i  —

1 1 , 1 1 ’  ‘f I t i , l X l l t l i i i t i  h ) i’ i f l v ’ l P i - l l  SI  l e s s ,  l u l l ’  i- m i t  i l i l i f l i t c ’  Cod s st ’ i th  i- sI t  i lt i l  i t st ’c l

t u l t m s t ’ l s n h i  ) & ‘ s  l e i f  I n  i-u veu’t  i s ,u l i ’ v e ’  f i t  i d  p l ’ e t - - S l l u ’ e  I-m , = P i - i l i l l  a h o s i —

i-~m i u i t i - t l I l’ , ’e I iy ’l d  I t i ’ t ’ s t - ’ U i’ 4~’ P = P ‘ 1 . t I l e ’ I , l i l b t l ’ —( ’ , i t t l o l i l l )  v l ’ i l C i ’ i O l i  p i ’c ’d ic ’ i s

I h a  I li - u i 11, 1 I I ’  s t i l l  i m s  u ’ I l l ’  I i ~~~ t i-u t  ( l i t ’  ~ p r m  itS i i  l It ‘ m I 1 lie ’ i i i -  t O m ’ 1 a t-md t I l e - t m

I t i o t  v ’ i-st a 51 ~- ‘ - l S lope’ I h i ’ oulg I i  I lie h m ’ l l V  i- IS S l l ’ ’ i i l l  i t t  I 1 - t i t l e  s— i  i (  li~ . 5 i l u i m -

I Cc’ P l ’ i l l c i p i- I l s I i ’ t - s S  I i ’a j t - s t o i ’ i e s  i - h i  I i - i l l u m ’ n t  i - i t i u b  l i u l ’ I i i , , l  1 , )  ( l i - v  l u i l t i t v ’ l

i - s t  I lie’ s~~ l’ i t ’l g i  i l ie ’s.  Ii ’,’ l ’ m l I I P i - l i ’ i l i L  t h u  i-s l i i i  I t t h i s ’  sp y- c ’  l i - i - v - Il Itt l”i~~i i i t - - 5 — 1  i (a

wIt i c C  l i , u u -  i - I t s  m i m s c ’ om s t ’ i u i c - c b  c t i I t I ~~i’ m - S s i v v ’  S I  1 , 1 1 t H  Ii  ‘ = 53110 os i  ( 3S . i ; M I ’ ,
I’m

i- inc h t,’ = 3( 1 i l u - t t l ’ i ’ u ’ S  (II. 321 u’acl ’ . v u ’  s m - i -  ( f o i l  t h e  l h c o m ’e t  t e a l  p t ’ e’d it ’I  son

i l-i ill SIit’ pl ’isiilt -t lv ~i-m ’t )(h lui - l’ m v ’ l t i t ’ U I w i th  c’xpe’i’ i il i c  t i t  . e m m l i S i ( h m ’ l ’ i I I u :  1 1 , 1 1  I lie’

clasl is u _ t v  sm m lu t icuts t i-i Iso l ’ m t s u - m ’ m ’  t , s l  01 , ‘ i t m  , -  I 1 , 15 1 l i l t  hi-s s C i i -  l i l t ,

‘\ s i t i t i l i - m i’ aut i - s i sis was cbo m i e  f , m i - i- I ill nt ’iel 1 5 1 1  Ii a s I m m - i  l i t i t ’ u ’

Im i- i t m m m u -  it i’ i- md i l l s  — 1 , 1 — I  Ii hi, il m - u . s i, i- i t i m ’  m m  I 13.  IV i t  hi t h i s  1 t I ll I’ - t Iii ’ s l  ‘I

l i l t ’ s  i l ’  m i n t  i m i i (  1,1 I c  i - u t  ( b i t ’  sp l ’ i i i ~ t I imte s  us  I m ’ s  I he ’ u _ h i l l  (used t m i m i t i s ’ i

hi s m i  s I i - i u’ t i - I t  P’ i Ill s 32 m I t t  1 , 1  I I , ,  ‘t , - an u l  by’ I,m s I Cc’ 5P~
’ 1 h I t  I l o t - s

“ 1 I~~ , a s - - h I m - i - I l  in  l i t  ‘c’ S— I S  h ” , Dv ‘oiiI p~i t ’ i l g’ t h t i s  s u ’ i l I i  i t s

- X p t  ‘I’ u _ i l l ’ -Ii 1 , 1 1 c i f l i l i t  t’ 11 ) 1 1’ I i n  F’ (ui-u i t  - 5 — 1 2  ( ,i ) , i t t  - s ,- , I h i -s t h i - i s  l it ‘ c i-  i i i

- — p i  m - I l i l t  ‘ I I  i - i i s , i  hug i t t  1 I i- i PPt ’C ’c ii - , i l  u ‘ i i i  I t ’ s  1 wi -t o I I’olim I h (’ t- Pt ’ j Ilt 1 u n

m u m  t ’ , ’ i - t s m i l i , i l m I , -  1 : 1’ , m ’ i i i e t t l  W i  I I I  ( l i t ’  p m t - ’ u h i t ’ l c C l Lm e ,ih iu lii ,

j67
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Ii l-~ h - C 1( 1 2’ V I - S

I , ‘I’. C . Kc ’t illeuit’ , 1 .  \ . /,i -t t ’ t ’ o i ’ . and  I I .  F . L i t i d h b ) ,  i- i-i, ‘‘ b , , I hol’ i- m I o l ’ v
tnt c - S I  i ’u-i-s I i o n  m m  I I ie ’ sp om isc ’  of  I)e ’c ’p l3i - i setl St  r u e  t ui res * ‘‘ S R I  F i n a l
h i c ’p ot ’ t  . i iN .\  36101-’ , ihe t m l u u  l ’i-i u’ k , ( ‘ i-u l i  f t m m ’ n u i - u  Oc ’loh e ’i ’ 1 117 3 1 ,

2 . I I .  1 . 1.’ ttm ipst ’ i-inch I I .  C. Bi tt - i t’ - U i ’ o umnc l  Sh oc k i - inch I l ie S u i i ’ t - i s i - i h  11 (1

u m l  I)e’ v ’p l’ I l t l u - h ’ , t l ’ o I h l l d  Sui pc ’l ’lli -ui ’d 1” i-i c i i i l  i v ’ s ,
’ ’  Ii , ulhil I ) \ S s t m u  l i - I t t ’s .

Dr-u I t  IVcp t u i ’  I 1( 1) 1—I ’ l l—US—DNA ( Xoi’Cllhb > s u’ 1972

3. 1. 2 . D a n i e l , II. F . l I m m e l i - l u t t l s ,  ami d  2 .  i i ,  Si 1 0 11 . ‘ i . X p v ’ l ’ j l t t m ’ I l l i -t l  I I t V u ’ S —

1 U i - I t  j u i t i  o l  S i l l - I l l  Si - i - l i e d  L in ed i - m mt t b  J_ t t l j l l i ’ i t  C vtimi uhi’ jc’ i - il (‘i- t o ii i t -s in
h i t m s k , “ i t T  [(e st ’ai’c’l t  h o s t  i t i l t : , ,-\l- ’\’,’L— ’ l ’ R — 7 1 1 — 33 ( N i ’ t e - i t u l u u ’ t ’  1 9 7( I ~~.

