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~N~VML ~b~ i ~um~a~od~~~ PROCESS FOR THE PROTECTI ON G5 F N@NﬁﬂmN
REI NF CRETE Field of the Invention This invention relates to a
process for the protection against corrosion of the steel reinforcenent in
reinforced concrete and to novel reinforced concretes having inproved
resi stance to corrosion. Background of the Invention Steel reinforcenent
concrete is normally protected agai nst corrosion by a passm,ﬁmmmmm
forms on its surface in the alkaline environment in the co
with the passage of tine alkalinity may be | ost by the action odsiss+
at nospheri c carbon di oxide and corrosion may result either fromthis |oss
of alkalinity or fromthe io contam nation of the concrete mmummmm&m@ ive
ions such as chloride. Both these processes render the prot
fil munstable: Wien the concrete is highly alkaline it tolerategm@psnal
| evel of chloride ions without corrosion of the steel being initiated.
However .t he higher the chloride content the higher is the risk of chloride
i nduced corrosion. The chloride content that results in i s corrosion
initiation is ternmed the chloride threshold Ievel. The initiation of
corrosi on Mpp HEESS FORFHE FROTECTIONVF REINPORCEMENT IRar p i ncrease in

el ectri cal S peen reported that _cnroride contents above U 2%
by wei ght of cenent wil| REINFORCED €ONGRETE many reinforced concrete

structures. It _has therefore been previously proposed to renove chloride by
an a Fieldeafithe Imvention) process The process has been described in WD

98/ 35922, 1‘?65‘?? ves passing
an electri ?P%EEW@&?&%PE% gpezsé%%‘&*e‘ééﬁﬁga%ﬁ%}“%z% I%gg?ef or exanpl e
' rom Fded reinforattichsinieinfereed asnczete and 8 nbesipeinfuryedcmeeteniaving st eel

reinforcenent in the concrete as cathode. The SUBSTI TUTE SHEET (RUL.F 26)
z z ~limproved resisgmag e SGWEHOMCT/ GBO1/ 00357 effect is to cause chloride ions

tom t hr he ncrete to the surface and - into a | ayer of
el &ct ?‘é‘?‘éﬁ&! WH?B% ‘H’pl aced at the surface. It has been previously
reported thgkeldeinfsrt@heritfih e6hdrotd i€ A6Mmeflyqitotebietliaghindticarrosid by ade
contam nated concrete is entrapped air voids, Concrete typically contains

about pasdive$Hhyhat foromseondts swface ppthe aékalmernwrmr@g@tnaéh%w%ﬂes at the steel
or s oraveYer NG P tagh &f e RS P aRme Al BRI SR Bl BRBE Y 1T
S UnstiliPdioxifdand 9+ﬂrc§§x$}K adrésalt e@ﬂh@fiﬂeﬁﬁh&flogseémkalm@ &ffr@haehabsent at

t hese oca I ons, se have corrosion inhibiting properties that

r a8 stcmhmahangfahe cmu:r&eahﬂeaggrcssbe iond susl asyhtariie; Bo ¥h. The effects
of loss of alkalinity by the actlfgn of clgrbon di oxi de in the atnosphere,
chl orlﬂfécé%?ﬁf&ﬁii%él?‘?ﬁfﬁtegﬂﬂepﬁséwﬁr THEaRE- voi ds in the concrete nean that

with the pagsageOloridiPisiignI5RGlink & Bieiee T MaIINARIBPEIDHds GRS bl e to

corrosion.
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 will initiate
corrosion in many reinforced concrete structures. o
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 pas’singh 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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The present invention provides a neans of reducing this problemin which
the resistance® 15 of the steel to corrosion is increased by cor?t?chLimm ,
t he amount of air voids in the. concrete and providing a |ayer of solid

al kali owd fqigsedgeel surface: Sunmary of the Invention According to the
present invention there is provided a reinforced concr et e RATEFES1Q035Re

cont en MOl concret.e at .the surface.of the steel reinforcenent
is 20 tggﬁgtv\llggé g@;s’kg}rl}é)?' ?FA%W%TBEE?W Bregh the cengsetefte theugtabeimiin®. 2% by ar ea

of st eddyeanflelettrolpteobhith BhEbdeh ;ﬁade@X?fhec&fU{ﬁQéid alkali on the steel
surface. Advantageous Effect of the Inventioni The provision of the |ayer of
al kal i and tIh&asitsgn pervioushntepattechthet 4 fuetaridfRetin® Eorkd¥irDinttiA4@n GPT F 0Si on.  The

conbi nat,j r.al he chloride threshold for chloride induced 2s corrosion
froml géieoﬁge icﬁf‘igﬁ@“aﬁ‘%cgf‘?ﬂ?fﬁ? ISEnapRId HF Veidsh {Conetietprtypiodllcemeaits dbpuabove

0. 580 anch% b voRiaey/&f 9 2 ' l.y_enhances-the durability of

rei nforced Zoncrete.é}él?ﬁgg%gzg:hre;gg%sl%ggé §¢$?‘ﬁ%a'6?a€&eﬁ’;%‘ Pincrepses ke r at es

t he appskaf the leeadlenyieohrenttbbingfattersdl t5the E}Qe&%ﬂéﬁﬁﬁd@%&ﬁ%iﬁﬂ%ﬂi on bet ween
t he voi(gd.gé?a cast, surface ?nd,the _voids at 30 the steel-conet st e
interf§ ‘i.“ 548 Wich fhe passiye film ds ynsiablle. SThetsokid mgdration Fraiupls@f deméiity 5 0i ves

t he regink i i Ei 6.gi,ves the results obtained in
Exanpl ﬂh%@éﬁﬁbé}hﬂ%@%uﬁén iﬁiée\gﬁgg?h%ﬁw_s% hays corrosionyphibitins 056 Fig 7 gi ves
t he reBtﬂpFSleémaa'rmsucrhE)aagw.e 4. 2 a um 200 PCT/ &801/00357 Figs 8, 9 and

10 aregb ksca}t erfd el ectron i mages obtained in a scanning el ectron
mi t% os EEpeRyto besgivedhsthedaversion.hr ough the steel in the concrete. Fig 8

shows the r 1ive Exanple 6. Fig 9 shows the result. for
Exanpl e 7 .gﬁﬁEﬁ?‘%@%f@%gﬁé&?lﬁﬂg’r%’s&PC‘F‘?}% ofsashen diogidefm thell is a graph
showi ngmtdspherbahipeideamatiningtida: | Description of the

| nvent | on The termsolid al kal iﬁiﬁr?glgB%esg‘%@p@ﬁ%&&@%%@?@%ﬂﬁ?’b@é& sol ution
i n wat ¥HRRRRPaEsaee of tims e stel refifotvemenpievotses EdepAbIR t5 Bérredgsi ve film

st abl E‘Wé‘&esﬁ%ﬂrﬁ@n@o&'* fall 1 o to_values where corrosion may occur,

typi cal Ty bel ow 8- 50 PIRYATSS ameans of mductiethismralldmoini which thelresistancai | i cat e
hydr atef thebteeMarcbRYUSiof Bk | LA . rates and .lithi um hydroxide. The
termcenent in'the p?eseﬁ?%%c%@%?b@ﬁﬁ@ﬂ%ﬂ&%‘f VQ‘H%‘“S'}“Flders in the
concr etoacretesanfpgoyiding & bydsofrselid mikalion¥isteebsurtdeat  contain no solid phases
of th se maxi mum di aneter is at |east 100 microns. For the
avoi dgsr{g'gﬂlc%ﬁ égﬂ\l,fwt}o"tvﬁgga

OBi ds are not necessarily spherical in shape and may

be spher oi dgtcopding ks Ly .the I. r ‘of _alkali is from1l to 500
i crons. in thi cklﬁ%ssﬁ% eter %ﬁ’lﬁgtﬁ%ﬁaﬂ%ﬂ@pf%végg@(‘)ﬁﬁl’?ﬁ%‘ie €EN¢FBiSt pref erably

not novkereindke gmtert of voiisiin thehdonkeass the surface of the steel reinforcement is

20 below 0.8%, preferably below 0.5%, more preferably below 0.2%
which there is a layer of solid alkali on the stee] surface.

