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THE USE OF CORAL AS AN AGGREGATE FOR
PORTLAND CEMENT CONCRETE STRUCTURES The deposits can exist Aell above sea level (com-

i)act(le limestones deposited when the ocean was
higher) or as loose or well-ceniented deposits near or
below sea level. Numerous classification systems

1 INTRODUCTION have been used to describe coral materials. This
variety has caused much confusion and ambiguity. A

Purpose and Scope. The purpose of this investiga- detailed qualitative description of one recent classifi-
tion i as to document the experience gained by the cation system is found in the glossary.
Army Corps of Engineers and the Navy Civil Engi-
neer Corps since World War II in the use of coral as Coral Concrete. Prior to World War II it was
an aggregate for portland cement concrete (PCC). generally assumed that coral was not a suitable
The scope of the investigation was limited to the aggregate for PCC. But during the war most of the
evaluation of coral concrete vertical construction and concrete placed at advanced bases on the tropical
structures on the Islands of Guam, Saipan, islands of the Pacific was composed of cement and
Kwajalein. and Midway. coral aggregate. This was because no other rock was

indigenous to large groups of islands such as the

Approach. Coral concrete construction techniques. Lines. Gilberts. Marshalls, and Leeward Islands of
both past and present, were evaluated and related to the Hawaiian Archipelago. Even on the larger
the integrity of existing coral concrete structures. An islands that contained other rock forms, coral was
attempt was made to determine where coral concrete often used because it was more accessible. The use of
construction techniques and coral concrete struc- coral aggregate in concrete was continued after the
tural performance differed from conventional aggre- war in those areas where other suitable aggregate
gate concrete. This was accomplished by evaluating was not readily accessible. Major post World War il
relevant literature and construction and inspection coral concrete construction efforts in the Pacific have
records, visiting construction and material prepara- occurred on the islands of Midway. Kwajalein.
tion sites, evaluating existing coral concrete struc- Eniwetok. Bikini. Johnston, Wake. Saipan, and
tures, and collecting coral aggregate and coral con- Guam.

crete samples for laboratory analysis. The laboratory
analysis assisted in identification of the parameters Most of the published intormation on coral
that affect coral concrete distress. concrete has been related to one of the following

three coral concrete construction periods: World
Background War I1 and immediate post-war construction.,2,3 .

4

Atomic Energy Commission construction at

Coral All coral is of marine origin and is scien- Eniwetok and Bikini during the late 1940's and early
tifically classitied as an organic sedimentary rock. It 1950's.5 and the Navy's Advanced Early Warning
is light in color and ranges from unconsolidated (AEW) construction at Midway during the mid
deposits of beach sand to dense reef deposits of con- I 9_0's.6 The Navy Civil Engineering Laboratory

solidated limestone. The dominant material found in (USN CEL) conducted ar. extensi-e laboratory
coral limestone is calcite. Typical coral consists of 95 evaluation during the 1950's and early 1960's and
to 99 percent calcium carbonate.

'Ben E. Nutter. "The Ue of Coral Aggregate." Procredings.

Coral is formed by minute marine organisms, 4(CJ ]rnal. Vol 40 (1t44), pp ht-65.
coral polyps. and nullipore algae. Coral polyps and 1.. R. Perr. "Coral-A Good Aggregate in Concrete." Engi

algae produce calcareous secretions. These secre- ,'.rig N,,w.s-Rcord (Augt t 1445). pp I It-122.
I.o S. Raitn11%on. "Concrete at Ad% ancc Baw's." Prc'l'diak,.

tions form skeletal remains that become limestone iCI t.hiral. Vol 40 (1q44). pp 541-551.
by gradual calcification and recrystallization. Coral 'C. Martin Duke. "Engineering Properlie of Coral Aeel
growth is normally limited to water temperatures Malerial," ASTM Pr..'.dings. Vol 49 (t4). pp 4-'t.
between 640 and 96°F. depths less than 180 ft. and 11). Ice Nar~cr. (;ooK concrete Made Aith Coral attl Sea
clean circulating sea water. water." (ivil E.,gini..ring. Part I (October I5€4). pp 40-44: Part

I1 (Nocnibcr I1454). pp 49-52.
't tgitow rg .'tt(tI. R wwrit' icdato,, and /.. s I,, r

Coral deposits vary tremendously but arc R,.ir . J.4:tV Fatcihtt, at U.S. Na'al .Sttion .Mdiat I.,h'aad

normally defined as either reef', beach, or lagoon. ImIcnt, I nginccer,. It.. March 1%0l).
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published a series of reports on coral and its us~e a% at nted as% a nmajor formniot coral concrete deteriora-
concrete aggregate. 7.8.9. 10 Iion. 1920

Published information contained criteria for
selecting coral aggregate sources for quarrying and 2 FIELD EVALUATION
processing coral aggregate, and for mix p~roportion-
ing and mixing coral concrete. 11. 12.13.14 Other publi- Introduction. [he tield evaluation ot this situdy was
cations presented information on the durability of iniitd ito the islands o!'Guami. Saipan. Kwajalein.
coral concrete structures and probable causes for and Midway. All four islands are located north of the

coral concrete distress and deterioration. 15, 16.17 equiator in the Pacific (Figure 1). Physically the
islands atre of two forms: Guam and -Saipain arc

The published material affirms that coral has Volcanic With much overlying corallinec limestone:
been used successfully as an aggregate tor concrete. Kwajalein and Miclway are coral atolls. A brief
It has also been determined that sea or brackish mix description of' island location, extent. phvsiographv.
water only slightly reduces the ultimate strength of and the wide range of climatic conditions is con-
concrete. Conversely, it has been determined that tamned in Table I.
the presence of'salt in concrete, regardless ot'origin.
destroys the passivity of embedded steel and leads to Material Preparation. Material prcparatiorl in-
corrosion if sufficient water and oxygen are present. eluded aggregate acquisition and processing. and
This loss of'passivity has been observed with salt con- concrete batching and mixing. The techniques used
centrations as low as 0.2 percent. 18 The problem of onI each island were somewhat different and there-
corroding steel embedded in concrete is comi- fore material preparation is discussed on a per island
pounded by the fact that the products of corrosion basis. It should be noted that ail islands hase
require a greater volume than the uincorroded steel, commnon problems: remoteness front Sources (it'
Thus concrete cracking and spalling is actually a by- equipment and repair parts, a tropical marine
product of reinforcing steel corrosion. The corrosion environment that accelerates construction equip-
of reinf'orcing steel in coral concrete has been docu- mient deterioration, and with the exception of Guam.

'Wilim R L)rmn.Chaaceritis o CralAgregierir.. a limited and fluctuating construction volume.

Sclected Locations in the Pacific Ocean 'Area. TN-335A (USN Ga.Rc aeilacpal o grgt

00u Engineering Laboratory IUSN CELl. 1958). produiction was abundant on Guam. Compact coral-
m
Wiliam R. Lorman. Characteristics of Coral Alortars, line limestone, the most suitable aggregate material

TR-nAI U5IN CEL. 1960). available, was accessible over a large portion of the
"William R. Lorman. Coral and C'oral Concrete. TR-068 (ISN central paIrt and northern plateau of Gu~am. It couild

(EL. t960).
"1William R. Lorman. Perineahilitv ot Coral Concn't.'. also be foutnd on1 Outcrops around the perimeter of

r-R-R280 ttUSN ('EL. 1964). the island. Volcanic rock (similar to basalt rock) " as
'UJ. R. P'erry. ''Coral-A Good Aggreigate in (oncrcec' Engi- comimon hut relatively inaccessible. Natural sand

n.errflg News-Record (A ugusi 1945). tti 11-122. antd gravel existed only in liited it niisULaI
I'D. tLee Narver. "Good Concrete Miade i h Coral and Sea as beach deposits, and were not often used ats coilI-

Water.' Civil Engin'ering. Part I (ASCE. October 1954). PP) crete aggregate.
401-44.

I'ILornia n. Coral and ('orK. Co,,cr.'tv.
'11. S. Rasmusson. "..oncreie at Ad' ance Base%.' l'rocod- Iw'%o commercial iIjuirries %%ere being operated at

IU.A('/ Journal. Vol 40)10444). pp 54i-555. Guamn d uritng the field evaluation t(Fig'ure 2).
Iornian. C'oral and C'oral ('otnet~e'. Located in thie east central part of the islatnd. hothI
'',inoa'ring .StadY. R,'cotno'endarions and Esti,,ale-s for

Repair to AEW Faiiies at 11A. Nooul Station Mlidlial lcdsfa operations were quarr.Ning coralline limestotne and
ltndenco Engineers. tuc.. March 1%0)l.

