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In 197 1, a long-term , deep-ocean test was started on eighteen concrete spheres , 66
inches (1,676 mm) in outside diameter by 4.12 inches (105 mm) in wall thickness. The
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INTRODUCTION uncoated. The remaining two spheres
were lightly rein forced wit Ii 0.5— inch ( I 3—

In September 197 1, a test program mm) diameter steel bars. The reinforcing
was started on concrete spher ical stru c— bars had a oncrete cover of I and 2. 5
tures placed in the deep ocean for tong- inches (25 and (~3 miii). Halt of the
term testing. This report is the second iii exterior ol each of these spheres was
a ser ies documenting the study; pre— coated ~ ith the ~ ater proofi ng agent. —

sented are the test results of the spheres The reinforced spheres were to deter—
after 6.4 sears in the ocean The f irst mine whether corrosion problems ex is t  in
report (Ref I) covered the fabrication, the deep ocean environment.
ocean emplacemen t, and Inspections up The depth range tor the spheres
to 1.3 years. Details of the test program corresponds to relat ive load levels ol
and the specimens are given in Refer- from 0.36 to 0.83 . The re Iati~ e load
ence 1. leve l. Ps / l~~ , is defined as t he ratio of

The technical objectives of the pro— sustained pressure to predicted short-
gram are to obtain data on t ime—depen— term imp losion pressure.
den t fai lure, permeability and durability Time—dependen t tailure ~~as expec—
of the concrete spheri a l structures. ted for six of the spheres subjected to
These data can provide a technology base the highest load levels; therefore, those
from which engineering guidelines could spheres were equipped w i t h  clock mech—
be wr Itten. Another important aspect of anisms to record the day of implosion . It
the program was to expose t he spheres to other specimens ~ ere to iniplode. the
rea l environmen tal conditions. The test yearly inspections would discover the
resu lts ~ ill aid considerabl~ in estab lish— failed specimens.
ing confi dence and crcdibilit~ for con- Permeab ility data were gathered
crete as a deep—ocean construction dur ing inspections. The spheres. which
m ateria l, were approx imatel~ 1.000 pounds (450

kg) buoyant, were tet hered 30 fee t (10
in) of f  the seafloor b~ a 2.25-inch (57-

BACKGROUND mm) diameter chain. .\s  seawater wa s
absorbed by and permeated through the

Eighteen concrete spheres 66 inches concrete, the sphere weight increased.
( 1676 mm) in outside diameter and 4.12 The reduced buovanc~ of the sphere
inches ( 105 mm) in wall thickness were meant that less chain was suspended oft
placed in the ocean at depths varying the seafloor. Therefore , change of one
from 1,840 to 5,075 feet (56 0 to 1, 54 7 chain link corresponded to 0.50 cu ft ( 14
iii ). Sixteen of the spheres were unrein— liters) of seawater being taken on b~ the
forced concrete, eight of which were sphere.
coated on the exterior with a phenolic The concrete mix design was T\ pe II
com2ound to act as a waterproofing Portland cement, a water—to—cemen t
agent; the ot her t’ight spheres were left ratio of 0.41, a sand—to cemen t ratio ol
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I .5 ~. ,_tnd a oat se aggl ega t o — to—c ell te t i t  I)ur il ls the s ix t hi t ,is~iec lion in
. . t t i O  o f 2 .25 .  Fl it ’ r i tax i t t ium si;e 3alit iar~ 1977 , Spheres No. I I • 12. and I 3

aggregate used ~ as ~ iin Ii ( I o )  111111) . CR’ I cc o~ (‘red at let ‘ . 3 Cat s ill the
Oc (‘dli. 1 t\ 0 c ’t the spIiert’s had a ~ alt - i -

1)i(
~O t ( oa I ing and ~s e t c  i e r r  ic~ ed t rot  i t

INSPLCTION AND RETRIEVAL dep t h s of 2 ,(t 35 and t , I dO fee t (SO 3 and
~i57 ui ). i hi’ othet sphere ~ as inn oated

it t t ’ operations to inspec t ..til(I and \~ds I eli ie~ ed tr ou t a (1e1)thl of 2 ,790
el i  IC\ C the sp ite ; c ’ s ~\ eli’ ouid iti ted bt teet (S ~ I i t t) .

s ib i rte rs i ts i es .  liii. ~~~ ‘s deep—iI i~ lug l iii’ sub itiersi bl e ‘Seal  l i t  I utiade a
iii auiii ~ d s i ib t t l e r - , t t ) lc5 h i m  t IC ~tIi(i ‘ S t \ u t i  t t .  se parate dt~ e to  re t r ies  Cdi ii sp t t ci t ’ . -\

0 1T c ’I ..;t ed ii~ t hit ’ ‘Stibtiia;ine flex elopriion I ret ’! lontail i i l lg (~,UO ( f  fe e t  (2 ,~~
)() uu ~

) ot

~,l0tiI) One ’ . \t e t c  used in all b itt ou~~’ 1/2—in ch (I ~— tlu ;ri ) n~ Ion line ~t as  at  tacliod
ope r ..it toll: ‘Sc I i~~~~5 lu st i t t i t  iou of Oc eati— to the f t  out end ot the st ib tu t ets i b le .  \
ograp 1i~ used their Re utu ote nder~i 0i tet large stee l hook ~ as 01111cc te d on the
\ ) .. iui ipti lato i (RI \1) to I ..Ti i t l i i c  I at ) tu is ~

T e c —  L ’u1(t of the line. ( sing a lilaiiiptiIJtor. the
tot i in I °)7 .‘. Ihe l ast tui spe c t t o i l  ‘Sc ’ .. ic l i t  I k i t  tat  t ied t h e  tio.,~k to t h e

01 1 ni l  ed in \)a r hi I’ ) ’S . ‘Spi to re ’s te titer ch ain and then pa~ ed on
I ~ i r ing cdi h opet at on • on I~ a tie line .. is i t  sur t ac ed. \ t the ~ a te r

li r t u ite t h nit i u tub e r of spu d  C ’ s \ieli’ i t isp e c— slit f a c e .  h it’ lille ii as btiO\ ed ~i it hi  a
ted. I hose 1 11Cc Lcd dcpcuudc. t t~ i1 thc IlLit kei . ihe CE L ~i alping tug ~ as then
lit i lni h er of di’s e d0i’s heduled t ot  the eitu p lo’s ed to re e l ii the tine and nec O’s I~’i

st ihr uut ’ rs l hte .. tui . . i  OIi ‘st eal lit ’r 011(11 1 tOlls , tlit’ sphere (Figure 2). I ac Ii sphere ‘st as

‘s’s h u h  ould n es t t i c  t t he .11 tua I ui (iliih )eI sl i t)seqtienl t It it rapped Ill ii ot bt ir lap and
of di ’ s es . Henc e. sotl ue sp in- i I ’S h iat t - been plas ti c sheet to pro’s ( ‘l it i t  t r o i t i  dr’s 1115
iluspec tt’tl note II equet itli than oth er s out.
(Figit; e I). ‘Spliei e rio. I’ has not been \ s ui r  f ac e ilispet lion of the sp ln’i es
ti ispec ted as et  . I able I st in t iuiar I ‘ c ’ s t h e  r c ’’.. 5i led t ithe ii or us and a gr ass—I ike
t1~tt..i obtained during t hit ’ ilispee lions. a ii it i t . . t! grot’s th Oil IlK’ coated spu d  i’ s as

