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Experience-Based Physico-Chemical Models for Long-
Term Reinforcement Corrosion

Robert E. Melchers
Centre for Infrastructure Performance and Reliability, The University of Newcastle, Callaghan 2308, Australia

Abstract: The long-term corrosion progression of steel reinforcement is important for estimating the life of reinforced
concrete infrastructure. Reviews of field experience and results from recent controlled long-term experiments show that
the development of reinforcement corrosion is much more complex than the classical empirical Tuutti model. A new,
comprehensive model is proposed,referencing observations and inferences from many field and laboratory observations and
built on the bi-modal model for the corrosion of steel. It includes the critical roles of air-voids in the concrete at the concrete-
steel interface and the effect of long-term alkali leaching as accelerated by the presence of chlorides. Both are affected by
compaction and concrete permeability. The role of chlorides in the early stages is confined to pitting within air-voids. These
are critical for allowing initiation to occur, while their size influences the severity of early corrosion. Empirical data show that
for seawater with an average water temperature in the range of 10-20 °C , the corresponding rate of long-term corrosion r, is
in the range of 0.012—0.015 mm/y.
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1 @&

TR S AL ) 1) A 557 DR ok T R A 2 A P AT AT I

201248 A H b i G N R B, TLF- 30 80 A9 o ) 38
Go TEXBUNTRR, BT EREARFET R IR

1B, R S ARSI O, (HI S iy
JE RSN A - A X IRREE 1 P A5 0 o ) SR A T T2
Rz, 2RI A" 1,
LR KIS, SRR E S E I — PR,
Xof T R AE o WA BT AR T 22 B A TR e 4 A
S ) AR BE AR, R ek O R R AR
o AT AW AT N I — A, 7E 201
20 30 4F AR i 19— 412 900 AR FT A B IR e -, 7

WY RIBAIRAX N JE i W B L PR, SE
TS ARSI BN A A T A TT R . X R IR
B AL e, TRBE L A AR T = AL, AETERY
PR, R TR T AR SR TR BEL N
T, LG RAR AT Ry, A A R R . IR
Yk - R AR A 1Y pH {BZ°K 12, 1 2-3mm &P pH =]
7o XM, BMEREE T KLA80ME, KR EE - B
AR & A K EEAEES (Ca (OH) ). X —fEd



@ Universe
Scientific Publishing

ERITS%E(1)2022,4
ISSN: 2705-1269

AL, FAEARE RS, Horh— AR
il TR L A G ™ R e

BT, X T A ) A A 5 A DR TR A SR R A R
AR, AT SSBIAG A B, X BE YA AR B 7 AL
BRI (F). R H 1949 Dok — HRARER T A
IRyR B W . RIRANIEE R, (HIRSERT LU
FAS: A Bl A AT 23 B A B YT L i S LP B
B b A o R R A R R Gl
1944 5[ — PR MBS ) BN R T 484k . HiAth— %
B S T B S5 A A SR L T 2R T AR
T, BT S0 S W ST A AL G AT 2 2 P 4
fify RN ) ) JREE - LS R SE I S REAR RS20 |, X
SEAE AR {72 5 A9 o ) B S0 0 e AP R B2 R 25 K 453 3 )
FERSPRIE A JEE .

o T el Y K B SE g 45 2R, — LESC T A TR e £
MRS 22 10 S DS A B AR 1 P AR A

] S EA T AT 2 T B0 S e e i 14 S o 7 T
LFrgrt e et 75, RIFTIA T — R
B R A5 I ok PR Db R R R ) PR, IR AR
YRS S PR A5 AL R (9 22 56 50 A RN T 7K R BRI JS ol z J
g BLAR AR, DRI e IR A M SR fy . AN SC
$& A AR RE 1 2 BN AR G B AL A B R
8T B

PR OB R (9 5 — 20, 5 05 20 fiE 22 50 4F
ARAEATRI AR LU FIE L — 7K U8 L Y — 22 91 A0 4 i TR
e b EAT B SR RE EAT UL X AR Y 2 R R
PEAT TS, AL 9 MR B 2 fi) 551 XY E 2207 1
PHE TIREE LI R IE W 28T B MR R T 4% ) 4
M, BRI R T B AR AR SO SR A T —
LEPPIE

fE3k—pi b, EARERERE, BT aRmyeihe:
FEBITESN, Raupach!™ 8 25 (1 SCHkIA AL & — L F LAl
AR R A Z AR — FARB M X 2Tk
(S0, EASOF RS R, 5 5bs
K S F T B JE Il D S i B R S5 AR L (o, 1),
PITARFF B S5 RO A R AR, XTI, 2R
BT (i, P, BAIESE T R EAR A R
B RN UE L AL A RS S, AR SO T i
AT B 22 3 i A A iy BEAL AR