IT. H. Sehoter. Examnination, anod Stiodv of Certain Structure.%
i,, the Pacific Ocean Area. Progress Report. 1:5 NCEL Contract ''h.i'gin-'-t'n Sitti. Rn ..... ...at ...~o \ i~i

N~v-3171 (1JSN CEL. Junec 1959). N .poo -tf 1W o, it t.Na/ af raohn .5 %jl,1, fid.

11t). F. Kl~it. ''A Stuth oit t'resiressiug Steel-Ettect ot Stiess. I tiiilicoi teigIncer. Mar.Ntich, 114t,ttt

Met atliurgical Stitore adi Environment.' Proe.cltot), of N It. ' Ecoiacr lono'itnfotu .S11,1 S111 (C, mi,, 11muit

.%,tioital As.,ociati,,, of ( orrrotoo~ t.teea 241h ( onte,,,- "I th In' i', 0--ot in Anra. Pi'11Qcoy Re pout -. t 'IN)I I .iI

46h)X. 1t.V'ttN (t.111L time Ii;Q
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Table I

Dceicripfinn of Guam. Saipan, Kw*ajalein, Mildwa.*

Guam Saipan Kwajalein Midwa)

LocationI lititite 1. 7h N Laiiutt: P; 1.1 N I aiiidet: 45 N ILjmittl: 'S 123; N
Ex~tent I tuiejinde: 144 45 F Lilttiiide: 145 44 F Loniuide: t(,- 4.3 1. Ifiitit: F- 22 4 W

Largest and snhe endarsiatn ic K',a atlin Atoll is located Slids% kIslnd is a pani

mastl at tile Mariana Mariana Islands. It is in tile -Ralik" chain l at the Len ard Islanids .t
Istands. It is about 301 fil abait 13 i tang and 4 tile Marshlall Island%. hle t-attafian Archiseligs.
tong and betwkeen 4 and 1i1i itide. Land a rca [tFile atoll is if) tile shape I1 li att ons'isls I nitl
It 111i siAide. Land area vxetttsir at reel-i is ab .. ot at a crescent laoop inlctas- Is a istanis. S and and
exclitsie at reels is 212 4h %q lii. It is Ittealed ing a lagooii. [he at1oll Fas(irn. Sand Islil. 111Ce
%tii abot 1401 ii naritteasi at ctiisisis ot apprtisiniaelh klrgesi. is ;ipprosiniaielt

iia.ni.M (Xl iaI! islatits %%ftl at tItt(At i trJig 1i% (ANth I
loal lanld arc;t at5. SL sq itt and colisisis al I
mii. Kit aJaleiri is the sq nii.
largesi it ai areat ot 1.2

% m ii andit ltcatied in)
file extremec stliititeat-.trii
cornier.

I'hivsittgraphiv It is ecinposed at vateanie It is similtar it, uian. %at- IThe atoll is af coral reel I le atioll is a corotl rel-

flaws% andit(tis partlY camec inl origin and is taritiatititi StictI carat torniatiaii gcoueraiphicaill
catered tw earaltint: lime- eanipised at tctlcalnic altsk arc :itliett to be sinmilar ao hin iiti

%tanes. titli 5 atnd tilts partl N eaniOUnt% t ich hate smatter thaii ihe Kit .jj-
eat ereit h% ctirali e little- beeni cappedt bv ea(care. lei n at Il A1
stonles, tis marine grottth . Pre-

are comniposed oft noiiin-ib~th ti ai
timer racks. tusnLatty at
sitteanie origin.

(1.1MA IFE
I eniperaltire Annual mnean lenipera- Atnnuat mean temnpera- Atntnuat nican ternpera- Antitt1at titean temipera-

lture is 80.9'rF. itre is 'K F. itire is 84 F. i tire is -2 F.
Annual mean temnpera. Annual mecan temnpera. Annual mecan temipera- Annutalt nicanti etilier.-
tLire eariation is 3.3' F. tintre variatian and dail It I rctariatin is 2'F. tre t arit itn is 13 F.
D)ailr temperature range teniperatitre rantge dtata D~ail' ieiiperatttre ratie Dalt (elieritirre .1cc
is it, 12 F. is nott at atlatie titti is is 110 o12 F. is ILL F.

asstttit re-tat it ct titi-

tttrni -

H itni idtit. Ratge -tDa%: hS t o';, Mlant hi It t eraig is, Ni li Ratit.. - D~a. * t NRange Da%: -I'
Range - Night. 85 to 8t Range -Nigt: NP. Rangee - Ni 1liT Q

Rainfall Annutal mcati raittlalt is AtnUal titeat raittfall is ..Xtiitat nlicaii rtilill is \11iiu.I i11C.iii ri 1li ,i

Seasans: Seasis Scasittis Seastits: tlife Itt tie Iltii
Ors' seasans are I anti Drv seasarts are No - Dr\ seasoat.rc I ni ittle her- is ti in ici -

at-v thrtough MaY. teniber thrtiugth Junte. aliN thrittigh April. stinimner s \st 1t itt
Wet %eastiti are Jul\I Wet seasorns ire ]itt Wet sca sail are 11itk it tifii c beile ti D ecclil her

throtigh Natveniber. throitgh October. thiroutgh Ntttemi-. ihlilil M.iecli

10(



Guam Saipan ki...jahvir Slid~ta

III i peir it. coniii l Iratc v, itik. I ccclii.t hroi u gh~t JittIc II 0ihc,i., 'CiaiCc cI" I
W et seatsoni: lit, I)iC\til- \Sci scaistll: shijln'tii ii iii t !Ci \. ~CI I t \t It 111I\i it 10. iii i i li -

ii g direciti , ptccdI IV,, direct ion ;111i1 c citpim lit-). WcalCr .111i!
thani 1 i iii per lit-. cjiii Mill-c cjlsicrl I % indk',ceti
aire trecitintl it ItI l I Ile (Iit ni 101 [IN.

Occi tiiiraiiil Aippimimiit occit (cmi- IAj cta-ii I tii ccl Ie jil l 11iccis lie 11 .i Ilic mJill reel is sniill
aini R~eef, tiertutire ism F. I I -jd hintr' kl!i' i t ii Ii-T jtl l 1, 1 iicl I t~l ji.,i 4 it III tdimicir.

eoiileielt enircledl 1) ainid ;I liiarii-. iii g~ rccl atbiee t ii Ql ljii i. it eseri -titde.
Iiinig reels eCcit ;I- itiirs tlisciiiiiitiiilt j
loiti pairis tit the lime- itMI1ttit~l tchit tilc rest ki

(tles Cifs . Iul It \i Irlslnd

reels Iniclose ,I- pait h in -

onl occasion coral rubble. Conventijonal qtiarrving I' "o aict i~ qua trr opteratijons wi.'re visited during
techniques, blasting, hauilin'. crushing and screen- th i eld exaluation. One was commercial: tile other
ing. were used. Both quarries produced coarsc and \\ias utin-conimiercial and directly supported a con-
tire aggregate. The screening operation ot' cachi '.t uction cointract. Thei. q uarrY supporting the con-
tiicility was wet. using treshi water. though one oiruttion etI'Ort \\as at small quarry. c-usher. and
quarry did continually recycle its water I Figutres 31 hatch plant toperation (Figures '5 and 6). The ;,om-
and 4). niercial quartv was larger, but small by UJnited

State" standards, evenl though it \\~as thle unI 'N corn-
Three concrete batch plants were visited at Guam mtercial aggregatic source onl the island (Figures

(Figure 4). The three batch plants v-crc set upl f'Or ai1d 8). Both quarries produced coarse and line
transit mixer operations, thotigh (onc batch plant a -cg~eatc tromt coralline limestone t'ormatiotiston tile
also mixed the concrete. All plants batchied bY it est sit of tile island. The commercial qttarr v used
w.eight proportioning. rhe batch-mixer planit was at a1 et cren toperationl to separate coarse and tinle
modern computer-operated tCtcilit. that autonia i - aH'tca ic. e uoti-ctuimercial quarry* separated by
catty adjusted the mix water quantity t~or aggregate ttr\ sceenuuing since "sater wais not readils accessible
moisture content. The other batch plants were not at tlie quarry lie.
set uip to either monitor or automnat ical Iv adjust tir

aggreate oistue cotent.ttelrete hatchting tacilitics at Saipatn consisted ot'
Saipan. Sa ipant, like Guca . Iiact a ti a bui rd a tuc ot tko ipl alits each I sup potrtin g oine o' t(lie a hose

suit able rock niateri at hur aggregate prodci ot. ((liar ri es. Both planits hatecled by ss eight proport iont-
Hard coralline limiestonec was available and easily 111g. Neithf "irias eqIuipped to Monitor or automati-
accessible. Volcanic rock, suitable bor aggregatec pro- CAall ;'titst lor aggregate moisture ConttetI it. The
duction. occurred sporatdically hut \%as rat her hatch platit1 used b\ tile Construct ion com patt.