Advantageous Effect of the Invention

by area of steel and in

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

25  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 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
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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2 0 Preferably the layer covers at |east 20% nore preferably at Iezeaft EOO{%
" 'nost preferably at |east 70% of the steel.' . The reinforced concr JUL 2004
pr ef er s%d y1/k5986 @ chl oride threshold | evel of at |east O.%PcT/GBoteeshbl y at

| east 0.8% by weight of the cenment. According to a preferred enbodi nent of

the inventi - J Ll i ich 2s the content of voids at the
st eel surfzgg 7213 e%é{?%%@tglfsgg}?g@gg{rgﬁrgpl%.ow 0.5% by area of the steel has
one or nor FigsR;9 4ridci(edre backbesttaredelectramimages bbtaineidrifiarscanmamg t o produce a
current sufficient to cause the formation of ?{nﬁggi&)on t he surface of the

st eel elsgtronmicrgseans afiafohisherbsegromapuguthe stes BTRG t o anot her

enbodi ment (ol g LRy ﬂ%%%dl?fbr%o%?&ﬁ%?l&&% jeglucing 3 o corrosion of steel
rei nforcenent "i'n concrete conprrses form Rg a reinforced concrete in which
the voids &ﬁ%QbBoWEﬂfé result for@xatipte DahdRigdl BShowsthé essaltl fyr Bedmpie 8. 5% by
area of steel and passing a direct electric_current between an anode and

t he rei nf orfdghbig 2 geapbshowing the chasgerpasspdicExampléd i d al kali on the steel

surface the layer bej at. | east 1 3 SUBSTI TUTE SHEET ( RULE 25) 2 ? JUu
200g 3%‘6‘19“5*36%‘6‘35% @BEII%%%‘P% cron in thickness and covering at | east
20% pref erpRl tymaboli®aikhli Gtadds chRPoth@ekhosbRapited eslationyn wetechdsect ed as

described in European Patent No 264,421 or  US Patent No 4.865,702 with the
addi t iaqpH of owardfs Sush sompoupdssnaintaint (hetpassiye fiimistable anl wesist? el o pl ace
pore solution,in the entrapped voi.d t .th el surf . TIh rocess of
PRE" | o SRREDH B oBRs B T RLOF s TRRRRIron rExaelry nEfiSe cdelir) ' 01 aced or
aged %&&dé%@ﬁﬁﬂsm&&ﬁ%ﬁmg g&lPVQ{tﬁxs%me% ARiMhinafe Hydatdy A9 fhivkivention a
proces or I'nproving the“corrdsion resistance of stéel reinforcenent in
rei nf diydegkidoncrete conprises: soaking, preferably saturating, the concrete
with water to cause the water to penetrate i t concrete and passing a
direct el ecthe M8 GPMERtinsRe Rgé?ptéae%gﬁaémdpclagwgf% indees By Bg)

rei nf o‘{o?lgggent as cat hode and continuing the passage of the electriec .current
for suffrciént tine to forma layer of solid alkali e.g. calcium hydroxide
atysl east orffhetefih didsitefeld pkaagities dimt chstaitimd sulil pifasesef theicodete ement’

Conveniently to enhance the fornation of cal cium, hydro¥i de 0&' ot.her  al kal i
one i swheserppdmam dipmetes iy airasy 199 sperops, Forghe avoidance pf daubidhs Y9i€hal source

| of cal ci ions._i.s lncl.uded Jin .t cr . LA hxture or on the steel
prior atr'lf)%g%alléetc %ﬁhﬁ'hs@ﬂg%%j#[gf%a% |aig§ 'ﬁf&bﬁssﬁhgrqlﬁag%ggﬁ‘%' ;J he concrete >
form ng m xppefepatil tli’él‘éy&toﬂaﬂléhlmgfoﬂi 196 500 nfigosis iMhickmess’piéfetably holan agent

is included in the concrete formng mxture t'o nodify the norphol ogy of the
cal ci umptetbarnkPQmigrony mestprefegatdy rat moresthap 80 imigrons in téckneshf or cenent

cal 90 _ resthap B0 rigrons if RECknR o o
i oo e Bpecys a el 24P DicTpBiag e PR, OB BBAR BO. e

i N confegsit7ovd dfthe BRepir prior to casting the concrete 2s (v) neans is
included in the concrete formng m xture for reduci n'g entrapped air voids
The reinforced concrete preferably has a chloride threshold level of at least 0.5,

preferably at leagt 0.8% by weight of the cement.
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 sufficient 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 cbncrete 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 1
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(vi) a material is applied to the reinforcenent before casting tfze;ggpogg'?;te
solid

“that will react with the pore solution in the concrete to precipitate

al kali on the reinforcenent. 3 o The additional source of calciumions

i ncl udedwigyiddgssconcrete-formng m xture naybe a calciumsalt for exanple

calciumnitrate or nitrite. By additional source of cal ci BAI/@RE/0pISTrRaNt

in addi‘é‘ilcgg to tl{@fzsources of calciumions.-that are usually present in the
C

Por t | and EhEhIkRFES 0% cavering aldeast2dirarreforably aems 60 Y nfthg Sted EE3’  ( RULE
26) y ' 2 Thé 100357,002z0!| gni enent used in
concrete manuf aiéltotﬁrg%%a ul tgﬁce&ﬁgagrgﬁﬁgye%g{?@ﬁa%g&%gﬁ? 26?’3@3 ghUamount  of
cal ci unfatenNo#.868,702 adth the additianof emftesakH, YréfeaBlykols@nbie Rye Wei ght  of

cement in theocr:}gncrete. The means to assist mgrati'on of cal ciumions may '
be any WYHEIFLC IHRIECaRAre SYURHEMhe entrapped voids at the steel safaceum i ons for exanpl e ,

a sequesterifge - ne diamne tetra acetic acid. The agent -
to nodify the n@? gﬁ%@gg}' S?é‘ég#'ggaﬁhelﬁfm%&%@meb@% 18 6itherfeashlyr i de or a
conpourplacedair aged ahdtdiydmaesi. gl ycol ether. The layer of alkali, which may be .

