ce3e, | (()*@ <,6r,T,PZ : PROCESS FOR THE PROTECTI ON OF REl NF VENT | N
REI NFORCED CONCRETE Fi el d of the Invention This invention rel aﬁ"wﬁwmwm‘mm
process for the protection against corrosion of the steel rei n
reinforced concrete and to novel reinforced concretes havi ng i nproweek
resistance to corrosion. Background of the Invention Steel reinforcenent in

concrete is nornmal ly protected agai nst corrosion by a passive filmthat
forms on its surface in the alkaline environment in the concrete. However,

with the passage of tine alkalinity may be | ost by the actiommﬂmmmn

at nospheric .s carbon dioxide and corrosion may result eithe HMNWWM
‘loss of alkalinity or fromthe io contam nation of the concrete«.yih
aggressive ions such as chloride. Both these processes render the
protective passive filmunstable: Wen the concrete is highly alkaline it
tolerates a small level of chloride ions wi thout corrosion of the steel
being initiated. However the higher the chloride content the higher is the
ri sk of chloride induced corrosion. The chloride content that results inis
corrosion initiation is terned the chloride threshold level. The initiation
of corrosion may be detected electrically and is nmarked by a sharp increase

[ el ot cal clgkpined boRAFHREPROMBETIBN HIRERREBHCENAEIN S 2bove

concrete structures. It bas t REINFORCEIECONEREXE!Y proposed to renove
chloride by an a o el ectrochenm cal process. The process has been described

in WO 981 Fekbof thadnmntin®ean Pat ent Nos 200, 428 and 398,1 17 and invol ves
passing an el ectyic current .through the concrete.by applying.a voltage for
bxanpl o from 5 Fs fmehps Bk AR sissant B ism sy otk KR i he
steel reinfoncaNRMerhdht ilRiFOREH 8bAcreR !B A8Pel réfdforceCLRréted BatifigCause
chloride ions to mgrate through the concrete to the surface and into a
| ayer of eclngrbvel gbistands tolvotrasioneen pl aced ‘at the surface. It has been
previ ously reported t(jhat a factor affecting corrosion initiation in
chl ori de cBagkarpuad ebithednvertien i s entrapped air voids. Concrete typically
cont ai ns about % r 1R PE oY Byds at the
steel surface i%tg?lengﬂg%r_\égﬁgﬂfﬁFgEn%PfetxﬁggﬁgegQ{ﬁrggé\%?erd (I%{ ne’ﬁﬁt 'e(lsgrll% g}’tered by
t he presens@sivt fittlthatifolens amiss $wrfage he thetatkaliednviromsentinvihe condréte. passi ve
filmis unstable. The solid hydration, products_ of_ cenent, yégi ch are .absent
I™F

at these |deweyanwithhapagsage ok tiesalkalinity may belasbhy theractioniof UResRREIE es

ef fect s ofrauagF A Bombelon B rfte df B MEELRY of A 48R e

at nospher egontdthatiSkeo 108 anbra vitiagiressivedofé QrchnRhrideoBdth thesé he
concrete nmean that with the passage of tine the steel reinforcenent becones

suscept i bl propessepiendesitemprowetivp passéve filmyesiablen provi des a nmeans of

reduci ng this pggbl in which.the resistance 15 of .{he st osi on
IS increased byb@’c?ﬁﬁﬁ%?chc%e sﬂgg@%ﬁm&ltatgfqm\;%ﬁag'taflne\ﬁigfg%lgklt:ap g%sr and
provi di ng witha¥ordkiofi O tHé sedek BE?nFQﬁitita&G. HotRvesthe higiRr thetHIBRAY coitelthe
| nvention According to the present invention there is provided a reinforced

concret e wherhigher istbe cisk oteitlonde inguded ¢orrasien. dhechiarideatontdnt thal residts ivf ¢ he

steel reinforcenent.is . . ' Cres s .
15 Corrosion initiation is termed the chloride threshold level, The initiation of corrosion

may be detected electrically and is marked by a sharp increase in electrical current.
It has been reported that chloride contents above 0.2% by weight of cement will initiate
corrosion in many reinforced concrete structures. o
1t has therefore been previously proposed to remove chloride by an
20  electrochemical process. The process has been described in WO 98/35922, and
European Patent Nos 200,428 and 398,117 and involves pas'singl an electric current
. through the concrete by applying a voltage for example from 3 to 15 volts between an
external temporary anode and the steel reinforcement in the concrete as cathode. The
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‘2 0 bel ow 0. 8% preferably bel ow 0.5% nore preferably bel ow 0.2% by area
of steel and in which there is a layer of solid alkali on the steel

surface. Advantageous Effect of the Invention The provision of the | ayer of
al kali and %he_ | ow void content has the effect of inhibiting corrosion. The
conbi nat i FGAISLESANELIOM A foas 1o Wigsatn dhrugly thextpinoretato thasiutaed a@dintwar osi on

fromlevelg,,l L on-af Q.2% chl oyl by .wei ght of cenent to above
0.5% and elég%%af%ge\e/cg%%_m (1)érill tﬁagﬁ)b%ﬁuf)gcegd;aetg% ?Yrgarﬁ?an_ces the durability of

rei nforced conchéhebedd pretiolslycepddicdehataffadBe afEAMNGrobibl iditihddrUat r at es

t he apparatus enployed in the Exanples. Fig 2 gives the calibration between

the voi ds gHloBdeepitamigated congrsts is isprapped siratoidn € irerate egicatiyronmine about
interface. kp - : ' the results obtained in Exanple |, © Fig 5
gi ves Phe lrgs/‘g'i?X §°lg@?é’?ﬁgg’y?eﬁ$dé¥a§§i’ gresence;of V@‘%ﬁ&é@e L SPIgacs indreaset tened

in Exanpl essiBofhel otal virdninent bélhY 8Rerb By HES] eééacg%ﬁcgitueﬁ@ei (FEAIRLE 4

Figs 8, 9 and 10 are backscattered el ectron images obtained in scanni ng
el ectron ngandyinns pe wbichthp phssivesfiins samswmblet Thewglid hyasdegbdids bf@ment,

concrete, FiQ,8 shows the result for arative Exanple 6.” Fig 9 shows the
resul't. fo‘?’i‘@éﬁ"p%ée"f‘aégfbesﬁ? ai‘@“%ﬁ‘éﬂlﬁ%é“‘f‘é%m‘fe corgsiomdalipitees. Fig 11 is
a graph st‘g}%&gegﬂﬁtpﬁggf%hp&gﬁgg_in Exanpl e 9. Detail ed Description of the
I nvention The termsolid al kal1 "1 ncludes conpounds whose saturated sol ution

i n watier h2rpblemdo peisolived\byrthe@nv&itive. conpounds nmi ntain the passive film
val ues where corrosion may occur, typically

stabl e and resi %?Hfﬁql t& |y . may ¢

bel ow 8.5. Exanpfesieateeiiges etalkaliinbydhe asting ofcarbandiexide ictiee hydr at e
gel, vari i i r nd_lithi umhydroxide. The term
cenment int gg rcg%gmﬁg g%ﬁ%%{lﬁg’n&ﬁ% ﬁr&g%ncg VPFB@ ‘%%F&‘@ngrcit%mﬁpe‘ 35
concr et e. Wi tieqrassagoiod sinfeethe steel RirfoxtineRSbdcBes sRRbAiBle MciRlsidh, Phases of
the concrete whose, maxinum di aneter is at | east 100 nicrons. For the

avoi dance BiC Rf6$R5E InVERLIULPIRYides @ means pétasusingithis rspilemi inathichnthe hesimaread  may
be spheroi (s ar. Preferabl he. |l ayer of alkali .is, from1 to 500
micr oﬁg i noq.tqh? c&%leté g&g?‘l’é e%sa’l:r}lm;?/ea%e b D#Bﬁ@gtatﬁﬁﬁmfﬁﬁt 1 & YRS ingae

pr ef er abl yconofetamideprbidin g3y s favsid ialkaliinhBeRs1 suZfeE er abl y the Iayer
covers at |east 20% nore preferably at |east 60% nost preferably. at |east