‘Spt e t  Cs no. I ~ and I •
‘ sh ot’s c hait i ii oIl ~ I5 a let’s s i t t a l  I allerlio lies and a

1111k 1 0(111 Is (liii’ Illitliber of links st ispert - gi ouapniig of s i t i a It sc~~~f tolls. h it’ t oin re It’
(led o f t  the sea I toot) that inc eased ii i th i  stir f . ic es. it hiethler coated or tint oated.
t t i ie iii liii’ Ot d..iIi. h i ts Lllc reas(’ Ill c hldi l l  hiatt c onsiderkibli less grass — like grot’s th
link c otin t ‘sias due to i l ldc c Ut . . t c  es in ht la l l  the steel  e Itaills (Figure 3). Figures

Ot in l ti l lg  links. lu i rb id it ’s  s0u uut ’ t i lnes i aiid ‘
~ sh ow a c lose~Ills ‘s ie’s’s of t h e

Ot )s c  itreth thìe links near t h e seat loot . ox Icr iors to, a ; o..t ted and (Ilicoated
tinaking i t  di f l i t  t i l t  f o r  h it’ stibiit t ’ i sublo sph e r e .
opera tot s to get an ..ic 1 (II a tt~ c Oti l l i .  - \ Iso, I best’ sphet es ‘stere s(ibseq(ier) t I ’ s
t h e  st it )tl Iel sible operators ‘st ore c hanged tcstecl ill t h e  lahorator ’s ii here the ’s
it ith eat -li di’s o. it h 1 u ll caus ed \ an al ions pro’s 1(10(1 data on t h e  a tt ia l qua lit it ’s of
in the da t a collection p l c ’; edtire. \~ore ‘sta Id perlil eati lig to t h e  inst de of the
ref table data ha’s e been onta tried dt ir tug spheres. the short — td r l l i  i li lp losloli

receti t i~mpet lions because cha in  link is c ’ s s u i t  c ’ all(1 stra Ill behia’s b r  of preloaded
; 01111 t s ii CFC 501110 1 l Il ies t akt’ i i  t i ’ s 0 ~(li(l s p hit ’i es. and the c hielil ic -al coriipot inds
three t lilies as a c heck. ~ l (‘se l l I il l tile c oticreto .

H
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Table 1~ Sp here Inspect ;on Data

Ins pec ti on No . 1 - - Ins pect ton No. 4Inspe ct ion No 2 ins pecti on No. 3 inspt. ’Ctt Ofl
(Aug 1972 , 340 days ) (Dcc 1972 . 431 days) ~~~~~~~~~~ (Oct 1974 , 1,

- - Emp lacement Lin ksSphere ~~~~~~ De pth Off No. of No of No of No. of No of
No Surfa ce ( f t ) Seafloo r Chain Permea~~d Chain Permeat ed Chain Permeated Chain Permeated Chain

at Start (.in ks Wat çr Links Water Links Water Links Water Links
of l~est a Off (f t 3 ) Of f (f t 3 ) Off ( ft 3 ) Off (ft 3 ) Off

Sea floor Seafloor Seafloor Seafloor Seaf ioo r

I Coate d 5 ,075 29 . 7 Imp loded
2 Coate d 4,875 29.7 No count ’
3 Coat ed 4 3 3 0  29.4 Imp loded

4 Uncoated 4 , 185 294 2 3 0.99 No count ’
5 Uncoated 410 (1 29.6 21 206 No count ’
6 Uncoa red 3 ,875 296

7 Coated 3 ,725 31 .5 Im p loded
8 Coate d 3,665 31 .5 Intact ,

but on
bott em ’

9 Uncoated 3 ,295 31 .6 Chain
tang led•

10 Unco ated 3 , 190 3 1 6  24 L58 24 1.58
11 Coate d 3 ,i40 34~ 31 0 31 0

12 Uncoated 2 ,790 3 1 7 d 24 1 6 3 2 4 5  1 3 8  24 .5

13 Coated 2 ,635 32.1 29 0 29 0 29

14 Coated 2,440 43 C 39 0 39 0 3 8 5  0 38 .25
IS Uncoated 2,300 32.2 26 0.89 25 1 . 38 25.5 1 14  25 75

16 Uneoatcd 2, 120 3 1,8 26 070 25 1 1 9  25 1 1 9  24
17 HaIl- 1 ,980 32.6 29 0 28 0 29

coate d
18 Half- 1 ,840 32.6 25 1 .28

coated
Sori ginal number of link s off seafloor calculated from known weights of components.
b
~ ased on 3% by wei ght absor ption to satura te th e concrete.

CNew chain count based on retriev ed sphere data.
dE shackle found on retrieved chain which changed number of links from Referen t -c 1.
CA t I  quantity of permeated water was 1.24 f i g .

- - - -
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FIg I re’ I - Sp here no. 12 shown after I ‘ s - c t r  in the ocean at 2,790 feet (850 m).
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I igt ire 2 Sphere no- 13 retrieved from depth of 2 ,635 feet (803 rn)

¶
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I~tg ur e 3 L’ ncoat ed concrete block had considerably less grass -like gT .ow t h
than the steel chain.
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RESULTS AND DISCUSSION ouuip i  ds51’s t ’  s t r e u i g t b t s  fo r  51)blsl ( (‘ 5 ~it .~S
dat s arid at thie urine of e l l tpta t e r l t e u i t ;

Concrete Strength Gain t h e s e  data art’ riot ’s gi’s en in -\ ppelldl\ I~.
.-\ t  ‘) . -‘ ‘ s e a rs  oh 1agt’ . Ihit ’ c o n t u n i t o c u s li

The c Olt ip ressi  ‘so s t  rer igt hi of t Oll— tog—cured c ou uc I t’  it .’ sbio’st ed a retatl ’s C
c rete  a l te r  cur in g iii th ie oc ean tot  1.3 strer ig t h i of 1. 3’) (c o e t f i t . ten t  oh ‘sa r i . t t ior i
and ‘) . sea rs it as obtained f ron t  it as ~~~~~ The on—land f i e ld— c tired

- 
- ( l i i i  oa ted i out re t t ’ blocks that ‘s’s ore c oncrete s hie st ’s ed a ro Ut i ‘se strength of

at ta ted to the ha in of t he spheres I. 3 2 (& oe f t  it lent of tar Lit tOrt it as S.0”\’),
( I igurc ~). The block silt’ it ~is I ~ s, 18 \ arid the oc earl — i. t. ired c onc r e te  .a ro la t i ’ s  c
IS ti n hes ( 356 x t.’)7 ‘