cal ci um hydLin d&, may be applied to the io reinforcement by a coating
process suchSPTENgLe praembodimepyafithewpresertiisvention aghescess foesmpming of al kal i

o ec o PErST S AERRRIa b b DTk Bt s bresd QPR CommBIEsat i (1 | o
por e scbaktingpreferdbiesa@mRebngitBe édhcfeld @itﬂrﬂd?éﬁtb%%ﬁste. Ny kﬁtc‘?’# hs%%ggt with the
u

sodi um and pot assi um hydroxi des in the pore so ion to %paringly
solfibl DT EIMETHRPNG PRssEdittet eleettio cuirery betweenaintekterasiR@6le 8id thagtdeNvent i on

a procegs; ' corrosi.on of steel reinforcenent in reinforced
concr etq glﬁg%rgr{)r?i&ggg %L@ggq( qnHBuing the, passaggjof thesgleetric current forsufficientit er t o

enet r ainge folforra @ng Sd i : lLectric current between an
X )"e@b‘?_sélfﬂjalfcalpégtdagﬂéu @ﬁﬁ%ogg&esﬁdgﬁsgo?%mrgn Mhyer of solid

anode and the steel reinforcene
al kal i tiiekdass ablthe surfaceaftheosinfartentenn i N t hi ckness on the steel surface.
Accordi ng t g, anot.her asgnggt of the invention a process for inproving the

corrosi on r cSIYERARLY fyenbance the formation of ealeiugoipsrexide onather slksli ope i or t 0

cagt i n@r hidee 6LMEFENGWing R L he steel a solid alkali, preferably to
provi de a | ayer at Ielggt @B%Eeﬂﬁlclgg%éﬁ and 2s less than 500 mcrons in

t hi ckness 6i) ankhddisipeallsonme foficalciantiohd Brin€lagdsd Ptk anﬁﬁ%‘}ﬁﬁﬁﬁ The solid
al kali may he fornmed in situ by applying a material whic V\AFI react with

the pore sBPREION Yt thesieekprprnte casting theeancrdte solid al kali. The invention
is illustr ; , . O |l es. Experinmental procedure conmon to
Exanpl es 163)39 %ﬁ\ésﬁ gﬁ}%ﬁg%f}ﬂeﬁgn@@:ﬁmgtméﬁ%F%ﬁs%t%ﬁt%ﬁtowféfqui red to

initiate coalcmsi mnsof steel enbedded in concrete (the chloride threshold

| evel ) was .rrﬁasured_u_si ng t he apparatus shown in Fig 1. Concrete specinens
whfth” cont HihaRagene isinelared)in the senstete Gormin atietues tonmbdifh tBUSS TI TUTE SHEET

(RULE 26) mofoHbld ﬁggéﬁlwm%ﬁdic?xq 6 PCT/ GBOL/ 00357 steel bar ( 1) were

cast in a 150mm cUbe nou cbcastingthe mld steel bars were

cl eaned t o(iveasoll dkilili apeREEtARE d; Sre\& | ng. a
cenmentitious C.oi';\t |d[1)%s (Z)é@tﬁo put aIr kﬁﬁf&gﬁnfﬁgﬁg\%ﬁn%%ﬁ@cﬁég%d area and

finally coWaiEd a1 anpdicatiny beimg designed to rasist anesighidicadiiossefits on of s bar

exposed. to; . 100mmin.lepgth. ' The concrete speci nens were
pr epar ed u‘é’?‘ﬁbg"‘g%%%é@%%g%{ ?oé“%éﬁ‘éthttgg?ﬁé’“@éfﬂa‘?ﬁm%éhc(¢9U°WQJi nary.

Parst | and c@iemdanofs it | s ; t 70: 30
ol end by el ght of T A il o RO ERE BlrPhor i (Pen) o

iv) a - en y weig of ordinary Portland cenent and ground i o .
35: ¥¥¢Hl end b ht of d Portl and t d d
granul at ed(/‘v?' . ace.sdfa é: In addition to the cement there was
used 680kg uﬁgteﬁg{fgé‘p Ble tloﬂgéﬁ? PrgIERt befprerasing thecdonaréte thaBoil/ cubi c
metre of |ref¥nwith the pore solution in the concrete to precipitate solid alkali on the
reinforcement, |
30 The additional source of calcium ions included in the concrete-forming mixture
may be a calcium salt for example calcium nitrate or nitrite,
By additional source of calcium ions is meant in addition to the sources of ca'lciufn -
ions that are usually present in the Portland cement calcium aluminate cement and
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aggrégate. The free wc ratio was 0.4. This concrete m x design vvaz ﬁEOZ@g
" because, by varying the degree of conpaction, it was possible to ¢

under MEHBV30¥ry conditions the entrapped air ~~ i s cont BRF/GBYR03ST | y f ound
in real concrete structures. After curing for a mninmmof one nonth -

W apppozzolanit eahem ustdin convrete manwfacthres Seitabie amoasatsraegiswohdisto 1 Smm by
cutting a slice off one side of the cube parallel to trle Zstso/egl bars. A
bar r i Brovidean amaurief calsim wms of 2t lgast Ocl vaiand peefemably Eomildees bhe speci nens
wer e : ne r nd then imrersed in a tank (4) containing a
sodi ums t%?lg eg\d%tc}h%ﬁmfeé? The end of the steel 2 o that protruded from
the speci mhe riéans @ assist imigration 6Dcudenineidné magibeany apemithat atilletbance 10)
consisting of "activated titaniumnmesh i mersed in the sodi umchl oride

so$ ut thesolubilipyeoficatpium Tons fopexampie a sequesteRagagent siels asethylenidiBing, aer at or
devi c W(Z[S# {and. irculated using a punp (not shown). The current flow ng

bet wee &Y 88181 or cement and the cathode was neasured. The cat hode

mai nt ai nedhelgestite thodify the RSB/ oﬂﬁaloﬁ&ﬂﬂ@v&fdﬁd@ﬂrﬁlf Bea- 120nV (versus a
saturated cal onel electrode). In this arrangenent chloride ions diffused
~fr om phlysswharidoer 2 pompeundsnkh andigiyleneiglycobatdent e t owards the steel .

E tual | y.t hl.ofi tent, at.th t.eel fficient to initiat:é
cor r ost on TR G 8k BER B TR pVERRIAP FroaPd obFRE TR cnt bet ween

the St&fforad ﬁtwpacaiahﬁggr&és%hal beUledt SRAIAPRiAD Tl Profidelundr eds o

e
m cro anps. The Speci nehs were subsequently ved 3 o fromthe tank and
split réeserwiisofdikali en dre reimfarbementrwhich oraimains e alkaalitysur f ace. Thi s was

phot ographed. The percentage area, of the voids s quantified on a cast
ext er nal s%m%@?&atwpémra& @?Qrﬂil,‘allﬂnﬁb&rﬁeeé%, TORE HHO SPRIREL sur f ace

usi ng ' : VS] _ I ' : . s ; ' bl ack

o1 ol ST R BAEbEE UoARAE el ik, Hhe S BB R ik e
26) aﬁd}aoﬂaﬂs&iunﬂkﬂréxiﬂ@ i0 théepdte SoRGDH ERPRId0S paringtcsuhtsig ealefunt he t ot al
nunber of pixels. The percentage voids at the interface (the steel surface)
isscorhydfcﬁ‘éld%th that at the cast surface in Fig 2. The chloride profiles

ver e easul o e W LIThAYSIE: oPROTHAR NS pra AR KV Alcib TERI o | o erent s

within 2 r enovin € concre ns. Trom ank. The
chl or igg] f@fotdtimedit iitRMlTosdBorave Scotiirive ned by ‘aci d sol ubl e extraction
ima nitric acid solution followed by gotenti onetric titration against
si | ver ni tsoaking tith¢oncrpie with iveatesttp sausgdhe watdrite pergirate theconerete andnct i on of

depth) at. the.tine th ' d .the t { £.f usi
or of 1 PEStng & k! SeAme TEE bR 56 Alds TR B8 slesPEinGfestfhas Guftide °L°Cs
enpe (to’fém?aﬁlg'e} pmf&alﬁl?égkfér&] BElesdtloRE nfierdndRitBitknats o the!steéli on of
distance x and tinme t, . is.the chloride content at the concrete surface
and Dsusfache apparent . diffusion coefficient. This nodel was then used to

| cul at he chlorid tent .at .t he depth of t.he steel the ti
or o, on MRS RS ARGHE sEE of B IBYFREGR Fopte e SR e RS 1og SRR | ons

corrosi on PHRAF

wer e Trgierahde dfftéel W%iﬁo%&%&ﬁé@@%bpﬁs@é}?ﬂﬁf‘o &é%tiﬂ?%’@cﬁ]c?él@, Exanpl es.