70% of t hSwmnmary of thednventibnr ced concrete preferably has a chloride
threshold level ,0of at |east 0.5,.25 preferably at |east_ 0.8% by wei ght of
the cenent. Ac c%&ccﬁ)ﬂ"ﬁag ltcbaﬁ HJF%’PEW&B&%%‘S% I§PFevided 2 Franforred foneratea

rei nf or cedyigRBiatRd Soritéht WiveHstiR SheCYh j ; face is
bel ow 0. 8% preferably bel ow 5.15% by g‘%ggaatgﬁe g‘%&s%togteqlé ﬂggslsr%%gérgérﬁ%r%?se ‘

sacri f2oci delamOdés nrefaradly belowd.§¥emoed mkferaisiydiatiov 0.295 byl ues ol sleélrandrih
suf ficient_ .o cause t.he fgr éi n,.of EI kali on the surface of the steel but
sohigalkglient

avoi d t he HHER o8 aolf‘yeﬁf G HBFIFUAGCe.0 anot her enmbodi nent of the

i nventi on Adwimeedus Fifect £ Hird Hﬁe?ﬁoﬁo”og on of steel reinforcement in
concrete conprises formng a reinforced concrete in which the voids at the

steel surface dfhe frevision®f8he layerdfaldi andubk dow Qofdedhtemaati@feffect of
inhibiting corrosion. The combination raises the chloride threshold for chloride induced
25  corrosion from levels in the region 0 0.2% chloride by weight of cement to above 0.5%
and even above 1.5% or 2%. This greatly enhances the durability of reinforced cbncrete.
Brief Description of the Drawings |
Fig 1 illustrates the apparatus employed in the Examples.
Fig 2 gives the calibration between the voids at a cast surface and the voids at
30 the steel-concrete interface. |
Figs 3 and 4 give the results obtained in Example 1.
Fig 5 gives the results obtained in Example 2.
Eig 6 gives the results obtained in Examples 3 and 4.
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'steel and passing a direct electric current between an anode and the

rei nforcenent as cathode to forma layer of solid alkali on the steel
surface the | ayer being at least 1 m cron in thickness and covering at
| east 20% preferably at |east 60% of the steel. The process may be

ef fected as desd&i§ h&tves thaugsyiperinaiped BhEXaW@PIeK¥4, 421 or US Patent No

4.865, 702 with t j L . preferably.to saturate, the
concrete to pl aE:Fl;'eEs pgg(réceungo u ?fgﬁaésfei&?eﬁée&)‘ﬁél%&?%bwg%efl8Pt8gle§tm? ﬁ%argll‘@el_ _

surface. ThRcRboR&REDsEpetdfa poliviedtt JebilorBi¥olkh BB BlebEd thocatpseet € which is
either freshly placed or aged and carbonated. According to one enbodi nent

of the present iFitg8showhthe rpsudiios somparatinp Esetnply .he corrosi on resi stance
of steel reinforgce t ip rei rced c rete. c ri ses: soaki :

br et or ably sat ufdt PaBovt s BoLREERmPHY b Eie THoRS 86 SR ferGhampte s
penetrate i o tWg?PM@ﬁaﬁh@H&vﬁ%&ﬁé&&ﬁge?és%&P&SL jbC current between an
external anode and the Steel reinforcenent as cathode and continuing the

passage of Detxileel Bescriptionurfrthainvartionuf ficient tine to forma |ayer of

solid al kali e. cal ci roxide at least one mcron in. thickness on the
surface of the &é’?ﬁ?@ E‘Léimefﬂgg § EXPQURdS vehnss Semraterbs ol ol Waterhas
cal ci um hydr@x} RO i i : f.alil.ow sis
[l uded: (0 SRR A0y Sgt bR fintady (e plRIY: fim LB R EMADHTEEP
concreie f s malnes whett worrosion amytdreus typidallyrietow 8. Exaiphg indledeeudust e (i)
means is included in, the concrete formng mxture to assist the mgration
of cal ci umhy@igidgecaleium-siligatg hudratq gel, vastoys calcium aluminasn bydratestad hithiym

m xture to '1%&{% t he nor phol ogy of the cal ci.um hydroxide (iv) a solid
alkali is &gg 'ed"to the reinforcenent before casting the concrete, the
material and it sThapeim eahémtin BRI prosehe spRNRdtibR ind®de3tall3RY biHld@R ihigant | oss
of its inhibitive properties when in contact with the air prior to casting
t he concretcenaets. (v) neans is included in the concrete formng mxture for

reduci ng entrapped.air vaid vi) a,.material .is applied to_.the :
Fei ni of Genent - barsreL xRk Aot baBET AL i horPho pBies SR Do o
sol ution I RyHoBenfaRiifdrf idBarhQePisRE 13kt FI0EMRLsI Fot hRlaloidAndd6F ddbhitRVefiEENt -
3 o The additional source of calciumions included in the concrete-formng

m xt ure mapremot acceskarilyspherical insshapx amdinay balspheroidal orriastegular. nitrite. By
addi tional sourge of, calcgiumions . is.meant in additioon to the sources of
cal ciumions t hi’f"fg@bﬁ@ﬁjﬂfﬁ"y oﬁ?rgéléﬁﬁﬁPW kWé@dnquwnémssmfaa_ [y not
al um nate GoTEManad xﬂicr%xﬁgé@%%ﬁbﬁﬁ{em%orgm %d’rgf&@rg{ faleficHRAS act ur e.

Sui t abl e anmounts are suc provi an anoun ciumions of at

| east 0o 1%Pacferaplyethe injet yoveroan ldast Q0% mbie prefegitly af 1e6R1H0RE, rdst pheferabiyatet e.
The means to assist n %rat,i on-of calciumions my be any agent that wll
enhance t hdea8bTABOf e SRl cal ci umions for exanpl e a sequestering agent

such as et hyl en%!r@iﬁﬁsﬁ %r{cﬁet@%getfjer‘éb@;ﬂag a cﬁi‘&ia%%&&%@%igé%‘i' oF Yt o8 o,

nor phol ogy of cal cium oxl1 de e ol'ysacchari I a conpound’such

as di et hyl prefegblycanlicast 0.8% byheighayftheeknihkal i , which may be cal ci um
hydr oxi de, may be applied to the io reinforcenent by a coating process such
as el ect r oAcgPTdingig eprefrsted embodiment afdbe inventien g seinfossedgomgrate trivhigh

o ) ; : Lkal i ni . N
br eci P at bl 8 PRI SE AT Syict 5 W0 Gt FR G belo D sPPy em e
por e sol ut itlested] haflene NEbES RichificabhiddescBtdctido tH etnfbtdendn® & prodhédna t he

sodi um and potassi um hydroxides in the pore solution to produce sparingly
sol ubl e calcbrremhsufficientde exis¢dhe formation of alkali on the surface of the steel but avoid

the discharge of hydrogen gas.
According to another embodiment of the invention a process for reducing
30  corrosion of steel reinforcement in concrete comprises forming a reinforced cd_n_c_rete in
which the voids at the steel surface are below 0.8%, preferably below 0.5% by area of
steel and passing a direct electric current between an anode and the reinforcement as
cathode to form a layer of solid alkali on the steel surface the layer being at least |
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'According to anot her aspect of the invention a process for reducing
corrosion of steel reinforcenent in reinforced concrete conprises: soaking
the concrete with water to cause the water to penetrate the concrete and ~5
passi ng a di.rect urrent between an anode and the steel .