El=3
2 EB=

A I IR A R R M SEA B IR AL R T
Tuutti™', A 20 e 401 T £ 2 43E T — Bt
AfiE), fEpednE], kB isiRE LR, RATA

W R, BB Y AL B A e Y AR
JE IR, BEJS REE A HERS AR AR R (1A

la),
Corrosion Corrosion
(@ Inward (b) Incubation
d'rﬁus_ion of Active Propagation
chlorides 3 corrosion Induction
0 re ot N [
tj “initiation Time

t Time

Rate of long-term
corrosion of bare

5| steel
ol —_— >
Mode 1 | Mode 2 Time
Corrosion D
. |dealized
Chioride progression
(d) diffusion s Active
Cep: ! corrosion
1 | of steel
Al I I I

TR T Time

BA1. (a) BRe)Tuud A 27 T4 & 5 A4
MR B TRk “HAE” e B PERE, (b)
Frangois £ A% h 69 BL % 4R, 199477 A% B3 sest
R A BT aMmptemu®a, () HF (L) &
BT AR AR e SRR (d) Melchers fe Li, 200632 i
B FIRM R AR, B BILMR AKX, Kk R,
LR LA R, VAR EPLE AR T 45 64w I A fik

R T 2 SRR BE - R A s il R ) AT e SO TR BE
FFZL, Frangois 5 NP HEALAT A O ARG 4558, #2410
TENb IR BLG2ERR (S5, SR, xHA%
FAPRSEBRIEAS BT, FIAE S T A R A G T
FHECBIRSRE, G e BIAE 5 M ha] DA, mARaEm
TER: b B e K TR Tt v il AR PR T A 28
REJI RV ISy, (HAl N “Rpee” #fy, RIdEH T3
KRB HE M, Q0BT E) 10-20%, F
I, S A BEGURT 2 S T T SRR SO LS
S 5-101%. 82, SEBR b, REECREA S M5
Mg, bR b, AR EFH, JLF SRkl
BN REER . I, X TSEbRghtly, sl Ok
¢ (b ),

PR ES VY <o i G SN AP -aa o= 1519 o [ B R W 4
AR RGOSR, T iR 7R 2548 75 i i AE X 0
KA, ATREREKON ALY (DLTRER R RIS XS
B BRI . 2B, T TR A R AR
il SR R BAM GG TR, FEwZ R AN, R T R
AR AR o 3 o 5 R 2 AR AR P D5t PRI A DA A 2 e
FEMIRR R B, fEprop, ARAIHEA T HA B8 ith



ERITS%E(1)2022,4
ISSN: 2705-1269

3 Universe
Scientific Publishing

IR M5 BirBe.

Tuutti Fl Frangois 55 151 84 (1) — > W METE T E AT A
Y e IE WiFoley™ B £ 48 H 19, LA & Heyn fI
Bauer™" Il 5 Mercer Fl Lumbard™ 76 & 3 & 25 F F (iR
BEL TR ) EATROfFAREE R SC B A AR, ALY XS
JE i R A TLF- AT SR (A8 2 S s i ) ), YEAE
M, XU A KRR AR 1 i S A
WP A LSS A, SI2 6 45 R AT AR IR iy ARk
(om0, XA AT LA R A 4 — e SR ) 5 A TR
TAERBE LN AR AR, (EAR DB N
Mg (S, RAER XIS, EmrEh
EEEFREE T 5 | 5 B0 357 8 et 14 O 5 A1 3% RO MR (BT AT3 9%
MRRAE 0 R BARAREE B “Eis S 1E
Pl SR, XASARIEHE] & S E

