PROCESS FOR THE PROTECTION OF RE, fN1 ORCEIYIENI INT REINFORCED CONCRETE Field
of the Invention This invention relates to a process for the protection against corrosion of the steel
reinforcement in reinforced concrete and to novels reinforced concretes having improved resistance to
corrosion. s Background of the Invention Steel reinforcement in concrete is normally protected against
corrosion by a passive film that forms on its surface in the alkaline environment in the concrete.
However, with the passage of time alkalinity may be lost by the action of atmospheric carbon dioxide
and corrosion may result either from this loss of alkalinity or from the 10 contamination of the concrete
with aggressive ions such as chloride. Both these processes render the protective passive film
unstable. When the concrete is highly alkaline it tolerates a small level of chloride ions without
corrosion of the steel being initiated. However the higher the chloride content the higher is the risk of
chloride induced corrosion. The chloride content that results in is 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. It has therefore been
previously proposed to remove chloride by an 2 C electrochemical process. The process has been
described in WO 98/35002: %%l FOROPERD PRISTENOSI)0 A38rapeh398 & A7 pichinvelves passing an
electric current through the concrete by applying a voltage for example from 310 I5voits between an
external temporary anode and the stee & RO LR e R RMNERETETS as cathode. The 1 effect is to
cause- chlorigigsjansr i Migiatgiiiyyough the concrete to the surface and into a Inver of electrolyte
which has been placed at the surface. it has been previously reported that a factor affecting corrosion
initiation in chloride ERStRYRRERIT ot Ereriprentrspive dhaiprmictsiGoneriate typicaltyncontains about
1.5%

by VOlug@geﬁcmforcement in reinforced concrete and to novel reinforced concretes having

improved resistance to cérrosion.
s Background of the Invention
- Steel reinforcement in concrete is normaily protected égainst corroston by a
passive film that forms on its surfaéc in the alkaline em)ironmeht in the concrete.
However, with the passage of time élkalinity may be lost by the action of atmospheric
carbon dioxide and corro‘sion may result either from this f'ioss of alkalinity or from the
10 contamination of the concrete with aggressive ions such as chloride. Both these

processes render the pr.‘otec.tive passive film unstable.

When the concrete is highly alkaline it tolerates a small level of chloride jons
without corrosion of the steel being initiated. However the higher the chloride content
the higher is the risk of chloride induced corrosion. The chloride content that results in

15 corrosion initiation is termed the chioride threshold level. The initiation of corrosion
may be detected electrically and is mérked by a sharp increase in electrical current.
It has been reported that chloride contents above 0.2% by weight of cement wxll initiate
corrosion in many reinforced concrete structures.

It 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 passing 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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5 entrapped air, The presence of voids at the steel surface incrgases ;he ri_sk of the Iocgl eplvlrc_)nment
being altered by the presence of chloride ions to gen(_arate conditions in which the.passwe ||(;n is
unstable. The solid hydration products of cement, which are absent at these locations, wou )
otherwise have corrosion inhibiting properties that resist such change_s. I_Drot_)lem to be solved by the
Invention. 10 The effects of loss of alkalinity by the action of carbon dioxide in the atmosphere,

chloride contamination anddhe-presence of ueidsin, e SRRSIRle Mean that with the passage of time

i

and 1mnto a layer o
i i tinvention prévides’a means of
the steel reinfogg 1es susceptible to corrosion. The present i _
reducing this pr%%%lgzrl’f]\}?%]\%\%@ Mtsh%ewr%g?as é}{nactemgﬁﬁ‘eaé“feel to corrosion is increased by controlling the

ir voids in thE“CHHE reey ety providingaddyer 15 ofrsolicralialinmtbe steebswace.
Summany of thamwehior Accordineradbararesant InRion fare [ IRIGERA tsinjotesd copcrete
wherein the cogtemef Mﬁiﬁ*ﬁeiﬂr&@&]&o&qﬁﬁ‘? ﬁtﬂ%geesqu%%%quéhe% 'Sgei?l r“emf?rc?mgnt IS elOW -©70,
preferably below.0.5%, more preferably below Qét% by area SiéteLtsngn \)ih‘fl&?‘fdt]ﬁé?’é 8 %l‘éyer_ of
solid alkali Zoogﬁ]?ﬁ%]tgf%e ysﬂlﬁﬁﬁeé?ﬁfﬁéfﬁ%%ré‘?ﬂlﬁﬁvéﬁﬁﬁﬁrﬁ‘iw@é@qdm@iss forreducing eorrosion of
steel reinforcenéittifs- féinfoi¢ed coneretewhichcprecess epmprses: SaRking e, consrate with Wac';er
to cause the waﬁeértaSamegﬁtgsmei@gmq%tgrmigﬁgmgsgtglrc c&electnc current between an anode

S €8. . .
and the steel relyggg[cerpijnt a]fs %alghode to form a layer of solid & kaflnfireferably at least one micron in
€It 10 pe solve
thickness on 25 the steel sur

ace.yfﬁgli‘r'l\]/eé’ﬁ't?fin also provides a process for reduc?ng the corrosion of
steel in retfiforced coﬂéFéf@WéFPffr@E@b@ie@r‘rmribescf@rmifngr_aolayﬁ&ﬂf: solid adkalprreferahiy.at LeaSt
one micron in- thisknesscanithe:sieakhy passing AL EISHILS GITent hetween an anode and the

1me the stee

i herein the conditions are-controlled
reinforcement ag; he concrete has.har_dened and w _
to avoid the 30%2%%&?%?&%%@5%0%&%6%?& he'inverition also provides an electrochemical process for

reducing the corPSSIEH B SRS TeIRTstEehisHLIT CAereteimicty process comprises: passiag.adirect

L . o B ; form
' tibetwedm arinancdetandrihelsieekreinioicement asicathode for sufficient time to
E:)?icc}rzlaclzk(z:alljjr:tr;hg surfageiaf, thestainfgrgement and enhancing the formation of sol%d alkal %y one or

llowing steps:
more of the fo o ary of the Invention

According to the present invention there is provided a reinforced concrete wherein the
content of voids in the concrete at the surface of the steel reinforcement is below 0.8%, preferably
below 0.5%, more preferably below 0.2% by area of steel and in which there is a layer of solid alkali

20 on the steel surface,

The present invention provides a process for reducing corrosion of steel reinforcement in
reinforced concrete which process comprises: soaking the concrete with water to cause the water to
penetrate the concrete and 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

25 the steel surface.