1 , IV ,  I- . .  i l e m l e m ’  , u usc l  ,\ . ‘J , h l y ’ n u l i ’m u u i . ‘‘‘I’ m- s i s no (‘ n lj m i € ’ u l ()pt ’ii i l i ss  i t t  I n t i - i c t
I l u m sic , U .S.  -u i-tv [ilr, jm ic’e’ i’ Ci -t l v’ i ’ W i - iv s  l -u - ’ ipe ’i ’ i i l t cui l  S l a b  i n t l . 1) ,-~t ’ .\
3 9 — 6 7 — 6— 0 0 9  ( J” t ’h m’ u t a  i’ t 1971 ‘1

3 . 1. J.  I l t ’n d r t i u i . I ’ . I- . t i i i - & ’ l i t ig , i - S m i t h  1, l’s .  , \ it  d l ’ , ‘‘ ‘ 1, - s  I s  Ott Lim ie ’rl

O p e t s i m s g s  in  , l o i t i t y ’ t I  at id m t - i d  h ( t t - ’ k  , 1 . 5 .  ll ’ Ili t I : l m u -  i n s t - u ’  l i - i t  ei’is’i-i\’s

I- :xp s’t’ i lhie’ l i t 51,1 1 j O l t . 111( 1  3 9 — 6 7 — ( ’ — O O l l I i  ( - J i l l - m e ’  1 0 7 2 ’ .

I i .  ,~. -1 .  h lcmm t ls ’ ui m s amid 1’ . i - t t i - u ’ l  ifltt . “( ‘ ‘ u - u - i  f t - s I  s o f  I , i n c ’u l  ‘l’ i i l i u i c  i s  itt i- i

- I , ,  i t i i t ’ c I  l ine -i t  M a s s .  “ 2 — I i . ( ‘ 1, 10- i t m u l c t  i ’ m n  h l0-i- j l l c i ’ i ’ j  no hi c ’sc ’ , h l ’ s h

LaI ) o t ’ ,i I , t u ’v ( : l , u v  11173 1 .

7. 5. ‘ I’ s i - i t m s h i u - m t k o  t i o l  1.  \ . G l m o d i e ’ l ’ , ‘I’ C’ - i ’ m v  i l l  I - H , l s l  i s i l v  ( M t ’G u’ , u m v — I h j I  1
L m , , , I ,  t ’ m ’ I t i l ) , t l t V  , N e w  I ‘ m r k  , 1031

S . K ,  (,, S t - l u - u -  i - urm ch 0 . (‘. Z i s ’t ik  i v ’tv ie i - ’  , v U ,  . h(u)c’k ‘I, - t - h u i - t t i j v ’s i t t  E m i u - i t i e ’y ’u ’ i r i u -
Pm ’ i - ic I j e t ’ . (~J u I i t i  t\’ 1 l v i  a m suh S m i l l s  . Li ,ndh n m i .  1965 1

1) . - I , 1, . ‘- Ii ‘ i i  ( I  . (‘t,IlSU I t  illt t i - mt tu l  Spi t - l i - i l I - h l u t j l i c ’ , ’ m ’  ( l i l t  S m - I ’ S ’  l u - c - s .  i tic’ .

~~i’ ( s i - I t s  d’ t ) i l t t h i l i t u i t ’ , l I  lO t i  (ltiutns 1 1971).

1( 1 . 5.  1’ , Ru t  l u ’ I ’ s , ci i- ti , ,  M e - i - h i i - u t i i t ’ i-u i Pm ’ op e t ’ I  i i ’s  ‘‘ 1 N e ’s’ i - u di - m ‘I ’c ’sl Si  I i -
‘I’ It  I f s  f r u n i m  S v - l m ’ d I d ’ m l  h - : x p l o i ’ i - u l o r v  Dt’ i i i  I t m ’ I t ’s ,  I ) N .\  31511’, l e t - t i  ‘Felt ,

I nc  . , S e p t  Ct lt l)  ‘u ’ 1973 .

11 . 1 , \, S i - m y t h . SI  m e s s  ( “ m l t c ’ s h t t  l ’ i - i l i o t i  ,‘l l’l’IItid Hole’s ( I , - m ’ t i - , n t i m m n  l ’ u’ t - s s .
N ew \‘u m i ’k , 196 1
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, \ p p c ’ h l ’ I  i x  II

ROCK M OD E LIN G

I n  t h i s  i - m p p c n ( l i x ,  we pl ’e’sc ’It l 1 lie ’  l l i , I t e ’ i’ i i-u I p l ’ m ’ p e ’ i ’ I  ic - S 0 1  1 l i e  rocks

1I Se ’d h i n  ot t i ’  e’X pe ’u ’ il i ie’ l i  1 s , Ha 1 lic ’t’ I b i i - t t i  i - il I m i - i - p t  11) Ill ’ tb , - 1 It- I a u s  n I  i’ ,ic ’ k

s I  t ’ l i c ’ t m l m ’ y ’ i - m I t ch  t e x t u r e - , Ide ’ e mse c h  i-i grou t u - s p e c i a l l y  u b m - s  l u - I l l - i l  i t, 5 i m l i m m l a l e ’

I l ’i e get ict’a 1 t I m  m i - i v I t I ’  1st i t - s  o l  a i’ oi l, () I i t t !  e ’ t ’ t ’ S  I , l i - I  I t -  l ’ sdi - l vs E xj ) , ’  I ’  i t l i e ’ n l

S t - u t m I t  ( \‘ ;h- ;s~ p m ’ ’ v i d h t ’ d mIs  s v i l h  g t ’ O l l (  S p u - e i i t u - l t s  ( s i - t  l l v - t l  C I I  l’ , , i ’k S i lhI t Ili - i t il

I l- mi - i t s i m u l a t e  Ih l edh i tt li st l ’ v ’l ii - i - l h rock 01’ j o i i t t e c l  l i i i , i b l e l ’  st i ’c l igth t  r o c k .  This’

6 d e s  I lu - ti - I t c’s t I - m a t  t I le i’m t c ’k ii .is Il l — I dl e’ I 1 1 1 1 1 1  u t  , l t U t t t ’  I ’ d -  a I gl ’ad~ ’ sn l id l limi t mci ( I t

I n  l u_i- v ‘ V i -  l’a i t - m s  t’ e’ t t t t m t - e c l  b~’ a I i h i t i l h e ’ t ’  6 S i t - i t ’ , ‘rho B dv ’s ( ‘u -fl i -l ( e s  t h a t  i t  i s

I Cc ’  s e c o n d f o r t t h l i l i - l t i t ’rm s t m i c l  i c - i l  Cs’ Ch - S . The .\ l o t ’ m l t i l l i - t t  1, 00 i s  s t  t h u - e l’

i-m ut c h svas l i s t - m i  i n  u , m i l ’  I il ’s I l I b ’ Lt m i -Itul ~ 1 ! .  Fnnmic ’ l e ’xp e’m ’ilti u’Ilm s lIsle pet’

fom’mt i ech im l i  t h i s  t u c k  itt h n t h ’i (lie ’ d l i ’ s  a m - m c I  l u l l it ’ s i d l e I ’ — s i - l l ul i’ i - l t u - u I  c ’ t m n c h j t  i~ m m t s .