Exanple 1 Effect of entrapped air voids a he steel oa chloride threshold
| evel .applyipata thesteel arsolaf alkdii psgferablystopromide ndayes dt teastl anevmicronand abl e
qguantit [ and, therefore a variabl e nunber

y of rapped.ait in the concret
oﬁsentlpﬁptgéfagﬁé ikoRyin tickpess oPribe Seeksuraghand fenicarng he&ongrel- 3 gives
the. cal cul HaHnedl fig rile@%n & ng Wil Phafetlal RRiwilliehtdbiten for a
wel | corrpaﬁﬁ% ané%{ooor?'gé (é,%rrﬁ"acrt1 egu S e@m {Pﬁe g?]l oride contents at a
dept h thé pbfersolitidnofahe coretete cofoem thesélickalkhBel ) are the chl oride threshol d
| evel s dete_H;ri ned for, . . -
e 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 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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t hose specimens. Also included are the tinmes to corrosion initiation and: \
" photographs of z s the condition of the steel-concrete interface. rhellt ?UQ
significantly | ess entrapped air at the steel in the well conpacted
speci nenw0 G115s056h!l ori de threshold | evel is nuch higher and,A ime to
corrosion initiation was nuch longer. Fig 4 gives the chl g‘}#&é"‘{‘ﬁpﬁghm d

l'evel s &Qi b5 Re e%%g@?ﬁ@?m%&ég%&kfn of the percentage area of the

steel -concrete’ i nt ed with voids. 3 o This shows that

at about 0. &fiorad dastingeheinildrstete birk WRSE letndda8irBSob @ okidE idy and
on furthe%%ckeduci ng, the voi d content theethresﬁ%ﬁg ngi;x@%g@f}%g?%@ged to

gr eat erP¥f VoFs GYASked UYIRE A Cementitinus COUBRITRY (i FutSERTon Rdstdel #6the. 2 7 JUL

. ' . FEl bchem cal
har dendi Eohararad TRy b9 VR R hARR T faroairorer v Bhe sectionot o

t-hr eshdiatetpoged & the kcendefeard¥ IO th Eﬁ?ﬁxfae speci mens that were.
el ectrochem cally treated and aged. Thrs was undertaken after casting and

curing but sThcoBeretespeeichens were prepared asing 20 Skkubie maReGin@p pr epar ati on
and teésti ng.ThlgI LLO hepjcal tr atfre t consisted of passing a current of 4
Anps/ m2 of st ee g"Fncl) %ﬁ%@?rglérfarbgﬁ a@ﬁﬁ@&&’é@ﬁ(ﬁ) fulphate sesissans Potand0 day's.
Thi s wasmesirgiHA 1y3PbREH BY velshi i ' Lank contai nin ter and
an anode. Theqpa of the vvatgr é\gglst%f?ggjﬁlg%g%f)gmg%\fgmgt %‘?&%‘?‘h’?fz’ﬁaﬁsmll

quant i @§h GFAiardiv a@;ﬁi:%ﬁ. bléqﬂabylg/:ggm _ofottﬂﬁ)faﬁ'y peﬂ;ﬁgatgeﬁeﬁf afi %,gil,)&gdi o the t
speci n e a 0 m nutes each day followed by drying a
rog% {ng%glaﬁ{@é& f"f*ﬁ’@"%ﬁﬁ%é@@% Ipdditionsiedthe gemerttheteovasafsedi t ric acid to
t he t agRorBahid e ) rgal re.done to_limt the pH
rise thatwwoulld hg&'g?gggﬁﬁérﬁgﬁ%g@’aﬁéw %aé‘sgﬁ?raeg?ﬁd@“ﬂ%m&%? pbimmTHe

chl ori dggregateshibe fre¢ evetatidavas (4. given in Fig 5 that also includes the

trend i5 lipge.fitted to the data in Fig.4 for conparison. Electrochem cal
treat ment r eS8t GOBFreIS M desigtowas chasenbersuse; byivanyingl thetdepesiugl d | evel and

val ues . 201 ' f f the 4 specj.nens., An indication of
t he pHcg@B%/cﬁlgg’s% \ggﬁ ‘5\%%?6 l%%?ﬁeﬂ;ﬁéqucﬁgpﬁa TabosptoRy E‘éﬁdéﬁlgﬂszthﬁ EBWEPPSH aforrer et e

sampl ecortert tyyicallyefonnd ammeybebricFedethit@urds, CA fidrl oy ﬂ% fBP%fiﬁf?,ng Qﬁo&f i nding. 20
Sanpl es re reg&\ggg from one speci nmen that ,ha(lj-l een el ectrocnhéem cal ly

treat et} B AifiEntherrawer efcarly spkoiroen was redzeed il Sthacbyanjttingeen aged.
These - i,Qni,se ter ip a centrifuge tube that was
seal ed?ﬁdssriuzgﬁil}]ev%aﬁﬁsoﬁgg t% g?éoggg@ﬂgo fhigs ?@%@éys‘\ BWT seatingdwasapplied tof r om whi ch
car bonthdiremaitiinghast duefbes, THE $B&ki t i ratio was 2:5.
These sanpl es, v%g?e t hene cent r?%&%eﬁﬁ%@h%%@i%s‘%ﬁe&?ﬁg%c& ution was
measur BAMerspbing tapk (Hdeatainiaklaysodiuenetd dridosulutiem (3! THeead o tfAgigdie With a

p f | unt reat ed speci nen produced a sanple with a pH of
1% 089: &l.%t qréte%}gédp ’%’Rﬁ? SHEHEE, Was elepfrigaily connsctedio gn exterpplicabogt €03f f ect of

the el eisistindOMivatedHRATIRheM hAGE . ncr ease 1 he absol ute
val ue of the@pH. 3 o.Howelver ?ﬁlg premd;;fgttﬁ?lﬁ%ﬁ%%&ﬁ?/%g%%qgté?@Bﬁ% as
cal ci uifky dhesqlutionsd, in the tankewhs adratet by lanaatat@rdevice (Sp apdtianaed air voi ds

1o O b B3y G AT B Bebaag ey 1 e e s case he
AT Bl o A A ot o
t r38at mdROmVilyerspea saturates calomel aletexdde)) Ini tisarrangement chloride ions
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 ffom 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 steel 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 usihé an iinage analysis syétem in

which the voids were turned into black pixels in a bitmap which could be expressed as a
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Exarrp]e 3 Electrochem cal treatnent applied to concrete before hapdegingios