The invention also provides a process for reducing the corrosion of steel in reinforced
concrete vwhich 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

30 discharge of hydrogen gas.

The invention also provides an electrochemical process for reducing the corrosion of steel
reinforcement in concrete which process comprises: passing a direct electric current between an
anode and the steel reinforcement as cathode for sufficient time to form solid alkali at the surface of
the reinforcement and enhancing the formation of solid alkali by one or more of the following steps:

35 (i) providing an additional source of calcium ions in the concrete forming mixture (ii) including an
agent in the concrete mixture to_assist the migration of calcium ions (iii) including an agent in the

concrete forming mixture to modify the morphology of the calcium hydroxide (iv) applying a
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35 (i) providing an additional source of calcium ions in the concrete forming mixture (ii) including an
agent in the concrete mixture to,as.sist the migration of calcium ions (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 cathodic reduction to generate solid alkali at the steel (vi) adding
an agent lo th@oatﬁqgldw%mx@@mml&h@ %ngﬂ%@;&h@kwaelrdx feaghwiin hehare, seluiion ahihe concrete
to form solid alkaill%east éq ?1 Q{I% a(tzlglvl,ir]gt an ra(tgent t(i Q%oncget? mlxture 5 tha %\/!L( gte to the
steel interface Where it will précipitate to for 'Solid alkéli e Tvertion &t eraber?)w g Cess for
reducing the c@?ﬁééY&r?‘Bjﬁ@éélaﬁéiﬁf@r‘ééﬁ*@hPfiﬁf %ﬁ%@r@éﬁeﬁﬁ@mélwmdhfmdeéﬁ womiprises, prior to

casting the coreigi®, applyingasalitalkalitel kﬂﬂ%t%ﬁeﬂr@f%r&my@%pzﬁ@ﬂd@ adayerat alikaliat least
one micron an.|eas hianRa0 igians isdicknese.And e cest 1 Apglete: such that the
b Wel

reinforced concrete has a chloride threshold of 10 at least the concrete. The
invention also prOV|deT§‘ea”b"FdWé’€§§“f;8rpféﬂﬂ’fﬁﬁ@rfﬁéséé‘?fé"éi%‘@ft%%éé‘lriaéi?ﬁ@lfé&ﬂéﬁﬁﬁ?fc?éiﬁfdf’ced
concrete whichepriocess cormpngesprigeiococasting.theocancrete, tapplyingdtaihei syiiface akidhe steel an

agent that will {%asgewmm@oe%epﬁglllaygna%rmlﬁgn%{%&Jgnwmr%%qdallgelhans%%@FS%'mprefefab'y in

the form ofalaﬁ/g)r at Ieagt one mlcropelnt |cknes and then casting the concrete, 15 such that the

reinforced condretehad™ CiToHaE hrSSIBTE Sr A Tehat o264 oy Seightt Brhs 68%‘8F@Feth’5ﬁ§89)§r‘?{ageous
Effect of the InVéWb%S?hépr%im@W@quérlayer of alkali and the low void content has the effect of

inhibiting corrosion. Tﬁne16@51311&358@1&@Mﬁh@@ﬁatmo@bﬁo&d@dw@g@hﬁl%fﬂﬂQﬂlgfiﬁe%liFudr%ﬁ‘e@mﬁrmsion from

levels in the reglqn 0f.0.2% 9 wel(%pt of cemept to above 0. 50/ and ven a ove or 2%.
orced concreté whi S, rises Qrior ?

This 20 greatly enhances the urac(ﬂ)l‘ilty% reinforced concrete Che §1r?§P Byesern 5? m%{‘o the D Fé‘\?\ﬁﬁ)gs Fig |
illustrates the ABpEidRIsAErApIEY iR Ehain pres sEig e @f\?@%cﬂ’i@@&liblfamﬁpbét\h‘fééﬁftﬁé voids at a
cast surface arddhe-sfoigs et the sieshs canereteinterface:@biHygskdanshd ivediad eswisehtained in

Example s FIaR e IefRLUPRARRA N FATAIR4 IO A aksR Y, i efaleg Examples
Advantageous Effect of the Invention
The provision of the layer of alkali and the low void content has the effect of inhibiting
corrosion. The combination raises the chloride threshold for chloride induced corrosion from levels
in the region of 0.2% chloride by weight of cement to above 0.5% and even above 1.5% or 2%. This
20 greatly enhances the durability of reinforced concrete.
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 the steel-
concrete interface.
25 Figs 3 and 4 give the results obtained in Example 1

Fig 5 gives the results obtained in Example 2.

Fig 6 gives the results obtained in Examples 3 and 4.
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3 Fig 7 gives the results obtained in Example 4. Figs 8, 9 and 10 are backscauered electron images
obtained in a scanning electron microscope of a polished section through the steel in the concrete, Fig
8 shows the result for comparative Example 6. Fig 9 shows the result for Example 7 and Fig 10 shows
the result for Exampld & "F§/F3 Redesrdprostonidgrtiexehargespassed in Example 9. Detailed
Descriptions of the In iy The terr id, aikaii includes compounds whose saturated solution in
water has a pH of ovxé%r‘%lcg rguggﬁ c%fn?peso%]liﬁ gcr%%rr\ éﬁ ; & BALEIIBHIAP QUL BrivsresRt'd pH fall o to
values where EHIFESIbRMRERF otoun ftypichliycdelon BrahExamplessiacluden calsium hydroxide,

calcium-silicate hydraitg%gﬂ?é@g%s cal C}L%m aluminate hydrates and lithium hydroxide. The term

cement in the present speci ication includes all thE Bing&r<irttRe!concrete. is The term voids refers to

cavities tiat contain rfos6litphases ofthefcoRsrete whase Mmaximum diamereris: a5 least 100 5
microns. For the avmg?n&:? 1%fadoub the vaids_are not necessarily spherical in shape anél1 mpay e
spheroidal or irregular. Preferabny the TayEFt DRSREHE PRSP S0BABRINS in thickness preferably not
more than 100Dwieinisivaostipraferabiy ook agee,than 80 microns in thickness, 20 Preferably the layer
covers at least 20% more preferably at least 60%, most preferably at least 70%o0 of the steel. The
reinforced concrete pﬁgﬁa?%ﬁ/sﬁ < ZERloHE $ReSABIdE0EE of de antfet:d preferabli atdeast0.8%
by weight of theptentest=Accorling ¢ r i f the invention a reinforced concrete in
which 2_ the content of voids at the streﬁéfi%trgfgfg‘ g{%@ﬁ;@v@&s&?ﬁ?ﬁﬁﬁ%ﬁ%% 5289 %?%E@H of the
steel has bne Bt YAbE SRR sIeS e ARttt mictE fteditordefenatameeduch @ suEeat sufficient

to cause the forpaasian-ot alkaline;ihe sy pﬁeogépev teel'but.avoid c?L{he discharge of hydrogen gas.
According to another embodiment of thgllgr}?\/enti n’a gPoocueSsCsa%Sf% EiRgrate ydraces and lithiurn
hydroxide. |
The term cement in the present specification inciudes all the binders in the
concrete.
15 The term voids refers to cavities that contain no solid phases of the concrete

whose maximum diameter is at least 100 microns. For the avoidance of doubt the voids
are not necessarily spherical in shape and may be spheroidal or iﬁegular.