‘TI me pi’npc’ t’ l ic-s u m i  I C e  ‘,‘t uc l t  m t m i t he i ’  ea ch m , l  l h e ’ s s -  c m m t t u h ( t  ( ‘ ‘ I t s  i t - c’ c I t - s t - s  i Ced

n e x t

B . 1 Pm’ n pe ’t ’ I  i t ’s tu I Sn t m l t ’ n i c ’d  (ill Rock

M i - t l c i ’ i a  1 p i ’ m pt ’ t ’ t V  l u S t S  sV e ’ i’ u -  pc I’ f o u ’tui ed hi  IV E S i - i m t c l  h t -  SR I  mmcm s,iitmp i e’s

of ( b I t ’  i ’ i , c ’k  in  I C , -  ( t m l l v  s v i - l t c ’ r — s i - l t u i m ’ a t t ’ d  c ’ i u m i t l i t  i i m h i .  SI  ,‘ m ’ s s — s t u ’ a  i t t  e l l i o t ’ s

1 1 m m  m t n c o n  f i t t e d  m i -k  i -I mci sh i o iv u ’i i n  F ’i n n l ’ c’ B — I .  TI -me cu i i ’ t ’c ’  I ’ l l  1 lie ’ l v ’  I t  is

t a k e ’m i I m i ’ l u i  c k m I a  p m l ’ t  i u l u ’ t I  Cv f F 5 .  t hie d a s h e d  l i l l y -  u ’e ’p i’ e’ s u - m - m I i n n  i-I  s u - i ’ a t t t

01’ t v t ’ h ’ a i - i - i ’  e~u i - t s I is 1 1 1 0 ( 1 1 1 i 1 1 S .  Tbte ’ e ’ m i t ’ t u ’  on t he’ i i  u - I l l  i s  I l ’O l l l  I c t - i - I s  ( h t m l - m u

a l  SIt! .  ‘I ’h le ’ i u i l ’ t t ’  i s  u I  l s u - t  I t - li t  t h y  \VE S d a t a  h C c , l f l St ’  u m l  t h ’ ~c h a l i t e

‘a m o u n t  ‘ m l  I it ’ ’ i t  l i m o s  ~~t u - i - m i n  ) ‘c u l i t j l’ t ’dI  l t )  s t- a t  iCc ’  spt ’m inlet -i . ‘I ’l l , ’  l i n e - l u l l —

f i n ed  ~~ b m’ c’ n g t h  am id a t  m u - a u - i ’  m t i o d m i l i t s  f r o m  t h e  c h I t  u - s  a re  iui u - m i n I  i - i gm’ ee tmie t i i

h i u m l  It t ’ n t ’ v m ’ s  ioU i d - a t e  aui m u t t o n  fj n ~ d s t  u’e t tu _ i - t Ii o f  10( 111 -- 1311(1 P~ i (27. Ii —

31.0 Ml u i-i ’ i - m nc h  an  avt ’u’a gc ’  t - I a s t  Ic  m o c h i i l i m s  s l i g h t  lv  m m v u ’ u ’  2 x i l l  p s i

(13. 8 C P a ) ,
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‘I Ce- C t - h ay  t u ’ l ’  itl tI m e’ i-tic k m imiuly’ i ’ l I l t  li -I N li -i l st I’ , t  L i i  t ’ m ’ t t t l i l  i m ’ I l S  (5 ‘‘1

( t i I I ’ I ’ I s I  s I l l , ’ - l i m i t  t t l  m m i i i ’  I u i I l h l ’ ’ l  t ’ X h i m ’ l ’ i I I e ’ h t i s  \ l c ’ l ’ e’ p c ’ u ’ l t I ’ l t i d - i l  t i i i c l e ’t ’  t l l is

h I ’’ ’ ‘ ‘ I  l ’ ’ , i , l i i t l t , I l — i - I l l ’ , ’ l i — u- 5 11, 11 5 a p i t  ob l l m i l ’ i ’ i oti t i-t l p i ’ d ’ s s i i l ’ t ’  \ l ’ l ’ s m l s

0 , - m m  i e , i l ~
m i’ , -~~s i i , - , -  l u m u ’  l l t i l , t \ i , l I s t m i - u i is . ‘F l I t ’  s t l m \ m - i -  ( ,~ ,un,I II ’ i - l I e  m l , t l i - i

I m l ’ m , s ’ L u l s ’ t l hut i - I S , ‘l ’hiu ’  5 t 1 1 , i t ’ I ’  i- u u i i l  I I ’ l , i l l t t l l I i - l i ’  s t i i i l , m , i s  i- m i ,  t I i - m t a  u i b t a i t i c ’ d

I t ’ t ’t lI  ‘ ‘ I I I ’  I i i t i l l t ’ l  \ I u , - i ’ t m i l y ’ t t t s  - I l l , ’  d li -t t i-t i - t i e’ u _ l i  l ’ c ’ i - I i — i - u l t i i - l h ) l m  i-mg l ’m - ’ - l : t u ’ l l (  c-N-

c- u- I ) ! l , n ’ , l l I  I Ii I l et  I I t ’ l l  ,l 1 i - Il), ’il I 15 hi- ’ 1 ( 103 ‘t H u - I  I i i  I Cc’ t i - I S  cdIi’\’si— that

s I t ’ ,  t i , m 1  ‘55111 ’  m i t  1 l i e  511 , I , t 1 i - l . ‘ F I l m ’ il i ,’me i l ’ - ,u t ’ l V  1 1 o ’ u l i ’ ,t s t i- u t i s  i u , - l t a t ’ i , ’ m

i - m h m ’ v e 3 u - s i  ( 1 1 1 3  ‘- ( U i ’ I n  I I i s  u-lu-S v ’m i m i,- s is ,i t I l ’ i b i t t t ’ i I  1 m m  t h e  ~~~~~~~~~

‘ ‘ I  p m ’ t ’c ’ s v , l t c ’m  p l ’ u - s s u i - t ’ e’ I n  m h , -  ti - l u--I t e s t s ,  ‘I ’Iie ’ \i I-1’i I ’ - s i s  sect- v P t ’ i ’ f , ’ l ’ i t i i - t I

‘I t  t i t s d l i ’ , j t l i t ’(l s _ u i - t~i l t ’s tmu- i j  i t  I l it ’ SIt I tm -i — - I s  \Vt , i - i’ s ’ I ’’ i ’ i t t i ’ l i - I m  u b m m m i  IJ l’i - I i i l i ’ t l

Si-I l - p l u s .  F i ’ u - i ’ m e  l i ~ 3 i s  ,m P 1, 1 o l  , i \ i , h 1 s h i ’ m s S  t , l ’ s I i - i ” , l i’, l i - l l s t l ’ a i l i  F t’ ’ ’ i ti

‘i -E S s u n j  i-tx i - m i — s i  i n  i t )  h e ’s t  5 OFt I ’ ,, 0 s1)0C m f l e n s  ‘ m l  I lie (313 mock

‘( ‘ ‘ l i t ’  l i - t i l i m u ’ e , i i o m - l ’ ’ p t - s  I t , u ’ 11’ ’ 5.i h ull ’a t ,’ ,l i t ’ s  Ii - i-u t va mi ’’ ii - S i - st an ’ s