l.ectric _
r ei nf or cenBhiY™ 847 ﬁE Sﬁ%né‘ip"teling 8t 15955 20 %y Brefespblyat ledstAi0RA T thersekbr abl y at
| east one m crofmpk i surface. Accordi t Q. anot her
aspect of the inve%{?%%§§@g?§g§ggg$%r&%%#rngP r?‘??é‘“?ﬁ??’b&i"%“t‘éé%@nce of
steel in rBaanoNedB6SoHorette theaddition @8 steps to¥oak Oprefesdbilyth d.BGaGOME" et e,

applying to the steel a soljd alkali, preferably to provide a layer at
| east one ?ﬁ@f%ﬁ?%ﬂﬁcﬁgoqeég toR am thseptrapredoieddsi at thenitedt mefaceon t he. st eel

surface and t hefgngast . rete . The.sqlid.al kali nmay be fornmed in
situ b;ef5 appl yi n-gh gaﬁéadfgg?fgpgwgﬁ&‘wﬁ’%b? %%Péieg\kwﬂnﬁfﬁfé %ﬁ%‘ss@hmﬁr@ﬂhlmf the
concr et e tplatatl onaged andkabonitkdl i . The invention is illustrated by the

fol | ow ng Exanpl es. Experimental procedure common to Exanples 1 to 5. 3 o0
In all the ExanPrerdinggoonesmbedinssnofihe prasaot ineehtion d protdsate igRkeWRRE On of

steel enb ' 0 the, chl.oride threshold |evel) was neasured
usi ng theegggg?ggﬁgqﬁ%%&iogng’gcfforfﬁﬁﬁmé‘c’ée‘gff’é%qdf@ﬂﬁsf%ﬁmmnt ai ned a

central ly doakmigepre?4HabiyGhRfRIn2! theichsk : re .cast in a 150mm
cube nmoul d. Prior tom(s:ngst_i ng n’? e ml éetg?&eng\b%tg?go év(%l%ce?bg}l‘\gaé A PR arove
oxi de ¥cal €€ SARFretsand passingis dinest olectisicadrenthergeen AEeRBinh Ardds 169 ald s!?&g]( 2)

to put al j steel, in.the masked area and finally covered wth heat
shrink i nls%lﬂg?éegrﬁtegtgﬁeclﬂﬁw&e a*iﬂé%&‘ﬂ%ﬁe BRssagesofithe elegigissmuarentior sefficencr et e

was 100mmtirie tefodinth [ayEeo G818 hkal eSPEQk] . red using 275kg/ cubic
netre cenent. The cerrgnt was (1) g?i’gleﬁg%p%{)dﬁ*lgﬁggﬁgﬁéﬂf nBFmPiqi‘) sul phat e
resi stant thiskn¢ssog tbesurfiacear thfd reinforaerént30 bl end by wei ght of ordinary

Portl and cenent_and &%Ipveri ed fly ash (PFA) or (iv) a 35:65 blend by -

wei ght of or di na?RYePEIFYin ankasse the fammatignof salcium hydpoaitelcatoebr blkakitonk ur nace
sl ag (&Brmdr oReh fol18Ri . there was used 680kg/cubic netre of
fine aggregat er.-(ogr ade M éﬁ%%ﬁgﬁgﬁﬁg@kg/cubi c netre of | Onm aggregate.
The free w c rdtanmdditonal dburdedfealRne (s ss %hd@@?ﬁﬂﬁéﬁﬁ&e@(}ﬁ?ﬁfﬁ ecause, by
varying the degree of conpaction, it was possible to-reproduce tnder

| abor at ory coﬁg‘l"f' 4TBQE OR e Ler! PHEDWFasting the comeretent typically found in real
concrete strugj; Af: [ for a.mni mumof one nonth w apped in
plastic, the ggt&@%%éé%(g de?gé.é$%°ﬂ%%%f°%mw@@ tp 3psistishe migrationyoh slice
of f one side ehlciumiangbe parallel to the steel bars. A barrier coating was
applied to the. renmmining cast surfaces. The specinens were saturated with
wat er 2%and t héHl)@mgeads inchudgdimtite congretedfotmingimigtere 36 diodifyaid or i de
solution (3). .the steel .a g that protruded fromthe specinen was
el ectrically ggﬁnﬁ%@?g}é%g}%gﬁl%‘ﬁ{?Eyquf’%Eat hode ( | 0) consisting of .
activated fit &v)asvliesikaiiEpIRE té thelrBiffstod 025k Lution ip the
tank. The solution 3 in the_tp;nk V\_/ag aer a?%{aé&g]f%gdﬁggésrqg’tggﬁea%'wgg’ t{}%) and
circul ated usfHgenal gudss epplicatinobeing datigneditoresist dnly@inicdae s 8pits he

rei nf orcement Wﬁwsr Cp%t hode was measur,egj. The. cat hode mai ntai ned the
steel at a potentrar ot gbeﬁr@}ﬁ“rfﬁfg’??“iﬁ“-@QGMPP(QF@%SURtbmmmted |
cal oned . el ect (Wdrdans iNinchided # fRNGEFER! hidk $0S gL LT used from the
solution.in the tank through the concrg?gni{ngvr\gr g.xsre?%rere F%%F“ﬁ?@ﬁ&&& ly the

chloride cont ¥@dsat the steel was sufficient to initiate corrosion. This

was i ndi cated, ery.sharp,rise in_the current between the steel and the
cat hode from S‘W%\%\}%ﬁ%\{ & %ﬂ?&gdf%ﬁ’f:éﬂgf%ﬁ’ewmﬁmsC%ﬁtingithtr cormmdss thafmall

speci mens wer geasURER eheSiirk ¥olLBAR he .1 ank a lit to visually
exam ne. t he condition of th% st exeifﬂgg? cé%%?g%) eicépl.\Eﬁg%S%fgﬂB%Pa'b%d. The
percent age arkanfefcentent.voi ds was quantified on a cast external surface of

the cgncrete d, .. ny cases, .at the steel surface using an inmage
anal y3§bi s systgfr?ﬁ ?%dlﬁﬂ?%ﬁx‘frﬁ% OSBQIHE”\A@?%IQCM%@I thetaonbteses korpiing heixture a