Preferably the layer of alkali is from | to 500 microns in thickness preferably not
more than 100 microns most preferably not more than 80 microns in thickness. | |

20 Preferably the layer covers at least 20% more preferably at least 60%, most preferably at
least 70% of the steel. .

The rci.nforced concrete preferably has a chloride threshold level of at Jeast 0.5
preferably at least 0.8% by weight of the cement. I |
According to a preferred embodiment of the invention a reinforced concrete in which

25 the content of voids at the steel surface is below 0.8% preferably below 0.5% by area of
the steel has one or more sacrificial anodes connected to the reinforcement to produce a
current Sufﬁciem to cause the 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 concrete in
which the voids at the steel surface are bejow 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 laver of solid alkali on the steel surface the laver being at least |
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Sr corrosion of steel reinforcement in concrete. comprises forming a reinforced concrete in which the
voids at the steel surface are below 0.8%, preferably below 0.5% by area of steel and passing a direct
clecnic current berween an anode and the reinforce next as cathode to form a layer of solid alkali on

the steel surfacethe IAVEY BERY APRRasY T micros;tidbicknebs.and covering ot Jeast &Qdp, Preferably

at least 60% of the stegk Jﬁ@@@gqg@§%@@fyeg%@g d as described in European Patent No 264,421
or US Patent No 4.865,702. with the addition of ssetg%%sc (;%%% , FaplAsaiarate, 48 ccdrerete to

place pore sol ?i'gﬁtiWﬁw@%ﬁr&%éﬁf@di@%ﬂ@ﬂthem@éetwia%ﬂéhgrgfé}% rﬂfmgﬂg%ﬂgon may be

applied to conasateswhichyis eiiher figshly, placed or aged and carbonated. According to one
embodiment of the present inv%ntiosn a 6%0%5% S i Séjiﬁﬁl%étdbﬁré@i@irﬁue@g@ance of steel

reinforcement in reinf@?éé&%@ﬁ&r@ﬁéllcdmprises:nﬁpaiﬂfi@pné%if%a@%&@ﬂz‘@ﬂnc% the concrete with

water to causgthe ywatgrtg Qgglggg%tgn%peéhe concrete and passing a direct electnic CiFréthbtween an
external anode and the Steel reinforcement as cathode and continuing the passage of the electric

current for sufficient 4iffetdferm ankaver-ofisalia: alkalk 8,9 calGitn hydroxide at least one micron in
thickness on the é&q@&%ﬂéﬂe r%igfor, emint,Convenie%]tly to g%r%}?g{)entﬁg %%%Fﬁ&g%‘@ﬁ’é%%ﬂﬁm
hydroxide or other alkall one 15 o More o f FHE BTG Stepsfoiraiudedr i) abragiditional source of

calcium. ions $8aielgdent: farthey conerete Formaing, AW E; P e steel prior to casting the concrete
(ii) means is ig%%%ed in the dconcr‘ete forming mixture to asg/ig%ﬂ}eor%%?&%ﬁ BiealeinmBat 23 (i) an
ed

agent is included in the %gﬂcr%?é%ﬁﬁiﬂ&?ﬁﬁ)@ﬁ?@%%dwmmmhmmm%%%Igy foxide
(iv) a solid alkalni®appiied to thenkipiieemaptielore gasting the concrete, the material and its
application being ijéa i%ﬁgd to resist an significeilpflsf%f Iossggg ?f?%m i&ﬁ\fé%ﬁé?ﬁé%%f%ﬁuﬁﬁmnact with
the air prior to cas m%_j aé&?fﬁfé’c@?é‘%ﬂ“ﬁﬁb% telinicindediio:the: cenesste forming mixture for
reducing entrapgect&iton the surface of the reinforcement

Conveniently to enhance the formation of calcium hydroxide or other alkali one

15 ormore of the following steps is included:

(1) an additional source of calcium ions is ; 4 i
‘ ‘ lum 10ns 1s included in the concrete forming
mixture or on the steel prior to casting the concrete

(11) means is inchuded in the concrete forming mixtyre to assist the migration of

calcium ions

20 (1i) an agent is included in the concrete forming mixture to modify the

morphology of the calcium hydroxide

(1v) a solid alkali is applied to the reinforcement before césting the concrete, the
material and its application being designed to resist any significant loss of its
inhibitive properties when in contact with the ajr prior fo casting the concrete

a5 . . .
5 (v) means is included in the concrete forming mixture for reducing entrapped air

voids

vi L . .
(vi) a material is applied to the remrorcement before casting the concréte that will

react with the pore solution in the concrete to precipitate solid alkali on the

reinforcement.

2o it L
The additional source of calcium ions included in the concrete-forming mixture

may be a calcium salt for example calcium nitrate or nitrite

By additi lum ions i ' loiur
y itional source of calcium ions is meant ip addition to the sources of calcium
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voids (vi) a material is applied to the reinforcement before casting the concrete that will react with the
pore solution in the concrete to precipitate solid alkali on the reinforcement. C The additional source of
calcium ions included in the concrete-forming mixture may he a calcium salt for example calcium
nitrate or niwitezBymdditionat seutte ofcalciumitsdsiraeanitib rdditiamto thessonrges of calcium
ions that are usugllyxpr,esent in the Portland ¢ ant cijym aluminate cement and 5 pozzolanic

o ARt

oVl TOULL Of Calc ale AP RH RS T piBAde: Er ahiBunt of

cement usell Ih' Concrete mandfacture satabie®am
calcium ionsveigttleastMeh%mnd psatesably from | to 5% by weight of cement in the concrete. The
means to assist gration of calcium ions may be any agent that will enhance the solubility of calcium