. l l ’ e’ s h t , ’ wm i i l l  I i l i - l t l ’c’ I I  1 ,  ‘h I m , -  l ’ t ’ ’ ’ k ’ ,t , l i —  I t t - p t  L l s t  u l m m t ’ i l l i - i -  ag iIs’_t . ti-i t he’

1 , i— t _ t u -t ’ m u  ‘- m ’ - i - t i - t - s ,  t h i u’ t i t t m k 5 l l i - l ’, t ’ ,’l t l~~’h lI i n t l i l u ’5l ’ u u  1)1 5i-t l lli ’ i - t i j m t t t  i t t — 
‘

s’m e ,,s ,- , ‘I’hts en list -s t he ’ i - iw ,, i im t t m l  I m m m ’ t - l ’ : , i i c - i ’  P i ’~ s s l l l’ c-’ 1 1 1 , 1 1 Il ,’’ t i - I ~~lIs

(h u l l  110 1 h l u ’  t m  i- i I i )  I t i ( i ’ m - , I s t ’ 5 I m i t - I ’  I h I m  s pv ’ u 1 1111 115 .11” ’  m l u i d h l - , t  i ie ’ u i  d m 11 ’ 1 1 1 5

t h e  1, - s t .  h i m l i t ,  I u m 1 i ~~i i t i  c l i a i ’ , i i t , , t h e ’  s i i ’ ’s t l ’ , , - I t  I s  I m m i l y  satllt ’ i - m l u ’ uh , u ii , I

I Itt ’ “( ‘h m’ i - i u t’ l i ’ s _ I l ’  c’ s Ii i I t - i  i- i , u ’ t i i - -  m i l l  - t ’ , i h i m  I I  s I  .1 l t t ’ m ’  t o  i he ’ m ’ iu -h I t ot  ih l u -

1’’ 1 u- I ‘ ‘ ‘ i ’ d 11,1 1 t I ’  p l ’ c ’ s S I t i ’ t - I I  i - l p~ 1 m ’ ,l i’s I l -m i - m b I I l l -  , h l l S  l~~- i l  i l tt ,’ m ’l ta I l i ’ i c ’ —

I i , m t i  I ‘ i - III ’ - c -I It - , - I i o u -  ~I , ’ b l l ’ h _ i  i l i i i ’ ’ ’  m -n’,-
~ - l t m p c  n u u m i  Id Ii,- l m u - t  ‘ i t c h  3(1 ,i mi v h

I ll t h u - i - i - i t - i ’ s  (11 .32 1 .ind ( u . I 2 I S  u ’ i - t d h t I ’ m  l ow  S I 1 1 5 5  lc ’v c l s .  h i -  h i - i - l i  s t r e s s

i t o  u ’  l~ I I t ’ l l : - ,  i i  s t  i ” - s s  i- sC ’s , ’  1( 1 Its i ( i l l s . 11 MPi - u fl . I lie’ ,‘ I I t ’ ,  I l ie  I t ’  i d  l i t

,t it: ’I e iS u ’ ’Fts l l b ( ’ i ’ , I I u l m ,’ m ’ u ’ , l l l u ’ , ’ i l .

6,  2 I’ t’ope I ’ m Ii’s of l i l t  i l l  I i ,  ‘t ’

i ( , l l m ’ i ’ j , i l ‘ l ’ ’ ’ I ) ’  m I t  m m  i _ I s  \ \ m - I ’ m -  , t l s ’’ p v m ’ I m i ’ i i i m - i I  on sni - p l m ’ S  ‘‘1 t l i , ’ l ’ ’ ’i ’l ,

i n  t h e’ ( I i ’ ’, (— u - l u
’ s i - i t i i i ’ , t t  I t , m t )  , ‘ t m t l m b j t  i , , u m ,  h~~ g i t i ’ e 1 1 - 3  s h o m s u s 1 111 ’ s t m , - s s —

i i  i l l  s m U t ’ -  p i ’ m \  i u l u ’ u l  h t -  “U S  I u ’ u ’  t lli d ’ ,t t i l  m e d  u ’ ’mel t . ‘h I t s ’  , ‘ I , ~ — t  1’ i l i O i l l i l m l S
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FIGURE C-8 DYNAMIC TESTING MACHINE ASSEMBLY—TRIAX IAL LOADING
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FIGURE C-8 DYNAMIC TESTING MACHINE ASSEMBLY— TR IAX IAL LOAO~NG
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( a )  b o t t o m  end plate
( b)  b ot tom ven t  r i n g
( c )  bot t om exp los ive  chambe r r i n g and exp los ive  charge
(ci ) b o t t o m  on f i co  p l a t e
(e )  l o t tom expansion chamber r i n g
( r ~ b o t t o m  b a f f l e  p l a t e
(g~ R e l l o fr am
( h )  r e ce iver  p l a t e  and r i n g
(i)  t o c I~ speci men
(j  ) l a t e r a l  p ressure  chamber r i n g  and t u n n e l  cnt  rv t u b e s

k )  e x t e n der  r i n g  and dowe l p in s
( i )  \ er t  ica 1 pressure chamber r i n g
( m )  top b a f f l e  p l a t e  and spacer
(n ’

~ top o r i f i c e  p l a t e
(o)  top  CXI) los i ye chamber  a iid e x p l o s i ve  ch rge
( p~ top  v e n t  r i n g
( q )  t op  end p l a te
( r )  b o l t s .

C. 1. 2 1 sot ropic  Load j og  Con !~ I gura  t I on

~\n  assembl y d r a w i n g  of t h e  d yn a m i c  t e s t  cc in the  i so t  ropic

load ing con!  igu r a t  iofl is shown in F l  ~u i e  C— 9 The op e l at  ion of t h e

m a c h i n e  i n  t Ii i s  eon 1 i g u r a t  ion is ( ssent  ia 1 l y ( lie same as in I he t r i a x  Ia 1

con ! igu r a t  i o n .  T h e  ma in  d i i  [e renee is  t h a t  i i  has  on iv  one exp los i ve

c h a m b e r  and one e x p a n s i o n  ehaml>e  r . The spec- m e n  is comp le t  ( 1 50 r i o t i n c l e c l

by I Itt id wh i c h i  I r an sni i I s  I lie load f rom  I lie R I  ~ l ) l c S 5 t i  rc ill t t ie expans  ion

chamber  t o  t h e  s pec im en . •~~ .t in . a I I e l l o l r a n i  a c t s  as a n  j I l t e r  f a i l -  l x i  wecl i

t h e  R i s  and  t h e  f l u id .

I~I- I - s s i l l e s  ar e  m o n i t o r e d  a t  t a I i ~~u s  p o i n t s  i n  t h e  f l i t  i d  by

~ 
j ( z  n - h  -(  I I I  I Rages  . as s h o w n .  F i ~ u c ( — 1 1 )  shows I vp i c a  I pressu res a t

~ l i t  ions I an d  3. The p r e s s u r c —t  inie h i s t o ri e s  ~I t  b o t h  l oca l  Ions Icc ’

a linus I i d e nt  u - i l  . m d  h a t i n g  t h a t uncles i rab l e  wave  p I o p a L ~a I ion ef  k ct s

a l e  m i n i m a l .