bi t map whingfibe adhRike . ent.age of the total nunber of
pi xel s. Theihper cent_agéﬂsgr‘(??@?leta%le@rﬁpleﬁqgégnﬁ e steel surface) .is.
conpar ed wi t hBY péditianalisherce a$talsiunf ivae is medtit 4n 2ddifiBA 16 HeNohfle s BE Ofibiugs Wer e
nmeasured ; ¥s glrawr iugg%o: rodu%g du?t sanples at 1 mmdepth, increnents
within 2 Rours of FehbRTe ™ Hebe Sierandecasatealeinm slumrinattcementamk. The
chloride content of each sanple was detserm ned by acid sol uble extraction
inanitric acid solution followed by potentionmetric titration agai nst
silver nitrate. This gave



the chloride profile {chloride as a function of depth) at the tine the
speci nens were renoved fromthe tank. A diffusion profile given by the
equation was then fitted to this data: io C(xt) = CSerfc ( x/ 2 Dt ) Were
C(xt) is the chlorine content as a function of distance x and tine t, . CS
i s.the chpoxzbreicomniennuseal intchecretomaryfactsner §aitablasrdonts grershieh apigar ent

di ffusion coefficient. This nodel th sed tqQ cal cul a chl ori de
content aRTOVide a&é&??“éio}-?ﬂ%“‘g’t‘@@? Og"%ﬁ?ﬁéﬁﬁfﬁ “€8?°??5§€]¥%rqnﬁﬁ?? g?‘l n was
detected py. r S. 15 Additions were made to this basic
experi mn&éﬁgﬁgéﬁgﬁfﬁ%%ﬁg{&e t he Exanples. Exanple 1 Effect of

ent rapped ai r Thohanato 4skist migestionoof caltiwmiioies iy bs hwy agdne that wilComtpact i on
time of the specinens was.varied to | eave a variable quantity of .entrapped
ait i 15 t HbesoNGHEY of SAE I s o5 XARDIEA FEbFReHBRER0T SYOTAHE' Fheigminey oi ds
at z o the steetk-%ﬁgcrete interface. Fig 3 gives the, calculated chloride
profiles %ﬁtrataﬁ% % " .of corrosion initiation for a well conpacted and
poorly conpactrae agefted m&rﬂxﬁmsiﬁmrdg@@f@ammm dkide igpbdia of 15rnm (t he
concrete cover to the steel) are the chloridé threshold |evels determ ned
f or t hosepslysascharide ord enmpayaf gueddasshiethyleae glyeskether. corrosi on i nitiation

d ph f . i tiom of, th | 1 . There
o s ant 17 candRs Tt of aey. e ey Be SpiclhE nSode; RAGHE Fplifl BB LC: oo ©
speci NS roifi fodcettin® bl A& ohMELsrB6esd sh@VA! elédird¥tiie BN, TARGDrbVidesa e to

corrosion initiation was nuch longer. Fig 4 gives the chloride threshold

| evel s f oresthvaseofabiali orethe reigfoacdment which whintéies feralkalinitye area of the
steel -concrete interface that was covered with voids. 3,0 This shows that
at about O. 8%’“\/@?%"4 tWVBFqu’étaﬁﬁol‘gﬁgfad‘% eﬁéeefg’kﬁeﬂ@F%E‘tW%ﬁ?'H?v and
on furthet, reguol V&t Ots daltGuiHi @30S WML REcH Witk BRS\Miuk?
greater tﬁéﬁﬁgﬁg%ﬁﬁaﬁ&gﬁgﬁ%ﬁt ?S Exa%ﬁe Z%i‘?troc%em cal t_rleat ment
on har denggd pofassigieiydedxidstin dre gdre sclbtion talpradacesganingly sohetile cabiuor i de
threshold | evel s were determ ned on concrete specinens that were _
el ect tdchaidwidey treated and aged. This was undertaken after casting and
curing but prior duci ' rt 'Jgfﬂg ddd on- and
testing. Elec cgg{]chﬁé goa#ﬁ’#ﬁr.&gg%dr%gtn‘?ﬂég%%ﬁg 8{119@})-?&%%202?%% a ﬁ{r?degnt of 4
Anps/ n2 oftest Relfofcenicheirsiedbrcbeencastbeddattisest t he concrete for 10 days.
This was achi eved by placing the specinens in a tank containing water and
an anode. The sp#king therrongeeteswithaater dolaausg the watey 40 penciftestha SPRETCYS Bfal |
quantity of nitri,c acid. .Ageing, for 7 _days.consist f i j e
speci mens PRFFIREE 8 el%@taﬁngﬁﬁwﬁf?\ﬁ? géo%ea t@_}g?{%_g l()feﬂ%f%%ﬁ{g?ga&a?r}%ﬁat
room Lenpes i £1ayeP6f SRS [Efetdly Mdea dnt heicAamdhthieknd ofithe steelaci d to
the tank used for "'the el ectrochem cal treatnent were done to limt the pH
ri se that sudfated have been,induced by the current at the cathode. The

chloride threshol d,.l evel data ar pven in Fig 5 that .also .ncl e
trend i 5 |ine A9CFUne %a‘?‘ﬁ@“(ﬁ?cﬁPﬁ{hﬁi‘%"eﬁmPBrangé?ﬁ?ﬁ??rslmmﬁpggl?e?gﬁoéﬁﬁ%caI
treat ment k] n d cbRtrERR8Rpries; Hridk telGastifp @fd Wridrdtevel and
val ues abgégﬁgé/%e\?\grdé&obt g%fgggfgr 3 of tﬁ’éﬁi stbl[gfeaci mar?sl. gAn indir_cati on of
the pH at apbhying tecthe sizsl obdlai alicali, pséfergbbyppravidandayer 2t tpastrneshictamandet e
sanpl e that had been renoyved fromthe vicinity of the steel by ﬂ‘;igéji. ng. 20
Sanpl @5 wdPss hardVRMigrPBRHInHickasss ontansterRurkiss 2pd tirnepeing BeRaRres: | y
treated and o i . i - VreR&agitoed.
Theae. sampl es. o5 S el £ e FER e MR LBy b e e e
seal ed, shakporesotuticafdf thecaicenetd formahe salydalkalia seal ed cabi et from which
car bon di oxi de had, been renpved -7

. .The
The invention is il]ustrated-liay the following Examples.

Experimental procedure common to Examples 1 to 5.
30 In all the Examples the chloride content required to initiate corrosion of steel
embedded in concrete (the chloride threshold level) was measured using the apparatus
~ shown in Fig 1.
Concrete specimens which contained a centrally located 20mm diameter mild
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'sarrpl e to water weight ratio was 2:5. These sanples were then centrifuged
and the pH z5 of the solution was neasured. The electrochemcally treated
speci nen produced a sanple with a pH of 12.71 while the untreated specinen
produced a sanmple with a pH of 12.69. - These pH differences are
negl i gi bl ereel Bt 1§ WRreédstfti £1 Rnehic@sé nduid. he el ectrochem cal treatment  and
ageing was not to increase the absolute value of the pH ao However the
preci pitation dridryecastingghe suldrsters bara lvesre olehyall toxemove oxidescat end that t he
| ocation qf th% ent rn%ﬁe air voids.wuld i.nc&Sase the resistance to a fall
i n. pH bel RAT §N4FAVTE THASKED BFIB& A FETEPYtIoNS caating,(2) tg putalkalhgn thesteel e ¢
current V"'r’nﬁsk'eﬁ'ﬁ{c%%ﬁ& ffnlaﬁg%'\l'é?éd ?ﬁhth'éﬁtesﬁﬁ %Ju%?cl[nhéo%ﬁﬁ%&{he Sy 01 d