ions for example a Seqtasteling M BatARS Styldne Bk tefRIaeBtE 486 T hentspredify the
morphajogy:sé ealaisim-yd m&mm@@%@ﬁ%ﬂ@%ﬁ@%ﬁ&mﬂ suchar.Al ethylene glycol

ether. The layer of alkali, which may be calcium hydroxide, may be applied to the “to reinforcement by
a coating priscBs&sticfeid electrostatic spraying. This provides a reservoir of alkali on the

einforcement whicfmataiAns: 6 alkalpibroAoRaletaL Al may, pEGEIRIale spld alkll on the steel
a

when brought into contact with the pore solution of the concrete’is calcium nitrate. This will react with
the sodium FEHHSpBtARERMP hy GURIVES HEHE porscsatlitiongly prbduee. sparingly soluble calcium as

hydroxide. Accordigg ny@PBFh‘?ﬁzﬁ?%‘ﬁtcﬂfrHﬁﬁ &vgﬂqé LeRrgcess for re ucin%é?pcirosi n of steel

. . 3 ! ay. BC a eq t >
reinforcement in reinforced concrete comprises: soaking trie COI'ICI’étré(1 V?//It water. OOC Se the water to

penetrate theiodpurateantly passimeadirest slebtricductenttbetneeryap dNedeanddhessteel
reinforcement g5, catiods, 042 AR LS Alkalipreferaply gt sast one micron in thickness
on the steel” surface.

A material that may precipitate solid alkali on the steel when brought into contact
with the pore solution of the concrete is calcium nitrate. This will react with the sodium
and potassium hydroxides in the pore solution to produce sparingly soluble calcium

15  hydroxide.

According to another aspect of the invention a process for reducing corrosion of
steel reinforcement in reinforced concrete comprises: |

soaking the concrete with water to cause the water to penetrate the concrete and
passing a direct electric current between an anode and the steel reinforcement as cathode

20  to form a layer of solid alkali preferably at least one micron in thickness on the steel
surface.

‘According to another aspect of the invention a process for improving the corrosion
resistance of steel in reinforced concrete comprises, prior to casting the concrete,
applying to the steel a solid alkali, preferably to provide a layer at least one micron and

25 less than 500 microns in thickness on the steel surface and then casting the concrete.
The solid alkali may be formed in situ by applying a material which will react with
the pore solution of the concrete to form the solid alkali.
The invention is illustrated by 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 1n concrete (the chloride threshold level) was measured using the apparatus

shown in Fig 1.

Concrete specimens which contamed a centrally Jocated 20mm diamerter mild
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According to another aspect of the invention a process for improving the corrosion resistance of steel
in reinforced concrete comprises, prior to casting the concrete. applying to the steel a solid alkali,
prefer ably to provide a layer at least one micron and 25 less than 500 microns in thickness on the

steel surface an g]egécéas’ting the concrete. The solid alkali may be formed in situ by applying a
material which Wil Yace WitFe 38! P8 e 'S Omise 5 erameasdficrete to form the solid alkali. The invention is

illustrated by the follpwingExampas. Hxpelimepial progedure common to Examples 1 to 5. so In all
the Examplesththe chloride content required to initiate corros%gﬂao @té%?%ﬁ@é{dgﬁﬁ“ﬂecm%%e (the

chloride thresHBIGTEVEIF &AL EESHEa USHY e appaets  shpwnHn Blgali cionete.spegimens

which conta:nggsa-centahlacatad m&i@l@lt égg 6 steel bar.(1) were cast in a ISOmm cube
mould. Prior to casting the mild ste%?&bars we}e c\eange f§< el uo%g&f:d’é’ Yihke driYf teUPRCENdS were

masked Bsin®¥ CERMSATitidIREMsRY (a0 Isldratkali omghie steel in the masked area and finally
covered with heat shripkinsylation covering, The section of s bar exposed to the concrete was
IOOmrn in length. The concrete s ec#nensgvv%?gr&%%gi%bsﬁlﬁ@ Eﬁ%ﬁlﬁ?@ﬁf’eﬁ@@ément. The

cement was (i) ordin&Py Fovtandsefientioraij) Bulibateceesistant Roriand. cemenLar 5% 70:30

blend by weight of ordinary. Por cement an %gveri,zed fly ash (PPA) or (iv) a 35:65 blend by
weight of ordinarynPortI@tn%j/ac’(ébrrfmgle%nrk)qéfH?irg owuﬁlggé Qﬁ‘él‘l%’f&ﬂ%&%? tFEEE SR (BBES)edrladdition to

the cement thste(RS usddv 680EIs bk detre it fineraaIgaste faiate Msand).angd. 1230kg/cubic

v R o e
entrapped ai 89 kphtent typinally found irceeal concrete %Hﬁ@}%ﬁ?%ﬁ@%g%’ﬁ%‘% ];‘gre%e%n L@Um of one
month wrapped in plastig, the cover of each specimen was réduced to I8mm by ‘Cutti %fice off one
side of the cuabgg’%gp?é?l‘el etf%es SI"BEFsWASHAfrier coating was applied to :
This concrete mix design was chosen because, by varying the degree of
compaction, 1t was possible to reproduce under laboratory conditions the entrapped air
15 content typically found in real concrete structures. A frer curing for a minimum of one
month wrapped in plastic, the cover of each specimen was reduced to 15mm by cutting a
slice off one side of the cube parallel to the steel bars. A baxrief coating was applied to
the remaining cast surfaces. The specimens were saturated with water, and then
immersed in a tank (4) containing a sodium chloride solﬁtion (3). The end of the steel
20  that protruded from the specimen was electrically connected to an external cathode (10)
consisting of activated-titanium mesh immersed in the sodium chloride solution in the
tank. The solution 3 in the tank was aerated By an aerator device (5) and circulated
using a pump (not shown). The current flowing between the reinforcement and the
cathode was measured. The cathode maintained the steel at a potential of approximately
25 -120mV (versus a saturated calomel] .eiéctrode), In this arrangement chloride io‘ns
diffused from the solution in the tank through the concrete towards the steel. Eventualiy
the chloride content at the steel was sufficient to Initiate corrosion. This was indicated
by a very sharp rise in the current between the steel and the cathode frbm a few micro
amps to tens or hundreds of micro amps. The specimens were subsequently removed
30 from the tank and split to visually examine the condition of the stee] surface. This was
photographed. The percentage area of the voids was quantified on a cast external surface