Mac Iii  tic As semh I ~ — —F i git e C — i i  shows (h e  assetith lv pri~c ~ thi re or t h e

d yn am i c  m a c h  inc i n  t h e  isot  cop ic load j og con j i g i t i a  I ion . .\s  be fo re .
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a s s e m b ly  is accompl i shed  b~ s t a c k i ng  (100 part uh f  o an o t  hci  iii t lie

f o l l o w i n g  sequence

( a )  bot torn end p l a t e
b - spec m ien I c e  c i  ye I’ p l a t e

(c  r o ck  spec imen
( d )  ma in p r e s s u r e  chamber  r i n g  w i t  hi c n t r V  t u b e s
o ) pressure  c hiainbc i ext  coder i’ ing and ITo h o  Fr an i

( f~ b at  I l _ c  P l ut o
(g~ expans  ion chanibcr ring

on fire plate

i ’ chia rgc- chanibei’ ring and c’xplos j  ye c h i a  rgc
(j  ) ven t  r i n g
( k ) 1 op end iila 1
( i~ bolts

C. 1. 3 Tc-s I P oceilti ic and Inst rulil ehl tat ion

A t ier t h e  le St prcpa at [ O i l S  ale c’otii plvted I 110 Spec Linen is

loaded by dot (,na I i l i g  tile -xp 1~ ‘s i t  e . P I O S S U  i c  t r at i s di t ce r s  I oca le d  a t

v i c i o u s  p o i n t s  il l  t h e  t e s t  m a c h i n e  i c -cord  p i e s s u l , - . For ( l i e  t r i ax i a l

l o a d i n g  eon ! ig ur a t [on 1 - L R I I I e  C — i ) .  p r e s s l I’ t s a l e  i c -corded  i t  f i ve

b ea t  i on S .  S t a t  iou 1 is  i l l  I l ie ye ci  i c - i l  I ) ’ c s S  I. i c  ehaiiibc ’i . S t  a t  i ons

2 and 3 arc  f o c a  (cc l  111 t Ile I i  I c i a  I P i~~ SSli cc- c’ lUll f lh c’l . iv i t  h S t a t  iou  2 be in c

s l i g h t  lv a h o v c -  t h e  c - e n t e r  ‘1 t h e  sp’ r L c i v - t i  and S i  a t  ion 3 slighl iv IIt 1,%5 .

S t a t  lo l l  I i s  l o c a t e d  in  t h e  o i l  I’ ( - S c - i y o l  i i n  t h e  i - c e i t t - i ’  p l a t e  and

m e a st l i e s  t h e  p r e s s u re  ( in  t n -  l o ll ‘i :l ‘ ‘ F  l i i i -  S p c c i i l c l i .  S t a t  lo l l  a i s

l o c - i t e d  il l  ‘ n -  o f  t h e  h o l i - ~ in  t h e  i e e c l v e i  p l i i e . w h i c h  1 r a n sm i t  t h e

load I t m  t a -  l o i a - r  c ’ x p I I l s  i ’l l  ! i a i : i f i c r t i  t h e  l a t  c - l a  1 p r  - 5 5 1 1 c c -  c h a m b e r .

I - u  ( h i ’ -  i so t  u o p i c  l ou l i n g  ( 011 1 i c i i i a t  ion  ( I ” [ g u l - C~~P t  p r e s s i l l - i s

i i ’ (~’ t e c - o i , h - , I  a t  thi- -~- b eat [o i lS .  S l i t  loll  t i~ loca ted sli gh t lv a b e1 - t h e

r e n t e r  o t  t h e  1— p I c l U l i ll i n i h  S t a t  ~~~ . ‘ ~ S h i ’ c ~ i t , d  s l i c l i t l v  h i - l o w .

S t a t  ion 3 is i n t  I t - i l  i n  t b  o i 1 - , - s e rc  ‘i c  i n  th u i c - c  - t e l  ~~l . i  i c  I ’ ’

m c’ a s t I u (  t h e  p r e s s u r e  ( 1 1 1  1 lie 1) 1) 1 1 1 1 1  ‘ I  l i t ’  ~- p f i n  i i .

~~~~ 

- - 
~~~~~~~~ 

t



I I  ighi —spee d  p l i (  ‘t o gr i t p h i s  of t he de fo i m  il tg t i l u l l i e  I a i c  t a R t  - Ii W i t  Ii a
I lvca u t t  c am e l -n . I’lic ’ I r a n h in g  r a t e  is dcl enutt l~~ -~h I corn f i d i i ç  in  I m a r k s
i c - ~~o i c l c - c t  on I l i t -  I Urn by a t im i n g  1 i g h t  pci isecl by a s t a n da r d  use i l l ,  I i - .
Zero I inie is iveoncl ect by p u l sin g  a I L a sb b u  lb  s in~ul I nt ’: ,ci s  I v  ii it  h t hc
d e c  ( l o l l  ic d c  t ona l log u n i t  ( l i n t  m i t  [a le s  i lie ~-x p  los  i te .  I lapsed t [a,

bc i ‘cecil c ’ven I s  is d c - t o  im in e d  simply by t lie numhc r of I t aunt’s and  I he
fr a mj  u g i t t  e. Pc i c c - l i t  c ob  Li ~‘sc’ may he conipi i t ed f rom i c  Lit ito image

S j z c ’s .

h o t  I lie t e s t  . I lie spec m ie n is R e i i i , , t  cd m u m  [lie I c’s 1 inc mun ch inc -
an t i  I ii flhie 1 ci t i a c -  I eu  ( h i L t t l g e s  a m c ’  n u e a s i u  u e d  w i t  Ii a stu n 11 ho lv’ ga ~ v- . A I so
t h e  o u t s  ide clinic -mis t ins t)l the spc - - inleui i i i -  m i t e i i s i u u - c ’cI w i t h  a t u l i e r i nic L c ’ l
F u l l y . I l i t -  spi c i L k - I l  is  Se-e l  ioiiech an t I  p i i i i l  o R i - i p l I e l l .

- 
. 2 S t a t  i i - ‘ i t s  i lng ~L cc ii Inc

The s I n !  i t -  l i s t  i u i g  m a ch  t o e  p l o y  ides  s l u t  Ic  I i i . ,  ~~~ i I l o a di n g  0 1 n u t
sp c ’e l ae i is  sh u t ’ n i i u m i t . , j u i i n  t h e  t u n n e l s  a t  ll t m o s p l i c - l -j e  p r e s s u i u ’ t -  and
P e ° v i h i n ~ P h o t i g r a t i  [C and  i n s t  l l i I u l t u u t a (  ~‘‘l) , i ’ i 5~~~ The loads a c t -
app  i i  c i i  l i t - c l  i i  i i  I 1- ,, 11 he i - —

~~ 
u’ v - situ- c’ li m i t  

~ ~: t -u s .  t i n  a~~su m b  l v  th an - i  ng
‘1 t l i c  m a c h in e  is st i nvn i n  I - i c i  r ( — 1 2 .  L i t , -  t I n  ‘ I ’  n u n j c  t i - si ci- . t h i s

i : I , , , - ’ lne  c u n s i s t s  o l  1 v I a , 1 oh thick I incs 1 , - I t t  t ’’~ c -t l i i - c  m m i i  hi -nb plLiIes
i n c h  I i  n h i l t s  ~i iitii,mt h l i i , - c u r t  i i  l e t -n c , - . f l i t -  l u c k  st i  C i - - ei~ wh i c h  is

I j u t - I -s  ( 1 1 . 2  c m ~ in  it l , u u t ,  i -  n u b  ri I .  o r R i n c l R - s  (7b 1)i .2.