XSGR 8 5 A PRI B B A AT K B D0 A
SR T I AEGR JE R S (ORR) A 4k: 0, + 2H,0 + 4e
— 40H™ MIMEAATCL 2™ ik, JF OS2 BR Tk
BUEEIE, W] DUBE IR K R e A o, flanJL+
A (AR ), AR B ol g LIRS AR % R Sk 1 5 Pl R
FERFIUVEIG, N2 A REUE AT X TR EE
T AR AR R BB LK B ER TR AR
5T BTRE L 45 A A DR AU D i) B (L™ b
le)s

Melchers FIL LI 5 Y 17— R, (2R R 25 & T 3
SRR R, 5 LRIV PR b A D AT A — B
5 Tuutti M1 Frangois 25 A PR Y b A8 5% 459 18 8 ok 2 1 (1)
AN RRESCOAN ], B 7 A SR A ) 5 o XU AR Y |
(Bl 1e). ZERCAE Z WA AR50 0E, 4% %
A K45 TR A AL & 40 Ik, Bl e 7eiREE £
WAHRL ., WS 1d iR . 5 Tuutti Al Frangois
NI, B —RBE (0-y), 7Rl aT
AE A A GBS T NI B T s T (BT 1d ) %
WM, AR SO, AR R O S A AR S il
FAAHRIE” oAk, BRI
BEAT, AR SCHE— DR, R BE L - B0 BT AL TR B
dAs B R ORI ) Al PSR . BEE A URIFER
FE = PR R, A AR e A X2, A I
Pl SR AR X R A (1 1e ) SRR TN 1d Y
(A-B) Fon. IR, A9 A0 i ol gt 2 2 oy A AT 0 S
PR o SRR S Y O B TR 1d P 5 RO
(B-C). e, 1R YR, WL T SRVFAHX P
FIBIAPEIE D (C-D) BB A0F, XSO 7E T SCit—
Hitig.

R BT, B P AR R D R R AR
AT (Bl e ). A B A% %038 J5 R W (ORR)
H AN R4 ) AR R AR B S R R
B - LT AL I IR R B IR AT R A AR,
W AR pHABE &, J ok 5 %25 5 o5l & A=Y L 1 B
W N Fe— Fe**+2e” 38R0, HIZ R 307 th B4
Bra i (HER ) #4738 #E M . 2H,0 + 2¢” — H, 1
+ 20H™ . JKIG AR AL T IR Uk 85 BT 75 1) A S Ak )
T. BRESAHES SHER, HASIFAESHER
R AT R 2 Ah o 3T R A i AT B ik
RPAE AT TR e+ IS LT, SRR 2 T R & kAR Ak
BB R T, I AN R HageU
S, AT o v RO T AR T A SRR Tl A
PR, W T 48 5 il AT A R A B e R
MR R A, PR, PR R ERA N T2, B
XA RN 44

AR L, S5 ol 2 1 174 S0 B ] PR S X
G b R e A — g SR, I ELRS R AT R D
232 BIRBE N L 5

FEARSEZ R, TEERNE, WIEEE YR,
S RIS, SRR, B2 th iy B
4 (El1e), nTLAgE S B gt midh. BErTLIHS
e M BHERR . B UARANEEFR “EhER" —
TR IE I A S pR A, T pR AR S R AR
Al VAR 4 8 A5 A X Sk AR sh . T A R, TR
BRI, s R Y R SR R S A A BT
RS AT A X A BE AR IRBE = AR X AN
AL, BT I RRSEET R T RE AR . XA L
ik, TREE R A S AN A TP AR A R
R REARRLI RS, Bk, EBSEIEE45
BOOMPS AR EACHE RS, JFREARe i E (Kl le), BT
REEA5e, IWREREH R, TERE T Rk T
TRBE R K TR S DA SR + 138 i R 46
P, X E N RESZ FNREE IR E M, Y35
TRBE AR H % 5 B S YEARMRET, A B EE 21
PECk Z BARKAINE], JF BAEBRGIEEN, r,— 0.1X 5
MR AR B . NS BIREE A A 8 —3,
RV fef 7 2 iR A 2ok 8O AP, RN, X R A K T BE TE R
Wb RRE 2, HABALRI T RS T90, A 1d PR, B
ALl . i e e i i ™, Bl AT
W, O FIREE R AR KIRBIRE R, iX
Rk, TREE A B A ARL, DT RS i T 4L
B2 [A]RITHE A A FL BRI S o 3 AR 34 R 2K ) SR 4R