of the concrete and, in many cases, at the steel surface using an image analysis systcm m

which the voids were tumed into black pixels in a bitmap which could be
7

expressed as a



the remaining cast surfaces. The specimens were saturated with water, and then immersed in a tank
(4) containing a sodium chloride solution (3). The end of the steel 20 that protruded from the specimen
was electrically connected to an external cathode (10) consisting of activated titanium mesh immersed

in the sodium ehileege solution 4 sojutien 3 in the tank was aerated by an aerator device
(5) and circula%ed usin%oa gggnﬂgt (érl?ogtusmh?)%rvng;b Ih\é‘gu&?gﬁtm ﬁf)%fhtﬁggéYWgér‘?‘ftﬁ}éeré]ﬁgﬁéér%ﬁfféﬁb the
cathode was nidg&6fed THEPeatHoHE nameined the stetlatia potential of approximately 25 -120mV
(versus a saturated caigme} electrade). | {, , arrangement chloride ions diffused from the solution in
the tank through the ﬁ%@f%gﬁ@m&%g&%ﬁﬁ? a%’lil SRR Rfolfd contentat esteetivas
sufficient to iniﬁﬁt@c@(@ﬁ@smfﬁmﬁw@gmiéétedrsbayfaefﬁﬁyis@tmr@&p&%&&r&%?%ﬁ%the steel
and the cathodlg,frora %%mgrg amps %oegeplswor hundreds of micro amps. The specimens were
subsequently removed 3 D from the Tank and spitts GidIgetsaEmmse heisohaitiohiottesieslin
surface. This wastphatobsaphieu. e peddentagerarematihe voids Was ayantified on a cast external
suriacc of thetﬁgnc%rigtedgng marr{]af%c ses, af the steel surface using an image analysis system‘in
which the voids were Hirned ko i E%Tx%ﬁsdiﬁlg%iﬁﬁﬁ Anth ebtild berexpressedasaviépercentage
of the total numey eiipixetsthEhefpercentage voids at the interface (the steel surface) is compared
with that at the cast st}%r%ﬁgigéin Fig .2. The chloride profiles were measured by g finding to produce dust
samples at Im:n dep hﬂ?&rﬁgo@%ﬁnﬁﬂ‘%Syr%f%mmmmhemmmemmms from the s tank.
The chloride coptent of @iy sample yvas determined by acid soluble extraction in a nitric acid solution
followed by potentiometric titration against silver nit ate. 'l his gave the chloride profile (chloride as a

function of depth) at tR&*#né the splirliasiorerentemevedironidhe farstAdifusianaofile given by

- the equation was ¢hgo ditted 4o this : = C$ erfc ( xI 2 Dt Where C(xt) is the, chiorine
content as a function of distance xégﬁ‘? titr%ge%éé)rsetlé% §%ﬁloﬂ cgr\%%?%?%%‘kéff@#é@lsurface and D

is the apparerftQfiffifdrdyy dbeToidnl Taisthrodetadas thénlised-ogalauatedhechiotide captent at the

depth of the steel at the time corrosion initiation was detected by current measurements

15 Additions were made to this basic experimental procedure to produce the
Examples.

Example 1 Effect of entrapped air voids at the steel on chloride threshold level.

Compaction 1 . . . :
paction time of the specimens was varied to leave a variable quantity of

entrapped air in the concrete and therefore 2 variable number of entrapped air voids at

20 the steel-concrete interface.,

Fig 3 gives thé.calculated chloride profiles at the time of corrosion initiation for

a well compacted and poorly compacted specimen. The chloride contents at a depth of

15mm (the concrete cover to the steel) are the chloride threshold levels determined for

tnose specimens. Also included are the times to corrosion Initiation and photographs of

25 the condition of the steel-concrete interface. There is significantly less entrapped air at

the steel in the well compacted specimens, its chloride threshold level is much higher

and its time to corrosion initiation was much longer.

Fig 4 gives the chloride threshold levels for those specimens as a function of the

percentage area of the steel-concrete interface that was covered with voids

30 : , 1 1 [+ 74 N M)
This shows that at about 0.8% voids the chioride threshold begins to increase

rapidly and on further reducing the void content the threshold may be increased to

greater than 2% by weight of cement.



the steel at the time corrosion initiation was detected by current measurements. is Additions were
made to this basic experimental procedure to produce the Examples. Example 1 Effect of entrapped
air voids at the steel on chloride threshold level Compaction time of the specimens was varied to
leave a vari%rbl_e quan;jt of entrapped air in the concrete and therefore a variable number of
entrapped airViid at S HECSREPATHARTRESHABC! Big DGR comractaliiiats @ e hisrddgrdies at
the time of garresienintation for a well compacted and goody compacted specimen. The chloride
contents at a depth of 15mm (the concrete cover to the steel) are the chloride threshold levels
determined for thoS&"SPEGIMERTIAISE IftuHEE 476 THa A e tecconvsiercnitiatiohandephotographs of
25 the condition.ofdhe:staghapnaiete.nieracer There is sianificanty Jess etrapped alt at the steelin
the well compacted specimens, its chloride threshold level is much higher and its time<o corrosion
initiatioh wasmich TeAgerIFites givestielienlsridecthreshold: fevetssforthossispecimens as a function
of the percentage ax f. I rete interface atcwas,covergdwi}%Ivoidsﬂ, o-This shows that
at about voids the cﬁ%ﬂ <aj'[r‘}%1\:relst%2I%I%ciglgrg1 %tgctgﬁ%étreéagep ?éf)llal%/aaﬁ’&%ﬁtfﬂ}ﬂ “&Wd’ﬁﬁfnﬁrtﬁ@e%id
content -thetthteshold fraly e iedressedto ceater thar 2%eby. Weight of sement 8/EBxampler2
Electrochemical treatment on hardened concrete: d‘effect on the chloride_ threshold level. Chlor de tiu c
hold level wéfe daterminad on COncrate &1 F SRS that Were RSdtromcHENTieA e Etedcysiant
ages. This wagalindeftakein altelCaistingrand clrimng: Butd pPnosimeethicingihe soverand frther
specimen pr%p%ratlon gnd‘ testing. TéleOCT Cltelnl:;ai treatment consisted passing a current of 4
A-Mpsif12 G3°tR8F BT WA s bl dedii he tofdreta P iavirady Thigneas meeved n
placing the spesimens inradankcaptainingvater and.anianads: Jhe.pHietthe waterwas seduced to

a value of 6 using a small quantiy of nitric acid. Ageing for 7 days consisted of placing
the electrochemical reamment were done to himit the pH rise that would have been

induced by the current at the cathode.

