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FOREWORD

3 Under date of 2l December 1968, the Chief of Engineers informed :
b the Director, Waterways Experiment Station (WES), that it was desired
- that representatives of the WES prepare a paper on any appropriate
2 ocean engineering subject to be offered for inclusion on the program for
Y the Conference on "Civil Engineering in the Oceans, II" to be held in
o Miami Beach, Florida, 10-12 December 1569, under the sponsorship of lhe
Council on Ocean Engineering of the American Society of Civil Engineers.
o S In accordance with this request, an abstract was prepared and forwarded
-4 to the program chairman for his consideration. Under date of 7 May 1767,
' advice was received that the paper on "Behavior of Concrete Exposed to
the Sea" had been accepted. The paper was presented as the second paper
in the Materials Session of the Conference, on 12 December 1967, Copiecs
have been furnished to the ASCE Technical Publications Departmeni for {
inclusion in th= proceedings of the conference. Copies were also furnished ]
for review and approval to the Office, Chief of Engineers, and the paper ]
was cleared for presentation and publication.

The paper is a summarization of relevant aspects of the state of
knowledge in relevant areas,

COL Levi A, Brown was Director of the WES during the preparation
of this paper and Mr. F. R. Brown was Technical Director,
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INTRODUCTION

Hydreulie-cemont concrele hizs beon cuployed in the construction of
vorks esxpor-d Lo the sca gince the Rowm Fapire. Tha Lfivat reinfor.od
concrele structure made ucing portlend coment is still in scrvier. In
spite of this long history of successful use, thoere are stil) jpstencon
of concrete that undergoes severc detericration md destruction vhen
erposed to the sea that would have scrved satisfoclorily in o nonmsvine
onvni;anent.

Research on the factors effecting durability of concrele in wmeoine
cxponurgs bos been conducted at many leaboretories end hogyyieldzd o Lody
of d:1Mhat, is satislact ardl preeticnl mecsvrees to mninise

the likelihood of diange in most instimcesSDFurther vork is noedud to
fully eluvcidatz the interceting roles of various constituvints of ceu ot
with the chloride end sulfale lors of sco vwater. Addition:l roscece is
also neaded to ¥ DppTre 2 the several mochinisms that ney aees)ete
ale the corrocion of ferrous met2) cmbaddzd in concrobe exposed to the
sca, The vse of portland cemcnts containing less than 8 perecent tri-
coleiuwm eluninate a5 caleulated from the chomierl analysis will pormelly
prevent deleterious sulfate abtlocks Jlowsver, there cre distinet indico.
tions that coments with calculatled triealciumluluninate contents onproch-
jug zero are in some respects less desirobles/then those in the inter-
mediate range botween zero end 8 perceont. SIt is indicated thzt the bone-
fits of having some tricalcium alwuinate present cre reloted to tha
tendency of this component to combine also with chlowides end thus reduce
the rate at which chloride ions may become aveilsble et the interfrce
with reinforcing steel to promote corrosion. Further research is eise-
needed to interrelate the physical peremelers of pore structure ¢s these
control perieability end strengihgiiith the chemical paroustersethat T 9
control the nature, amownt, #nd rate of formation of procducts of in-
crecsed volume thot generate internal expansion,

——— o o - Cae ————e et ——— ek et = s e
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#Prepared Lor prescntation at the Conference on "Civil Fnglnnersing in %
the Ocowns, II," Mismi Beach, Florida, 10-12 Neceuber 1962, wndar the :
sponsorship of the Council on Ocein Engincering of the fmcricon
Society of Civil Fnginecers.