I~~ 2 e~u u l i i i ~ l es I s  i t t  l i i  - c c - n t  c - u ’ ‘‘I i l i i  - m i u a e l i j u u , -  as s l u o n -n  t i c - n  i n c

p o u t s  - i t t ’  Pc ’ ’t  i t - i l  i i i  t i , ’  c u - b i n , -  ( , i ~~- p i t  i s  shown ciii  t h e  l u - I t  o f
t i , -  d u a t  I ic at  I tic ’ c ‘ i i i  o f  t i  I nnu - 1 to .1 1 I o i -  l u l l  ug  u - i p t u I c  c u t e  ‘ u c c - u ’

I l u  - n e  I orn ia I [ t i n  pc ’u - -ss and act - u  SS h O  a l i t ,  I iL - I ’  i- a - a S h  i i  I h u m i d
n i n a - I  u - - t - I u u i - ~ s

t i  ~o it i d e  h u i ( l -p - i i u l , - u u l  u - o a t  1 , 1 1  o f  v t - c t  i e a l  i n c h  l , i i u - u ’ ,cl p l ’ ess a i t - i - ~
H u m x i a l  h a i l i n g  t e st s , t h e  t u b i n g  is upp l ic ’cl h\ l iv,, l i a n u h  pnmp~~.
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Th y- cippc i al i t !  lotve i c h i a i oi - t - s  i i t ’  p i t - s s , u u  i ’.’ ’,l h i o f t  - piuun ~
) an(h I lit- s i d ’  -

chamber is p t c ’ s s ( i r l  v c d  by a l lo t  lie u . S  i - u  t I n e  l~~- t l i t - c - m i  t h c ’  s i c k -  chamber  au u h

t h e  upper  a l i (h  l owe l c h a m b e r s  is a eeomut p l  i sh c-d  l it  I h i ,  c - I l l )  In ch ( i — i  l u g

s\ - s t c l l I  used ill t h e  d v na l n i c  t c ’ s t e u .  0 — r i n g  e u ’ ~~o t ’ s d l ’ y t t tachi i ned in t o  lilt

c h a m b e r  w a l l s  a I v a  n l o t t s  hul ghi t s I ’ ’  ~iecon uuiotha I c  1 h u t -  d i  I I t ’  re m i t I c - t u g  t h u

samples .

The cupS and 0 — n i  rugs a no not  used J o n  i sot i-op ic  l o a d i n g .  so 1 h a t

o i l  is t ree to f low t i - t im c ’hambe r t o  chian tb e  r . Oui 1’,’ Olie PUItIP i~~ retpl in c - c l .

The macli inc has been used t o  pi-essu res as Ii igli as 2 kba r ( 200 iip~

M a c h i n e  A s s e u i u h l v — — F i g ’urc- C —13 s im m’ s I hu c ’ a s s em b ly  proced ure  i o u -  t lie

s t a t  iv- nt a c h i n c .  l - i g c l r c  C — l 3 ( a )  sh i u ’ws  t h e  cot  cv Lube sy s t e m .  A l t e r  1. hic ’

copper c a p s  and \V i i  son seal  h ave l it ’, ’  ii p lac ed a n u n u n d  I lie r ock .  1 lie rock

is i n s e r t  ccl Hit  0 1 lie in t e r n  1 pr c ’ss iu  i c ~- c ’h i a u m u b e r  i - i  m u g s  s h i o w m u  in  I i  ~ il cc- C — l 3 ( b

‘fh ie cut  cv I u lbe s  ar e  l ien il isor  I c h  ~t nd 51 cii iu u  gage  w i r e s  connec tech as

shu ow i i  ill F igu r e  C — 1 3 ( c  . Thic ’ t o p  ant I  hot tom P~ c s sU~~ ’ c l ia l ith ) er  r i ngs  atici

d i d  p In t I t s  a no ai4seu itl ) led as ~ hiown in I hue cxp loch ed v i civ in Ft  glu cc C — 13 ( cI

The l) , l t s  arc- I h u e u u  1 , i d i t u e i h  down 1- i  g u i  c ’ C — 1 3  ( t -  a ml I lie F lu  II l i l i e s  ant I

s t r a i n  gage I~~a i l s  ar e  c onn e c t  ccl h - i g u u u -  (‘ — 13 (  F~ ~

C. 2.  1 1 , - n t P u o c ’ c - u h i u m i -  and  1iu ~~t n u l m c - n I l u I 1(111

1) 111- i ii~~~ an i sot  i ( ) I ) i (  b i d  [lu g t e s t  . I In,- p i -essu rc- ill t he t e s t  en

is i n e n e a s e u t  i n  smn i l b  i n c r emuieu i  I s  ~50O u i  1000 ps i (3.  15 oi- 6. ~ 9 MPa

depend i i i :  on ( l i t -  m i t e  ii I l u i m u m i e l c It l onu i ta t ion T li v a hiand—opet-ited pump .

A [ I c - c  c ’ac - l t  t h e  r eui te ui  1 o F  load j og . I he I none  1 c l i  ann ’  t el - a t  I he cen t  en

v~~’u t l u m  o h  t lie I l I l i l i e  1 i s  mei t s t u  red lvi t Ii Ii snni 11 I i , ’  Ic ga ge - We genera l lv

l . u h u -  re u u h i u i ’ ~ s a t  t h u ee o n i c u i l a t  i ons  = 00 , 15 ° . 9p 0 (o . 0. 785. 1 . 5 7

ra il  lul l  l I si-i WC h e  j ) l~~~v~ ’li t ccl I’roumt 11,1 iuig- so hut t he presence  of a buck!  c’ .

I ’Iuo h i  ~ g l ’ i p t s ‘ i i  I l ie  it i s  i th t  ‘ o I (lie tulnulc i a i c  a I so I ak t ’n  a t  t h u  is  t ime .
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‘t s Dii [in  u - p r t ) ce dlhm cc is cus t - ch f o r  no Lix in 1—s t i-a iii l o a d i n g .  Iu u

I h i s  cast’ - I hit ’ v -ed [c - a l  prcssu no inc -r euml eu i t  is Luppl  iecl I t t - s t  . Tb is causes

t he i- ci t - k spc’c- i i t teu i  h o  expand a sma 11 au i i o l luu l  hu t  era 1 lv .  wh ic-li in  t u r u i

cahu sc s  I hu e St  i a  [ii ggc~~c’s ru to cunt ed tin ( lit’ 5 ide oh ’ I t ic spec j u t e - m i  I i )  record a

pu n ;  i I i t -c- s ( nit i u u .  TItt- ba t  era 1 p u e s a c u  i c  is 1 Iu c ’ l i  i n c - i - c a st - c l  t in t  i 1 t hit- s t r a i n

gages intl  ic-a l e  zero a t e  i t g t ’  s t  u i  i n .  S inc-c I hit ’ ~i l  i-a j u l  gages  are  u mm ouu l  Ic-cl

a t  tI i f ’ ! e  u c u u t  lot-a I ions on ( l i t ’ sp ec - iuu ten , t hit - v tin ulot reco i- cl i t h e n  t [c a l

s t  u - _ i i u u s .  l loweve 1 .  i t  h a s  be t-m i our c ’xper i cn c - c  t hin I ( lu cy do h o  I (h i  f t c - i -

by u i i u ’  i- c I h a n  ± 0. 03 pe nc-tm t a ti n  in.