The chloride threshold level data are given in Fig 5 that also includes the trend

bt
53]

Iine fitted to the data in Fig 4 for comparison. Electrochemical treatment resulted in a
marked increase in chloride threshold level and vatues 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 gﬁnding‘

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 of the 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 treatinent and ageing was not to increase the absolute value of the pH.

30 However the precipiation of hydroxides such as calcium hydroxide on the steel at the

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

vatue of approximately 12.5. V

This shows that an electnc current will increase the chioride threshnold level for a

9



1o the specimens in water at 400C for 40 minutes each day followedby drying at room temperature.
The process of ageing and the addition of nitric acid to the tank used for the electrochemical treatment
were done. to limit the pH rise that would have been induced by the current at the cathode. The

chloride thresheld el datacare givaeninmdgsrihatalsa-daciudas the treng, isding fitted to the data in Ig
4 for comparison. Electrochemical treatment resulted in a marked increase in chloride threshold level

and values ABGVBPS6 Vidrs GBEIABY R Beat M 2 Bpéieitbnso pa sitdieitioriar drnpre aeffrsisteel was
obtained usigg anproximateldilzaras;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 spe&iFHSHEtRAT FELS VR Y trdatnsEr plielradroslpbaal adéd. (Tirsesastples were

added to deigpiggdwatslinaseniifuge.tyhe that,was sealed, shaken and ie8 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 Weptetiedr bemtdhl gredtaad! henpidted of thedoputiensizasanddsuréd ofhee

electroehemjcaliy. ir eg rw sample, with a f 12.71 while the yntreated
specimen S}ogﬁ%égfsé?ﬁnége&w%ﬁg%‘ 0%2%0%56 fﬁlgéei%hogﬁ%r RESETEYR netiit Biglﬁsrﬁus the
principle effechefaiietélé¢trdelsgmicahteeativeint arsd ageingunasnddt teaincreaseithe @bsolute value of

the pH. ILI However the pre ipitation 0, h ides syich as calcium hydroxide on the steel at the
location of tﬁz’g aézvr.%raspcﬁjea(ﬁ anvoids K%ﬁlgi)él{r%é(ggggésth ésﬁ%?&?f@g%%#gﬂ HHABEer aYalue of

appre7:3.n;atetyrbhtf tioved toahan ehitig ctsettiediliovase the shigndedhresholdievstdana 9 given
void area at the steel at the start of the treatment. The results are included in Fig 3.. Example. 3
ElectrochenfieHI T8RN EH A Toncrete before hardening: effect on chloride threshold level A

setting concrete speGEIeiWasHeAlaskelasiochemisally, The Ul sItethe] which may
be compared with the 40 amp days per square metre of steel for the hardened specimens.
It was unexpected that the treatment applied to the concrete before hardening gave a

15 significant benefit with a much lower charge. | |
The results are included in Fig 5 and show that the chloride threshold level was
increased with a relatively small charge at a void content of ab;)ht 1%.

Example 4. Effect of coating the steel with calcium hygir@xi(i& suspended in
diethylene glycol ether prior to casting the concrete on fhe chioride threshold level.

20 Chloride threshold levels were determined on concrete specimens containing
steel that had been coated with a suspension of calcium hydroxide in diethylene glycol
ether. This coating was'applicd- after cleaning the 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 1in 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 incréase in chloride
threshold level for a given entrapped air void content. The results are shown in Fig 6.

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

Example 5. Use of the superplasticiser Conplast V{4 to reduce entrapped air void

content.
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within 0.5 hour of the concrete being cast.. The electrochemical treatment consisted of holding the
steel at -900mV on the saturated calomel electrode (SCE) for the first 18 hours, -M- current was then
held constant at 500mA/square metre for the next 24 hours and it was then reduced to,
300rnAisquare metraferi dbernextI9 Rortsy [heiemainder of the preparation and ¢ testing of the
specimen was as described above it, the section expe?lﬁrj%ergl}l%llcro)Irlotr:eet GRS BB S G NS
examples. THEHRAR HaRGE prEs darmakiahyamprday s peri squarevmeatre ofstael whichmay, be

compared withthe 40, amp-days, Rer.squate.metre of steel for the hardened specimens. It was
unexpected that the treatment applied to thgér%gh%?g%pl%fio?g NRHERMETY Ve B Sidatiéant benefit

with a much"16WéP EHareo Mvs ré suilts wmmomde@ageEkgasamsrsmwma&g@ﬁm%ﬂd&éﬁﬁgho'd level
was ingreasgg with.afelativey small charge at a void content of about 1%. Example 4. Effect of
coating the steell with calcium ﬁf?%{f%% ‘é%é%té%r&igbé i ldfé&%‘é’ﬁ%“d}%&fjéﬂﬁ%‘ﬂbi?i@f t6roasting the
concrete on'i#é &Hiefide itreshotd tevel. RO Chiotice:threshelddeyels were.determined on concrete

specimens ¢containi g.ste that had been coated with a sugpension of calcium hydroxide in
diethylene glyco?}) leﬁmcrl %‘r?i!’saégga%%l \t/%/%%?"ésp“plﬁéjc? Sft8F clearting thecsttelbntphoretgasasting the

concrete. This coatingovasichasentisl pressntaaresisiangeipa P fal aftecihe ﬁ?ﬁget& jyas cast.
Furthermor(;~1 gébt%r}%g% of. thlg cga,tm would be limited by the absence of water. 2 The

SHloride
threshold level data are givah irerig% 1OGEHETRit] Hestetialnsacifien tolthe tatarén Figed far

comparisony Jide aoids@atibeisteglssiadasesauld oL be rag 1Y, ured because of the concrete
coating. Thus.this %aagta IS %Ir?tted against the Fggrcentage vocicgj; § eg]%aa}ak Wlhmg zéc%%ting

i the cast surface.
resulted in & ihcreade MEHRBTHGEPrEPdIa [Batpereyverpatpispetbair void content. The results

are shown in Fig 6T$i0 sHis shows gbgg 169ating-of 5 I{,g Igali on the steel will increase the chloride
threshold level for a given void area on the steel. Exa?nplc(f:‘etlz 3 E}gevgﬁﬁée%uo& ?a%tﬁgfsz@}dConplast