##Chief, Concrete Division, U, S. Anay Engincer Ucteruoys Kxporivent :
Stetion, Box 031, Vicksburg, Mit UL)lepi 39180 4
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In Beozh Erocion Bored Yechiic oL Mewraatun lo. 96, pabliched in
1957, a discussion vas prescubed of the “"Faclors Afrectipg IMeabilily
of Concrele in Shore Structures" (HMather, 1957). In 1962 the Pro-
ceedings of the RILEM Internationnl Sympesiuvm on Davobildity of Concrcle
wvare published (RILEM, 19569) covering "Basic Question:, Principles
and Methods of Testing and Determinalion of Concrete Durchility under
the Action of Frost, Sulfates, and Acids; end Corrosion of Reinforecisent
and Its Prevention."  Prior to 1957, belucen 1957 ovd 1967, and in the
future, thesc matters have been and will be wider further study through-
out the world. Vhen conerete does nol behuve sotisfactorily os a re-
sult of exposure to the sza the cause is, as is the casce in 211 instoaces
of unsatisfactory purformance, that the appropriate levels of guality
wcere not obtained. The failure Lo ohlniu these levels of quality resnlts
either from feilure to require thew in speecifications or failure in the
execution of the work to comply with the speeified requirements. licnce,
the obtuining of sctisfaclory performonce deponds upon: (a2) an assesse
nent of the perforuance requirencnts, (b) an evaluztion of the environ-
mental influences, (c¢) an understanding of the results of rescarch on
the interrclation of environmental influcnces, qualily levels, and
achieved performeznce, (d) selection and specification of relevent qualily
levels, and (e) insuring complionce with specified regquirements,

DETERTORATION ~FRODUCING PHENOAENA

Many phencomens that contribute to the deterioration of concrete do
so by mechanisms that induce internal expcnsion. That which expands mey
be a constituent of the cement, a constituent of the aggregate, or the
contents of a pore or void in the concrete. These phenomena include:
frost action, alkali-aggregate rcaction, sulfate attack, and &« variety
of chemical reactions not involving alkalies or sulfates, Similarly,
deterioration may bz induced by nonuniform centraction. Phenomena induc-
ing such contraction include drying and carbonation. Dateriorztion of
concrete may occur due to golution and rcmoval by leaching of the soluble
constituents of the cement paste in the concrete. Daterioration of con-
crete may also occur as a secondary conscquence of structural overloeding
that results from the interaction of external mechanical forces, such as
those induced by foundation movements, seismic forces, and explosions.
When concrete is found to have deteriorated following the occurrence of
such abnormal loadings of the structure in which the concrete was used,
it is assumed that the deterioration is a secondary consequence of the
structural failure that preceded or accompanied the deterioration. Such
detcrioration can be avoided only by structural design to resist the
imposed loads. Cracking which occurs due to unconirolled termperature
variations in a structure does not of itself cause deterioration in the
sense of this discussion, but it does increase the vulnerability to
deterioration due to frost action or sulfate attack.

PERTINENT FACTORS IN A SEAWATER EXPOSURE

Concrete 2xposed to seawater will be subjected to wetting by an
aqueous solution containing principally dissolved sodium chloride and
magnesium sulf:te. The oceans contain, on the avevage, about 35 parts
per thousand (3.5 percent) dissolved salts. The major cations, Ca*t,
Mgtt, Na*, and K*, exist in semwater largely as uncomplexad species.,
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The major anions include CL7, uwhich is also not strongly complexed, ad
Co3-, HCO3=, and SO0;=, which svrc. Fupreosed es mnilligraws par liter of
scavater, the principal elemenls prosent in solution are cllorine,
19,000; sedivm, 10,600; magnesiuwe, 1,300; sulfur, 900; calcium, L00; end
potassiwn, 380, AL other elemenls are probubly prescnl, but no othors
nmake up more than 65 mg/l. The six elements mentioncd meke up 99 pircent
of the dissolved salts in scewaler. Although the coneentration of dis-
solved solids hes boen found Lo vary fraw plece to place, the ratio of
any one of the major constituents Lo the totel dissolved solids is nearly
constantl everywhere (ACS, 196)).