@ Universe
Scientific Publishing

ERITS%E(1)2022,4
ISSN: 2705-1269

S O NI BUNE B0 e 1] F s

H—JrH, XTHEAGRBEE (HIFR) 1iREE
+, MAPRRIREE R, DS )2 i A S Ak vl RE
ARGy — e, 25 SRR IS 7 BB A Tl A A R LAY
TR ATAs A SR, AR R E T 2 E R
BB R B AT BRAR /N, PR r, E O T
SRS RN HER HR, SR, QSR A7 76 H K
W, GlaREE R 2 R MR, H S kA
i A

El1d i R R (A-B) R ATk g w4
i, bR, Horh 2z 2 B4R i AT 1 i i 3 A
K2 (Ele), H—A, EUCKEERN, BHEENFMH
SRR - — A4 5 T A YR R A L5 A AL RN AL BRI
SRR R 28 e, Fon W EARAREY, JFTE TR S
S IR AEAEAR X RS B TR A

HRAE Ty 2 2541 (35 4 30T H f B EX Pourbaix ), HA
Y pHAEAR T 9 Z A I, A RETE/K rh 8k idyid o ri L
FlE—M (S345)) @, X 5EMAWRETT ., XiE
HHERR T IREE - FTEEE LB/ b pHEE H5 1 — i
AP At o Rk S SRR . e K (B
TEER ) MIHLAL, JF HAER T 2= FEvTReny, RIME7E A1
Pl B JE 08 = 9 pH PRI R AR At O S Rh nT T B
FUVFTER AR IR B L b S e i LA 5 1 &
B

523 WA DG 1 o e i R R TS B A AR R
LB AR AT . bW, EHG T 2ERBRA,
JBR TR S, SR T BOHABBY JRER (k)
JEPRT, — TR, SRR ik M 2 32 B R 2R
BmEl, JOf Hoam s in, HRRAZ AR
FIFHPER BRI, B AL AR, w2 )E, R L
B, BAE O T nE 1 dR g (A-B) File, s,
BN, Yo NP W] T4 R R R TN, b
AR AR D T4 i L B J k™

R TET TR B = 32 P A AL RN o3 S e T R B
- BRI S BLAIR B L R SCRR R . AL, BT BRI IR
HE L LA AR (An7KOR BRI R IR IR LE ) B PR
JIT A X SR — e RS M GE TSI e M, X AT RE S WA e
25 BRAb i T, BPIE 1d R e

A UL BB S AN ZR, AT LIS B 2 s 9 8
MWoRnEMERL, TRIEN, fEaZn, EihE AUkt
JE Pk R, B, T A BRAMARE, B ORaX
SR ZRPE T o B4 T T B0 1 K 01
MSEAE (e, Mr,) AHITHE

4

Corrosion Increasing Cover concrete Aerobic
permeability damaged by corrosion of
of cover expanding 1 reinforcing

Increasing size ~ concrete rusts | steel
of air-voids r
s¢
|
Cse i //

[y A :

It I 2
l " d ifacf Time
Steel corrosion in 'Very low permeability - akali depletion
mainly in Mode 2 concretes: rg. + 0 Idsslroys concrete
1

# protection

Hf

Slow loss of concrete alkalis (accelerated by chlorides)

B 2. B 1d P #EAE 69 B Ak Sk R R R R ) TR £
FHME (FeRE) ot £ £ TG EEA

3 RBIEMHEME (S#c, Hfr,)

RAAT ¥ e — ZRBNIRBE 1 TR AR -4
BENSEDULE &2 g a7 A N 1B e I = e A
A LLWREE S MR B R A7 A . Forh 2 —J2 Shalon I
Raphael 238 19500 H ¥, B H T 2 A BERNR EE + L0,
BRI 40 mm x 40 mm x 140 mm, HY4HL (FKA )
HRPRUAS S 500 0 B b K PR i e B alRR iR i A —
FRYAIE] . HC S B9 B A% 6mm B BRI . TR A K
M RIRIE KA. I, M—TFhs, TREE S5t
R ENEY . FIL, BEH (0-v) TLIZIE
Aite BOR—FPA R SL AR, TN R
IREE IR T — R0 E R FK K . BT
PP A Y