~ ~ s7 nt i t t i ) .  f ront  str er gt hi of 1 . 15 (c o e f f i c i e n t  of ‘sa r iat io i i
it bi i( h tour 6 x 1 2—inch (I 52 x 305— t i t n i t )  was 9. 5”(~).
ores it ore chri I led. The un LIX Lii (011)— The daLi t ro rt i  the on— la uic h ti e Id—

pr t ’ s s i ’ s  e strengt h of the c ores it as t orn — cured t Olicrete are interesting but
pared to Ibid t ot 6 ~ I 2—inch (1 °~2 ~~ ~ J ‘~ — d i t t  i t i i l t to ci isc c i s s be~ acise t hie eo n —

runt ) c as t c ‘s I iriders ii iade from the sa inc c re te ’ s actuu I ri toist l ire c oh tO l l t ‘s uriod
bat h of concrete - inc h c ured under con — ‘st i th t lute. The  c ouu ip le ss i ’ s  e strengt h of
I inuous tog room condi t loris. The dr~ c o t  ( c Ud 10 is greater ibian t bia t of
stre n gth it as also colilpared to that of equ ita tor i I ‘svet c onic - re to b’s an a’s e r age of
oIl—land c lil(’d ( oncrete blocks located 200\ , (Ref 2, 3). The degree of d i ’ s  l o s s .
about I SC fee t  50 iii) t ronii the shiore l inc. i.e. • the relat t ie  hun i idi Ii of t lie en’s iron—
These blocks ‘s tore the sanie s i/ t ’  as i j i c is e riu et t ‘s i t  th ‘si-hit h t oiic re te  is iii oqui iihr i —

in t hic ocean, arid tes t  spectniteni s it ere ~m,  a~so tn t  icie tic Os t h e  ohui p ress i ’s 0
t one d f rou t the blocks. The c onut press i t  0 si rerigth. For o ur ase. the equil ibriui rut
str en gth rescil Is are preseui ted in l’able 2. relat t i e  hurniditr ‘s’s as not knott ri . -\t ‘)• ( o

,‘\ stren gth d i f fe ren t ia l  has been ‘sears, spring it-as start ing at ter a drought
observed to occur bet’sveen cast trid year. Ho’si et or, because of the proxur t i t t
core d spec itnens of the same c oncrete of the c oncrete blocks to the oc ean, thi e
due to the et let t Of drilling. The c o r n  1—  eriv t roii ii ten ta t  re lat i ’s - c  hun t idi ti it as hi ig b t
press ! ‘ so strength of the core spec iunetis ( I 001~s) t i lost et en ini gs.
in t ilts study it as increased by 7*~ so that ~ainp les it ore dried i l l  an o’s en to
i t  it ould be equ~’s a ten t to that of the ast obtain au u indi at ion oh hot’s u t u t i c h i
spe c t ru ier t s .  (Past data supporting the absorbed water the on— larid concrete had
stren gth adj ustlnent are given i i i  in c ouul par us oul  to the tog— arid ocean—
.-\ppendix .\). Table 2 presents both the cured c ouicrete . Tb nese data are gi’sen in
measured strength of the core specimens ‘\ppendi~ C. -\s expected. the on-land
arid the adjusted strength. The following c o n c r e t e  contained loss moisture than
ana ly s i s  of strength data is based on the either the lo g— c ured or ocean—cured con—
adjusted strengths. crete. It is iikeI~ tha t if the on— land - ‘

Tb- ic compressive strength gain of concrete it ore soaked in water to t
concrete iii the d i f fe ren t  curing environ— st’vt’ral dat s prior to uniaxial test ing. the
merits is presented graphicall~ ill Figures cor i iprcsst ’s e strength would have
6 through 9. Re lative strengths are decreased. Thie amoun t of the decrease s
shown it-here the -ommon denominator is would have been an est I ma ted 5 tO I 5t~ 5~

the 28—day tog—cured strength. This Figure 10 shows a constructe d
strength had a nominal va lue of 8.000 psi relationship between re lat ite  st rength - t
(55 MPa). Reference I did not give the and total age for the fog- and ocean-
coeff ic ients of variation of ti- ic c-t ired c onic - ro te .  T he  strength gail- i

S

- -‘—s - ~~~~~~~~~ {
LIE- - 

_ _ _ _ _  _ _  
. 

_ _  _ _  _ _ _ _ _- --- -~~ ~~~~~~~~~~~~~~~ ---- ~~---- ~~~~~------ - — - ~~~-- —- -~~~~ -- - -—rn—-. -_--- ~~~~



bt ’ii av i on  ton thit’ to g—c c ire d conc rete is a re’ sh iowni in es ti ltia tn ll g the relat io n sh ip
l c I u i s i s t t ’ r l t it itli exist ing kn icsi ’s lcdge. How— between t he t i r u i t ’  t h e  c onc rete was
c’s or , f l i t ’  s t rerig thi gain bchavnor tor t h e  l)Ltt e(t il l t h e  ol oahi auth I .6 y e a r s .  For
o eanl— ( (irech conic - rote is  uinit isua l dlld t h e’ lowt ’ r pathi. ‘s th iu h inite rse Is th i ’
i ic ’ t ’d s ( b is  t iss i o t i .  datu ni n polllt at .6 sears . tl)(’ in i t ia l

Whe n a l l ldS s of o u t rt’R’ t h e  site of str c ’nigth i reduct ion w hien i plat ed in thit ’
a con trol c ’ s  lilidt’r is plat ed in the ocean oceani had to be greater tt iaii I O°cs . The
uini dc’r blig ht liv dros ha tic l)ressl.ire, water higher patt i assuri es t tia t t h e  cia ta a t
il Is t i l t ’ larger s i z e  vci t d s i t ith iini a period time 0.25 years to be at t urate and t hose

u-i l s ’ve ra l  days. T ue  snlta l le r si/c voids at .6 yea rs to be a “low ” re sut l I. l’bie
be -o rr ne t i l led over a riuc i c bi longer t l l lu’  dala at 1.6 yea rs are lro n it one corn-rotc’
period. For exa m ple, 6 x 12—inc h (I 52 x block , prod ucing four I c)rI’s i t -i  t li a
305 — l I m it ) i l  iniders c i nd er a pressure h ead cool licien t u-it Vari ,,i t itt l i  of /4 ,Q”\ , .
c~l 550 feet (I 68 I I ) )  wore’ still absorbing At 5.6 y ’ 0i rs , t u e  ( (‘111011 t was c oun t—
water  at tt ’r 84 day s (Ret 4). Sat cirate d plc ’ t el ’ s - hydra tech b r  both t h e  fog—cur ed
( oll( rete , t h iat  is , ( oli c r et e  ‘svhost’ vci ids arid c-ic eal i—cin red conic ro he ’ as deter i t t i r ied
art’ 111051 1’ s f i l l ed it -i thi wa ht ’r , has IWell fr olm i x— ra~ d i i  t rac t ion ana l~ s is c-i l t h e
fo u n d previously to btav e ’ a s tren igthi c Ol1( rete. Hence. t h e  rate of s t r ’ t i gth i
re duc tion u- il I 0% compared to c ollupanl io ll gain u-il thic’ concrete , or thit’ slope c-il the
ti u isa t c i ra te d c onic -r ote. This strength c - ci r v ’ , should be zero. However , streui gt hi 