Thus, the factors inherent in seawoter exposvre that should b con-
sidered Tor their effects on concrete are freezing and thawing, wetling
and drying, and chemical reaction of chlorides, sulfates, alkalies (sodium
and potassium), and, in some instences, dissolved cerbon dioxide,

The elcments of concrete that moy be affected by wetting or by

chemical recaction with chlorides, sulfates, or alkalies includ: the co-
ment, the agoregates, and reinforcing steel or other metel, if present.

EFIEGTS OF CONTINUOUS TiZ4FRSTON OF CONGRUTE IN SEAWATIR

Concrete thal is totally and continuously iwn=zrsed in weter, even if
the water contains dissolved salts such as are found in scawoler, gencrale
ly may be repgarded as being in a prolected exposure., Continuous irmersion
usually provides a uniformity of enviroument with respcct to tcmperature
and moisture content that prevents lhe immersed concrete from being sub- !
Jjected to such deteriorating influences as frost cction, volume chinge due E
to wetting and drying, and differential volume change due to moisture :
content differences betwecn the surface end the interior. Continuous
immersion also tends to reduce the potential for chemical reaction by re-
moving chanpges in the degree of saturation as a mechanism for the flow
into and out of thc concrete of solutions containing ions capable of at-
tacking constituents of the concrete, and leaving only concentration gre-
dients as the mezns of ingress of such ions. Locher and Pisters (196L)
note that, under equal conditions of exposure, the aggressiveness of
water increases vwith increasing concentration of the relevant substences,
but that aggressiveness is alsoc increased by higher temperatures, higher
pressures, wetting end drying, or mechanical abrasion by fast~flowing or
turbulent waters.

EFFECTS OF INTERMITTENT JMMERSION OF CONCRETE IN SEAVATER

Most concrete structures exposed to seawvater are partially or vholly
situated so that they are sometimes immersed in secawater and sometimzs
exposed to the air. If the structurc is located where the temperatures
fall below frcezing, the concrete exposed to the air with falling tide is
probably subjected to as severe frost action as is any concrete in netural ;
exposure. The realization that concrete exposed in the tlidal zone in a re- K
glon of low winter temperatures would be subjected ito very severe frost ac- i
tion resulted in the selection of the mean-tide clevation at Treat Island,
Cobscook Pay, Me., as the location for the U. S. Army Corps of Engineecrs
scvere nature’. weathering station. This location has bacn used since 1936
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by the Corps of Engineers to duevclop irnflorssilon ropidly on the ralallive
resistance of concrutes to frost action (Fennedy and Mather, 1953).

The sccond important effect on concrete relzted Lo welting and
drying is the voluwre change rclations due to changes in, or changes in
uniformity of, moisture content. These phenomena are often referred to as ’
drying shrinkage clfects.

In localities such as Treat Island, the mesn tempercsture of the
seawaler is low and chemical reactions toke placc relatively slowly.
Concretes relatively deficient in rezistance to frost action scldom sur-
vive long cnouzh to monifcst cny readily observeble effects of chemical
atlack; hence, it cun be argued Laat there is o poperal tendency for the
severity ol chemicsl atlack to bz reduced when that of physicol attack
increases, and vice versa,

MG

CHENTCAL, ATTACK OF SEAYATER ON CONCRETE

The poteatially aggeessive constituents of seawater with respect to
concrete ave the sulfate, chloride, carbonate, bicarbonate, alkali muotal,
and magnesivom ions, Since in sezwater the sulfate componznt.. is magne-
sium suvlfote ralher than sodium or calcium sulfate, as is more often the
case in sulfate-atteck situations not invelving seawater, the various
chemical reactions of magnesium sulfate with several of the constituents
of hydratcd portland cement are somewhat different. F. M. Lea (1956)
pointed oul that, initially, magnesium sulfate hos a similar ection to
that of other sulfates in attacking caleium aluminate hydrate, but that
later it con induce a significontly different and more far-reaching
effect because of ils ability--as distinguished from other sulfates--
to attack and dccompose the calcium silicate hydrate. This resction pro~
ceeds to completion because of the low solubility of wmagnesium hydroxide.