B TARm R “HRAT R iR AT BRI TR EE
Frh A, B TIRE L ESE R, SRR
HARE 2™ IR L B E S,
AAXI A E 292 98% , PR RZI N 25°C, H BT ZAa
Jike HE3INAL 64 1240 244 A F48 4~ A i,
H AR EE LIRS b By — D a PR, A
BRI o B AT e B AR S 2 R
(AR A T U 2R 5 A T B . RS R S 1
PR PEATAREE , I 5 LA BT i AT U8R . AR SC
PR BE R R B o b YT BRTR AT, (R
FIBRFR LA TR LI B (7800 ke/m ) K SEAH e e
A CRRLAE e mm ),

FAEHE T AP E , %50 B T AR R
HLA 0] HGKOR EL A R KR FL A RE , R ) i 12
AR Bz B AR A A SR A K e . —2iR A
BHE S T B RHE R . 5 Shalon Fl Raphael ™ (1) 556 A8
6], ZPATHE W, BMETE 124E M RER IR, di
AR IEAT DL Z W S AR R, 3O R A ARAS T 1
AR, FEXBIET, CHT T REEREY, EMWAm
Ab TR BE - B B RORFLBR



EREIS%E(11)2022,4
ISSN: 2705-1269

@ Universe
Scientific Publishing

—AgE AN A I E SR AT O T I e S AR R
228 AF BRI R R IE B . ORI B A TR BE 1
2 (36 ) R THEEELA RS E20CMH AT HH
TR L E KM T, (ERBILHIE, il
TR E O, (BIERVILAE (Z94-54) J5, JEM
R E TR, PR, 3O A =Ry fif 4 P
A AGE R AR EA . TERRER 14, 23, 26 FI284F)5, W
GBI BN Ay ot S B ) — RS B AN Sk, DL R IR B AT
SURBIRY kT, RO 205d 28 4F A 2 58, B3 ) s ok
PR AE R R, I BT & B = B AR
JSAE —LE B IRBE R 2 AR (10mm ), — LT
PHSREAT o T R Bk, fEPT ARSI, REEUE
DA K AETER (AP HETE) MR,

& ol e i A A A A R A T AR R, TR
FIAE 220 B HORE . BEARI e AR B2 12 mm Y
3 A AR AR T T AR 2 SR A S R AR fk, AR
720 - 25 mm2 BTSN . e HEG O b2k, 28 4F )5
SEHY (AR ) RS o 0.32 mm. B A R R ) G JE ok
PR, ASEPI RIS 2N AT, Rk, 2k
Gk, AR TN T R %, =0.014 mm/y (&
14), W TFRASES DA T RS- E L, BT
AR T AL, ISR O TR EE 1 BL A ikt
SR EE TR SR TE R (5 B o

JRAE 8] 31| Shalon Fll Raphael,,, it & B 52 50 45 5%, 513
SAZE T ARSI A D SR BRI TG (wie ) FERK
Pt Cale) 2810 XTFRURMAE, B ETEE
SR, FERZHUEHLT, #FH Stineman™ E L M “ I
fELGT sRBAUG . EDBUEOLT, Won TIREnta .
T FE TR L, (A ST AR S R 2 U
FERL A SR BUH S A —8EZ b

(EAFE R, TERTA M b, A0 ey R
JE R PR AR B (E3), BkAEEMIRET1-2
ENL AN, ERERME, KEE MR, &,
EHATER T, EROKIEFK K A (12) e
294 0.015 mmly. 1 FIREE 458 B AR EE 1882 0]
MR I SE R Y, X —S5 R AT LIS R, B ko, AR
U TR EE 55

I3ty R ZHOEHERN, TERVIMN2-34)5,
Pt T Lhr, B HECRE LN~ 0.015 22K /4F, XILFY
TREE LIRS RSB0 LU JE G, AR 3a, brft, —2bH
A AR R EE IR AR (RIEERRAIR SR ) R
AR, Z /DR RIR 3-44E 0, A5 &5 HAD
PR Sy —F Bk . RS R, Joik

Exposua Fonod (yars)

=
Relnforcement Corrosion Loss.
Aggregate: Cement = 8:1
Dana: Shelon & Raphaed (1950)