4- inaccessible. Natciral gravel existedl only iii \er\ contsist in of~ , a intzlc scale aind conseVor (F~igure 6).
limited qciantities and sand was flmited to beach \is s at eamlple tit tlie siuiplieitvN ot- Some oit' thle
areas% alIong (lie west ctoast . eq IMC iiPt ttilset I



a. Hawaiian rock quarry, Guam.

h. Ilvundai Quarr. Guam.

Figure 2. Commercial quarries operated on Guam.
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Figure 3. Recycling water for wash screens, Hyundai Quarry, Guam.

Figure 4. Concrete batch plant and transit mixer, Hyundai Quarry. Guam.
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Figure 5. Crusher and screens, Black Quarry, Saipan.

Figure 6. Batch plant. Black Quarry, Saipan.
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Figure 7. Dillingham Quarry, Saipan.

FigureS8. Crusher and screens. Dillingham Quarry. Saipan.



Kijahvin. Kwajalein Island is part of a coral (oncrc:c aggrcgate Ior Mid a% %% as crushcd igncous
atoll. Coral atolls by their nature do not offer any rock barged froni Honiolt.
non-coralline derived material suitable for aggregate
priduction. I'he island is composed of loose. poorly- Coral Concrete Structures. The condition and
consolidated, calcareous material derivcd from intcgrity of the structures built s iih coral concretc
foraminifera. coral shells, and marine algae or their varied drastically. The onls noted dctcrioration %%as
debris, a result of the destructive action of the tihc cracking and spalling of concrete that cocrcd
elements. The island is flat with an average elevation corroding reinforcing steel. The corrosion and
of5.9 ft and few natural points exceeding 15 ft above spalling problem was observed on all the islands
mean sea level. though the intensity of the problem varied. Table 2

contains a per structure analysis ofall major struc-

No active quarrying or aggregate processing was lures included in the field evaluation. The table con-
observed during the field evaluation. One recently tains structure location. age. condition and aggrc-
active quarry site was visited. The site, a fringing gate source. The following is a per island summar\
reef, was located on the south side of Kwajalein. of structure condition and probable cause ot
Coral was quarried only from the middle of the reef deterioration.
leaving undisturbed approximately 100 ft of reef on
both the ocean and land side (Figure 9). The depth Guam. Numerous reinforced concrete structures
of the quarry appeared to be about 10 ft. have been built on Guam. Of the total only a t.s

showed signs of significant or unusual deterioration.
The aggregate crusher was being dismantled for [hc structures in the poorest condition were Piti

storage during the field evaluation. The crusher con- Power Plant No. I. BOO Buildings 27(XX) and 2'(X)l
sisted of a primary 30-inch maximum size jaw at Anderson AFB. and the covered walkway at the
crusher and triple deck shaker screens. Oversize Naval Station. The deterioration of the walk% a. and
material rejected by the shaker screen was fed to a Buildings 27000 and 27X)l consisted oflcracked and
e-parate roller-crusher and returned to the screens spalled concrete cover over corroding reinforcing

iFiure 10). Seawater was used to wash the aggre- steel. In both cases the poorest deterioration was
gate on the screens. limited to exterior columns (Figures I I and 12). At

the BOO complex. it was observed that the concrete
No concrete was being batched during the field cover over the corroding reinforcing steel had been

evaluation but a 6 cu yd portable plant with a three less than I inch thick (Figure 13). Core samples
compartment aggregate bin was on-site. The plant taken from the walkway columns indicated that the
was set up to load transit mixers. Batching was by reinforcing steel was not always centered inside the
weight proportioning though equipment to monitor columns. Cover on one side was often less than halt
or automatically adjust for varying aggregate an inch, while cover on the opposite was more than 3
moisture contents was lacking. inches. The evaluation of the Piti Power Plant indi-

cated that considerable deterioration had occurred
primarily at the basement level of the older plant

Midwa'. Midway is a small coral atoll consisting (No. I). 'he deterioration consisted of massise
of two islets. Sand and Eastern. Like Kwajalein. cracking and spalling concrete and corroding
Midway does not offer any non-calcareous material reinforcing steel. In sonic isolated instances deterio-
suitable for aggregate production. During the field ration was sufficient to impair the integrity of the
evaluation. no quatrying. aggregate processing. or structure. One possible cause for the deterioration is
concrete hatching was observed. Also there was no that brackish water often seeps into the lower leel of
aggregate processing or concrete batching equip- the structure. One local source indicated that the
ment on the island other than small mixers used by concrete mix water %as brackish (records %%erc not
the maintenance and repair personnel. Discussions available to substantiate this).
with personnel on the staff of the Navy Officer In
Charge of Construction (OICC). Mid-Pacific. indi- Saipan. The number of concrete structures asad-
cated that coral was not being used as an aggregate able for evaluation at Saipan %as limited. I hc
for any concrete placed above grade at Midway. following Aere the basis for the field esaluation: the

16



Fg%-e 9. (Juarry site, Kwajalein inactive).

F~gure 10. Crusher and screen. Kwajalein.
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.4Figure 11. Exterior column. BOQ building 27000 and427001. Anderson AFB. Guam.

Figure 12. C( tj1, up.;' 't, I .n rt-I .v vrer over reinforcing steel. exterior column BOQ btiildinst27000.



Figure 13. (,, iumm. N6.i r i~iavi Figure 14I. Abandoned Japanese hospital. Saipan.

H~igh ( oni- li ivsrozltrllitc "IIC Ik1 k. Ill I I1, I rrntor\ tlrm the " ind%% ard side of all structures, and
Public V r-ks I L-,! I I& mdo !i, lnl ,, I cspe)ciail\ those structures onl tile windward side of
ilipancekc taklllILt I'l h .. t.1tl and o' Tili no Ios tile islatnd. required more maintenance than similar
shelter). I lIc lik-1,nn.I Thxkd \s[I icitn1,21t strinthires onl the leeN~ard side. A review of nlainte-

(leteriormnt'.'nl IqT 1ur !1 S:n fl, , hn 111 1111 had nanct, rcenrds lot- thle period 1465 to 1972 showed
beenl ,ihalliin.I In? !;N ol r s s~ill that All ttructures in thle fieIld evaluation, excluding
CancC *AI 11( '! hA !, 1, 1 lic n'c ;rIn hu I )Octc ( .nrtcr Control Building (DCCB).
,sllo~ ruin 1! 0, 1n w. li!" "% :" P1r t-, m liak cise some mamineance to repair cracked
repairuil !. 11 . - 0. ' i I n.tcc Int spanhlckl concrete.

A ml.~O I I., K\ ijil ;;, Vi.> :nIs*t indiw% ( mndutions at Midwxay were consider-

fatmn. j 11lil I it It0:#"? ( 'In Imit 'ii11 11IL c alil\ diltereint from those at thle other islands. Manyv
(Inl a 1t, I. t<p!,-, il I,, , 1 I .;,I1I t ruitorcenl concrete otructuircs had deteriorated

1ield k.%njrnflt! hi 'ki 11 1i Jit t6(pW tlniI 111,h sitiunetivi to impair th-ir integrity. As w ith the

alc1iitl h k'In lk tint.11 5NII1hl12 Pit tc mind '.it~ other islands, tile major source oft distress was
Ii it.ItI sI St 1 11.1 i't , 1 I dulk 1111 prli splPlItg coilerete and corroding reinforcing steel.