I 
-

rt’duu t ion w as observed front two ( - hialiges -oc i ld be occurring due to ot her
d i f fe r e n t t ‘s pes of t u ’s ts: (I) specintiens chenmii -al colliposition changes.
t’s’t’rt’ exposed to a pressure head oh 1, 1 25 Also, at 5 .6 years , t u e  oct ’a ni— i ured
feet (3 43  i i i) for 7 days and then tt ’ste(t concrete showed a c onttpr essivc’ strength
uni der uin i iaxi al ( on)ll)ressionl in a labora— I 5% less tItan that c-it thi t’ log—cured
tory cuviroitmen t (Ret 1, 5); and (2) t -omit - rete . This strengt h redinclioni bach to
specimens wc ’ re pLo -ed under a pressure be due to a di f heron t rt’asoll t ita n Sd tura—
hlead of 20,000 feet (6 ,096 m i )  b r  60 days t ion o f fect t )ec ause at t h i s  a (h’sait ced ~igt’ .
and ti-ton loaded axial ly wiii he m i  t h e  both the fog— amid ouean i—cc irt ’d ( (lucre tt ’s
hydrostatit  env Ironinlieli t (i I the (-or - i( ’rete are known to be sat nra ted (Ref 14) .
was t t i ta l lv  saturated, who h was the Therefore , t u e  cause for the towt’ r
assurlie d c - onidit ioni , then t his lost was a st rent gt hi  of th ie ocean—cc nred c -onn rele as
urn tax  al com pression t es t )  (Ref 4). T u e  -onnpared It ) the fog—cu red co li crete c dii
c a i .ise oh these str c i igth i recitict icins was be speculated as un t a i u ih ’ s  (hue to t ue
n i u c s s t  lik ely front 

~~~~ 
pressure buii ldunp. presence Cci st’att d tc ’ r .  Mag riesit i nti  ions ni

l’)c irinig ui ni taxi a l  loadin g. the water  pros— seawat e r rep lace sorite of thit ’ c a l c i t i l It
sure ill sol ilt ’ of t u e  pores rose’ slightly, ions iii c~~k iiirii sil icate hydrate (tobon —
t hereb y plac irlg an additiona l conmtponen t nitor ite gt ’h ). Th is c auses thit’ bor nt lal io l l  of
cci tensile stra irl wit hi nn i thie’ specin~ten that ntl aglies iuuu i silicate’ htv dr 0it t’ . ii t ic h i is
reduced t ftc leit si It’ st rengthi In t u e  radial more brittle than calc iu m sit rca t (’
(hire ( t ion and , (on st’quleni tly, reduced t h e hydrate (Ref 6). Spot - m uons of pure
coninpres sive strength in the axial clire — ct’ntteli t paste are required in~ order t o
lion . de terrtt m e  th it’ present t’ of n i lagr te ’sitiui t

In l:iguire 10 , it’hieni ( oncrete sped — S i I i ( a t e  t iycl ratt ’ ‘s ’ s - i th i  a scauin in uig ele troll
1110115 wenc placed iui t h e cit-can, a I l l i c ros t - ope. I fenc e, t h ese concrete
c lot u t . 0 is ’ In strengt hi cii about J 0% saniiplt ’s could not be tested I or ut la gll esi—
01 t irred. At  I .6 years , o -ea ni—c uired con— unit si l icate h ydrate. Appendix l’~ l)r(’st ’nl Is

rote s hiowech a t -cin nipres sive strength i an extells ionl to t h e’ sphit ’ re progranit
t ina t t ’ s0 i s  sf 111 less than tine ’ 28—day log— whii ii it - ill pro’s dc data sci thia I t h e

t Ir c(i s t  ren ig h i t .  Two al ter mla t I ye pa this ph-icnouliellon o f  uuagnesiuit i ion s t ep lac ili g
c a  Ic i u tu i i  ion s t a r t  be s tu i t t i ed .
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It c arl a lso be spt’ t ula ted thiat the to th iat in a 7 3F (22.8( ’) tog ou t ’ s Ironnilen t .
old te llipenatc1ire ( ‘n ’s i r onniien t of th ie \ f te r  28 da’s s. t u e  comic -n-etc in t u e  cold

cn u’ani had a sniia II ef les t -I  on re tard ing  coy  iro nini le li t showed a ct — h ipless i vt’
Itil I clove lopntien t of st renig th gain. The st renigthi that it as appr oxi mn ia tel ’s I 0%
o(-eani tenil peratuire was 40F (4C), less th iani t h e  contro l coot - rote.
whereas tb- i c fog ro-icinli environmen t was The i nit por tan t fluid j ugs trou t t ha’
7 3F (22.SC). flist unssion of the lon g—tern - i data are: (I) the ocean—cured t onicrete
t ’ f fe ct u-if a continuous 40F (4(1 c -t Ir ing required I tot 2 years in the ocean before
environunen t was not found mi the l itera— regaining a strength equal to i ts  28—da y
ture. Lornttan (Ref 7) gave limited test log strength; and (2) ‘sv i t h in  the time
results on concrete that set an- id cured pcrio h oh up to 5 .3 ‘s t ’ars , t u e  st rt ’ngthi of
under seawater at 47F (8. 3C) compared the t -onit retc in ti-ic occani ‘sias ( ‘

~ to 20%
ht’ss t han th ia t of t oni t in u io um s l ’ s log—cured
cone’ ret e.
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These f indings raise a question as to strain curves. The behavior of c ored
the appticabilit~ cit “c oncrete strength -y hinders is presented as raw data, i.e., it
inc roasc ’s with age” as genera lly has riot been adjusted for drilling effect.
ac c epted (Ref 8). \%a ssn ve ol ishore The concretes were all linear up to about
st ructoi res are ty pical ly fabricated in a 0.5 f~ . The elastic modulus of ocean-
seawater environment. If saturation is cured c-oncrcte ‘st as 30% less than it-tat of
c onsidered to occur, then the following the contintiously fog-cured concrete.
interim guide can be used for strength- i Although the elastic modulus was not
gain with age. The initial 28-day fog- determined for fog-cured concrete at the

onre d strength should be reduced by 10% age of 28 days , it is reasonable to
to accoun t b r  saturation e f fec ts .  Subse- assume , based on data from s imi la r
quent mn—s itu strength increases with concrete (Ref 5), that the elastic
t in lne niiay depend on the depth at which modulus of the ocean-cured concrete did
the concrete is located. Depth is irnpor- not change significantly from that of the
taut because it can influence the degree 28-day fog-cured spec imens.
of saturation. At present , data are
avai lable at depth-is of a few thousand Short-Term Loading of Spheres
feet. For this case , the strength increase
re lative to the 28-day fog-cured strength implosion. The three spheres
appears to be nil at 1 year , 5% at 2 retrieved from the ocean were returned
years, arid 15% at 5 years. to the Laboratory for short-term loading

For cases where the concrete is at a tests. These tests were conducted in a
depth of a few hundred feet , it is hard to pressure vessel where the external —

est imate the strength gain behavior. hydrostatic pressure was increased
First , it is unknown how much of thie wall steadil y until implosion.
thickness wil l become saturated. It could While in the ocean, these spheres
ta ke months for several feet of thickness were subjected to a sustained load of
to become saturate d. If the interior of about 50% their short-term ultimate
the structure were to be at a re lative strength for a period of 5.3 years. In
humidity of less than 100%, the concrete prev ious work (Ref 5) identical speci-
would never become saturated. How- mens were tested under short-term
ever , some of the concrete would be loading where the specimens were not
saturated near the outside wall, and that exposed to the long-term preloading.
port ion would exhibit a strength dii- Table 4 shows the results from both
ferent from that not saturated. As a types of short-term tests, with and with-
guide, the compressive strength should out preload. Table 5 summarizes the
be reduced by 10% to account for satura- results.
t ion effects; then it is probably reasona- For the uncoated spheres, the pre-
ble to permit a strength increase of 10% loaded sphere showed a decrease in
at 6 months and 15% at 12 months. These implosion strength of about 8% compared
va lues are conservative from the on-land to that of the non-preloaded spheres.
increase factors of 20% at 6 months, and The compressive strength of the
24% at 12 months. saturated concrete was fairly well-