" effect on chloride threshold I evel A setting concrete specinen was treated

el ect rod¥RM/FAFG y. The treatnent started within 0.5 hour SCTIGRILGEISEr et e
bei ng cast. The el ectrochem cal treatnent consisted of holding the steel at
- 900M\pereeritdpe ofaheirozdlenintter ofipixels. Fhe perdentaficipids at thelinteffacestthelfeddour s. The
current was then held constant at SOOMA/ square netre for the next 24 hours
and i tSugEase) is epmpargd veth that ae SR SUHAG IRIE@- for the next 90 hours. The

remai nder . . i i oSt . 0] i S as
descri bed agic’)?/ém:gﬂ% ﬁé@'fslg%:ﬁv?%nﬁé%gl&dfb##ﬁgxﬁ%trooé:rgggfeecﬁ%g[Eld" ?Q? %Pal | the
exanpl pam ddpeh iRictherthaithitn PassR b vefoving tiRdFondeets spRimetifasa thet r e of
steel which nay be conpared with the 40 arrp_degls per square netre of steel

f ors t hiankalhe aklaridp eentgntrf each samplevasdstermined biarcid selublecxtraetinn iBppl i ed to

th t e .hefor. denj ' i.gnifi i fi it h h
| over EASRGESA T PoACRE L PeoiRifoRen Rty Rt RREfielea Ml M or 1 e
t hr esh@le@hldpidelprofe (tHlerigaass M&ibn@fa%m? Ak Yinf Rk sp&dimesewede @ void -
content of about 1 % Exanple 4. Effect of coating the steel with cal cium

hydr oxiedwvedspoanthedanln di et hyl ene gl ycol ether prior to casting the
concrete on,t chloride threshold | evel. 0 | oride threshold | evels
tere det er nivEuSAD SeE e EndEle kavdiotonestif Rfedto stk "had beon

o edoiid b @ esldgRenT of cal ci um hydroxide in diethylene glycol ether.
Tﬁilys( ngt? ng sv?/as?applstlbt(ebg after cleaning the steel but prior to casting the

concrete. TWlereGatt) itheablocine sentehvas Ametion af distinst anaé tine 2. pH f al |

after the concrete was cast. Furthernore pbopati on of . {he coating would
be |inCsb9dhb§r;hlPH€e SRRl Ut CopeTess sursace pd L3 1 B¢ PH@?FWB@%P@ | evel data
are gi LD Fing. | ekl ) in Fig 4
for co‘ryr&};éggl&lg%ﬁ.ﬂ\fﬁg{o\g gﬁ}j’g&glf W]{uﬁgﬂ {so'tkgg{‘ﬂég g}éaécﬂg&é%éu#@ %&%Pb&grhgggﬁértgt ely
measur g@ st agtae tife dot@sivanaftiitioncaatdettgtedBucuridnt medairamentspl ot t ed- agai nst
t he percentage, voids at the cast surface. The coating resulted in an

i Nt ease i nAGHItONE yeere made ko thds basieexpesimanta]ipyegedara opspduseahe voi o
conteng. Thfsresults are shown in Fig 6. 3 o This shows that a coating of
solid af®3P¥on the steel w |l increase the chloride threshold |evel for a
gi ven gehfhphd PEfREt 6féntPAFFed aibaldy £ the stdePoR chidHiSthReshvid ivieki ser

Conpl ast to reduce entrapped air void content. 9 SUBSTI TUTE SHEET ( RULE
25) 2 7 JPompaction imeofthe gEoaResETRscROiEd 9 bave avadebldquentiysfol d | evel s

wer e determ ned.on concrete ecisnens whi ch used a sul phgnat ed | am ne
f or el SUFRARRES 8 R s coaETels e tersne erbl aier of eBRRIRSAAY YPShitrosr o
| N er njel Srflcoh@ete §akdE@Bcd e entrapped air void content by inproving the
wor kabi lity as opposed to its common useage as a water reducing agent or an

agent to m Higd gwes the. cadadattd chlovide peafdesy atitha timerofaiogwosion igitiaiapierst M4 by
wei ght of .cenent s ,added to the,concrete. m x prior to casting.the
concr ef & %‘ﬁ@ﬁﬂ?ﬁﬁ%ﬁ’ﬂi@" Y semppered spqcupen. Je chigeids cpptents alngth’gs not

react igymeo ’ ' a are
gi ven :'ln Fi gﬁég‘?’gé&é?ﬁ@&sm&?% ?ﬁeg) ?r}gﬁ%apibﬂgé Ite%ﬂé‘y?j@ﬁg@{s;hgk at aedid%P Fig 4 for

conpar those speEireersu Adscpinakided asscthe tigsas|to edrrosion initatian amhphatograpksoéfds .and
increase in . chloride threshold, | eyel en conpared to that which could be
achi evErf Gopditionaf dheste rﬁ?&&’ﬁ‘%ﬁt?"}(@?hﬁq‘aﬁs‘é ﬁ@lféqmglug%ﬁsﬁpggms‘i AL This
shows : iCl e : j : el and
t&%%@lrimg%&%@%{cgﬁ{&eg@{ee@b {i’é_’&ﬂoﬁ@@tﬂf@éh‘éld"fe‘%@l Qnidbhighé

i ncrease the ori
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 This shows that at about 0.8% voids the chloride 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.
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Experinmental Details for Scanning Electron M croscope Exam nati om ¥ SjuL .2004
Details comon to Exanples 6, 7, 8 and 9. Cylindrical concrete specinens 72
mmin diameter were cast with a centrally located steel ribbon ( 17 mm wi de
by 70 mmworgsssdsgngt h enbedded in the concrete). The 0.4 free water/cenent
rati o concrete contained 275 ~Cgm 3 ordi nary Portl and cerreﬁ?”@@?‘)}S'BBO kgm
3 fine a .sand) and 1230 kgm 3 | O nm aggregate 20 (Thanes
val | ey grgg{l/@%?é. fﬁ%’tg(gpjcg’(?m&%aﬁgr ‘%ﬁé’i”é‘,‘t %a%'djeﬂéﬂ concgeterk sffegomthe qhienide at i on

' consi st doresiold Uével.ng a segnent contai ning the steel, drying, vacuum
inpregnating with resin, |apping and polishing. Prelimnary attenpts to
produce a pol Chlpsidechesskold develsomeretdestraitled ioR c@ﬂéﬁk%g&iﬁ@ﬁsm i nation
resul tedeli:&g?ch{:{n,ri‘c% crtacg at .the interface. Such probl ens have plagued as

ot her invéstigati HY tred Q?inﬁlage‘?:é@%‘e‘gaso‘#ndaéﬁmafteaca}stingtandngrimglauqool i shing
mat ersi al srigrfto deduest, . differences in expansion when the .
sanpl es I?)\nlere oven dri Sﬁ?ﬁ%&?ﬁfgﬂ%ﬁgﬁéﬁkﬁg’imc??a{aﬁan ﬁ%¢ﬁ§ﬁ?n£aste and | eachi ng

of sol ubl e spBlsceechtmicaigrepohém bbmgstedoMpaRHRE a‘éfméﬁ&%{?? ﬁ@ﬁhﬁ/{ﬁfﬁfgﬁ%%o limt

t hese eftfoqﬁégt. lA t hi nhé 0 prrlh steel ribbon was use verse
ef fects ‘SFOELIEE, AL SR %Gf!il% efgneretedor Hrgayss This masfachieved byplasikekk a 0
during kéiginth 2Rk raslyv di e. used. ‘The need for
drying \%aps' ;r edfug)gd as gg?p%ﬂggq’v?e&rpg&%%ﬁ?%d @ﬁ@?ﬁ%&“ﬂi‘%mrmﬁﬁoa

pr essur e BHu®o! Pasing iasitaldudnytyred nitfic hbig, FHER ken.at_ room

_t enper at Er e. The |.ow vacuum c%ur}\l'di { p(r:ls al so r’rﬁ% ta}és;%%gfr?{cfgc P M at i ng
of the SANPREHELS IAY2ter dOPEdor 4yminutessath dapfotbesd b9 dSHBSH HehE SHEET
(RULE 2 14hH i . good steel -concrete jnterface coul d be