11t111. 1.1 lnt I I. '1 'k 1 11k.1 m V l .111d I tLijmnlu IS 2(1 are indicative oit the corrosion and
rt-pal jIii o i i.' r .Ii hw\ NplnnIln n plilcm at NMtd\% lI [he lporcst conditions
III L I'? \I,' iI I 1O-cl Il.tct 'ur OhtlICse .at (o1ntnuItions10 Building 521



Figure 15. Shear wall Communications Building 521.
Midway.

IT.

Fgure.~ d c-ai, r,.te i n r(x)f overhang, Communications Building 521. Midway.



Figure 17. Reinforced concrete beam, barracks building 3504, Midway.

Figure 18. Reinforced concrete column, mess hail
budlding 3502. Midway.
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Figure 19. Second deck walkway, cable building.
Midway.

Figure 20. V~ertical concrete wall above doorway, hangar, Midway.

24



where the concrete face of a shear wall had spalled prod ice concrete aggregate have a specific ,'ravity
hack to the first layer of reinlorcement (Figure 15). not less than 2.50. Volumetric hatching was not
and at Control Tower Building 5307 %%here large perinissible. 23

areas of concrete had been spalled rc~ aling erT 3 tirn
corroded reinforcing steel. The deterioration at the Table 3 lists the gradation requirements fr tine
mess hall and barracks complex was less extensive aggregate used by the Corps of Engineers at
but equally severe. Kwajalein and the Navy OICC Marianas at Guam

and Saipan. Comparison of these gradation require-
ments with ASTM Standard Specification C33 or

3 ANALYSIS OF DOCUMENTED Federal Specification SS-A-281 indicates only a
INFORMATION slight difference.

Construction Specifications. In general, specifi- Table 3
cations controlling production of coral aggregate
and coral concrete were similar to specifications for Fine Aggregate Gradation Requirements

conventional aggregate atd concrete. Supple- Percentage h. Weight Pressing
mentary notes to the Navy's ,tandard concrete speci- ......

fication21 indicate that hard reef coral or finger coral Corps of Eng. OICC Marianas
may be used as an aggregate for concrete in the Spec. for Spec. for Guam Fed. Spec.

Pacific islands. According to the notes, grading, Siee Size Kwajalein & Saipan SS-A-281

methods of sampling and testing, and permissible . I()
amounts of deleterious substances for coral shall 40100 95-1(X) 05-1W

comply with American Society of Testing and ,44 -5-,5 -0-,4 ho- t0()

Materials (ASTM) Standard Specification C33 Po .55-t8 45.--; 5.t)X.

except for grading limits on fine aggregate. The use 30 -30 1355 ,-30O
.;() 1 2-30) 10-30103

of finger coral shall be limited to concrete with 1W) ,10 2-i0 2-10

28-day .mpressive strengths not more than 2000
psi. It was also recommended that reef coral rock Construction Techniques. The techniques used
should have a specific gravity of not less than 2.40. in producing coral aggregate and coral concrete are
Because of the high rate of absorption of coral, it is similar to those for conventional aggregate and
recommended that volumetric proportioning of coral concrete.
concrete be used in locales where humidity is high
and where sudden, violent rainfall occurs. The The construcion of the AEW facilities at Midway
water/cement ratio should be controlled by slumps was documented il 'he Indenco Engineers report.24

established under controlled conditions. 22  It indicated that all concrete was made from coral
aggregate and brackish water. The aggregate was

In most cases, concrete specifications developed obtained by channel dredging augmented by
by the Corps of Ergineers for use at Kwajalein were blasting. After dredging all aggregate was screened
similar to the above NAVFAC Specification 13Yh. and the fines stockpiled separately. All coarse
The major differences were that the Corps specifi- material was dried in a rotary kiln, crushed, graded.
cations did not list any specific gravity limits for and stockpiled. The aggregate was not washed and
coral aggregate nor was there a requirement for no attempt was made to leach any of the salt. The
weight proportioning of coral concrete. salinity of the mix water varied from 1800 to 3000

ppn with a weighted average of about 2000 ppm.
The concrete specifications used by the Navy

OICC Marianas at Guam and Saipan were also
slightly different from the 13Yh specification. O ICC l (turi& nik. (',r,I mr. ,, A C "'ai -,r,,, ,,,

M arianas requires that coralline limestone used to , w ('oi l wlio . lechillcal Noo SSWFrt -01 i.scal..
%,ictiu I uginecriug, Office, N-0)l.

"Itt' ne.ittItI Sttu/. R ...r...rmc ,,d,1/1"M '111,d f~lny)Wat bp
2
(t,,, ett'vt (',n.ltrttt'ti",. NAVFA( Specification iYh ) I tt6-) . '/,ttr , . I- / -' at . S .at ii Aat ,',t o ttitdltd Ith,, bmd

2
C0tmcroIt, Cont trltttII. I11i t' I 1ilt Crl -'. iC. - .t. i0 I tR101).

25



TFable 4 lists average specific gravity, absorption. Table 5
and gradation for the coral aggregate. Table 5 shows Coral Concreite Mlix Design,.
the concrete mix proportions. The average compres- Na*~ 01 OCC Marianas
sive strength for the 2-WX) psi mix was 3894 psi in 28 Mix Design (I in. maxs Aggi

days. and for the 3000 psi mix. 4701 psi in 28 days.Wae
The range of 28-day strengths for the 2500 psi mix D~esign Cement pal/bag Fine Agg.
w~as 33(X) to 4400) psi. and tor the 3000 psi mix 3600 Strensgth bag/n sd cement of Total Agg.
to 5000 psi. 25

2(tt( 4.2 8. 25 41,

Table 4 25 41) 4.h -5 45
34KM) 5.3 o2;; 44Average Aggregate Gradation, Specific Gravity, 41XXI h. 4 .0 42

and Absorption for AEW Construction
(orpx, oi tlncinci. M~ixs ign KkkaphlIcin* (3 4 in 111;1 AXgg)

Midway*

2(Xt1 4.5 431
(Percent Passing) 25)5)X 5.J) .) 43

AM(5 5,0 t) 5 45
StevvSize Flnes3/81n.- C0 oarse 3/4-3/8 in. 11 -3/4 in. 4(tM) () 5.85 431

1~~~ W I() .FWA Facilitic Midway Nlix t~xg*(I in. niix Ngg)
3 4 in. - ()59
1 2 in. 48 4 2 54 ) 5.5 t,5t,\y L!rw )4.5
3 S in. (tS) 14 3 4WMM OAo( 5._A.g rangc5-04) 414- 51

#4 87 2 2

#8 67 2 2 KNwajalcin Mix IDcsiin Oct. 1953 (3 4 in. nia\ At!,L)

33 35 1 1 I(t) t6.5 t,.25 4
#50 21 1 1 -
$tlI(S) 9 1 I Guiami Mix Dexi en V653-54 (Fadian point AggI

Specific G;ravity 2.48 2.34 2.33 2( ) 5.0) S.0
3(0W t0.0 t.43 44

Absorption 5.6 6.7 0.6 4(X)X ) 5.41 49
__________________1953.54 (Pati Point AggI

314MM) 57 .- 54)5
fEigi litri,,g Snud. R('com n(',,datio. and Estimates -o

Repair to AFLW ,Licj/jujs ait U.S. Naval Station Alidwv Ilands __

tlndenco Engineer%. Inc.. Morch N960), *
1 irc'ttlctt W''..