PYI4 to red &8 S Eppeiif s shaedwiddarelo

Experimental Details for Scanning Electron Microscope Examination

15 Details-common to Examples 6, 7, 8 and 9.

| Cylindrical concrete specimens 72 mm in diametef were cast with a centrally
located stee!l ribbon (17 mm wide by 70 mm long- length embédded in the concrete).
The 0.4 free water/cement ratio concrete contained 275 kgm™ ordinary Portiand cement
(OPC), 680 kgm™ fme‘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 segment containing the steel, drying, vacuum Impregnating with

resin, lapping and polishing.
_Preliminary 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 investigations. 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 these 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. Limited

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

11



Chloride threshold levels were determined on concrete specimens which used a suiphonated
melamine formaidelivde superplasticiser' known as Conpiast M4 obtained horn Fosroc h3ternational
to reduce the entrapped at- void content by improving the workauiiitv,v as opposed to it, common
useage as a W@@r&gduéiﬂg@gentmam&gémﬁtocﬁlmiﬂmiﬁ%m‘éﬂlﬁjﬁgﬁ%&%crete vibration aids. 1%
Conplast M4 W mh% ﬂo%e\mggM%s agggd to the, concrete mix prior to casting t.he concrete
specimen. This superpiasticiserwas thogen because it does not react in concrete; to produce gas.

The chloride thresholtilevetdata-anegiven:irs Fig, « degether with the trend line fitted to the data in Fig

4 for comparison. The.supe%asiigﬁervresulted in a reduction in -i0 voids and increase in chloride

threshold Ieve?%ﬁiéeﬁagg%‘b% &°to"th&t which could be achieved by concrete compaction in the

absence of supetplasticisenfdis-shaws that a super-plasticiser may reduce the void area on the steel
and increase the chloride threshold level, Experimental Details for Scanning Electron Microscope
Examination 15 BetNsSEommaictsiEddmples 6, 7, 8 and 9. Cylindrical concrete specimens 72 mm in

diameter wergigash MLl %@m@lygg%;%%ﬁ@giﬁgg&)@? mm wide by 70 mm long- length

embedded in the concrete). The 0.4 free waterlcement Fatic concrete contained 275.kgm-3 ordinary
Portland cement (OPCPBB0 kefift3 finélaggréyatergradeivissand) anil 230:4am$,4 . tyn aggregate
20 (Thames valley.gravell, 18 shagimens were cured for 2 weeks. Sample preparation consisted of
cutting a segment containing the steel, drying, vacuum impregnating with resin, lapping and polishing.
. Prelimirfary attemptShits proee a polishedicrossseation atieebineacisleon BN gxamination
resulted in a flé@ﬁn?{ﬁ%ke?é&pe interface. Su ,ng ib ems have plagued 25 other investigations.

0

Possible causes of defects are citting and polshirg hifteridis Bronga bt Hardiets: smatkiffSrences

in expansion @itersthle sathplesnvers depardiied, tﬂéﬁ[&@@ﬁi@é%ﬁ}%mﬁe%%gﬁgp nd leaching
of soluble speI%it%%g[urinF%?ﬂishi%A -number of steps were taken to limit these eftects. aﬂuno( O m)
steel ribbon was USEd 1o Timit e Adere e HeelGr e atfrigasiapdiishiing Thersarnples svere firmly
supported  grains > calcium hydroxide> gel (predominantly calcium silicate hydrate (CSH) and |
15 aluminate-bearing hydrates and aggregate > porosity and voids (darkest). There is no
general indication of any preferential formation of calcium bydroxide at the steel.
Example 7. Use of reactant to form solid alkali by reaction with the pore solution.
Calcium nitrate was dissolved in deionised water to form a saturated solution.
The steel surface was cleaned by wet sanding in deionised water so that the water would
20  wetthe 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.

25 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

concrete.

There is a general indication that more calcium hydroxide has formed in the
vicinity of the steel. Approximately 50% of the stee] surface is covered by calcium

30 hydroxide and the thickness of the calcium hydroxide is approximately 20 microns

The feature (s relative f 1l Inati
marked A is relatively pure (free of silica contaminauon) and mav

. ] . . o . ‘
have resulted from the reaction of a crystal of calcium nitrate with the pore sofution of

the hvdrating cement.



3 o 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. Limited drying of the samples
was undertaken at room temperature. 'llie low vacuum conditions also mean’ that conductive coating

of the sample;wanog requised: As,gresult samplss.- At With a Hood steel-concrete interface. could be
consistently produced. A JEOL S410LV SEh was used. ?Hé%sﬁﬂ%éﬂ?ﬁ p T‘éﬁ#@f&%"%}%iyt werc:

acceleratingitdge-Pevospin isataabhelsst wsiremti=8 DaAgtibeam spot size (SS)setting=12. Example 6

included for compasativespurposes.A.cantrel specimen (PS 1) for comparison was cast with no
additions to the above experiméntgl method, so This s S %va%n(“fhuﬁ‘}@r§1W8ﬂ@i§055’6%‘&52§d§ﬁered '

electron imagE-BBERaECiATtHE: stasining. electronmicroscapeefa golished section twough the steel

in the concretg. 7 henaigy, seale. ind ; images depends on the eleoctron density of the maiterial. The
phases of interest, gradeddé in {%rfr:{féb)fé t%%r};%%? Wi ‘sugkéﬁi%‘&%é? (Y FfseRstiahpyrdssticgément g

sins > calciumthydroxe=bgek (predeminantlydaalcitmsiicate fydrate (GSI) and,,is aluminate-bearing
hydrates angg%(gggzrlei 9%@% pq(r:ci)git and vg}ids darkest). There is no general indication of any

preferential formation of calcium hydroxide at the- SteeFMEXaHiplerddtgse direactartt tmiormsolid alkali

by reaction wittethe pore solutian cGalgitimeRitate W@?r%ﬁ%@_@q@a@ﬁ%ﬂiﬁ}gﬁVl\.’,gger‘ 1 Iggm a saturated
solution. Th%§teel gg ﬁ{[:e was cleaned by wet sanding in deionised water so t F%g water would 20
L S

rf
wet the steel 'strface. mste S SRRk L6 oI HsHS Wrad Reaalansss thehedippbthim thegalcium

nitrate: ssolutionpanchias thien Qvendrgshand agRecimen @5@?5? nf.tested as desg ibed above.
The result is }%iven in the photo references CT | - I. This sheowst agt%c% cﬁfmrr%a ﬁ?é{é’%{ﬂﬁ?ﬁ&@ can

promote the TEFFATioR BESORG BIRANSH ik coaahis resalts! dre shovntim g Qiwihiah is a
baclcscattetesheleCitenimage eRAMREd 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 section through the steel in the

concrete.,

20 There is a clear indication of the formation of a layer of calcium hydroxide on
the steel. Approximatély 70% of the steel surface 1s covered by the layer and the
thickness of the layer is about 10 microns. |
There is also generally more calcium hydroxide in the cement paste.
Example 9. Use of zinc as a sacrificial anode and g 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 Smm thick.
The zinc was located at the edge and the steel was located at the centre of the concrete

specimen. i i : : :
pecimen. An aqueous solution containing 5% calcium nitrate by weight of cement was

added to the concrete mix prior to casting. The zinc was connected 1o the stee] 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 mewe of steel against time. and may be compared with the charge passed in