C. 3 ‘Ft ’s I [ lug  Macl i  i mit -  I luup  u -ov cme u i  I s

The t e s t  Dig u uu a c - h i  [l ies  utsc -c h  i n  t It is p i u i  ccl h a t e  01. i g Dna l i v  deve loped

t ill a pu -ct - ion s DNA projec t i 1  . l k u ~cc’ vc ’ u - d r  i m i g  l b  e c on u s e  t) F I li e c - i l l - u - c- ui I

p u u u i c-c - I . scve mci i nod i I i  Ca t I ,  iu i s  mm’e h e uuacle t o I lie ntac l i i  t ics 1 0 Improve

I h e i r  p t - l - l ’ or u i t au i c e  a u t h  ext t-uwh I h e i r  -apabi lit ic-s. Thieac’ uu moc h i ficat ions

pioclc t cetl iutup u - civc -titc- l i t  s in I lie [(ill r toll tiw j og ;t i ~c ’ t s  (1 III lili c i  act - c-s s

(2) seal jung bet ween vet t ira 1 nil iul lateral pmt ’anc uc e chuahiihcrs. ( 3 )  clynauuu ic

pres su i-c- put lsc’s . a nut (- i gc’lie u- ;, 1 los I pu- tue echo cc-s - The uitoc l 1 F i t _ it t l Ohl S

ma c he  Ill c-ac- hi o F (Itt- sc- a cc-as a l- c - cte~ c r [bed ocx I

C. 3. 1 l i u n u i c  1 ti -c c -u-u

The t i u n n e  1 access  sisI c-lit was muuo d u l i e d  i ll  bt i  (Ii t Ime stat it- and

c l i - m u m  I ’ - I c ’~~I mi t iu e l i i  m i s  t o  prov  [the a pa ssagt’ t h u  u oiig hi I l i t -  l e s t  ap p a ra l  i ts

mm ’a 11 w i  ( I i  t ui opt-li t ug  I huc f u l l  cI i n u h i t c  t e n  o h  I l i t -  I w ine  1 . T h e  new s slelit .

tdm ic - l i  u - , m a  i~~t a o F  a u - c - i n n  I i vv- lv lii ill Ii ,ii bow t u b e  of  v e r y  h igh  sI r eng l  Ii

5 1 , - , - 1 ( tascoluinux . l- t I ) l ~ic c-S t h ic i i  Id I l u c k  t t thi t  sy s t e lm i  i i i  tvhi i t- li  t hit-

n I x - l i  i ~ig iva n ama l i t - u -  ( l u a u  I he I i m m i n c - i  il Lime I cr .  The oh ) j c-c- I it ’ d ’ i s  I i i

p l u i v  I cli  - t im i o b s  I i . t u t - I ed p h u v s  L ’t i  and op! u c a l  a c ce s s .  I ’ noba I r i m e t  cml p 11 5 lc~ u l

ac - c ’ c ’ s s  I l l s  c ’ l ) n t b l t m h  i t , ’  I u i - t n t l ion t a  a l u l i c t  l o l l  o h  loath  t o  h it- ImIOIu j t  u u r l o t  by
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a small  hole gage that measures t unnel diameter changes at the center

of the specimen during s t a t i c  t es t s .  Unobs t i u c t ed  op t ica l  access has

permit ted photographs to be taken of the tu n ne l d e f o r m a t i o n  process

d u r i n g bo th s t a t i c  an tI d ynamic- t e st s .

An e n t r y  tube w i t h  an opening t h e  l u l l  ch i a m e t e m -  of the  tunne l

was p i-ovidech , and a l iner  s ea l i ng  s y s t e m  was devised t o p re ven t wa te r

in t h e  sa tui -a tech  rock from l e t t i n g  in to  t h e  bi l ler  and obscur ing  the

v iew.  This  sy stem was described in d e t a i l  in Section C . 1 . 1 .

C.  3 .2  Seal ing Between Vt -u - i  t ea l  an d La te ra l  Press ui-e Cha nibe i- s

Because the  d i f f e r e n c e  in pressure between the v e i l  i ca l  pressure

chamber an t I the la tera l  pressure chambe t - can become q u i t c ’  ban -ge d n u - i n g  a

l ln i ax i ab  s t ra in  t e s t , sealing between these  Lvii chambers can become

d i f f i c u l t,  e s p e c i a l ly in t h e  s t a t i c  t e s t i ng  machine .  T h is  sea l in thc-

s t a t i c -  f i x t i u r e  was o r i g i n a l ly  a c c o m p l i s h e d  by an 0 — n - i n g .  U n f o r t u n a t e ly .

t h i s  s - s t e rn  mvas fo iuuicl  In  be i n a d e q u a t e  a t  h i g h  lu ) ach lcv’.’ls . p al-I  icu l a u - l v

w i t h  so f t  rock .  I t  was t h e n  n -ep laccc l  by a con ip l i c a ted  d i a p h r a g m  sc-a l ing

sy s t e m  t h a t  p or fon -nue c i  we ’ll fo r  f a i r l y  s t i f f  rocks  ~e. g. - 613 ) bit t was

s t i l l  not e f f e c t  i t-c’ for s o f t ei  rocks  (e.g. - FI.-X IUmt g m - o u t ) that imndc -i- g()

lat-ge v o lu u t u e  changes  thu i- i mug a t e s t  • To I t - s i  sc lcb ma te l-  in is . a ccupp c ’ u

cup  seal , w h i c h  is c l e s c u - i b e c h  in Sect  [on C. 1. 1.  was c hc ’ ve lope c l . T h is

sy s tem is easy  d i )  u se  and has pe r for nuech w e l l  fot pressures up t o

2 kbars  (200 M P a ) .

C . 3 . 3  Dy na m m u ic Pressure Pci bsos

The p r c s s u i- e— t i m e  h i s t o r  lea of  ci vi c m u  t a b  t h y n a m i c  e x p er inu e nt a

were sea led pu I ses of a nuc lear bu u - st  i .  e.  - r i s e  I tuni c of ab otu t 1-00 ~.Ls

aiuh thu rat  ion of abou t I tu is. Fri l’o i-tun at  ely.  the  pu -es sure t ra nsdu cers

located a t  v a n  ions point s in t h e  t e s t  j og m a c hin e  m d  ic-at  ccl t liii t sonic
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undesirable wave propaga t ion  e f f e c t s  wet-c occurring be-cause ol’ t he  f a s t

r ise  I Due , espec ia l ly  iii the  i so t rop ic-  l o a d i n g  c c in f ig ur a l  iOn . In s t e ad

of h a v i n g  a smooth pulse w i t h  a rapid  r ise  and exponent  m l  de c a y,  we

; 
obtained a pulse ha y j og mali~ - siu ai -p peaks super imp c)sed u n  I lie th e- s m e d

pulse .  These peaks were apparent  iv t ine  r e-au 11 o f  I lie load log wave

i-everberat ing in t ine  f lu i d . F o r th l f l a te lv .  as d i scussed in  Sec t ion 2 . 3 .

i t  is not  necessai-\- t h a t  0(11’ l o n t d u i ’tg l)i llse be’ c l o s e ly  s , -a lecl 1( 1  a

nucleon-  bui r s t  . There fore . ne  [inc reased t hue u - ise I imc’ 0!~ I hue pit lse ( c

1 ms and the  choral  ion t o  10 ins. I’hie- e [icc t ci I s i t - e t c - h [rig t int  t h e  pil l at ’

in t h i s  nma linen ’ is I 0 redu c- c’ I lie c ’f f e e t  n F ( lie rcvc ’ i’ be i’a ( ions tu I I he

w a v e  I t )  a tole - rab  be i t-v t ’ 1 so t h a t  (l i t-  P11 1st- 1 h a t  loads o u r  spec- iuut e~i is

reasonab ly  Sflid)Oth (see i i  gnu -c  ~ — 1( 1 . To rctht t c ’ t ’  unc le’ s i r ab le  °spikes

in t lie pu iso at  i 11 fiu rt  hit - i ’ . Wi- use- a bni I l i e  pla It- in I he expans i oul

chi a iuu be r as di i scuasech  in Sect ion C. 1. 1.