Numerous cylinders, both cast and defined for these tests. For the coated
cored , were instrumented with strain spheres, the preloaded spheres showed an
gages to determine the elastic modulus increase in implosion strength of about
and Poisson ’s ratio of the concrete. 5% compared to that of the non-
Table 3 summarizes the data, and preloaded spheres. The actual increase
Figures Il through 14 show the stress-

I)
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liii h and ico it I l o t i l l  ,, i io  it ’ 4 .11 ”

i in * lt iolt ’ . in it i-al 1$ dcii silOtt i l im O

iii t og iooi,O

U11 ,i-as i -tck ) it ii ,’ii , o t t ,  4 I

III, d oll S c, i , t i , m i 15 ,iiit o s ) m* i i th i i i c iii
cii hg  11 110 lilt ci Iiciiioliiig

‘~l h as t co  i icoi , liiiiis ,ltt,~iiiciio ,h im - ,.,nn ,c n a ,h u ci ’ ,u’,h o I ’ i o

in iutnplosioui strength may hate been shig lltlv greater thai- i that for tine ’ saUll J-
greater t han t h e  reported ~n% due to niu t ted cuif luIete spot inht ’nts . I lot te ’s 01 lot
chef ~n i i u tg as ae ct irate l ’s tIne ct nn rr pr essn’s ~ the preioaded .1p)WrOS . the’ dr’s o cinitiete
strenl g th her t he pre~oadeui spheres as ton- spet uliel - is wore at least 14% stroui got
the ot her c ases. The coa t ed spheres f r ont  t h.ili t b e  sa tur a ted t on elo te spet ililells .
the c’t eanl had rolat n’s el’s dry c onc rete . To ThIs di f terenc u’ in - i stren gth ‘svi h I be
obtatu i 5i ut - impress i t e stren gth of dr’s t I n s c m  issod iui the next sOt I lu - il - i .
c oncrete, t h e  on—lanid conu ’ n et e  blocks l’hiu ’ innipl osion data art’ t i u l l i l eu t .

‘sto re used. l’he etaporable ntnoIs ttIr e 000 — ~i~o hit ’ri t u e  iuiiplosioii streiigt i is of cfr alld
tent oh Il-it’ on—laud blocks ‘s’s~~ts 2.7% Ii’s saturated prehoaded sl-ioc in-ien is (I’1111
w e g hit. wh ic h ‘stas less than ti lt ’ ~.°~ks Li ’ s  0.2’)9) we t-c a’su’raged 5mnd compared to
weight moist tire conteli t tot (lit’ ( c -i tt tt ’d t hose of t h e  non —Inreluiaded sphier ‘ s

sphere ‘sta h l (A ppendix l’s). Hence. tht’ (P in~
/ t  , 0. 3014 

~. it ‘s’s as I otnuid tha t I ito
om n npressi to strength i h s t t ’ tf in-i Table ’ ~4 ci’s er,,itl of tc ’o - u- it f lelciadlllg the sphton ’s
01 ~piieres no. I I arid I 3 ma’s be a l i t t l e ’ to a s t l u ’ss level of abocn t ~0’k’ their

greater than tb-it’ au’t mia l strength of f i le ’ th i t l l ) h i k ’  strength for ~~. ‘s’’ar ‘s’s as quite
cont ’retc in tb’ic sphere ‘sval l. It th u s small .
potential error ‘s’s .ts ~oti ec t~~u1, the of t e ’ c t  \ to’s ’s of liii ’ Illiplouted spbit ’ tu ’s 5t i u ’
would be t o-i inicrease tb ie P 1111/ t ’~- rat l u-i ton shown iii F ig e i te s 1 ‘t tii ru -ieigh IS. l’bio
Ihe coated pre toaded spht’t- u’s. visua h claiunagt ’. j ul lerulis cit I l aginlomu Ia —

Table S shows tha t for non—pu’— tioli. us rathie r nititt 10 u u ’itllpari son to lioni—
loaded spheres the dr’s t o r i c r ot e  preloaded sl-ie iuielt’s ,tn’id, il l 1\ t t ( I t u i t a r .
spe (’ir tne n is ha(l an innplosiuin streng th olil\ ton speu iultiTh that 1l5;’s-e ihllplo ’ded i i i  the

It ’
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Labk 4. Short - U-ron l oading Results ot Cc increte Spheres

i: list cc

l’ rv ho-ad t_ fli,i ~ia 
i t t  ploston RLI t i tc • ofSphere Ccc tnc r ete (‘Ai t ll pressit c- 

-))c -st -r l p t i c in - ,~ Pressure - Pressure , P 
~ 

Spherc-lksign.itittn (.oflutltlt,n - Stren gth ,
(p si) 

~ ~ ~~~ 
(psi) t c ‘s~a lt .

1:

(psi ~ jØ ô )

Spherc .s 1 1  d r y  1,40(1 04 .200I~ 2,970 (1 323 5 0 5
preltc~iciecl 12 sa t u rat c’ ci 1 ,245 V ,96O~ 2,750 1)276 5.20
t t n the 13 dry 1,175 9,76O~’ 3, 115 0319  5. 05
cit -cans for
5 3 y r

Non-pr ehoadec t Cl )S- 1 d ry 0 0 2 5 ( 1  2,860 01.309 464
spheres CDS-2 dry 0 9,120 2 1 755 0 302 4.14
(after (‘\~‘S3 saturated 0 7,960 2,500 0314
Refe rence 5 > CWS4 saturated 0 7,660 2.205 0288 429

concrete corresponds to c’oated spheres, and satur ated c’oncrete co rrc’s ponn c ls to uncoated spheres.
b6 x 12-inch ( 152 x 305-mm) cylinders cored from on-land field-cured c-c, ncre t e blocks prepared trom

c’on cr ete used in s p heres
C 6 x 12-inch ( 1 5 2  x 305 -tium) cy linders cored from the ocean-cured conc’rete bloc-k attac-h cd tc)
Sphere No. 12

Table 5. Summary of Short~Term a Loading Results

Implosion Pressure to Compressive Strength - i Ratio. 
~~ni ~~~for Spheres I i

Spheres Coated Uncoated
(dry concrete) (saturated concrete)

Preloa dedb 0.3 21 0.276

Non- Preloaded 0 306 0 301(after Ref 5)

aSpheres tested in a pressure vessel.
b1~ the ocean for 5.3 yr.
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,~ c t ’ 0c t  . 1hnu ’ c ’ t i t ’ s of fa ih in i t o t c 5i ~~~i1t’t os sI t ~‘55 5th tc l straihns . \ sm n n i m l a r  presets tat loll

cci .  II and 12 (l ige ire s I ‘s anl(l lt~
) of n esin lt s  I ’ . gi ’st ’it iii Figure ’ 21 fo r  Ott-

appeart’(l to be ft o u t  r u s h in g of c c t i l c O t t - uloul—pr u ’lOached s~iii u’n c ’s (
~il I t t  Ru’ l ‘s ) .

an(I ‘s’s e n t ’ m ccii e lus calt :c ’ci ib l ~iIl ton Ihte l is t ’ c it  ‘s I c i u l c  rett~ spbiu’ro s ‘s’s (‘it ’ able to
no nu—pre tci.cdt ’d spheres. SI)hlen (’ no. I ‘s’s it his tan ud about 20’\ ’ ii tore ‘sit l i n t  Li to

ci ’s ’s ‘cl .c f an  l i n t  o ‘ c li 10 (F iguire’. I ‘ .iuttl IS) s t  r~t nIl ti t an s ice s~ t ura tt ’t h sph iere’. be t ot e
that ‘ s ’ s . t s  c u b it ’ l ’ s  p lc al of Ott ’ lOl l— t hic p lo c hnll g.
pi eloaclt°d 5 ) 5 > 1 0 1  05 . \ sl l t ’ 0 t 1  - c c i i nt pr c ’ s s t c i r l  — I t  ‘s’s as quilt’ apparens I I ro u t t int ’  dat a

‘s pe tam lure it coc k’ t on a sec t ton cit tt all that sa tura t o o t h  c cit Is o t c ’ behiat t’d
‘s’s a — , c’s idon t for aboci I ‘~~i tI l t  lies ( I ~~ ci t  u n c )  di I ten-en If ’ s t bait cli ’s ciii. n - u’ 10. Ho’s ’s e’s ‘ ‘i

in Leng th. al thin s l ittle , data dc c lot 0\csl eli t u e
TI-it’ sp t tc ’n u’s tbiu t intlplcsded ill Ihiu’ s t r u ° ss— ° o tra i n i  bebia’s ior cit c O i ls i o t t ’

c~1t oat i ‘st ci c tuicm nd tu-ita Il ’ s f ragin tu ’Il tt’d. Ini I c l i i  I ro I c ‘s I ittd u on - s tis, tt ~t i o sat ira te d arid
a p r o s s l i r t ’ ‘s u’ss~.’ I • u ni t 0 tat h i— c ’ ol a tint ias ~i l1 ’ s lciadu’d ‘s’s iii It’ iii a hi ’s dr os ta  t i c
sphcnt’ began. the pressure load dropped ))I t ° s ” Lt n- t ’  t’l ’s i r t i l l nt nc ’ ut I. l h lns spblere test
uif t r .ipidl ’s . [his c u d  tic - it ci • ‘sir il l Ihie.’ prci> .~

n a t m  (I igcnres 20 and 21 ) pro’s ides t i it ’
c lo 001i1. 0intl. hone u’. ~t sph-ieru’ ‘s’s as first data that shot’s s0tttir at ec l o Oils rc’Iu’
siib jt ’e ted t o  ox t re in iu ’l ’s ‘. iolers t slit- it -k under hi’s drosta t i c  p ressur e (t Ot ’ s 110 1
I cin - s i ’s ‘s’s hen-i th tu ’ ‘stater c ci l lapsed the.’ Pt’ t h c i rr t t  as ‘s’s t’l I as s i l l  ii Ian- ci i  c iu lc  i t ’t O .
‘sta l ls .  I glu t’ I’) s h o’s’s s tb o ’ clu’hrns ciii the lable ~ l i s t s  the s t i f f n e s s . cii elast ic
seaf loor icr Sp h ere nci. I that t in t  ploded nt ici d ’ si lcn s. tot the ‘s’s aIls 01 Iht’ sp int ’rcs.
at a deplh cit ‘s , 07 ‘i lt ’et (I. ‘~~~ 7 nit ) . The a’s t ’ ragu’ umt od ’s i li is ‘s t l ’ s t e  t o~ tuie thiru ’e

cit t ’ ,jil sphit ’t i ’s ‘s’s as ‘) . I x 10 psi (
Strain Piehavior. ‘

~ t ra ill beisa’s ion- for G lIla): f cit t b e  ~ oli— preloaded spht’res. i t
t h- ie spheres tested in-u t h e  pru’ssc t ru’ ‘s o ss u ’ I w as  !4 •~~ \ h O  