Information on construiction at Kwajalein was poor because of the sharp pieces. softness. friability.
more sketchy because the island has been under both and lack of' unitormitv in the coral sednients. In
Navy (1945-1964) and Army (1964-present) control. 19-54 removal of reef coral was initiated by the Navy
and construction has been performed by several at Kwajalein in an effort to find a more uniform and
civilian contractors (Mid-Pac. Burns. Fisher. and durable aggregate source. Because of the limited
Pacifie-Martin-Zachry) and Navy Seabees. Records volume of rock available at the original Kwajalein
indicate that all concrete at Kwajalein was made quarry, iii 1955 the Navy opened a quarry on the
with coral aggregate. ocean reef cast of South Loi Island. The South Loi

quarry was used by the Navy and later by the Arniv
Originally, coral aggregate was obtained by unltil l1909. More thatn 1,50.000 cu yds of coral aggre-

dredging channels and harbors. The quality of the gate and revetment armor stone were excavated from
concrete produced from the dredged aggregate was the quarry at South Loi. The quarrying procedlure

________"iws to drill and load with explosives at low tide %%hile
t

igioecring Stad., Rcotr,,an'datott. atid L-piolates for thle reef' was exposed. Blasting was done al 3cr lie
Repair it) AEW Facilities at U.. Natal .tin Midwtl- Isod reek' was covered by incoming high tides. Loading
(Indenco Fngincer%. Inc.. March VAt)). and hauiling fronm the quarry to thle crusher wasit also
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accomplished at low tide. Figure 21 contains Midway. Kwajalein. and Guam. 27 The other report
gradation curves for typical aggregate produced at by Indenco Engineers. Inc., contained an evaluation
South Lot. of reinforced concrete structures at Midway. 28

Mix water for concrete at Kwajalein was origi- Field evaluations (reported herein) of structures
nally brackish water pumped from wells, but after at Kwajalein. Midway. and Guam were also
1953 when catchment areas on the airfield were included in the Scholer and Indenco reports. Major
developed, there was sufficient fresh water to allow changes were observed when the findings of the
for fresh water mixing of concrete. earlier studies were compared with the findings of

this study. The earlier studies of the Navy AEW
Concrete proportioiing at Kwajalein during the facilities at Midway attributed the majority of the

early Navy control (at least through 1953) was con- spalled and cracked concrete to the corrosion of
ducted on a volume basis. Concrete proportioning embedded conduit. The present evaluation indicated
during the more recent Army construction required that corrosion of reinforcing steel was the major
weight proportioning. Table 5 contains mix designs factor affecting structure deterioration. Due to the
used during both the early Navy control and the later efticient maintenance and repair operation at
Army control period. Kwajalein, direct comparison of the earlier and

present field evaluations was difficult. The Scholer
Data on concrete construction at Guam indicates study pointed out that the Pacific BOQ (Building

that as late as 1947 a great deal of the concrete No. 704) showed signs of seriously corroding
fabricated at Guam incorporated cascajo coral reinforcing steel in the beams on the second deck.
aggregate. Cascajo was unsatisfactory as an aggre- Information obtained for the present study indicated
gate due to its low durability. The cascajo was com- that in 1968 the building underwent major rehabili-
prised of large amoants of soft particles and th!ere- tation including significant structural repairs.
fore had no appreciable strength or abrasion resist- Scholer reported the Piti Power Plant as the only
ance. Prior to 1952 the principal difficulties structure on Guam that showed signs of serious
encountered in coral concrete fabrication at Guam deterioration. He indicated that the most extensive
were use of low quality coral, haphazard grading, deterioration had occurred in the basement along
poor uniformity of concrete as it was discharged load bearing walls of the power plant. He also noted
from the mixer, and inferior placing and curing of that several places on the first floor showed scvere
concrete. Table 5 contains mix designs that were corrosion of reinforcing steel and spalling of con-
used in the early 1950's ard the late 1960's and early crete. The p,csent study found that conditions at the
1970's. power plant had not changed significantly since

Scholer's study: however, other deterioration prob-
Very little data was found regarding construction lenis were discovered on Guam (Anderson AFB

at Saipan. Buildings 27000 and 27001 and the Naval station
walkway).

Structural Deterioration. Records of four previous
field evaluations were fourd. The earliest evaluation The most recent field evaluation was conducted
recorded in a memorandum by Glenn V. Joines con- by the Engineering Department. Public Works
tained no pertinent information on the conditions of Center. U.S. Naval Station-Guam. on BOQ Build-
the reinforced concrete structures on the island. 26  ings 27000 and 27001. Anderson AFB. 29 The evalua-
Joines did indicate that the on-going construction tion was conducted during February 1972. Results~~~~~was poorly executed. 2c .Shlr .'mtto al t~vo ",,~' tmtr.

iii th 'ait'i" Ocean Arca. trogr '. Rcpurt. tI'SN.-L Contract
Two later studies were conducted in 1959. One NH,.-31"I (tUSN CEL. Jinc I 459).

study by C. H. Scholer involved evaluating "
lg'im,',rifg Studv. R,',',,,,,m,,,daimn ad m., ,,r

reinforced concrete structures on the islands of R,,,r to, 4l14' Facilit.ris at '. S. Naval Stati,, Aftfh,,v IWarni.h
iltnidnco E nlgiccr,. Inc.. March I%)0).

: lmeiv,'ermng Rep~ort on C'ruc kiptiR ol R,'tnorcI ('owten'/1

"Glenn V. Joins. Insprctia Trip to Kwa'aihin /,,, 17 (O.lumn., Nt 11Q Buihiag Nun/'r% 270 0 aitI 27001. Ankruom
October to 27 October 195.3 (Novernher 1953). Atir F,,nc /I.,. uga, m Wt S. Na, %P2
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were very similar to the results contained in this On three occasions chunks of spalled concrete were
report. collected tor analysis. fable 7 lists the structures

from which concrete samples were collected.
Inspection Records. Inspection records were avail- Laboratory tests determined the absorption capacity
able only for recent construction at Kwajalein. These and specific gravity ot the aggregate samples and the
records ,..:ered the results of control tests on con- chloride ion content of both the aggregate and
crete for the DCCB, Altair. Muk Island Control concrete samples.
Building (MICB). and various other small building
projects. Incomplete records often made analysis of 'I able 8 shows the results of the specific gravity.
data difficult. Water-cement ratios were ambiguous absorption. and chloride ion tests on the aggregate
(numerical values were not specified volumetrically samples. With the exception of the Midway dredged
or gravimetrically) and data sheets showed that material (which was not used as a concrete aggre-
many of the control cylinders for the MICB facility gate), the specific gravity tSSD) of the coral varied
were taken above their design strength, but never from 2.34 to 2.53 and the absorption capacities from
loaded to ultimate capacity. Table 6 contains, on a 2.5 to 5.9 percent. Specific gravity values were lower
per mix design basis, mean and coefficient of varia- and absorption values were higher than normal
tion values for slump, air content, density, and com- values obtained for concrete aggregate. However.
pressive strength. Coefficients of variation obtained neither the specific gravity nor the absorption
from the compressive tests, when compared with capacities were sufficiently beyond the normal range
ACI recommended standards30 indicate that quality to directly affect the quality of concrete produced.
control for most mixes varied from good to fair with High absorption capacities do influence variability in
a few mixes having poor control. the quality of concrete if the moisture condition of

the aggregate is unknown. If the aggregate is pro-
Quality control charts were also used to evaluate portioned as saturated surface dry when it is really

trends and the influence of seasonal changes oti the air dry, the resulting mix is harsher and stronger
compressive strength of concrete. For 28-day than expected. Conversely, if the aggrt.ate is pro-
specimens Figure 23 depicts per day averages for all portioned as air dry when it is saturated, the result-
3000 psi design mixes used on the DCCB facility. ing mix will be less harsh and of a lesser strength
Figure 22 is a moving average plot of the same data. than expected.
Each point of the moving average is the average of
the previous 5-day averages. Figure 23 denotes the A titration-electrode technique was used to deter-
large amount of scatter in the test data from day to mine total chloride content of the aggregate and con-
day. This was also noted by the size of the .,oeffi- crete samples.3 1 Results of the chloride test on the
cients of variation in Table 6. The moving average aggregate sampies indicated that the salt content of
plot. Figure 22. indicates that trends did occur, but all aggregate saiples was near zero (Table 8). This
attempts to relate the trends to precipitation condi- was even true for the reet coral material from
tions were fruitless. Kwajalein. However, the aggregate sampies were

only collected from the peripherm of the stockpiles
where the leaching of the salt by rain water was most

4 LABORATORY TEST RESULTS intense. Thus it cannot he assumed that chloride
content of the entire stockpiles was as low.

During the field evaluation, aggregate and con-
crete samples were collected for laboratory analysis. The procedure for analyzing the chloride content
Aggregate samples were obtained from each active of concrete was to recore the 6 and 8-inch diameter
quarry visited. Concrete samples were normally 6 or samples down to 4 inches. using a dry coring pro-
8-inch diameter cores obtained from selected struc- cedure: and then. using a dry saw, slicing the 4-inch
tures on each of the islands visited except Midway. diameter sampes ;-t, 2-inch slices. The dry coring

', "Pecommended Practices for [MaLtudttoll tit (omnptrc,,iot It'll. A. terman. "Uhternn,,i o s'I ( 1hrilu ic t irdo.t-
rest Resuilt, of Field Concrete IA t 2 ).14.1 h5 A l, l (, I hiriloidt ( ensitIll Paris. Nirtir - i (, .t" -t c. 4N 51 Issiurnail
Comcrit Practice. Pan I 119M8). " I, %a .ris. kol -. N,,..1 st ittnJitr I lt pp U) 11.
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Table 7

(oral Concreter Sall (.une Core Sample.