~ consi st gﬁlﬂ’?&g{ % dﬁ% gg@gﬂﬁg@%g f6€ @cé&tw&s"r}@%a acifiife thevtank useshioal

par anet eheelectrochEiout treatnRAE Ve @ne 181 = ; ed beam current =55
QA beamg@oé size (SS)sett&gzlﬁeggﬁngﬂ%@ga_gn%tﬁ%eﬁéﬁgﬂa ORPEr ati ve

pur pos ednduseg by the eugent ptine c@hod90357 A control specinen (PS 1 ) -for

conparison Lt N ddit.ions t.o the above experinental net hod.v i o
This is shome;cﬁﬁngd@é&vﬁg@ﬂq?v llgatﬁéff’l&ﬁ%ﬁ indfig§ thateadsorinpludeshe trebd ai ned i n

{hewscalline igedleirdats 1A 5 6PBTn i PYIL NSRS kORI QU e steel in

the concrete. The grey scale in these inmges teddnon

densi t y mirkediiacieateani chloridertbreshrad devebdnd vilgssabbve 2VAWEE obit&N@ES gf their
bri ght ngfés4 elsi %§ steel (lightest)> unhydrated cenent grains > cal cium
hydr oxi de> %{a "% edom nantly calciumsilicate hydrate (CSH and is

al um nat e- beayn iadich te.>.porosity and voids (darkest).
There is no general ?"E,ﬁf@ig’?ﬂ%*@?%ﬁ% Srogltaé&éiﬂsi“g‘Xﬂpé?maitﬂ)ﬁzcﬁ'ar&&%i um
hydr oxi @encaete samplotthatihadbeempdntoved fidnetiRlviciRg bAME sil bPkIhaakLi d al kal i by
rea%i og%fehv& he pore-.solution. Calciumnitrate was disSolved in dei onised
water to Torm §r°s?§)llﬂv§fi 3 gheResimen that haddwen slectractemieallycrenneshdy wet

sandi Ngondspdeintin th8Cre k& _ ter, woul d 0 wet the steel
sur f ace. i?\pgteead of 5%???31“&?‘?136%%‘%P‘a‘?‘{r%%a&%f}@.b"?ﬂégﬁe eSGAIMPISE WVede pped in

t he cal ¥ddedhteideionised sakartin @ cemtrittgsashd thevy rd €N
pr epar ef% gad test ed ﬁ%scdgscri bed ggggve. Thgé/feglsegl %lﬁﬁﬁgﬁgﬁ%%ﬁ@ﬁsﬁdﬁg phot o

r ef er enob&€0EFYS N seplcd cabingt frompyghick earbow dionidertmtidboen réthevet Tak can pr onot e

t he forgmidiofn Rk : | steel. 2s The results are shown in Fig .
9 which i sIj a bactﬁigg%%ﬁé?dggqgse%gr%%gf %@%Wf”éﬁ Hey cenniygedapd ths P el ectron

ni @505 cefifhe sflutiomwhs steashred CTHeaNecioERASIR ' ete. There
is a general i d}&gt%?n t hat. nore cal ci uﬁ%@%ﬁ%ﬁ%&giﬁ%éﬁgﬁ%i n the
vi ci ni tYT0YC PHE agteef 12.Ah phileitheunsreptedopecimenipeoditced a samplewrhiapiover ed by
cal ci urgf3o dwydr oxi de and the thickness of the cal cium hydroxide is
approximately 20 microns. The feature marked Ais relatively pure (free of
silica cont ahiesepHaodifferendesay nbgligble e THIS 8 fpfr{ Q{e{}l%gge&%? don of a crystal
of cal Ceiléjc@o@ﬂtratle with the pore solution o tnh ydrat cenent .

emical 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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SUOSTLTUTE SHEET (RULE 26) 2 7 ~u~ zoo4 WD 01/55056 PCT/ GB01/ 093757UL 004
Exanple 8. Use of a reactant in the concrete mx to formsolid al kalJl. 2by
react i SYOM/#395¢ he pore sol ution and el ectrochenical treaPREBI/A3Sheci nen
(ETC 1-2) was cast with a titanium nesh counter electrode |ocated on the

ci r cugiveneoodares at the stgebat the stamtiof tie teeatmentnTbelrashlts atedntludédoindiig SA Luggi n

capillary filled with set agar gel (2% agar) an ot gssi.um chl ari de (3%
was ph’l’?hﬂ@%@ﬁﬁéﬂ%‘fzﬂ tfg?ém(?ghﬁ?é}l“’é? g’e‘i é?fe'?w rgf}@gpelgﬂg. Ftﬁ%ﬂcounter
el ect BHQﬁloﬁ%@ﬂg‘i%d%\le‘l‘t ion containing 5%calciumnitrate by wei ght of
cenment was added to the concrete mx prior to casting. A saturated cal onel
ref erence el esttingdenarets specimehpds treated electrgciemipallyb @he treatmansstarted) t he

speci nen. An el ectric current was then passed to the steel by holding io
t e potidR Pgl hoyr of the congrete baing €856 nv rel ative to the saturated cal onel

el ectrode ' : t LRdokie rete set
and hardengg;egét’lar ?H%hvﬁmg{%%gﬁaﬁ{?oﬁ%ﬂtr@d%?hgggéé)%éa{tﬁég@?:ogr?cret 85%}{’1e current
was | egigeedicalomelieieitrate (SCE) forehafirdt 1 8 @oclarme cuaesedasthen héldnct i on of

time was cal cul ated. The total charge passed was 0.35 Anp days per square
et r e constantas FOOmA/sayaep @m@rﬁmexg% purstanddt was thenredugad Bt oduce a | ayer

of  cal,ghum hydr oxi S U f n |.Cl Itrate is added to
the c é ﬁ@?@%‘i{%{&%eﬁ é&iﬂelé Bﬁt?togl?)grss ﬁlf)h\ﬁﬂr %ﬁﬁ%g,of@:e%ﬁ%pﬁﬂiotg aatdb ackscattered
ejgct 'ié%ﬁnﬁ GREee Pebimhdieflad 43 deb&ibea abovdia Bt S&dtioRlexpeimesePpceduré pol i shed

section through the steel in the concrete. z o There is a clear indication

of t heofmamoratoi abthofexamplgg.er of cal ci um hydroxi de on the steel.

Appr oxi mat 70% pof the steel .surface i s covered, by.the | r_and the

PP ckness ortethlal et Prsed B 1.7 oy e on Suarh Beue b SFLUREE ML | | ror e
cal ci wieBiaaed With ki 40 8np 88 Yer PAREEMeR ITRIeS! Ror tldSIRr@énedispscidtng
sacrificial anode and a reactant in the concrete mx to is formsolid

al kal iIt wygs umexpected tht the tréatmentrappked totthe conoketebefirahardesamg@aye acont ai ni ng a

zinc djs¢_45 in di,aneter, and 5 thick. The zinc was |ocated at the edge
ah® tﬁ@"é@@@an]Gﬁgitlvﬁg‘a%%C%ﬁ’Wq{émggﬁtre' of the concrete specimen’ An

aqueo I00;: I: 0 0 ' i ' cement was
agdedbt?l(g%?#eﬁsggﬂlcﬂreg{ggarl#gr%iﬁo@&t%g&gg{sgh?rﬁg‘ é%?%hj\%l%aﬁnect ed to the

st eel jfidremediwith arelatively endll clearga atiangoidevontent of lsout d%6.ent was | ogged as a
function of tine and the charge passed as a function of time was

cal culExasapleth Effest pheoatinghe stes! withwalciwmhydroxidesyspendaddfls t he nunber of

e criydne e aiGgundlh b} L o@Btseigh Ty A hsPatRIRRLTE 01 "

224 JUL 200CHGridé CesHoldRYdls Mege determiifi¥d oh k6nsrBRIspecipRas eohthimirighe speci nen
hel d at -800nV (SCE)(ETC 1-2) by the el ectrochem cal treatnent conpared
with otest that badBeen caated withs psusparsiompkcaleium kydrexide in digthylens #ysol aced

usea 9195 3t aRR g SBlict s Ploaigf e 4B pRBELG b bne R P

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 incr;aase in chloride
threshold level for a given entrapped air void content. The results are shown in Fig 6.