13



in the scanning electron microscope of a polished section through the steel in the concrete. There 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 so hydroxide and the thickness of the calcium

hydroxide is Bpamgifgatel~, 20 microns. The feature marked is relatively pure (free of silica

centaniination i andé?cgélhave resulted from Lac reaction of a crystal of calcium nitrate with the pore
n

solution of the hvd CEMSH 2B R RSS! (Fs& 6 RTeaaantdH tie-80PretéSER) 4B Fermisolid
alkali. by reagtiane wabﬁﬂ@m@ﬁmp{%m@m@ﬁﬁ%@@h@ﬁﬂ%ﬂ%ﬁ%?& @héfﬁ%%%%&? C1-2) was
cast with a titanium mesh courser electrode located on the circumference of the'specimen Witch
surrounded tha"Bl&8I'HiBbER CATUYgPeap a5 il with wetagar gel (2% agar) and potassium
Chlorlde5(3%);W@%M@%g@@@@@%g%ﬁ%&%ggg&e‘gg ge&gg%gtg%l an pﬂg%a counter electrode. A
agueous solution containing 5% calcium nitrate by weight of cement was added 16 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 f.o 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. s 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 section through the steel in the concrete. 2c There
is a clear indication of the formation of a layer of calcium hydroxide on the steel. Approximately 70%
of the steel surface is covered by the laver and the

o
U1
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thickness of the layer is about 10 microns. There is also generally more calcium hydroxide in the
cement paste. Example 9. Use of zinc as a sacrificial anode and a reactant in the concrete mix to I'S
form solid alkali by reaction with the pore solution. A specimen was cast containing a zinkL8i$e #sem
in diameter and 5mm thick. The zinc was located at the edge and the steel was located at the centre
bf the concrete specimen. An aqueous solution containing 5/, calcium nitrate by weight of cement was
added to the c W iX prior to casting. The zinc was connected to the steel through a 3c current
measuring device. The current was logged as a function of time and the charge passea as a function
of time was cal?ulatedATfrlgcch %e g&?{ssed is shawn in‘Figélllu, which shows the number of coulombs
per square metre of steBr againgt Hiac BRETHR R Corfyars oA e binuieiapEcssePiis B8 Example
8.Figll sh_ovx@}m% p&rgs% Qgrﬁs%dsetq t_he specimen held at -800mV (S_CE)(E_TC1-2) by the _
electrochernical treatment. compared with charge passed when a specirnccr was coupled to a zinc
anode placed directly ggaﬁg%gcl%ncrete This sleo“v]vithat a sacrificial anode may be used to pass charge

to the steel. ~c I5 20 25 5014 LTJY'D WISE "EICA RIS RS R PR R P 6 PRSERSR Bisteel

reinforcement i info 0l le which process comprises: spaking the concrete with water to
cause the v%ateﬁrlatggfpgé ISR ASIELEIE S B R&Ié‘&%& TRt BERVEEN an anode

netrate the concrete and 5 pasSing decfinskt
and the steel f%&fﬁ&@%%&ﬁ‘% 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 concrete 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.



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 concrete which 10 process.cowipfises
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 claigned in&}]aé@%frgvnereinlthe (pote tial of the cathode is maintained at a level to avoid the
discharge of hydrogen gas. 4. A procasg A& SiafthEd 15 eeith 2P S WHrdnT 4R AGEHWERICH reacts to
form alkali has.Bgepadded, ES}(H}%SC(? F)?lt& [nix prior to casting the concrete. 20 5. A process as
claimed in any one of claims'2 to 4 whetrein the electric current is provided by one or more sacrificial

anodes connected to thessigelaia-tLOYR IMSELA.ADSIREHORNS MGl pracess for reducing the

corrosion of steel reinforcement in concrete which process comprises: passing a dirsct Aetiric current
between an anegirodpdoinesieht eintorcemantag «eathade da suflicientime 4o form,solid alkali at the
surface of the reinforcement and 5 enhancing the formation of solid alkali by one or more of the
following stepseifijapeindding@madsitionalidauer Bf salcimMIRNS INRSILANREEIR forming mixture (ii)
including an agent in the concrete mixture to assist the migration of calcium 1ons 10 (iii) including an
agent in the concrete frmingmiktimeaoaitdifytheunephalogyabibenaalcisn Rydrexige(v) applying
a coating ofalkali rich material to the reinforcement before casting the concrete (v) placing a material
on the steel which willt&dgiewith the products of cathodic

(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 cathodic
15 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, such that the reinforced concrete has a chloride

25 threshold of at least 0.5% by weight of the concrete.
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15 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 prgvide e}\Iagr/ernof alkali at least one micron and less than 500 microns in thickness, and
then casting the concretd: Stich that e feifdiead duhdrsed Maalkathivrdeliog wibehisid of at least
0.5% by Weightdti)Sf tr}gigo%:rete. 16! LOYB WISE 8. A process as claimed in claim 7 wherein the
alkali is applied {0 the Stedl Aeh aflsuﬁ@}sﬁéﬁlmda non aqueous liquid. 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 forry solid ,alkali on the steel, preferably in the form of a layer at least one micron in
thickness and rtghen ca‘LAslfri)E%Cﬁ%S ESIE lhgﬁ%%ct%%i}%}?éllp iﬁ‘l%‘?@é"d@BFﬁ?r’@f’élh]&sr@r&:ﬁ?@ﬁ@e threshold of

e concretce,
o )
at least 0.3% %H&%@IN%C@?%r%%ggsrggerh%rzses 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, such that the reinforced concrete has a chloride threshold of at

least 0.5% by weight of the concrete.