The carbonzle and bicarbonate ions wyy porticipate in the reaction of
carbonation of calcium ion or calcium hydroxide formed during hydration
of cement, JIn a discussion of deterioration of concrete in the shipways
at Newport News, Va.,, Mrs. Terzaghi (1948) concluded that two processes
vere at work, one involving sulfale zttzck that caused internal expznsion
and cracking, and the other involving carbon dioxide dissolved in the
water as carbonic acid that coused local softening and disintegration.
The water samples taken from relief wells in these shipways wcre regarded
as containing from 30 to 60 percent seeswater, based on chloride conteut,
and had free COp contents of 7 to 97 mg/l; the highest CO5 content wes
found in the sample of lowest seaiiater content which had 57 mg/l agpres-

sive COp and a pH of 6.9.

Internal contraction due to carbonation has been found to occur al
the maximum rate and to the greatest extent when the concrete is subjected
to an enviromment in which the relative humidity is close to 50 perccat.
Carbonzation, like drying, is a phenomenon that proceeds from the surface
invard and corscquontly the degrec to which a given concrate element is
affected over a given period of lime decreases markedly with decrease of
surface:mass ritio. Carlson (1937) has shown that an occasional wetting
of a concrete surface will prevent drying to a considerable depth beceause

Clnbegied e
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dry coiercte vil) Lmorb as mach woisluve in one duy as uel concecte
loses 3u Lo weeks of drying. Tt is therofore cencleded that drying
shirinkase and corlor itlon sicintrge ove unlikely to be mrjor soveces of
deteriovation of co.crete in the ocemae  Appurent confirostion of this
conclusion is sugrunted by the virtiul eboonce of repoarts of such deterio-
ration in the aveilsble literatures It dis svgprested thot concrete deole-
rioreation in seouslsr due to lhese causes is larg.)y precluded by Lhn
typteal natoee of the endroraznt, the typicelly lov suriacentiss retio
of the structuvral clemantc involved, eund the avoidence of materinls, pro-
portivns, end congl:vetion peactices that vwovld b conducive to develop-
rent of this sort of deteriocvation, o3 tlose tre gvoided for other roaosons.

Mkelien

The 2121t metcl ions mey p-rticipate in eny of scverel rezctions
vith rcaetive silics or reactive ¢nrhbounate constitvcuts of the agpicputas.
Staiton (1937) listed anong struvctures edversely eifected by alkeli-zilien
reaction, scclions of sge:2lls in Ventvro and Senta Dorbera Countices in
Celiforniz. As fev as is knowum, there have s yoi been no documented
cuses of olkali-~corbonate resction which hrve coovad deterioration of con-
cerate struziures errosed to sezuster. Kennedy cod Mather (0953) fouud
that in concrcte contidining o erushed limestone cegrepnic that had bzen
exposed to szoaoler at Treal Isleud, therce was evidence of the formation
of recction rims on certain liwoslon: conrse-aggeesate prrticles.  The
periicular limcstone studied contzined about Ly percent of a montmorillo-
nitic clay vhich wndergoes grecter swelling uhen vetted with 2 solution
containing sodiwn ion than vhen scdiwa ion is not present. They showed 1
that this materiel, processed os memvfoctured fine epgregate, exhibitled ?
two to three times as much increasc in volume when immersed in seavater
as vhen irmersed in fresh waler or in a saluvrated solution of calceiuvm hy-
droxide. Buck and lother (1969) described on instonce, bealieved to be the
first of record, of detcrioration of coucretle dve to alkeli-silica reazction
in which the reactive aggrepate was quartaz. Since the affected structure
vwas a dry dock at Charleston, S. C., it was first assumed thal the wn-

sualness of the rezction might have becn due to the involvemnsnt of sea-
vater. However, the reaction product wos prinecipa2lly a potassium sili-
cate rather than a sodium silicate which indicatcs thal alkalies from the
seaucter were not significantly involved. It wes concluded that the un-
usualness was related to the physicel rather thon the chemical aspzcets
of the environment.