~~~ 
(30. 3 CPa). Th ns

‘s’s as ltlciIi i tcired b’s nneasur ing the quan t i t  \ di t ten-onc e ‘s’s as due to h it’ o f t  o c t  cit the
cit ‘s ’satt ’r displac c ’d tro mo t b c  int er ior cit prelc- iad and is a ‘s ’ se l l—kn o ’s ’ sr i  of t t ’ci c i t

ti- ic sphere ‘s’s iii ho’ tinder loud. \ e iiannge Ot is n-u’ It’ c rot ’I) ( R’  t 8). For “.3 ‘ s ea n s
u-it in ten-ion - ‘s u-iltinue s a direc t t iint - t iu - iru c i t  t b- ic c One i c’ It’ in t lie oc ean spheres exper n —

t u e  c -h ange in radius. an-id the c b i ange in enc t’d c reep under a ‘sval I s tress cit abt iunt
radius i s a din -oc t lim o- I ion of hioop str a in- i. ‘i,000 psi.
The displac ed tvater ‘s’s as measured to art (‘orion-etc c reep arid a trna xnal
accuracy ci t  10 l i l t .  ‘svhicbi t ouiver ted to a loading condition explains ‘svh~ tb- it ’
strain accurac ’s  c-it .2 in./ ir-l . This is rnt od ’sihi is ci t  S.1 x 106 psi (3” .2 CPa) for  - 1
applicab le on-i l~ ‘s’s-hen-u ruenibran e displace— the ‘sta ll ot t b c  prelt-i5ided sphere ‘s’s 0iS
merits au - c ount ton -  mos t cit thu’ c-hange iu greater than that given in Table 3 ton - t i t ’
volume. Nt°an- failure. disp lacements due ooeani—cuiru’d t oncrete bloc k, where tiut’
to tha t—spot  devehu-ipnient c al-i c - tw itribute modulus ‘s’s as 3 .77 x I Q6 psi (26.0 CPa).
sign i fit -anti ’s to the displa -ed ‘s’s at u’r. Ti-ic c -oncrete block in- i thiu’ uic~eani ‘s’s as I-it-i t

Figure 20 s i - ic-itt s the raw data c-it st n- u°ssu’d like tb- it ’ sphere ‘s ’sall : i t  ‘s’s as
pressure ‘s u’rsuis displaced water for the saturated ‘s ’s - i tb - i sea’s’s-atu’r an- id in- i a sla It ’ cit
sp he rt’s. Other sc -al u’s sb-it-it’s tuie ‘sva ll equi libricinin ‘s’s i t hu the en-n ’s in-onn itont.