Cowe Soure NaCI Cowt source NaOl (em, %ouneC Naci

Aipan High ( ..ninuioner 2.1 %3.I. Uac. 2111 ol 2.1 At Fa.ct . 2 3in

Resilience inghta ngi: Irorn daingcdl laIcC MiddI. 2in, (32
He,%4 Spec No.. I# lop 2 in. AM4 lilt I-.w.. 2 in (13

Middle 2 in. .3S m iddleI III). 33

Bottom 2 in. .03 31 in. .0(2 In I.i %IV 21n III
F~t. Fajce 2 in. .0(2 Midic 2 in. (Il

it xir Spec. No.. In Iop 2 in. .0(2 (right anigle fruom d3arnhated 3accI Inft -Fact 2 in III1
Middle 21in. .031
Bottomn 2 in. .01 In VaI F-ace 2 ill. '05 4# 1 [1Fat 2 Ill. (12

.Middle . in. 01( middle 2 In. (11
20 ' i~p 2 in. .03. . in. .32 Il[i. I-jcc 2 Ill. (32

Middle 2 in. (01- Wcst Face 2 Il. .01 SIRF CalIibratio.n Bldg. Willi
Bilitoni 2 in. .01- 40 South Face 2 in. .03 S.F. Wall 210n. .333

middle 3 in. .0(2 S. W. Wall 2.Ill. ill3
3# lo tp 2 in. .0(1 3 in. .3(2 S. W. Wall 2 Ill, M3

Middle 2 in. .013- North Face 2 in. .0(2 N. W. Wall h in. .3(3
Bottom 2 in. .01- N. F. Wall 2 ill. .032

[lilt Pinter Plant No'. I
I'csl Lah. Public WA. Flou~r Interlior Shear Wall Anderson Al-B
Fhlu Spec No. In Top 2 in. .073 Ba~nient Spec No. 1I" Faice 2 in. .3(0 BOQ Bldg. 2-001

Middle 210n. .05 middle 10. .14 Exterior Shear Wall
Bottom 2 in. ON 3 in. .3h Spec No. I# Face 2 in. 032

Face 2 in..t.(( Middle 2 in. .0(2
2 lp 2 in. .06~ 2 in. ((2

Middle 2 in. .04 20 Face 2 in. A-F 2 in. .l3

B..uNttl 2 in. .04 Middle I3i0. ANX Face 2 in.. 3)2
30F Itop 2 in. .05 .3 in. .52

Middle 2 in. .04 Face 2 inl. 3 .00 2x Face 2 in. .032
Bottom 2 in. AM4 3# Face 2 i1l Middle 2 in. .302

Middle 4 in. fil 210n. .331
Face 2 ii. 3.20) 2in. .302

Japanese Hospial Face 2 n. .332
(abandoned) Pil Pit ouer Plan03 No. 2
Spalled (hunk .14' lntcri,.r Shear Willi . Face 230n. (331

Ra ieii I S cc No. I3" Face 21. i . M Niddle 211i. Ol(
lslev Shelter . F3ouir Middlhe .1 in. .3(2 2 In. 3(

Spec No. IN lop 2 in. .( 31 in. 031- 21 in. M3
Middle 2 in. .302 Face 2 in. .01- F-ace 2(In. 0(2

2 in. .3)2
2 i0. .0)1- 2N Face 2 ii. .0(2 401 %1. Face 2.in (1

Bottom 2 in. .0)1 Middle 3111 ((2 Nfiddic 211 4)1

20 lop 2 in. .04 Face 21, il. 0 Ill 031
Middle 2 in. .02 lit. [ac 2 m'i 02

Bottomi 2 in. .02 3'0 Face 2 in. .33
Middle 31 3. .302

3ill. 013 Klia. t.Iciii Hcaulqtiarter%

Guam NAV STA Walk%%. Columns U ace 2(1l. .......- ~ Bldg. 110 Wall,
Spec No. Ia0 FItI. Face 2 in. .04 3 I ast Facc I At. I-.c ~ 2 111 32

(damaged) 0I)l (I3 CAI Lll, Willi %hIl.((c1 21,1 IN'

Middle 3 i. .0)1 Spy. N,. In I i, Face 2Ill. .02 2. In (3l

.in. .31 Middle 21i1. . 0 lilt I.Icc -'Ill (

Ext. Face 2 in. .02 loft I.,cc- 2m Ill 0
3..ppivsite damagcd)
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are .j . Nn('l (e. o.e% m Naull (are Source NaCI

I ~iI%.c 211 2 R.~i 0 ~r~~aI
\141d C 2 fii. A- Iop 2 i. .13 2 w 114

2141. . 1 Mndhdli- 2 im. IS H iomi 2 ii I
ill. I oc . 2 in. ,tII) I

H iillont 2 u. .h( 1 -h4%r Ol Iw.,,tl
. ,, Fa.ce In ,. I'+.' 2 . 1 .i 2 i n. .n.

M Idle 2 on. .0h ( ,I %h "i.Ol t ! Idp %,,, l Midlc 2 i-. .'
2 in. .0" R,%' (0erhang 2 fit. .2"

lit. Face 2 in. .0. lop 2 in. .02 Holt.,m 2 ,. .12

Middic 2 fit. .031
-3 soih Fascx I ill. .02

V . it%:,' 2 in. .0. Botonl 2 i. . 2 I. 3 '2 11.
Mlddlv 2 in. II0 Middle 2 ini. Q

2. lop 2 i11. .02 2 fiii 4,
I'Adk HQ Bldg. 4-I Middlk 2 in. .03 2oom 2 4t.
% ,ilki' ,ii 2In. .02
I I'' ' Dk lop 2 in. .0 Botton 2 in. .02

Middle 2 in. .(0 p1 3 1 i
Blllton 2 in. .03 Pierg. liicr Fl-,'r NcA Section i3d t1( oncretc Sani llc\

2pilop 2 i . . 14 H( ) Hi . 42013 f,'

2. nd Di.ck ltip 2 in. .24 Middle 4 nt. .12 t 1 lm iic .I Bldg. 521 fi-

Middle 2 in. .11 hm 2 i. o
Bollom 2in. .13

Table A

Agnrelatae Plsical Pmlpertles

Sourie & Size S%,wiflr Gral*it. Ab'iorplioi Na( ConaenIradon

SSD 1 .0 I

%inip in ll. 2,4" o1 I .O
- . Miii. 2 Jo U. I0

(ianm Quarr. A 1 I 2 in. 2.38 S I I)
I 4 ,n. 2.34 o.1 01

1-111C 2.4; 3)3
Q).arr. RII 1 2 in. 24 3. NI

il-O" 2 INI(i

K lotia ll I 4 mi. 2 4'P 4.2 12

Ilint 2. ; I (I

Mitka (, iirs'c 2.Ch I(lh 34
I-inc 2 14
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and sawing techniques were used to avoid leaching of exterior 2-inch disk had higher salt contents than the
salt from the test samph.s. Table 7 shows the results interior or middle disks. It xAs also noted that sonic
of the chloride test on the concrete slices. If the 0.2 exterior faces had higher leels of salt than others.
percent salt concentration level is taken as the level Thee faces were often perpendicular ito the direction
below which steel will not corrode in a concrete of fthe prevailing %ind.
environment, as indicated by the work of Klodt. 32 all
concrete samples on the island or Saipan. with the
exception of the sample from the Japanese hospital. 5 DISCUSSION AND ANALYSIS: FIELD
had salt concentrations well below the threshold EVAI UATION, DOCUMENTED
value. INFORMATION, AND LABORATORY TEST