b i,

Expansion of concrete caused by the swelling of the alkali-silica
gel formed in concrete by the reaction of alkali and soluble silica can
normally be prevented in any of threcec ways. It can be prevented by the
avoidance of the use of aggregate materials containing soluble silica;
or it con be prevented by the restriction on the composition of the port-
land cement with respect to alksali content so that the total amouni of
sodium oxide end potassium oxide, calculated as sodivm oxide, doss not
excecd 0.60 percent; or finally, it can be prevented by the use in the
concrete of eCequate amounts of finely divided active silice introduced
in the form of pozzolan. So far as is knovmn, therc has bzen no deterio-
ration of concrete due to alkali-silica reaction in concr:te in which
any of the thrze preventive measures have been ciployed. Informal rc-
ports are rath:r frcquently encountered that purporct to rxfer to such
deterioration in concrete mede with low=2lkali cemznb. Ia ell of these

N
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crues thab hewve b o ederpaebe ty evenined, it hoo oo forad thnt the
ccnond that v s intended e by Tow 21%: 13 ves dn foet nol low c)inli,
or Lhol s ehuoen ) e diticn of cipenver aross in wiitch the (1l
from & technically low-c1' =30 econnt v precmeBly so concomtretad
during ez cure 5 o rer’ - the cheniien) enviros wnb of the agc
similar to Uhal wbich weutd lewve beon produced in o more noriel covivon
ment hed a hiphe-210 14 ¢rient bzen vewd, From thess considerebions it
therefore follous the L if for reoo-ms of econony, vork-biltity, ond e
duclion in heut evolnlion thore e Lonefits Lo bz obtzined by the unc
of substantial quemilitics of chowinally cective poszolens vherehy rolo-
tively lorge quantiiies of finely divided soluble silice are incorpo-
rated in the conercte, this praclice will be boneficinl in prevoenting
delerioration due to the alkeli-silice recclion.

regate

Chloridoes

The chloride ion mzy perticipzte either in chemicel reactions simi-
lar to those involviug the sulfite joa--s0 &s to yleld sveh producis as
chlovelvainates thet sre enologous to sulfealumlinstes-—-or in recctions
invelving -lhe corrosion of reinforcing or cther cnbedded metal, In this
latter conncetion, Helsteed ond Voodiorth (1955) reported that reine
forczd conmrete sliuctures exposed under coastzl conditicns (within 10 mi
of the scoconst) in Scuth Afriea hove, in some ceses, shoun deterioration
believed coused by electrocheamical corrvosion of the stcel. In the dis-
cussion of their prper, it was notcd that the South Africen Railway
Adrministration hos edopled the policy of uvsing reinforced conecrete struc-
tures in preference to sleel because of difficuliies in meintaining steel
slructures. This sgency 2lso has atlempted to design structures for a
minimm of reinforcing stecel. Tha psrform-nce of such structures hes
generally been good, and sveh deterioration as has oecurred is believed
related to insufficient conercte cover over reinforcing steel that per-
mitted corrosion to occur.

The role of chloridos in seaovaler in chemicsl interectlion with con-
crcte is twofold. Chlorides act independently to do those things theot
chlorides are capzble of doing, and they also tend to retard or inhibit
the action of sulfaies. The prescnce of chlorides, as in sesuater, rc-
tards or inhibits the expension of concrete by sulfate solutions, but
not the degree of reaction. Lez (1956) cited the work of Batta, who
attributed this effcct to the greater solubility of gypsum and calcivu
aluninun sulfate in chloride solutions, and it is ilhe reason why frilure
arising from chemicel otiack by seaucter is not preceded by swuelling to
the sane degree as in svlutions of sodivm or megnesium sulfate,