at t e results

area at the stee the Start of the treatnent. e - are 1 ncl uded
in Figs~. taxexmised & theeohceehess Wfimm iekngtnt applied to concrete before
hardeni ng: effect on chloride threshold | evel A setting concrete specinen

was treated el cEiErORRERS SRECImENsTHREe Preparedaisingst /Skekabig megracanethour of the

concrete ‘bei ng S | . L.eal, treatne cpnsi sted of . hol di ng the
cteel at - s00m/ Bepebt8af (FEURRITINERG CeraRl P FEREC hiftefipoNi Y15
hours. Thecegient €iiVe30:8 0 &fendelydvéightsdfafdinady Al Sdtveit anaBulverifr iy he
next 24 hours and it was then reduced to 300mA/ square netre for the next 90

hours. TheashéRBAhereliv)sr 31:A8 bland barvegighsof erdinaryPartiand eagnestt anthgrompéci nen was
d ib i t] _ i t al d t 11 th
oxampiigs. ARG Bt ie SEE ORI AR bATERY By RO e A Bt r 6 of

steel whi CABORBAubIE nReEnGE ftk ditdiald(@ral® MUENAIANE IDSDLGEHAE neiRlorq O*P*E;r st eel

for the hardened specinens. |t was unexpected that the treatnment applied to
t he concr eaggragateorlhieHraedwieiratio wav8.4a i s significant benefit with a nuch

| ower charge. ...The result.ssdar.e i ncl Eded in Fig 5 and sgo that the
chl oride t hr eshDi CPRETEF X Jepigp as chasepberause, By kg e §agref ok har ge at a

voi d_cont enfmfikrieh athbvaslpd&ibe @R d 5P| ;th
cal ci um hydr oﬁxaitclie sus?o%%deld In dilng)t ﬁgﬁﬁd&?g 3??%? et hgp%ggﬁgeré@gﬁ%ﬁq ng the
concr ese osontenetypidally folend inres lvohcretesstrabtures. A feh boringl fortamadiimahbfioneel s

were determ ned on canctet.e eci nens contajning steel that had been coated
with a susfﬁeﬁlfgi‘*ﬁﬁp *Eﬁ%ﬁl&fﬁgya\‘%ﬂ?e@% wegmannyrerruead oo Snampy cuttingias
coating icBBR on8 iR Idrethe &t Sﬁhﬂﬁl tdBe §{e@ﬂgar9.uh @Jtﬁ?xr céaﬁn@%&s'agﬂiéﬂﬁ
concrete. I'sS coating was chdsen to present a resistance to a al'l

af ter the theramaihiageast sarfades. The speeimensavara sitaréd @withafatédang erhi ng woul d
be linmted by the absence of water. ~ s The chloride threshold |evel data
are gi ven iHngrsey 1p ataple{hcontaining a sedivmeahdonidesolytion Gg. Toeend ofithestach Fig 4

for c arj ' t e rf.ace coul.d not be accurat

nmeas u%gg b%%%ggﬂc}? f%[%éq%eo cre gx\gésa?q%cr%&lkﬁwwﬁﬁcg%g? g F%‘F?‘gcaﬁggai nst
t he per cenrdoagietivpofitiRhtet itariadtmelimatesediiehs StiMEhlG$aH dstidninaie
increase in chloride threshold |evel for-a given entrapped air void

cont ent . TRBK. BRgsalution dinstheank Wasacgated by en wpatorgleyies (Shand eirgdated ng of

solid al kald: { |y hl orj,de threshold l.evel for a
ai ven voi & nEiPisnF (kG Tod ARIRERRW IR S] 1 TeiniRErant e eE,

Conpl ast Mhtliode wed neaseret Pipeth@iemyifiathedafé siakl at%h potéhtidd off dfprokinesdlp! d

| evel s were determ ned on concrete speci nens which used a sul phonat ed

nel anizde forf@NVd¥RpHEa safpeatqs catemeli eleqtrodalvi this abmmgtment donds ishhied from
Fosroc Int ti to.reduce, t he tr ed air void gontent [ 0Vi ng
t he wor kab&fﬁlw @@S%%cps(%%tboq,lgeip? E’n{‘iﬁﬁ%gﬁ ﬁ?e%?é‘@?eég “a‘_’%éf _ Sr‘%"dﬁ%‘i’eﬁg}% Jent
or an agente cRlofiO Lot o B RS bk QUATRIE k& Irfitidtk RoAbERA, PhilSvasknditate®np! ast
M4 by wei ght of cement was added to the concrete mx prior. to casting the
concret e spwavergabarriise istheeupieashdteeecthe\stes] atrbthercattexie fsem iat fewtomisran ot

react in concrete to,prodyce.gas. The | oride threshold | evel data are
given in quxépsfottgaec{rﬁg.p&ﬁgf Af '?‘ﬁ © ARy [BF SRCHTERL I THSHBTEAUERELY TPHOYS Y 4 for

CONMParssS ONfrorh e GHPBRPSFR I ¢ishNly ELSMhE it ddhdRidEItGE SRR bR, ’gﬂis dsand
increase in chloride threshold |'evel when conpared to that which could be
achi eved hghotegnenhed cTheoparesntagsrarenof the valss evasaquahtiSag pe rplaastitemsleurfadhi s

shows t hat superpl asfi.ci ser may r.educe .the.void area on th teel and
Lofthe et ancf, In many cases, at%ﬁie steel surface using anexlmage anﬁy?xs system 1n

which the voids were turned into black pixels in a bitmap which could be expressed as a
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increase the chloride threshold |l evel. Experinental Details for Scanning

El ectron M croscope Exam nation i5 Detail s~conmon to Exanples 6, 7, 8 and
9. Cylindrical concrete specinens 72 mmin dianmeter were cast with a
centrally located steel ribbon ( 17 nun wide by 70 mm | ong- |ength enbedded
in the congdredige offike thtdl mi@tbenat pidets Mhoperfcahia@e 96ids beihe ifRhéd (Miesstes{>5 kgm
3 ordinary Portland cenent  (OPC), 680 kgm 3 fine aggregate (grade M sand)
and 1230 k#rfagelis campatrgreghthat asthg castisarfaee ipdiigdy gravel ). The speci nens

were cured for i onsisted qf cutting . segrnent
contai ning the ?P%g}ﬁ,gﬁg??%%gvg%ﬁﬁ?ﬁysﬁ%&gg%ﬂ%%E%\Prtoﬁu?ce@fsh,Sa ﬁsb?tng and
pol i shi ng. 1iaeddpth (Rtemeits GAMRIE2 houR'FTFaoviagRRe EsHeste SHeaReseRémRe Of
steel in concrete for SEM exam nation resulted in a fine crack at the

i nt er f &ce. t2gkic Ahp ebloridasontgneofnagh semplesvas deserminedby 2cidsoluhle. exmastiorbine

es. of def.ect. . ' d _pol.i shing..mat er i al di ff t
har dness. | &g kiR sPlufiof b6 BY BoRBlibRAFR0E ey Slvebart® VB eive oo
dryi ng shringkagrideipréfile (6ReEAE a@@ﬁrﬁ:ti@ﬂ%f'd@?ﬁhb‘&f‘ﬁeﬁﬁnéﬁle'é?éc‘?m%ﬂseﬁlsx‘?:s duri ng