Mass

B3 (a-e) MEBKHIEAA SR G Shalon Fe
Raphael 1959 4R 469 3 3%, 257 T R EFH KR AF
KA R EHR M, K SHAYERLREEN, A
R TAMBY, BT, KAWETATHEL A
.o EFTAWLT, PIARBHKR (a/c) Fok B (w/c)
Wt 2940015 mm/y. EEKRSHAEE T, RHE1-2
57984 AU AR AR R A A
Bk, A SR, X Tk Le 22 4],
JRRAESR | EAE S HoAh 22 A [

X T 3a A K T RE R, W LA S T e A )
AL, ZH RSN SR TR, X5 Bk e
BIREE T IS 25 R — 3, RV 5 68 T 0 4E 2
JG, BRI R B,

CREESHPI WIS e G SR Y LS S s
KK EE N ale LI BREL. BAR, o BHAKIKH (wie) fYHE
TGN, SR B wie B HE— 25 IR R e, R B
T, /KR FLIREE b s e

FEfRREE A ZE SRR, T LA BB “CE”
FEIREE 5, TRBE L0 RS S - TR+ AU R
PR, ARG T, T KRR, IR,
PRI AR PG 2658 v R TR B - LB R T RES3 EK . X AT g
SRR LEIE A e (H BRI EE . ME487R, B
i ale HLA T AERGE W e ABL, (HXS T ale KT 294-611)
T, MR, N e Bae FRE. WRTATIR, X

RV IR AT

5



@ Universe
Scientific Publishing

EHETSXE11)2022,4
ISSN: 2705-1269

0.3

T T T

L Parameter c,_

[ Water/cement Ratio = wic
025 - o . o - - | v ¢ i —

=
(¥
1

Parameter c,_ (mm)
2
&

=
T

0.0s [

Aggregate/cement Ratio (a/c)

B4 Bk c MHa/cArw/c ooy Fdk,

FAT A AT e R REE LB E A R . 5 HALY Y
WA, Flan, XFTabe-MAm, ©HEERMLLE
SRR ™Y B aE T 4 R R BRTE B
BREVRUE SN R AURL + 5, AR REOL T, B A ST
U PR 2 B0 s B 22 ) ) 2 S e AP 52 T LA ROt LR/
(KRB M52,

XS EEE ., Bla/c LE>2 M TR BE 1,
Ry 1% 202 2 S N ) € RSO S I I i 2 ¢ (1) F R X
i

c(t)=c,+0015 (t-t) fort>t, (1)

Horp & SEPRge it S, >02 (AlfH ) Ja sl
], e M4, X TFacltb<2, HE (1) @fliTe
(t)e VA EEEHEHE T LIZERE R muTas, (&2
A BT Al UEEHE T, M T MG, o, —
0filr,—0

HARSCER RSP B 6 TS 8 e, HEE (TR,
RESEURIE A W E ), B 25 Bl H T .
Beaton 25 N PR FR, JRLR LA b AN A TR BE A A0 i 8 g
R 25 °40.012 mm/y,  HoAt 3 77 #4985 1l R 55 15 0.18 mm/
y, AR 2 T 58 G R BE b Y R IR B D . Stewart il
Rosowskylm%tﬂE@ﬁ%ﬁﬁ%iﬂﬁ%?ﬁ@ﬂgo-on -0.23 mm/
yo Mk, Andrade Fil Alonso™ DL K Sag i & s %5 AR 45
THEET RN R A DTE AR 2 O 0.01 mm/y, XAl
FIAGIE 3 R SEERAS AR

4 MBS

P2 s i AR A2 3R TSPl g a5 2R, Rl
Fite . KB EN . T B AALATREE LT TS .
P15 7R 1 DA 8OAE LA AT AR F [m] Ac A o 3 TR 45 - 1Y
ARG AT AT, Xk e A A LA I, LA esc

6

Hlrs—0o TEIXLEZEMFT, — L AL AL 0620 A 45 A
F, - RN A I ok SR T RE, DL AR 4% H At — SE AL
AOVEHT. SRl A SE IR LRI, i 9 I 81 0 ] T e o5
TP EAES (Ca (OH) ,) MM, BT pHIHZY
A 7-8 MR BE AT W, W RAEE g, A
IR S R L R L i Y, SR SRR
BRI T T — DB Er R AT, JFA IR
REMRERBE, NMAANG . FHit, AU
JALIREE T pH EFE(R, T HABBIEE R, Sk
Je s R (P2 ),