This techrlique ‘s’s as used in-i Reference S ‘svithi exuel len t rt’sui lts ; the s.uillu’
procedtires were applied in-i these It’sts.
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Lewig—Terni Loading of Spheres s Ins Ia il tu ’cl load. tIn t ’ n ot’)) bu’h na ’s io n- cit
ci u t e n n ’tc’ c . IUst ’ s dc’grad~it i c imn elI 51 ne i lg ti l

u t  h it’ uui ig iniat u’mg lilu’en ‘ul i ulc’ t c ’s mu b’s l o r n u u m n i g  I t n n c n o c  iae ks. \ t  t i it ’  Sau te ’
l i s t ’  cic c ’ 0it n , I Iln ec ’ sill si n-os hate ’ iut nploci t ’d t in t  it ’ . i i i the’ pm c - s O t dl C’ of  Ic i o ~~i sic ii o . In ’s e l i0n
a t  dt ’ p Li l .  h u t ’  tu lniu’ — to Ia i h un t ’ tot eau hn d l  l i t - i l - i  c-i l -ol l nu ’ n i  t c a u t s O s  a s tn c ’ni g t i t c ’ ni i nig c c l
t int ’ spiut ° t t ’S 1 ht hmad to be ost un u iate cl lilt ’ ‘ so n Ic n e t c .  Lon g—ten - nun  Iciac lm n ng 10
i )t’I 0 l l t su ’  line ’ c l cic l ’, c Ollto jiiic ’ (l nIl t’st t) ci t  f o t i I t i I (’ cit t d i n - s  ‘s’s bo ut t t i R l t c t  n 0n ks h i tu i iu
IItu ’ nn u i t .i’s c Itc u t h)t’c’n t o ’ s u u n d . “s p i lc ’ i u ’ Ito. c i  c° ’p progn oss at a f0tstc ’t t 0 i  i t ’ than
t ’ ’s tdu’ii t I ’ s  innl 1 )lcidhe d c1ll dt ’~ s t ’ i t  I tel lilt’ s i u e ’ nigthl t ’nl ii tg I lo u t • u’niit ’i c t i s ’ s tin -a t i c M l .
seat loon ii 0 10 loot (1. 3 2 1 )  n h )  h)e’e Jti st,’ S u n  e n oc’p of ho c is ‘dc~’s’s dci ’s ’sn i ~‘s iii I m int’ .
t I le ’ s cit~ i O t t ’ I rag lnnc’n- c I s  ‘s’s e’n e ’ ‘s’s idc ’i~ 51 rc’nlg l Ii g.i ill I n d I l l  ( t’ llt(’ Il I It ’s dial ciii it 0is
sc ,i t it ’ic ’tI. ‘sp i ie .’ i t ’s  n b .  I antI 7 had  a a o it an ie c ’ Ic - i & 0 i l& ii ‘s ip anldl ci ’s c i  takt° lint .,
tmn t io- tci- i an hni r t’ tila t ‘ s ea s  t>t ’ t ’ s ’ s t ’ t ’nl the s i t ’op cmicl ’ sn ’d st rt’ni g t il n e’dii& i is ’i d S ,  rile’ I -

bu’gm n l n i m n l g of tlic’ t t ’ s t  anti t h e’ cha~ cit  t iu u’ un i a t i ’ u- i t c ’ l l le ’il I In ’ s dna I it u n l is ciepe’nide ’nt I
t i n - s i  ml ls l n’ c I loll. 1 cm— If l t ’ st ’  spc’ m n u u o n ls h ut’ upou (hit ’ altn o mnlt cml I n  t ’ t ’ e’n nu t ’ it t
t~i dc i c ’ I c ’ t r a gn n ie ’ i t t ’ -. ‘ s ten O’ iii a t cc  al i ,e ’cl a’s an lahlt’ t ’ s m t i i t n ’u t i te ’  e cillt r u ’t c ’  bt’tci i 0 i t  us

at ‘0i . p hat c’d t in ldc ’r scns Ia in-it’d load . hut’
Detailed c Lu la fo r thit’se ~plt~ n c ’s ~uul( I 

~n .i t nt -al s i g nnu I ucaln ’ d l  t i i ts o u mn idi tu on us
the’ ot h er sph-ione ’s s i t  II iii tat I dint ti te ’ t isa t Ol le t ’ t int ’  ~ n u t  n ,il dun-at cmi u-il load’’
so0 u t lc cs n- t int ’ gnve’ ll in- i l’able° n. This table ’ us ~~ t ’ t  aIldI it ’ s (in~u t id l i t  s tn e ’ n ig t lu ’ n i i t g
,,ilsci siu ci e ’s s Olt’ ‘s alt ’silatio uis ho n t h e  n- cIa — cit I l urs aI a t~isle ’n- ra te ’ Illail t roop
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the chemical composition of the cement FINDINGS
pastes; his report is given in Appendix E.
All samples showed that the cemen t 1. Concrete that was placed in the ocean
compounds were hydrated. The samples decreased in compressive strength by at
also showed that substantial amounts of least 10% due to saturation. A time
calcium hydroxide were present , which per iod of from I to 2 years in the ocean
indicates the hardened cement pastes was required to regain a strength equal
were undamaged. No evidence w as to that of the 28-day fog-cured strength.
present of harmful chemical compounds.
The ocean concrete remained essentially 2. After 5.3 years in the ocean, concrete
unaltered from the fog-cured concrete. showed a compressive strength that was

15% greater than its 28-day fog-cured
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Appendix A

EFFECT OF DRILLING CORES ON
COMPRESSIVE STRENGTH

It is generally known that the com- cast cylinders; these were subsequentl y
pressive strengt h of core specimens “pushed-out.” Both the cast and cored
obtained from a structure is usually less cylinders were soaked for 40 hours prior
than that of standard laboratory cast to testing to insure similar moisture
cylinders. This observat ion is the result contents. The Campbell and Tobin study
of many influenc ing parameters , one of used concrete having two cemen t con-
which is the ef fect  of drilling the core tents , 5.33 and 7.33 sacks per cu yd. Cast
spec imens. Other parameters are: curing cy l inders were made in metallic molds
env ironment , size of core spec imen, and and then placed in holes in the slab. The
direct ion of coring compared to casting cast and cored cylinders were soaked
(to name a few) . The specific topic of prior to testing.
drilling effect had not been directly The uniaxial compressive strength
addressed in past studies. However , data of select test runs are given in
investigations by Bloem (Ref 11) and Table A-I. The observed effect of
Campbell and Tobin (Ref 12) gave data drilling is to reduce the strength of the
suitable for estimating the drilling cast cylinders by a factor of 0.93. For
effect. this report , the inverse , 1.07. is the