pol i shing. A nunber of steps were taken to limt these effects. A thin (50
um) steel renyyed froasthegenk.to [inmit the adverse effects of cutting and

polishing. The sa es were firm upported 3 durin ol i shing and oil
based abrasive MPAHS‘%P&°@§§HYE" et?’FégﬂathS‘rW%ﬁ F%é%go Fbé%jﬁ%‘éd as sanpl es
wer e am L m SEM at a pressure of 9.Pa. Limted drying of
t he sgfrir)pl ege’\%s@d%g]é??{ézgﬁgt room tenperature. The | ow vacuum conditions
al so meant. t hat WimnelG&xt) isethe ohloring cofitehhiss sAnption vAdistante kagditinest, . As a

resul t sarrel es 10 wth a good steel-concrete _interface could be
consi st ent Fyisghekleade contgntat theeancretesuptaceandde 5 thy pppareritdiffusion al

paraneters . . I v =20.kV.. .s | gaded bheam;,
current :SSC%X%;IC‘ eanﬁ{g{)&(’dglﬁggg %é@%%?ﬁ nl];éﬁ%g ﬂé‘%‘ﬁ%ﬁ‘%‘: %"}?‘?{g Iagwgﬁg@rc’f
conpar at i VeiedePS tinfs uRftisiodl inkidgioh a3 delRBtel Dy dudfent Ai¥RArbMeMsVaS cast
with no additions to the above experinental nmethod. 1 o This is shown in

Fig 8 Mhich is Addiiors were made teethis basthexpesigrentd) padcedurs to producsdbani ng

el ectron n#croscope of a polished section through the steel in the )
concrete. ﬁ%mBlF%y scale in these i nages depends on the el ectron density.of
the materi Ekam-{gh'?l BPRSEST Gtrappcd At lvoidl AARE sted] b ChRorRe thitBiHolPIdve)t NESS
are the steel (lightest)> unhydrated cenent grains > cal ci um hydroxi de> gel
(predom nant | y Campactiensiile ofthe spgdimns wWaSSidyied talldase alvariablatqaamégiofng

hydrat es and aqggregate > porosity.and voids, (dar I%est)'. There i s nQ,general

i ndi cati onewpgg@aﬁﬁ%ﬁl&r@ﬁﬁ% a”f%‘lhﬁﬁg?r(?r? \@pag% RUMBATiof GREIRRES AR Valdealst eel
Exampl & 7. ilesteRbodSae i@Bifadd formsolid alkali by reaction with the pore
solution. Calciumnitrate was dissolved in deionised water to forma

sat ur at ed sol ut Figd givhetietcatdulaed thoedepsofieearthe time oftorosiodiinigiation for

dei oni sed vvateﬁr SO thgltagéhe water would a, o wet_ the steel surface. instead

of shri nki hyetisompanied aBg poortycompacted spesimenn [he prleride fontprts @hp dpptmol

itrat ' : ' ' . an ted
s doscrt brTRARNAS LER, B Hedt] B ipAIS REEIRT | BERRAIE o o' ©
Thi s showsthiobaspecihensuAlsol inclatied are thé éinsks eeboredion initiRtich idtepHabgraphsast of

solid alkali on the steel. 2s The results are shown in Fig 9 which is a
backscat t efiFongigion of the steglwonerets intsaface. Thereds sigmifingnily dess comappedrairaiope

f | g teel dqngt There is. |
harcort ontEmeRPithe ek B s, A G ARSI vl i e
steel . Appamkitiimety c5086i6x idifisticit wed mudh iggeri s covered by cal cium 30

hydroxi de and the thickness of the calcium hydroxide. is approximt elfy 20
m crons. The feBigf sivanthecdloxidesthrashald loesly forthese épeeimens agialfigetion of the

cont am nat | i | ted fromihe reaction of a.crystal of

cal ci um ni {,ér}g%nég%dﬁ,g;%{%@g gere %@érgqr%tt% il%tr?ﬂg?e {hﬁgwﬁ/&?’%ﬁrf’ﬂa”%’e" %ﬁ Exanpl e
8. Use;of a reaThinhows tiidiat sKyue 0% vidids the chirk sitetith|@bK&hE to Birdagact i on
with the pore solution and el ectrochenical treatnent. A specinen (ETC I-2)

was cast wpHlIxard erfirther seditgingahaverd edrdent toeithreshold mady de indreased to
circunfere e L en which surrounded the steel ribbon. A Luggin
capillary %%??ggméﬁ%%ggg%lqggfcaan%2@6agar) and potassiuin chloride (3%
was partially enbedded in the concrete between the steel and the counter
el ectrode. A aqueous solution containing 5%calciumnitrate by wei ght of
cenent was added to the concrete mx pridr to casting. A saturated cal onel
reference el ectrode was attached to the Luggin probe . after casting the
specinen. An electric current was then passed to the steel by holding i o
the potential of the steel at -800 nmV relative to the saturated cal onel

el ectrode reference el ectrode using a potentiostat while the concrete set

o, 4= o o, . . —— oy



The results are shown in Fig 10 which is a backscattered el ectron inage
obtained in the scanning el ectron m croscope of a polished section through
the steel in the concrete. a o There is-a clear indication of the formation
of a Iay?‘% of lcglEgéi um dr,oﬁi de on the steel. Approximately 70% of the
steel suffFaER¢ & HEFEPBETHaktheatmepben hardened coprretereeftecton thecchloside i s
about Z @\f¥tkslansvelThere is also generally nore cal ci um hydroxide in the
cenment paste. Exanple 4. Use of zinc as a sacrificial anode and a reactant

in the concretChloride thoeshsldfleveis wetei diterinkeidi onabnERACDeOitnatls ithht age POT €
solution. A's eci,%{‘n was cast containing a zinc disc 45mmin dianeter and
5mm t hi cRlecqprdienicall i faeatedangaggd.othis was wadsstakeniaftdreastingdAndeuging boat ed at

t he cent ( . r eq | aqueous. sol ytion containing 5% .
cal cium Rlﬁ?ggt% ;/H%eﬂfegcﬁ%gro% Ceheﬂﬁ{gpaé‘gmgg)&%o&raﬁgntaﬁ t?:sglﬂgr ete nmix prior to
casting. The Elstrothamizaniesinest dodsitide of peRing deiRkahofd AnthsiH? B?E'tgel

measur i ng)sdew ce. The current was |ogged as a function of tine and the

charge plsi@edtegkbars embeddesinghe gqnegst 10 alays | Hhiswas adhieved by placigsthed i s
shown in_Ei . | t nunber of caul o er square netre of
steel ag f’:ldzleﬁ gflétfsl l?remhrgg ﬁgrlr?r;gly e‘b%%rnaﬁ@?a&?nﬂﬁi?' h?t{%@ﬂﬁé&g%atﬁgg/g%ﬁdpgpdﬁg
Exanpl e 8wvaluk 9f § LishipovEmalNQuiey SfnhiRRSR i | i = 00V
(cho( ETCV?- 2? by St he el egﬁ ocheﬂ?]éal t?ﬁa@g%h??%ipn%gg&vh&%ggﬁrg?lag passed

whertoa sihespedimenain waiephicd)Abfoa 49 mmsutasieath dalydfoksived bediying dtRodhe
concrete ows that_.a sacrif'c%@, .anode, may bhe used to pass charge