With the exception of the samples obtained from This investigation concludes that coral has been
Piti Power Plant No. i. results of the chloride test for used successfully as an aggregate for concrete in
all samples from Guam were below the .2 percent vertical construction. Construction techniques
threshold value. Surprisingly, even the samples currently being used at Guam. Siapan. and
obtained from the Naval station walkway columns Kwtajalein. in the production of coral aggregate and
and from Building 27001. Anderson AFB. were coral concrete, are similar to conventional aggregate
below the threshold level of salt concentration. and concrete techniques. The remoteness of the
Nevertheless it was noted in the field evaluation that islands from equipment and spare parts, the limited
concrete cover over the corroding reinforcing steel and fluctuating construction volume, and the loca-
for both structures was less than I inch thick. Salt tion of the aggregate source (Kwajalein only) influ-
content values for the old Piti Power Plant (Plant No. enced the type, age. and condition of construction
1) were well above the threshold value. The field equipment used. The field evaluation revealed that
evaluation showed significant corrosion of rein- the only significant type of deterioration in coral
forcing steel and spalling of concrete. concrete structures was the cracking and spalling

concrete associated with corroding reinforcing steel.
Conditions at Kwajalein were considerably differ- The severity of the corrosion-spalling problem varied

ent. Nearly all buildings that were constructed considerably, but on each of the islands at least one
during the 1950's had levels of salt concentration structure had deteriorated to the point where its
near or above .2 percent threshold level. Mainte- integrity had been affected.
nance records showed that each of these buildings
had required some structural maintenance. Newer Information obtained from a review of available
facilities, such as the cold storage building No. t2. records disclosed that specifications currently being
had levels of salt concentration far below the used for production of coral aggregate and coral
threshold value. concrete on the islands of Guam, Saipan. and

Kmsaiaicin, are similar to specifications for produc-
Since coring was not conducted at Midway salt tion of conentional aggregate and concrete. Other

content tests were limited to two samples of spalled information obtained from the records indicated
concrete. One sample (Table 8) had a very high salt that until the mid- 1950(s much of the coral concrete
content and the other had a low salt content, both placed was unsatisfactory. Primary reasons were the
had spalled due to corroding reinforcing steel. usc of low quality coral. hapha/ard grading. poor

uniformity of concrete, and inferior placing and
The salt concentration test on each 2-inch disk curing of concrete. Coral concret- produced after the

taken from the same core sample indicated that mid-l")O's was usually more t, a"rm in quality.
where exterior-interior wall surfaces were involved Hotever. in instances where salt or brackish mix
concentration gradients would normally occur. The \ ater was used. rapid corrosion of embedded con-

dulit and reinforcing steel was observed together with
"). I. Kih. -A Sit ldkol I'rcirc%%ing Sicel-t-. t'lot Sirc%%. concrete cra,.-king and spalling.

IM IR iC % iowllr airnd h -nir,,nwn1i.'" Prmedting% ,I
,' 4 , vna/ , I Own ,, rr., o,. gin.vr%. 24tth ('wderro Laboratorv analvsis of ithe salt content in the
(I tlt~. .-coralI concrete samples ,ho\,ed that ,,here lecels ,crc
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high. the related structures had corroding rein- iman ,N of te csisiii. i-ol oncr'te struitures. corro-
forcing steel. In sonic cases, corrosion %% as ohscr% cd Sion and concreic spalli n g occilr.
where sail levels %ere verv Iow. but in these same
cases. the cover over the reinforcing steel was ver\ Nc% constrLiction techniques to inhibit corrosion
shalhm when conpared to recoini cndc d A( 1 a in be specieficd. Salt cincci ntrati mn in the materials

standards for ninimum cover of reinforcing sleel. should be held to a minimum, Consequently.
brackish or sea \i ater should not be used as mix
\%alcr. nor should conlaininaled aggrcgatc be tsemd

6 CORROSION OF REINFORCING STEEL with salt. le aniount of concrete coser over rein-
IN CORAL CONCRETE forcing %teel should be increased to a minimum1 of 3

inchc or more in areas ut exposure. The use of high
quality-low perni.abilitv concrete will also assist in

Corrosion Mechanisms and Influencing retarding lie rate of oxYgen and chloride ion trans-
Parameters. The corrosion of steel embedded in port to the metal surtace. In a few instances cathodic
concrete is the only major existing deficiency of coral protection has been used to protect reinorcing steel,
concrete. Steel corrosion in a concrete environment, but cathodic protection has been found to be
whether coral or conventional aggregate. is an uneconomical. Sodium nitrate inhibitors have also
electro-chemical. oxidation-reduction reaction. The been used, but to be ecective they must he added in
oxidation or anodic half of the reaction is: excessive amounts. According to recent studies.

galvanized coatings on reinforcing steel will inhibit
Fe - Fe + 2e-  JEq 11 corrosion for a short time. The results of initial

laboratory est'- also reveal that epoxy coatings on
and the reduction or cathodic reaction is: reinforcing steel may provide adequate long-term

corrosion protection. Field evaluation of epoxy coat-
0, + 2HO + 4e- - 4(OH)-. [Eq 21 ings are currently being initiated by various state

highway departments. 3

The oxidation-reduction reactions must be balanced
for corrosion to progress. Thus. the rate of oxygen Once active corrosion of the reinforcement has
transport or diffusion through the free water in the started in existing structures, there is no satisfactory
concrete to the metal surface can control the reaction technique to stop further corrosion. Many concrete
rate. surface coatings and impregnation materials have

beh tested, but most arc ineffective in retarding
Alkalinity of the free water (electrolyte) in con- moisture tdisolved oxygen) migration through the

crete is also important. The pH of free water in a concrete over a reasonable length of lime. Sonic of
concrete environment is normally 12.8. At this pH the more common coatings that have been used are
steel is normally passive and corrosion is inhibited. paints, coal tars. cut -back asphalts. and asphalt
But ifa minor amount of chloride ions are present in emulsions.
the electrolyte, the passivity of the steel is destroyed
and corrosion can occur. Sodium chloride (salt) con-
centrations as low as 0.2 percent will significantly 7 SUMMARY
affect the passivation. and with concentrations in
excess of 0.S percent NaCI. passivation is almo t Conclusions. [hc llloing is a list of conclusions
impossible to achieve. that %ere drawn from this investigation on the use of

coral as an aggregate for portland cement concrete
Corrosion Protection. The above indicates that vertical construction and structures.
two conditions must exist before steel will corrode in
concrete: (I) sufficient chloride ions present in the I. Coral has been used successftully as an aggre-
electrolyte to depas.ivate the steel, and (2) an gate for portland cement concrete.
adequate rate of oxygen transport in the electrolyte ,,i .lt " | , Ih, ',,'t iuh1,t
through the concrete to the metal surface. When 1",I ,mmI.,m ,mmt \' ,1-V No x t \I,( t: I3.

such conditions exist, as was often the case with It Ix
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2. Quality concrete can he produced with coral Icact. fronm tfile co ral. andmlii OL tsem (if sea 0
aggregate it the quali if thc coral is uniform ad bi .m 11 1\ tsx a\tcu1 Jmmh..IN '1t][1111111 L11ttr0Ci
the amount sufficient to meet conventional aggre- cover over reintforci ng %teel should be 2 / to 3 inches
gate specificat ions. mit high-qualitY. low-pernicahititY concrete. This will

3. If salt-laden coral, sea %%aler or brackish mi\ rcemsm':a hi tree (it %iect corn sion.
water are used in t ile iwom ioc io of u concrete. rald
corrosion ot embedded conduit and reinforcing steel
is likely to occur. It is further recommended that studies be

initiated ito develop) techniques to inhib-it corrosion (if
4. No satisfactory techiniques have been victlcem steel once aceisc corrosion Ilas hCitill.

developed for inhibiting corrosion of embedded steel Results of on-going field tests on bridge decks will
in concrete once corrosion has begun. determine tile feasibility of' using epoxy coatings on

r~intorcing steel. It' results are favorable, use of
Recommendations. When coral is used as an upoxy-coated reinforcing steel should be considered
aggregate for concrete in which reinforcing steel or %flien salt contamnination of concrete cannot be
conduit is to be embedded, all salts should he avoided.
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APPENDIX A:

AGENCIES AND PERSONNEL INVOLVED

IN STUDY (Other than CERL)

Officer in Charge of Construction.
Naval Facilities Engineering Command. Conl racis

Marianas. Guam
Mr. B. M. Scruggs. Materials Branch, Manager

Mr. 0. M. David. Mater;als Testing Branch
Mr. D. C. Camacho, Materials Branch

Trust Territory of Pacific Islands (Saipan)