C .3,  -1 General  Test Procethires

5ev- c-u ~ill  impl c)vcmc ’n t s ol  a ge-lit- t n t  1 min t ore we t - c’ n~t l s , u  ninche - a ri ch

lvi 11 be- l i s t  ccl he re .  F i rs  I . I l i t ’  I t-s t Dig nine Ii tnt’s we-i c’ mod i t ic -c l  ( c i  g ive

I heumi t h e  t- iipab j i l t  \ of a c c e p t  Dig spec ium i e u u s I i nc  lies ( 10. 2 ent a u uc h  6 i lit-lie’s

( 1 5 . 2  cuu t ~ in  l e u i g t h  as w e l l  as t h e  3— i iu , -hi ( 7 . 6  cm )  l e n g t h . ‘t he longei-

spec imens arc used i n  t lie noiusvun iuet  Iit loath  i lug ‘ u s  I 5 whu c ’i ’e per t o  i b a  1 ions

in t h e  s 1 u-ess f i e l d  chute ’  t o  I he- pu esei i c e  o I t hu e I c i nm ue  I mt iav e x t end  i re -I l

in to  (l ie rock flied m m .  -t i so , a Bc l b  f r a m  is u u se ( l  as nul l  i _ n t  c- l In c - c 1)0 I ween

I lie e x p l o s i v e  gases and I t~~- f l u  ith ( l i n t  s u r rounds  t h i u -  apt-c i men .  The

h i e -I lo f i - an i  was fo v uu u c l  t o  be nuoi -e i-el in ibbe  audI  e a s ier  to  use t h a n  I he

My bar mutcunbra ne - used prey ions ly .  Final lv. we fol lu i d  I hunt  t iu iol t iu I i lu g  a ti -a iii

gages t (, copper caps urn t h e  spec [mcli I- ni ( l i en  I h an  I o t h u t ’  rock i t  s e l l

produces more i-el iablc si r a in  read ings  of t lie m i  I era 1 e-xpan s ion ii 1 1 lie

specimen , espec ia l ly Ion  sa tu no t e d  rock .
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Appendix 1)

EXPEI U M EN F AL DATA

Tb is appe un d ix prese u it  s a si un tmut ar v 01’ t lie m-esu I t a ol  n u l l  ( l i t -  expeu -  i —

nuem i I s  pe r fo rmed  oun t l u  is pro,j ect . T a b l e  1)— 1 i s  a sumu inia i v  c i i ’  a l l  t h e

s t a t i c  t e s t s , amid Tab le  D—2 is a snmni a rv  of  a l l  t h e  c l v m u a n i i c  t e s t s .

Tb is is fo l lowed by p re s su re  t r a u n s dv t c e r  o sc i l loscope  I races  i on  t h e

d\’un amic t e s t s  d i s c u s s ed  in t he  ma i m i  bod y c i i  t h e  u epol l -

E a c h  e x p e r i n u e u n l is g iv cu i  a ch e s i g u n a t l o In  t t n a t  c o n s i s t s  of  ~ e - v e i - a t

let  t er s  lol 1-owed by a hyp h e n  amid  t berm a t e s t  r i u m n t b e u - . T h e  l et I ers Si g—

m u I v  t h e  f ol  b o w i n g :

S — s t a t i c  t e s t

1) — cly in aunic  t e s t

I — i a t) t i ’Ol) ic  load ing

U N — h u n  iax i_ a l — s i t - a  in loath iuig

TX — t u - i a x i a l  load ing ( t h e  uni i mb er  l o l b o w i m i g  TX i i i i l i c a t e s  ( hue
la t  ct-al con f i n i n g  prcssui’e in ha i

C — c~c 1j b r a t i o u n  t e s t

The nunuber  fol  l o w i n g  th n c- h u v p h i e m u  I ri ch [t ot e s  t he- s c - g u i - u  i in 1 nutuiber ol’ t h e

t e s t .  S t a t  i_c I t - s t  s r i tu n  u - t u t u  1 t u m  S9 and d y l u a u u u i c  t e~~I 5 ru In I no lmt 1 to  1( 1 ,

1-or example .  STX1. 0— 2 inch  iea  I t - a  a t~t l i e  ( c a t  m u u u r i b , - n  2 ;  I hue  b u u a c l  t r ig is

I r i ax i a  1 w i t h  a lot  c i-a l  c-o h l iii i t i g  I i l t - a s h u i ’ e  u i l  1 h a i  ( i i . si

l-’ i g u u u c - a  P — i  t ’-  1 ) — i  g I v e  t h e -  j u t ’ i - s s t l m - l t i s t  rn - i t- a I , i i  d v n a n u i c  I c sI s

1) 1— 2 2 . 1) 1— 2 7 . 1) 1—2 5 . alu (l  i ) I — : h s .

2 1 1  
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STATION 1 (MIDHEIGHT OF ROCK)

STATION 3 (BOTTOM OF ROCK)
MP-31 63—63

FIGURE D-1 PRESSURE HISTORIES FOR DYNAMIC
TEST DI—22 (200 psec/d lv , 4 ksi/d iv )

2 L’t

..

- ~~~~~ - -- -‘
~~~~~~~~~~ ~~~~~~ 

- -
~~

. - 
- 

“ - -
~~~

- 
____  -~~~~~ :. ‘ .“ ~~~~~~~~~~~~~~~~~~ -.



—

STATION 1 (MIDHEIGHT OF ROCK)

STATION 3 (BOTTOM OF ROCK)
MP-3163-64

FIGURE D-2 PRESS URE HISTORIES FOR DYNAMIC
TEST DI—27 (200 psec/d nv , 4 ks /djv)
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STATI ON 1 (MIDHEIGHT OF ROCK)

STATION 3 (BOTTOM OF ROCK)
MP-3 I 63-65

FIGURE D-3 PRESSURE HISTORIES FOR DYNAMIC
TEST DI-28 (200 psec/div , 4 ksi / d iv )
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STATION I ~M IDHElGi—IT OF ROCK)

STATION 3 (BOTTOM OF ROCK)
MP-31152-66

FIGURE D-4 PRESSURE H Ig f ( ) H I E S  FOR DYNAMIC
TEST 01— 38 (1 m ost- c :  du s , 4 ~~ u h u t1
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