Both investigations used concrete factor to increase the strength of cored
s labs that had provisions for making and specimens so that they become
curing cast cy linders as part of the slab. equivalent to cast cylinders.
At the time of test , the cast cylinders This factor of 1.07 was in close
were removed from the slab, and then agreement w ith that of Murphy (Ref 13)
core specimens of the same size as the who mentioned a factor of 1.06 but did
cast cy linders were drilled from the slab. not present test results or the

The Bloem study used plastic inserts background source.
that were set in the slab to make the

I
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Appendix I~
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Appendix C

M OISTIIRL CO NT ENT OF CONCR ElF SAMPLES
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‘I’dbl c C-I - Moisture Content of concrete

Sauii phes on (O ri ginal Ccindotuon Sam ples in Original Condoticni I)ricd-Out i c 5
Pi aced on i’ress ure \ s 5 S s i

i- :ucvi rcniiiic u uau at I 5 ,488 ) Psi for 7 I)a~- ’, 50”,. KIt , 7(0°F for 4 Month ’ , Add itional 3 We eks at 1 34)01:
(:onsioticon

fo r Concrete Coefficient ( :o c ’ ttouocnt ‘I’,,lai Coet f ocie nc
- Wat e r N~ , - Water Nu , No,

Sauii p ic -s . , of of Wat e r - of
(.aln of , Loss ,ot cit - -

- C or oattoit - Variation I,co’s - Va r iati onn-’ . n~ w t )  Samp les (“,, bs w O Saniphes 
~~ ~~ ~~~ 

Sam ples

On-land f ie ld -

cured Cur 5 . 6 y r

Interior of — (1.87 12 2 1 ,8 2 ,61 12 12.3
blocks
Exterior oct 1. 78 4 27 ,5 2,76 4 16. 7
i)hoc ks

Fog’cu red for 2 . 47 IS 8 ,9 4 3 7  18 8.0
5.6 yr

Ocean-cured
for 5.3 yr

Blo c ks 00 .83 2 56.6 2.8 3 8 4.2 4.72 10 5.5
(un co ate d)

Coated 1 6 1  4 9 .9 1 .85 4 9 . 2 3,52 8 8.6
sp here wall

Unco ate d — - 2. 58 2 3.9 4 .27 2 1.2
sphere wa ll

I
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Appendix D

CEMENT PASTE SAMPLES PLACED IN THE OCEAN

To study the phenomenon of magne- The cement paste samples were pre-
sium ions rep lacing calcium ions in pared on 1 3an 1978 by Professor P. K.
tobormorite gel, small neat cement paste Mehta of the University of California at
samples were mounted on the chain of Berkeley. The paste was made of Type II
Spheres no. 15 and 16 on 7 Mar 1978. Ten Portland cement having a water-to-
samples were p laced, f ive at each cement ratio of 0.60. The relatively high
sphere. The samples were 1 inch in water-to-cement ratio was used to
diameter by 2 inches long (25 x 51 mm). create a higher-than-normal porosity.
They were suspended from a steel bar The samples were made using a
that was hooked onto the sphere chain, technique that prevented bleeding.
The samples were hung from insulated The chemical composition for the
electrical cables about 1.5 feet (0.5 m) cement is given i~ Table D-l.
below the bar. Each cable contained a Comparison samples to those in the
plug-in type connector (Figure D-1). In ocean were placed in a fog room
the future to retrieve a sample , a environment at CEL and the University
submersib le can use its manipulators to of California at Berkeley.
disconnect the plug.

Table D 1 .  Chemical Composition of
Portland Cement

Chemical Percent

Si02 22. 36

A1203 3.75

Fe 203 2.10

CaO 65.89

MgO 1.77

SO3 2.29

C;S 63.5

C2S 16.3

C 3 A 6.4

C4AF 6.4

Bla m e, cm 2/g 4,800
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Fugure 1)-I. Arr~ingcment for suspending cement s.tmpks t ro m chain of ’ Spheres nc) I ~ an d 16,
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• Appendix E

M~CROSTR tJCT LJ RE EXAMINATION OF CONCRETE

b~Prof. P. K. Mehta
I. nim ‘s ’er s u Iv of Call form ma, Berkeley

The results of a nllicrostructure feldspa r emanating tron in sand ‘s’s’ere also
examination of the concrete samples present, it was not possible to niake an~listed in Table F— I are summarized estimate of the relat i’ s e quantities of
below. (-ak-inn)) hydroxide in the ditte rent I -

Aggregate pieces froni the concrete specimens. Concrete samples mc. ‘\. B.
were carefu lly separated as much as and C showed small peaks due to el t r i m—
poss ible before crushing and grinding the gite. In no case ~ ere peaks large enough
remainder of t he sample for x—ra ’s ho draw an~ conc lusions. Concrete
dmffr act ion anuI~ sis. A ll x—r a y diffraction sample mo. .‘\ (piece lroni wall of sphere
ana lysis work ‘sv as conducted at 40 kV, 35 no. 12) dif fered onl~ in one respee -t t’ rom o i
mA Cu k ~ . the others. It showed t’s ’s o sm na ll peaks.

There was no evidence of unti’s dr a— 2. 54 ,‘\ and 2.16 A , ‘s’s-hich are possebt’s due S

ted cemen t compounds in an’s of the to the presence of calcium carboaluml—
specimens. This showed that the cemen t nate hvdrj tes. However, these peaks are
was nlore or less completely hydrated. not ‘s~.’r’s large, and all miia ior peaks due
.‘\ ll the samples showed substantial to carboaluminate hydrates were not
amoun ts of calcium hydroxide. t hus present. Therefore , it is ccn cluded that
mndmcating that the hardened cemen t the concrete has remained C’~se’ut i mal l ’ s
pastes were undamaged in c’s er ’s case. unaltered.
Since large peaks due to quartz and
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l’ahk f - I .  Concr et e Samples for Mic r osr ru c-t ur t ’ I- xa m i nati co fl

Sample . Curin gSample I)csc ri pt noon
~s so . I Iosts. r ~

A Piece of uncoatect stal l l’ronl hemisp here 5 1 o an 2 . 790 I n
W-42 . which was part of Sp here no. 1 1 on tli~’ c ’ccJfl

H Pic~c co t ’ concret e block that was .tt t ac ht’ef 5 , 1 t .tn 2 .790 II
to Sphere no. 1 2 .  Concrete w,ts tro u t %.iiflC on the oicC.iil
batch is th at co f hemis p here W- 2.

C. ’ Iuiecc t o t  control c-vlonider that corresponded I:~ g curing. t 4.Ni”~
,

to hemisphere W - 32, HI t , 73 01: t , c~ 5 . 6

I) Piece t o t  con c rete blc ,ck t ha t rc ’rnained Field-cured on) land.
exposed Os ’ co n-la nd field conditions. Concrete iSO ft from s oc e.ctc

s~ .is from sante hatch .os that of hemisphere for 5.6 i’

\‘s - 20 ~c ot her hemisphere to Sphere no, 12 ) ,

I- Pi~ ve t o t  coated wall from hemisp here 5 3 ~-r at 2 .n 35 f t

‘s’s 26. ‘ss hich ss .ts part of Sphere no, 1 3 ,  in n the oc’com n

-j
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