Griffin and Henry (196l4) studied, sepuzrately, the c¢ffects of sodiwn
chloride and scawoter salts in concrete. Their purpose tas to deterwmine
the effect of sea-sa2lt spray on concretc and the peruissible amounis of
salt in concrete when it is mixed. They found thut the optimum salinitly
of mixing watnr for maximum compressive strength wes from 18 to 36 g/kp
vhen sodium cliloride was used and up to 88 g/kg vhen sea salt was uscd. .
They also fowd that, whcn sodiuvm chloride wos used, the rate of moisture ki
migration thrcugh concrcie from a region of higher to ont of lovier relae
tive humidity decrensed with increasing salinity of mixing water to a
salinity of atout 70 g/kg and then remained relatively constent with
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forltier dpcecases dn sebintby. Vi gos nab bl weed, the o of wolo-
ture migration elee deercnsed with laoecase dn oo Lind ty. bul leveled off
ot ebout 25 (k.

They concludid thol soue selt moy Lo benficicl to concrote do goun
respacls. Vith & wixing veter solivity o chout 25 ¢/ka, strcogth wes
ivprovid, the rate of moisture move - nt ves redecsd and corrosion of
mild steel in the lov-clrenglh conercte vesed in Lhoir investipstion vas
regligible. With sodivm chlorids, the maximws corrosion of mila sioeel
appeored Lo toke plece at a celinity of cbout 70 g/kg. 1t should prir-
hups bz eaphinsized that Griffin ond Heury vere studying the Mpereinsible
amounts of salth thot could be tolerateld; it is not, T belicve, th-ir
intent to ryppent that onz wouvld deliporalely a2 sult Lo reinforecd
con-vete LT it cold recdily be avoided.

FRO:T, ACTION

In regions vhere concreve in service is subjected to the sction of
freczing end thewing, probebly the principal facloe that has prodvecd de-
terioration is fro.t action. Frost cction produccs daterioration wien

ores in th:s conerelc, lurge cnough to contein fieazable water, bocous
eriticnily filled vrd the waler Trecuzes foster Lhon it can be expelled
froa the pore. Porcs thot coap contain freezehle wvater are present in
neny o refinte perticles. The originully water-filled spaces in cement
pnste are elso pores that can conloin froezable vetor. X deterioration
due to frezzing of freezoble wolcr in pores in apgregate particles is to
bz avoidzd, precautions must be tzken cither to aveid vsc of agpregate
having such pore spaces or to avoid the development of critical satura.
tion in the pore spoces. Deterioration of concrete due to freezing of
freczable watcr in the cenent poste can be avoided by providing the
paste with an eppropriale air-void system and by protecting the concrete
from freezing until hydration of the cemertlitious materizls has reduced
the volume of freevuble water in the paste to the amount then con freeze
without demage.

The use of aggregate seleclion criteria such as those regulerly em-
ployed by the major egencies in ihe Uanitced States, the mandatory une of
ajr-entraining admixtures or 2ir-entraining cements meeting the applico-
ble requirements of current nnlionally established spocifications for
such products, and the control of concrete batching, mixing, and plucing
so as to ensure a proper air-void systen in the hardened concrete uill
successfully prevent deterioration of concrete resulting from the upteake
of moisture, the achievement of critical satuviation in the susceptible
pore space, and the subscquent internal expansion when the water freezes,

LBLGHIIG

Concrete can deteriorate by having its soluble constituents dis-
solved ond renoved by solvents that percolate through it. The degrce
to which solu:ien and removal will occur depends on the rate at which
the solvents rove through the concrete, the solubility of the soluble
constituents, end the solvent power of the solvent. Onc:» the solvent
hasg dissolved #1) of the soluble meterial it can hold in solution, its