5 This . may |
to the sicBcratys. Lhensocass gfageme and the gaslition phpigas agid to thedark wrgddor r osi on
of st eel ettt E@ARAL trédtmbR WY, ’ ' rises:
soaking the concrete vmt'rtdtgmv\gt eéretdgﬁggaggﬁttﬁéea{m\é{%?ﬁ%tg& O%gcﬁg re;bt%gpt he
concr et eingneedkisthie eyrrantdit theceatiddect ri ¢ current between an anode and the:

steel reinfor t .as cath to,forma layer of solid alkali preferably

at | east one ﬁﬁ%ﬁr‘%ﬁﬂi‘rﬁ?@%ﬂgﬁl%‘lrﬁé“’seﬂéélﬁ&ﬁﬂf?éébp includesphorent f or

r eduGi ngj; 14Qs| a) oF ' el nf oncr.ete which .process

coml;)hr%i segﬁ?gtrtgrﬁp%gtﬁgulgg;}g?l%? ?Qjo Olhg)aéﬁngl ?E%rﬁ‘gf; %ﬂ%ﬁ?@""é‘f’“\“&és&“}‘sﬂé ficron in
marked increase in chloride threshold level and values above 2% were obtained for 3 of

the 4 specimens.
An indication of the pH at the steel was obtained using approximately 2 grams of
concrete sample that had been removed from the vicinity of 'the_steel by grinding.

20 .Samples.were removed from one specimen that had been electrochemically treated and
one specimen that received no treatment but had only been aged. These samples were
added to deionised water in a centrifuge tube that was sealed, shaken and left to stand
for 20 days in a sealed cabinet from which carbon dioxide had been removed. The
sample to water weight ratio was 2:5. These samples were then centrifuged and the pH

25 ofthe solution was measured. The electrochemically treated specimen produced a
sample with a pH of 12.71 while the untreated specimen produced a sample with a pH
of 12.69. , .

These pH differences are negligible. Thus the principle effect of the
electrochemical treatment and ageing was not to increase the absolute value of the pH.
30 However the precipitation of hydroxides such as calcium hydroxide on the steel at the

location of the entrapped air voids would increase the resistance to a fall in pH below a

value of approximately 12.5.
This shows that an electric current will increase the chloride threshold level for a
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t hi ckness on the steel by passing a direct electric current between an
anode and the reinforcenent as cathode before the concrete has hardened and
wherein the conditions are controlled to avoid the di scharge of hydrogen
gas. 15 3. A process as clainmed in claim2 wherein the potential, of the

cat hode i givemwvoidziresd: tht swel @i starooétm.tmam@tdt’h@mul@eare#nqt%ﬁddgfrtg gas.

A process as clained in clgim?2 or 3 wh n an a [ I form
al kal i hagxﬁ@@# éé‘dé‘ﬁr?ﬁ‘ef‘}té“rpéber%'iné?'ea el | grerge g’ r%‘%pg%rﬂﬁgo%fgécgte 20
A process ne of clalms 2to4where|nthe electric
current glﬁlh ?dj*@ﬂg%/ﬂbéﬁgé‘v’gf nore sacrificial anodes connected to the
steel . 14 6. Agettihgconcveb epiciraén peoresed tlectroantuutally. The treawmans Plaredf

steel reinforcement in concrete which process conprises: passing a direct
el ectri ¢ withinefs hoar REEHE OACKHRFNEG t he steel reinforcenent as cathode
for sufficient aG6e19f 9008V on the

r ei nf or cenent Jﬁ?&% ﬁﬁéﬁ%ﬁgﬁl{aﬁqﬂﬁgﬁgwgtﬁfg ﬁh@]{hg %k i by one or nore

of the fokAwitdPcabRBbeledttdde(SOE) formnige first a8 totitsodle mn‘anmamﬂtenabkﬂt umions
in the concrete formng mxture (ii) including an agent he ,concrete
m xture toomstaitst SOP@AASqRAES NEFF tfé’dleé‘F %hpaﬁsantot W(VF“F ?thlf gdihg an agent

in the congrete formn | ci um
hydr oxi de? @5%‘*’%@%& ré%r %5{’?%?%3}% 9% ka haﬁﬁd'epg? erirar %ﬁc{}ﬁarﬁa
reinforce Rk dshRséifbed aBbee (thh R@fonGperinehral priceduret he
st eel ?5 qﬁﬁ\%\‘ﬁ%ﬁw%ﬁﬁé\nﬁt‘hgﬁ hse ;S)rodugts of |g cat trllodlpc reducgl g?\ tg

generate g06hintoratokall theaxamplesst eel (vi) addi ng an agent to the steel prior
to casting the concrete that wl | act with the pore. .so

concrete to form“s'Gqul\Gg%HgEQF‘?s\é\gi”af Eg %@%YS(RF’F F?uﬁﬁmeﬁrﬁ ﬁ{e&gg’ﬁﬁ gfhe
concrete Qi€ niEtRAYS stedl fritRE Rardbr@ddespetinydnk
preci pi ta?g’%%o%ﬂp%g%%@tstg}%ého g"d%sepctr gi processs forr reduci ng tphe

cor r osi on 1p{va$ hﬁ@tpeb&dnﬁﬂrtheﬂmmcmmpphedtfcntrhe@dncmtatheefme hardeninggayeds s
conprises, prior to castjng the concrete applying a solid alkali to the

st eel 15pr§i$tlﬁbﬁl3ﬁbs=%efﬁrwfi€|§m§hl‘h‘\']€r° 8%l kal i at |east one mcron and | ess
t han 500 crons.J.n bfelwad A -
process as ﬂg&rfﬁﬁgl mqﬁiiﬁgﬁ%%%wgﬁk%ﬁ@%gﬁpgd to the steel -

a di sper si;nérehdtdavilOR rélatiesly smhll ahirge ath vidcamteas of kboutrldéluci ng t he
corrosion of steel reinforcenment in reinforced concrete whi c&ea‘g ocess
conpri ses Examplet‘b Eﬁ@ttloﬁgoatm thestaebwith caleinm h)jd't"é“@en%“é‘ﬁt‘ of the
steel an agent react to
Form sor i dlgteieas e anerBibr tidube TP Ofere o plafiuab BpeRAUTLAIL 0
one mjron in 't PhidHR SEredild IRRR Wets dbteemind onvtRtEspetiinens containing

.AL. Ah. Ar. AY?. Al9. AS. A . A, . A . A3. A AF@ A{ . ASR A ’?A’?la > {*\ Al

{{vql gb] X] stedl¢hitdmflbatn apated with aspepensian o Falsjum b!‘él]owleda]défé]lﬂé]“‘c&ﬁy&%l] ca] ca

AN /\
I'cafcal ea] C1;alerC %? ng?t an W sCap c? allter c ean?ng tﬁe Steel but prior to casting the concrete.

This coating was chosen to present a resistance to a pH fall after the concrete was cast.
Furthermore carbonation of the coating would be limited by the absence of water.

25 The chloride threshold level data are given in Fig .6 together with the trend line
fitted to the data in Fig 4 for comparison. The voids at the steel surface could not be
accurately measured because of the concrete coating. Thus this data is.Plotted against
the percentage voids at the cast surface. The coating resulted in an increase in chloride
threshold level for a given entrapped air void content. The results are shown in Fig 6.