30 This shows that a coating of solid alkali on the steel will increase the chloride
threshold level for a given void area on the steel. 4
Example 5. Use of the superplasticiser Conplast M4 to reduce entrapped air void
content.
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SUBSTt TUTE SHEET (RULE 26) ~ Z JUL 200e 14 CLAIMS 1. A reinforced
concrete wherein the content of voids in the concrete at the surfac?e7o*u'-t FPQ"
steel reinforcement is below 0.8%by area of the steel and in s which there
is a | ayewodi/ssessi d al kali on the steel surface. 2. Areinforced concrete
as clained in claim1 wherein the layer is from1 to 100 mP&T4FRA1/093ST

t hi ckness andoyg 20% f the steel surface. 10 3. Areinforced .
concrete as ﬁaﬁﬁnﬁjﬁ?%%g n%lﬁ eé(?rﬁllpﬁioq aweteémxyemwhiehmecﬁa% of the

st eel swnfmoeatedtmexmlﬁeﬁrﬁfm En 3 Loor 2 wherein
the chl c%{_ﬂ%%ethreshol d | evel |s&é;{{&{e i tﬁgsegb?%‘@"eﬁe Bﬂ?laﬁfﬁ]ﬂ%‘%nt is

c A rei $AC ueraptenal tosredhed medntrmpiéd&hmold\é&%ﬁd By G‘ihg P €

sacrifi nected to the steel reinforce he  gal vani c
ef f ect g’ééd?ir(l gl-ﬁs vl ? %Bﬁ ésr?fi(i? lr){s QMt%e%%ajrar\@mr reduciag sagemh:e ahapemits on of

al kabi atinirhiee thémkead charqge of hydrogen gas.
20 6. A rlgl nfeorcéld Cgor{?%g%géa@t)ﬁ al %g% ?OZYC{;WH%ﬁBP‘{ﬁyWﬁ %ﬁpé‘é%@gnﬁg gl ai ?ns

wher ei n %3 @ddesfodhr casferateimxs prior tolvastind theRbficrete pB&nRH! FAE of the steel
reinfor%ﬁx;r%glStﬁspg]ovi5 gg%area of the steel z 7/ ~mZooa 7. A
process tor €T NG EheseB bectiseit dé’?%é?”ﬁ%ﬂnﬂoomﬂeMpmﬂucegﬁ ete which
process corrpmhsemof-,gémrggl conctr. I n which the voids at the
steel surface are below 0 O?d ﬁma*‘%[e% %r"’eé‘tle ggﬁ%ﬁeﬁ%ﬁ?s"i’lﬂbth&t@hdémt electric

cur r ent fied igetbn data laﬁcgiéfcarwmmﬁsérelmfecsngﬁﬁra@&c@é rgﬁhtéaq{? r?cglggt)m a |ayer

at, t surface | ayer Dein m cron

f | ' t eel
O i l:%?@% &“iW&*@%MW@ﬁ&%@ﬂ lex@dovben chmpsteded iy wm@ﬁcmﬁd bé process

for I edHeHiOABA BV hRSER &l .81 nf orce in reinforced concrete which
process conpr ?)ggs pr ?ggpta(é)ﬁcaé’ttﬁﬁﬁbsteﬂﬁe Egﬁ’@le@%l@tm&ﬁbl yi ng an to alkali to

the steel toThisshows thayesupeeslastioisér by rEAREEL 6o e QN IHeQtd} 9, t he
increase the chloride threshold level.

Experimental Details for Scanning Electron Microscope Examination s

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

Cylindrical concrete specimens 72 mm in dlameter were cast with a centrally
located steel ribbon (17 mm wide by 70 mm long- length embedded in the concrete).
The 0.4 free water/cement ratio concrete contained 275 icgm 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
consxsted of cutting a segment containing the steel, drying, vacuum impregnating with
resm lappmg 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 i in a low vacuum SEM at a pressure of 9. Pa. Lxmited
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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castl ng conditions so that the content of voids in the concrete at the

"~ steel surface is below 0. 8% by area of the steel surface. 9. A2grdéledBias
cl ai meWOi01/56056i m 8 wherein the content of voids in the iBCUHEGRSYWBY at the
steel surface is below 0.5% by area of the steel surface. 10. A process as
cl ai ”Wh'a"%o@ﬁ%td@l-goﬁre@hﬁbﬁh&Ndiﬂﬁ@é&oﬁsﬁ&erﬁl bdudedyer is at |east one
mcron in thickness and covering at |east 20% of the steel surface. 20 11.
A prerJﬁ)Iaéﬁﬂléfﬁﬁb/IMSéﬁ%d m8 or claim9 wherein the |ayer of sol i d

al kal t k th teel. .Aa.AS. Ae. Au . A
T L R L A b SOy

Kd}wr j‘}q m&g@&g@ﬁva] caU] ca] cal] ca] c$a] cal] ca] ca] ca] ca] ca] ca].ca] ca] ca]

ca] ca] ca] ca] c™a] ca] cRa] c<aU] ca] caUl ca] ca dA{JY

w 4" =inadkd beani carreratFEall’] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] cau
Lr%D>%! gl | X" " >#,;
#gggcgg@g]&é%%g?ﬁ%kga g:} g:} g:} gg] (r:a] cal cg] c)a] ca] ca] ca]ca]ca]ca]ca]c
I Z& **P+R+: X [/
al /Cgfh%g@&gia@nﬁaw ﬁm&?&mlasak pRkpedes ] cal cal cal Z&ugj *x [1.r
{vgke [ VKf A sfmtm) spe]omaéi] (:wl])cfa] mra]mmlspna]asa:]asxa]'lda]ma]idl&]ma]wh]:ca] cal] ca] ca]

caU] ca caU] cal. ca%ga] cal ca] ca] ca] ca] cal] ca o;
s <<t &\FQ:G—XQBB&% [ AABHBBB: CCCCCCCMD} xsni ¢] X] ] caU] caU] ca] ca] ca] ca] ca

| s8] o2l cal st abentes] sl eahra) sabaalaakaakenbost salgalsakealaboal cal cal ca

YD E
Pp PPP2 104 \ivibEssebspead iy b@l&dlﬁdkwio@ahmhhaﬂa:ﬁ]:dah tlad comkretd. @hkca) ca] cal
caJ ca] ca] ca ca] caU] cal] ca] #I ca] cal ca] ca] ca] ca] cal V\B [[?\] N
bb$b' lgBhtss These imegesfdg pygis eleciren fengyof ¢hg PR ca] ca] ca]

o faLﬁl{éﬁe} g?ngﬁkbge}gagfg]eﬁ]@]&%l g@tﬁéwcsﬂﬁgﬁ?eksélu%ﬁ]&aleaa&&f%pa' g3hhhdi 0
U, U<U\4RE 8 chidhen bl @rakidel gaMlrad ciaibhmpl edtioa Sadaehgddaca(CGSi])embical ca] cay ca

Ul ca] a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! vevfvi vhvgyt viwzvvvvvvvIl wiwwx gxx

XY§ yxammqeztmtn hydrates angl e ggregate >ajozesiaansayoidy Garksac diees| 8 8P cal ca] ca] ca

kyy v DS PRSNGSR ol Ao of baPaT bIRb AR AR s ca) caf cal cal ca

c
](731523%%8%5 TP 5‘%‘%%‘%"3]&5 B e e S Pore e - 10%e vt

- ysBddEl 1@Calcidin(nitrattOrasudissp) ved-in ﬂeﬂzﬁnw&d(vyatcr to form a saturated solution.