Mr. G. W. Bradley. Director of Public Works

Mr. P. B. Cristi. Test Laboratory Engineer

Corps of Engineers Pacific Ocean Division. Honolulu

Mr. J. S. Ravina. Chief, Foundation Materials
and Survey Branch

Mr. J. Roy. Geologist. Foundation Materials

and Survey Branch
Mr. Cook. Resident Engineer. Kwajalein

Mr. J. Faust. Deputy Resident Engineer. Kwajalein

Navy OICC Mid Pacific. Honolulu
Mr. E. Ralph. Director, Construction Division

Mr. W. Horne, Architectural Branch. Engineering

Division
LCDR Farbarik. Director Public Works

Department, Naval Station
Chief Petty Officer E. A. R. Pardiness. Public

Works Department. Midway Naval Station

Naval Civil Engineering Laboratory
Mr. W. R. Lorman
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GLOSSARY1
4

Limcstone: A sedimentary deposit t he origin of ILcdge coral: Ledge coral (%orctiies kno% i1 as coral
s hich is classilicd petrologically :as organic resi- beach rock) is fouInd at locations % hcrc natural
due: the deposition may be biochenical or blo- conditions have caused calcium carbonate
mechanical. Though consisting predominantly deposition in (lie tlrm ol slabs %thich cover thi
ol Caliul carbonate, these deposits norniallv ocean bottom along the shorc line. Calcite in
contain sotme magnesium carbonate. ,,oltion assists in tilling the interstices of the

r,-'k the initial porsity of which rcstlts from
('oralline limestone: A biochemical limestone con- loose intergrov th o hell-bearing marine

sisting of coral tragments and other calcareous organisms.
organic detritus all intermixed and consolidated
with heterogeneous calcareous sand and marine lagoon coral: Similar to reef coral except that
sediment. The calcium carbonate originally is cemented tragments normally are absent. It is
crystallized in the form of" the mineral aragonite usuallY found in lagoon bottoms mixed with

which, being unstable, is altered into the more coral sand tand sometimes intermixed , ith
stable mineral calcite. Corals (polyps). calcare- clays) and occasionally mixed with sands of
ous algae. toraminifera, shellfish (mollusca). volcanic origin. Hydraulic dredging tends to
and miscellaneous aquatic crustaceans are the pulerize the softer coral particles which.
principal organisms involved in the formation of together %%ith any clays present. are discarded
this material. 1 he porosity of coralline lime- vhile in solution: the remaining corallinc
stone varies with the geological derivation and is materials are pumped to shore as the principal
related to volume contraction associated with product of the dredging operation. Lagoon
calcite in solution during production of mag- coral so dredged is a fairly-graded mixture of

nesium carbonate in the presence of sea water. particles ranging from cobble size to fine sand
size. but it is definitels an inferior coral aggrc-

Coral: The following terms denote the vernacular gate although not as unsatisfactory as cascajo.
associated with the multitude of forms in which
coral occurs: brain, mushroom, disc, leaf. Cascajo: This Spanish term peculiar to Guam %%here
finger, staghorn. and ledge. In the Pacific the material is most abundant. signilics
Ocean area the mot common and perhaps the "gravelly coral- and refers to lagoon sediment
most important genus of reef-building corals is and to talus and detritus of eroded coral reefs
acropora. elevated previously as the result of seismic dis-

turbances. The petrographical structure of
Reel coral: A compact composite of coralline lime- cascajo does tlot justify economy in concrete

stone, cellular coral, and vesicular coral rock: construction because the material exhibit,, large
tound in the form of existent barrier or fringing aimounts of soft calcareous particles, ran,,in
reef,,: staghorn coral may be found interspersed t'ron sill to small cobbles, and possessc,, no
or intergrown therewith. Though lithologically a appreciable resistance to abrasion: it is
massive material, reef coral normally is more nootrious for imparting poor durabilits charac-
porous than quarry coral. Particle shape of tcristics to concrete.
crushed reef coral varies: generally it is all
angular. occasionally the coarse fractions may Coral beach sand: Disintegrated recl coral and fIra -
be predominantly finger. and occasionally the ments of marine shells. Color usually is buff:
majority of tine fractions may be subround. The particle shape is predominantlv subaigular:
surface texture usually is moderately rough but and surfiice texture is icarlk snlooth I' nltiosi

sometimes may be nearly smooth. The typical case,. Coral beach sands consist ors ar'in ' prol-
color is white or nearly white, whereas coral portions of coralline limestone. cellular coral.
beach sand (which usually originates from the and ,cicular coral rock. in additiot to the
reel) tends toward buff or tan color. calcareous marine-shell fragments interspcrsed

there itIih.
'illh R. lot ,main, ( rl mid U ral ('+,a t, ew, I R 04,PS
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Bank-run coral: Loose deposits of coral conglomer- recently that it was vet saturated with sea water
ate cemented with calcium carbonate; normally (not to be confused with "'live'' in the sense that
composed of cellular coral, compact coral rock. the organisms still were alive). The term "'live
and a conglomeration of partly rounded coral- coral" or 'living coral" should be used only in
line limestone grains. The coarse portions may reference to the skeleton of the live polyps or
be somewhat friable: the fine portions occasion- algae: such live coral never is used directly as
ally may show evidence of silt. which is easily re- concrete aggregate in view of the excessive
moved by washing. Particle shape is pre- organic content present. Use the term "fresh
dominantly subangular: surface texture varies coral" for the saturated type recently excavated
from rough to moderately rough. dependent from the reel' under water; use the term "dried
respectively upon whether coarse or fine frac- coral" when referring to coralline material that
tions are under consideration; and the range in is in the relatively dry state (bank-run and
color is restricted to white or nearly so. The quarry corals).
amount of fines frequently is excessive; finger
coral often is interspersed in quantities that may
range from minor to major proportions. REFERENCES

Quarry coral: Reef material geologically older than Berman. H. A.. "Determination of Chloride in
(hat in existent barrier or fringing reefs and Hardened Portland Cement Parts. Mortars.
found in the form of ancient reefs elevated and Concrete." ASTM Journal of Materials.
aibove sea level. The composition is finely Vol 7. No. 3 (September 1972), pp 330-335.
crytalline limestone containing fossilized coral.
or stated otherwise, coralline limestone. Ciurlionis. Bolys. CoralAggregate in A/C Paveinenf
Crushed particles usually range from angular to anjd Concrete Construction. Technical Note
subangular in shape. color normally is nearly SSEO 70-1 (Seabee System Engineering Office.
white, and predominant surface texture is either 1970).
rough or moderately rough. Crusher-run sand
manufactured from quarry coral usually is "Concrete Construction," NAVFAC Specification
deficient in the PLUS No. 50 MINUS No. 30 13Yh (1967).
sizes.

Dallaire. Gene. "Designing Bridge Decks That
Finger coral: A remnant of staghorn or similar Won't Deteriorate." Civil Engineering. Vol 43.

branching coral. These fragmentary pieces. the No. 8 (ASCE. August 1973), pp 43-48.
shape of which resembles a human finger. are
relatively fragile. lightweight, and highly Duke. C. Martin. "Engineering Properties of Coral
porous. Reef Material." ASTM Proceedings. Vol 49

(1949). pp 964-976.
Rock flour: MINUS No. 200 material created by

attrition and breakage of coral aggregate "Engineering Report on Crack i - of Reinforced
particles incident to mechanical movement Concrete Columns of BOQ Bunling Numbers
during processing. stockpiling. removal from 27000 and 27001 Anderson Air Force Base.
storage, and batching at the mixer. Guam'* (U.S. Navy. 1972).

"Dead coral" and "live coral": It is undesirable to Engineering Study. Recommendations and Esti-
use the terms "dead" and "live" when referring mates tor Repair to AEW Facilities at U.S.
to coral aggregates. "Dead coral" is a deceptive Naviv Station. Midway Islands (lndenco Engi-
term that too often has been used to describe nccrs. Inc.. March 1960).
coralline material that has been dried under the
sun for a long time. The term "lise coral" like- Joines. Glenn V.. "Inspection Trip to Kwajalein
wise has been fallaciously used to describe from 17 October to 27 October 1953"
coralline material removed from the sea so (Novemlber 1453).
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