7




furihov mo, ooeat thecugh the concreie vt digsolve cnd ranove no
eddition:l poteriad . IF the solveul 36 saturated or nearly solurataod
brfore it calevs the conerete, 3L will discolve no maleriel or o vory
srell cnounl of materia) as it traverses the concrote,  The most ef -
feclive mecns of preventing detorioration by leaching is o ensurce lhat
the concrete has & low permeehility. Pourers, Copslend, end Memn (1759)
showed Lhat copillary continvity of cemaent postes con be preveated and
parieabilily consecavently reduced greatly by vse of lou waler--coment
rotios end proper cuoring. thelr datn showr thal moist-cured ceaent pastes
lose capillery continuity alter curing periods scacuvhat as follouvs:

/¢ TTrE REQUIRED
0.l 3 dnys

0.5 1l doys

0.6 6 wnonths
0.7 1 ycear

Bl PLFS_OF PERVOIF R, OF RFINEOPTR COUGRTIT, II
HART

TS

Fentworth-Shizlds (1756) described the first maritinz reinforced coin-
crete structure in Greal Dritain, constructed al Southampton in 1897, end
noted that very foiu feilures hove occurred. The 1899 structurc vas a
jetty consisting of a 100~ by LO-ft deck on piles. In 1902, Towun Quay, a
rcinforced concrete structure 367 by 20 by 3L £t high, was built at Soutlh-
hoampton. A few yeers later longitudinal craecks appcared above the meati-
1ide level along lines of reinforcement, due to rusting of steel. Repairs
vere mcde with pncunaticelly applicd iortar. The rusting of the stecl
has been ascribed to the permeability ol the concrete, but in thc case
of Town Quay elecirolytic action was, if not the sole czuse, a very im-
portant contributory cause. The 1899 structure, wvhich is still in ex-
cellent condition, was made with dry, low water~ccment ratic concrete;
the 1902 one was made with a "reather wvet! mixture.

Not only is the first maritime reinforced concrete structure built
in Great Britain still in excellent condition, bul most concrete struce-
tures in seawater cxposuvres are in good condition when good practice wes
used and care was teken in their design end construction. For example,
the concrete ship "Atlantus," thc first constructed by the United States
Government, was launched in 1918. It was brought to Cape Moy, N. J., to _
serve as a terminal for a ferry line and in 1927 became stranded on a :
sandbar. It was inspected at various times between 1918 and 1930, A
report on its trial run in 1919 from Brunswick, Ga., to Charleston, S. C.,
states that the concrete was "in a practically perfect stale of preser-
vation with no important rust stains visible, although therc cculd be
traced in certein places on the hull the faint markings of hairline
cracks which perallcled the system of reinforcing closest to the outer
surface." Walter, in 1927, published a photograph of a specimen of con-
crete taken from the ship. in 1928 showing the imprint of a square bar
13/16 in. and a round bar 5/16 in. from thc outecr exposed surface of the
. concrete, and stated that the steel was not corroded. After an coxemina-

4 ‘ ticn of the ship in 1728, it was reported that a very presounced rust
stain had developed in the bulkhead enclosing the afterqu-rlers, and in
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onz spot the bars porallel Lo the decl were cledely ountiined for a space
of 2 or 3 fi each way. A close inupretion of Lhiu arcs showed that there
wes almost no conercle coverage. In some placesithe-intended depth of
coverane wea L/ dn.y ip mome dasen Lhe acbual coverags wes less than
1/16 in, 'A disc of concrete 3 in. in diameber aud 0.7 in. thick wzs.cut
from ¢ fragaent collected in 1928, tesied -in Lhe laboratory, ond found to
have very lov water pormeability (MeMal)an, 1928).