30 This shews that a coating of solid alkali on the steel will increase the chloride
threshold level for a given void area on the steel.

Example 5. Use of the superplasticiser Conplast M4 to reduce entrapped air void

content.
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The 0.4 free water/cement ratio concrete contained 275 kgm ordinary Portland cement

(OPC), 680 kgm™ fine aggregate (grade M sand) and 1230 kgm™ 10 mm aggregate’

20 (Thames valley gravel). The specimens were cured for 2 weeks. Sample preparation
consisted of cutting a §egment containing the steel, drying, vacuum impregnating with
‘resm, lapplng and polishing.

Prelxmmary attempts to produce a polished cross section of steel in concrete for
SEM examination resulted in a fine crack at the interface. Such problems have plagued

25 other investigaﬁons. Possible causes of defects are cutting and polishing materials of
different hardness, small differences in expansion when the samples were oven dried,
drying shrinkage of the cement paste and leaching of soluble species during polishing. A
number of steps were taken to limit thése effects. A thin (50 um) steel ribbon was used
to limit the adverse effects of cutting and polishing. The samples were firmly supported

30  during polishing _and oil based abrasive media were used. The need for drying was
reduced as samples were examined in a low vacuum SEM at a pressure of 9.Pa. Limlited |
drying of the samples was undertaken at room temperature. The low vacuum conditions
also meant that conductive coating of the sample was not required. As a result samples
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1s is shown in Fig 8 which is a backscattered electron i image obtained in the
scanning electron microscope of a polished section through the steel in the concrete. The
grey scale in these images depends on the electron density of the material. The phases of
interest, graded in terms of their brightness are the steel (lightest)> unhydrated cement
grains > calcium hydroxide> gel (predominantly calcium silicate hydrate (CSH) and
aluminafe-bearing hydrates and aggregate > porosity and voids (darkest). Thereisno ..
general indication of any prefcrcntial formation of calcium hydroxide at the steel.
Example 7. Use of reactant to form solid alkali by reaction with the pore solution.

Calcium nitrate was dissolved in deionised Watcx_' to form a saturated-solution.
The steel surface was cleaned by wet sanding in deionised wate; so that the water would
wet the steel surface. _
instead of shrinking to form drops. The steel was then dipped in the calcium nitrate
solution and was then oven dried and a specimen prepared and tested as described
above. The result is given in the photo references CT 1-1. This shows that calcium
nitrate on the steel can promote the formation of solid alkali on the steel.

The results are shown in Fig‘9 which is a backscattered electron image obtained
in the scanning electron microscope of a polished section through the steel in the
concretc

Therc is a general indication that more calcium hydroxide has formed in the
vicinity of the steel. Approximately 50% of the steel surface is covered by calcium
hydroxide and the thickness of the calcium hydroxide is approximately 20 microns.

The feature marl;ed A is relatively pure (free of silica contamination) and may
have resulted from the reaction of a crystal of calcium nitrate with the pore solution of

the hydrating cement.
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)-# solutiep and electrochemical treatment.
A specimen (ETC1-2) was cast with a titanium mesh counter electrode located on the

circumference of the specimen which surrounded the steel ribbon. A Luggin capillary

n

filled with set agar gel (2% agar) and potassium chloride (3%) was partially embedded

in the concrete between the steel and the counter electrode. A aqueous solution

containing 5% calcium nitrate by weight of cement was added to the concrete mix prior

to casting. A saturated calomel reference electrode was attached to the Luggin probe .

after casting the specimen. An electric current was then passed to the steel by holding

10 the potential of the steel at -800 mV relative to the saturated calomel electrode reference
electrode using a potentiostat while the concrete set and hardened starting within 0.5
hour of casting the concrete. The current was logged as a function of time and the
charge passed as a function of time was calculated. The total charge passed was 0.35
Amp days per square metre of steel.

15 This shows that an electric current can produce a layer of calcium hydroxide at
the steel surface when calcium nitrate is added to the concrete mix.

The results are shown in Fig 10 which is a backscattered electron image obtained
in the scanning electron microscope of a polished sectioh through the steel in the
concrete.

20 There is a clear indication of the formation of a layer of calciuni hydroxide on
the steel. Approximatély 70% of the steel surface is covered by the layer and the
thickness of the layer is about 10 microns. |

" There is also génera_lly more calcium hydroxide in the cement paste.
Example 9. Use of zinc as a sacrificial anode and a reactant in the concrete mix to

25 form solid alkali by reaction with the pore solution.

A specimen was cast containing a zinc disc 45mm in diameter and 5mm thick.
The zinc was located at the edge and the steel was located at the centre of the concrete
specimen. An aqueous solution containing 5% calcium nitrate by weight of cement was
added to the concrete mix prior to casting. The zinc was connected to the steel through a

30  current measuring device. The current was logged as a function of time and the charge

passed as a function of time was calculated.

The charge passed is shown in Fig 11, which shows the number of coulombs per
square metre of steel against time. and may be- compared with the charge passed in

12
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109 ()- L10% (goaj(:mg Jfge con(c}'ete with water to cause the water to penetrate the concrete and
5  passing a direct electric current between an anode and the steel reinforcement as
cathode to form a layer of solid alkali preferably at least one micron in thickness on the

steel surface.

2. A process for reducing the corrosion of steel in reinforced corcrete which

10 process comprises forming a layer of solid alkali preferably at least one micron in
thickness on the steel by passing a direct electric current between an anode and the
reinforcement as cathode before the concrete has hardened and wherein the conditions

are controlled to avoid the discharge of hydrogen gas.

15 3. A process as claimed in claim 2 wherein the potential of the cathode is

maintained at a level to avoid the discharge of hydrogen gas.

4. A process as claimed in claim 2 or 3 wherein an agent which reacts to form
alkali has been added to the concrete mix prior to casting the concrete.

20
5. A process as claimed in any one of claims 2 to 4 wherein the electric current is

provided by one or more sacrificial anodes connected to the steel.
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@LO%& () - 31éa£‘.h(g fén} ;u}f}lment t1rr%e to form solid alkali at the surface of the reinforcement and
5 enhancing the formation of solid alkali by one or more of the following steps:
) providing an additional source of calcium iohs in the concrete forming
mixture
(i)  including an agent in the. concrete mixture to assist the migration of
calcium ions
10 (iii)  including an 'agent in the concrete forming mixture to modify the
morphology of the calcium hydroxide
(iv)  applying a coating of alkali rich material to the reinforcement before
casting the concrete
(v)  placing a material on the steel which will react with the products of
15 cathodic reduction to generate solid alkali at the steel
(vi)  adding an agent to the steel prior to casting the concrete that will react
with the pore solution of the concrete to form solid alkali at the steel
(vii)  adding an agent to the concrete mixture that will migrate to the steel
interface where it will precipitate to form solid alkali.
20
7. A process for reducing the corrosion of steel reinforcement in reinforced
concrete which process comprises, prior to casting the concrete, applying a solid alkali
to the steel, preferably to provide a layer of alkali at least one micron and less than 500

microns in thickness, and then casting the concrete.
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9. A process for reducing the corrosion of steel reinforcement in reinforced
5 concrete which process comprises prior to casting the concrete, applying to the surface
of the steel an agent that will react with the pore solution of the concrete to form solid

alkali on the steel, preferably in the form of a layer at least one micron in thickness and

then casting the concrete.
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