@'% g;/zllﬁ;ée)p ‘:sL‘(() %:clpj fv‘géig qgg%gcgky (oxje(t anﬂx)z@g @&le(x?msed water so that the water would

& ()-mal0% u&' () - FGHI }"SH= 10-u 10-u 10-u@s3
Vo uég"(@hé%f%#fé&/%éé ()-!13#10%v& ()-,. "10% u& ()-m. "10% m& ()-n
instead of shrinking t6 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. o

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

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

The feature mar]ced 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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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 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 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
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. 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 bc' compared with the charge passed in

12
SUBSTITUTE SHEET (RULE 26)



U& ()-&Y@0% U& ()- 10 h 10 h 10 hS>3 10% 27 JUL 200b
© h& ()-1f) 10%48& () - <! 0f ) L0%PHPH& () - </ 01" 1X2298wWUB{ \ : /g@c 01/00383

ug ()- WP OHa3998 - &' () -1 al y#109mUNUE ()-!f& 10%&' ()-Y! 109 (") 99357 1 096
& () - YBk34y5(78A zX6{\: 11 FOLOW/(V(& ()- "!f FUL0%asa& ()-

Fod 09Busimnp)e 8| FOA09& ()- "! Fo40% U U& ()- "y10%

8 2% e 0P e B e B g i€l )20 U 20 0
G 10(%)&&16(916&{%6@1%@%1 &kat@en&&ﬂ@@r&ﬁwﬁtb -ch ieﬁ'\ﬂ’kﬂ% @&leﬁen'\ﬁﬁ’/b o0& ( )

===dE~_@! |, 10% 0& () - 10% 0& () - @.0% 0& ()-10% o0& () -, 10% o& () - &@
109% oeb\(gle¢m>a>zmc'and®~pl@ed digedy it c&ner)ete 10% 0& ()-Z, L

}?;A’Loi‘"m)%hgi%% ﬂfﬂ%l&g%ﬁ&ﬂgﬁﬁ%é g%/f’ %%’F WW ) - &10% 0& ()-$

10% o0& () - ABHBBB: CCdE~ - @!'1! @710% o0& () -

5@10% o0& ()- @, 10% 0& ()-,,2410% 0& ()- SO@ 0% 0& ()-@ & 10% o0& () -
COOCOOCOChE |11 " &109% & () - FL0% & () - @310% & ()- 10' 0 10' o 10" of >F

10% o& () - @y10% o& () - C*DDI EGFGG}[: bC !

Ly$109%&' () - 'k&$10% & ()-f! p&$10%I"J" & ()-fY3"109%& ()-!Y3"10%&' ()-L° 1 10% &
() - GHI (KKxL, MMJ3bC! \ &s3#1096" 6" & () -s! k& 3#10%r Er & ()-s! SLy$10% h-h& ()-!k
Ly$109%EE&' ()-! Ly$10% "f"& ()-!Ly$10%"& ()-, M MVMWMWW-_ @\ &s3S10%&' () - &10%
&§)- 10"

15

20

25

30

13

SUBSTITUTE SHEET (RULE 26)




10" 10"?10% & ()-! )@310%" "& ()-f910% ()- MVDNNNO. CdE~ @)\ &s3310% () -
109 ()-f109& ()-!10%& ()- !10%&' ()- “!'109%& ()-.Q O 7 JuL 2004
PpPPP2QUE~ @\ &s3y: 109&' ()--10%&' ()-y- #109%& ()- mlO%&' ()- 10%& %) -Y

“10% () - 2Q0RRKSSTaB~_ @\ &s3y&! 109& ()-$"10%&' ()-! "109B& ()-&L0%&' () -y
$10% ()- Y fy $10% ()- YTIMUUWWWBWIE~_@\ £s3

7109 () -y5f#10%&' () - 3! 109%& ()-sO! 10%&' ()-. 10%& ()-

& #10%&' () - SN MbCl \ &3 " 10% & ()- 10 10

10>109& () - 8LEAME () -: > 109&' ()-8s! 109&' () -

WANZZ\ [ [}[ 9nbCI\ | s#10% - & () - ! Ss#10%ghgh&' ()-! s! 109%\ & ()-! s! 10%\& ()-"1
0% & ()-310% & ()-[[?\]N*A" zX6mbCl la +t $10%\ u\ & () - F!

+t $10%\ & () - F! 19' $10%E8E8& ()-,!a9 $10%\u\ & ()-,!a &L0%& ()-f 10% & ()-

" bb$b%&b' b3ipbA reinfercél @YRcrlete whet@in the cdflent OF vadids f? thel€8Ackete at the

+t $10%gg& ()-F!'; +t3$10%0 O & ()-FbbcAc]cccaB{\=!Ta 10%& () -

10%& () - ! L1 19%%ade of e &tel(rbinforEbRidhit i belo@PYE, by ar&lSre dedlanid m' '@ 7F

109& ()-!!

012’ oA bl b AR G HeRpgiftlg oo 0 oK1 o
109&' ()-0i |ii%tjjjdE{\=!Ta: @O%& ()-8!10%& ()- F7s10%&' ()-5"10%& () - 3f
109&' ()- S210%&' ()- jj kkkkk*kkbCl!a

10% o0& ()-"10% o0& 81 Y10% o0& ()-&S10% & ()- 10 10 10, >Y

1098 () - knrmo@ph derirced &beeredsme &igimed in iciaig bwhergin the layer is from 1 to 100

I SL@10%0z0& ()-! Ds$10%o0ko& ()-!ts$10%00& () -

10% o&' () - r qanigroAs in thickness NP e PR ac) 209630fHhe Kteel stjfaté O
"10% h' h& ()-1f Y+#10% 0' 0& ()-!\ Y+#109%& ()-f) 10% o0& ()- Itttuuuuu
u{\ =!I NLO%&' ()- @O0% ()- 10'0 10'0 10' 0? 10% 0& ()-

10 3. Areinforced concrete as claimed in claim 2 wherein the layer covers at least

60% of the steel surface.

4. A reinforced concrete as claimed in claim 1 or 2 wherein the chloride
threshold level is at least 0.5% by weight of the cement.

15
5. A reinforced concrete as claimed in claim 1 wherein one or more sacrificial
anodes are connected to the steel reinforcement, the galvanic effect being
sufficient to generate a current to cause the formation of alkali at the surface of
the steel but avoid the discharge of hydrogen gas.

20
6. A reinforced concrete as claimed in any one of the preceding claims
wherein the content of voids in the concrete at the surface of the steel

reinforcement is below 0.5% by area of the steel.
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8. A process for reducing corrosion of steel reinforcement in reinforced
concrete which process comprises, prior to casting the concrete, applying an
10  alkali to the steel to form a layer, casting the concrete and controlling the
casting conditions so that the content of voids in the concrete at the steel

surface is below 0. 8%, by area of the steel surface.

9. A process as claimed in claim 8 wherein the content of voids in the

15 concrete at the steel surface is below 0.5% by area of the steel surface.

10. A process as claimed in claim 8 or claim 9 wherein the alkali layer is at

least one micron in thickness and covering at least 20% of the steel surface.

20 11. A process as claimed in claim 8 or claim 9 wherein the layer of solid

alkali is at least one micron in thickness on the steel.