Similer dnspeclion reporls have buen recorded on other conercle ships
buill during World Var I, The "Seln:," now sbranded nzar Calveston,
Texas, was inspected and repocted on by Rogers at the 1953 Kegional Heet-
ing of the American Conerele Institute.  The ¥Selma" wos o teankor built
in Mobile in 1918 ard sunk &l Galveslan in sbont 1923,  Suaples of the
concrete tested in 1253 shoved o campressive strength of aboul 10,000 psi.
No corrosion of stezl was observed, even though less then ) in. of cover
was provided. Another of these vessels, the "Polo Allo," is cxposed on
the Pacific coast at Seacliff Beach Slote Devdr, 6 mi south of Santa Creuz,
Colif,, vhere it is uscd a2s @ fishing pier. It was bullt as a tonker
during Yorld War T end is L35 £t long. It rannined anchoved in the
Oakland Fstuaey, where it wos built, vnli) 1930 uhen the Cal-Meveads Stock
Cempany purchased it and hed it towred to Seaclifi on Monlerey Doy, vhoub
100 mi to the south. The sea cocks were opened fnd it now rests onh o
sondstone shelf. T ves later crquired hy Coliflornio when the state park
wes created.  The ship has broken dts bagl, but & gongwey across lhe
fracture permits both parts to be used. It is probebly the most accensi-
ble of the remuining Vorld Var I concrcte ships.

At the 10th Congress of the Permznent Internntional Lusocialion aof
Navigation Congresscs, it wes "agreed thal the deterioretion of cencrete
in warm seavater is mainly due to chomicel action, namely, the change in
composition of the cemenl caused by the chlorides ond swlphates present
in the water. Little can bz done to protect poor concrete, the romedy
being to sclect a suitable type of cemenl and good sound aggregates in
the first ploce, and to take steps to ensure thabt the finished product
is as dense and impermeable 2s possible. In colder water, chemical
action is less severe and the main dmezge is done by temporcture changes.
There ave other czuses of deterioration, such as abrosion and acids
deposited by lithofngous organisms" (Warreun, 1956).

 CONCLUDING STATIRT

From the foregoing discussion, it mighl be aszswned that it is the
intent of this paper to suggest that informetion is now avallable wivich
will pormit the preparation of specifications which, il followed, will
preclude the occurrence of detorioratlion of conercta cxposcd to the sea.

_ ﬂ'l‘his is a propor conclusion with only relativaly minor qualifications.

If cost were not an important ebjective in propaving speaificaticns ov
concrote, it vould cesbatmdy be possible to spoclfy conorste matewindsg,
mixturas, ond construction practioca which pdf—foldewad, wonld pravice
virtually comdete asourance that detordoratien of the ctnerale avow awy

desired sorvice lifo, at deast for up Lo 100 yoara, coult. bha avelded. \:} r e

Tn somo cunos, hovaver, auch a speciflicatdon vonld require the Inpota-
tion of largo quentitles of mutordnla frowm (roab dlstinees and wowd
raquire a dogron of tenting, inupuation, and aenbenl thal in vob g
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regarded as cconaaieal in conrrobs contbrucidon. T thercefors is
necessery ond vill conlinae Lo b neocisary Lo tote into secounl loes )y

available wnbordials end Yeos thon epliom d-grecs of dnapeetion and cone -
. trol. This boing Lhe cose, the selv-l speeifications for nost conerebe !

for exposure Lo the sca will du some respeals regqinive pdleeials aud
practices of leas Lhon optinum qualily ond the ralerigfls ord jeectices
actuslly oblaincd vill, to scme exbent, bo inleriov a4 whiceh veou
epparenily intenda2d, In spite of thzse dififien]d liss
that through use of practicnl spaeificationz ou? proztica) inspoction
and control w:usurcs, detericiation of concrote crprscd te the sea com
be kept within limits so that omly rceepl:ible wrintencace costs will be
rcquired.ﬁgg;may also bz inflerred thab the catolop of doteriornticrs
producing phenowens. is noir corplete. This, of covesc, is somelhing
about which it would be dangerous to multe & positive strtement, enpeci-
ally since phenomeua such as clkeli-carbonabe rock reaction have conz
to light only in the lost few years. It is, however, believed thal it
is unlikely that there are major dutceriorvolion-producing phenomecna, the
occurrance of which is not reosonmaldy prcecluvded Ly the dmposition ond
enforcement of current spacifications.
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