P ey
Ry T

Hs5 &RE. EERIFHRELERTOFMES
B ERBBEHRAGTH, 2T 5 AZEA32 mm 4R
B RZR AT (HFWARL, eBR), TEANST
m 4R 55 R A B G4k (BB K ORE Melchers, 2020 ),

A LA BB S — Al T 46 Ca (OH) , Ay fE
9 R R Ak B v R e TR - AR S R, 6 R TR
] 7KK LB LK I8 U LA R K AR 7K IR 78 104F
Ca (OH) ,FRMICE™,

10

Trends for Depth of Alkali Leaching
(10 years)

wic = water/cement ratio

wic = 0.95

Depth of Alkali Leaching (mm)

w

[:]

W

=

W

g

g

L3

\
A

N
T
o
@
@
L ]
'

Aggregate/Cement (a/c) Ratio

6.8t g LA AT L pHMA N &, MRE
Lok @ g £ AR ka9 iR (B T Melchers and
Chaves, 2020™"" w89 53 ).,

P&l 6 Hh i 35T ] Tk AR R S8 4 4 2 i Y U
AFIE], AATIAL SRR B - BE T Y R aE R e, BN, Xt
Tl () KK 0.5, R -KIELE 4. 1HIRIK
Wy (Jo2dae ) IREEL, 1K 63 1047 N A fif IR



EHETSXE11)2022,4
ISSN: 2705-1269

@ Universe
Scientific Publishing

2902 mma 0.2 mm/y, X THEAKIREE L, FHNEARY N
0.3 mm/y, HL, #H5ER S50 mm FTREE - 2500553 BITE
FEfl 250 AF A 165 4F I, DRI AR 5 J I 7= A T PR . %
TRE R EE+, flinale=5: 1, Ca (OH) % A i
KGR, HOREE (2502351045 mmly ), FiilAf
[, 43500 220 F1 1104E 3326 He At fa] 4 A Sk 4
Xof BV el A B SR . B TR TR TR K L Y
FEE, RIKUE & A TR A i

FEXWAE b, B ASTHE LT AR, (52
I ARARYIIRR, B, 588 TR ERKE. Wy
T 25 14 R ok 80 AT 14 4 377 Vi 5 AT 1) ORI A L
TXLETREE T B9 RS (380 mm x 460 mm ) REAREREAS i
N, TREE R pHE 2R 12, {ASF82 - 3 mmBRST,
RGBT AR &, 200 s 82 BEN 5. &
B, XEEAERKIE S AR, ale LUAlTHZ45: 1.
Y5 Shalon Fil Raphael "' 5256 i (U REAAR L, X BEMEARBE A
R, N RS

5 & (&9) HerfnE b H S i

fan, PRfERE T RUE R S, IREE LA
/NF 0.3 mm 1244 0 T EE ] DLZBE AT, B ERX—
PRAERERIER I, Bk ABIMSB LR ™, R, H
bR K 4 2 T R R T4 FRAE” IS
PO i — S PR AR A E AR R A AR E A ()
R WBEE 2 T EUE YRR A 0 o O e
A SEBR G -t A AL AR S 2R

Pl 7 7R T AEAGIEUT R KR R 3R 65 4F 5 ,
ELAR K 6mm AR & A AR R M E AT CRRIE” R
AR T FE R R L Tl T i 2 35 24 6-8
mm, HENAINRER T T —A B, K-8ERT
DU LA 2 32 mm P B9 A o 00 T AR A 5557 ) SR P ke, A
B F K- S5 T 2 58 20 85 4F 1) T 24 i -
MIACIREEBES . FEX BIFPIGILT, EEM SR AR <40
&7, TEXPIFMENL T, JREE AN A A 1] LAY G5
BRI, LS R SO I SR

B7ARETEEBERATH6SFRE L PRI
0 T2 A omm B4R A5 B ARSE . EE, B JE iR A A AP

296 -8 mm,

B8 EMY 5HTRETHEKRSFE, AEA3
mm &9 4R 55 5% R SR AL, TT R e R R AR B A K
REFT (BR dy LR - L EHPRAE ),

LGS B T AN (a) JEPRALER R AT
Zs (b) JEPRANE TR, JE WAy R AR
TEOLT, CHEAULER RS, AR BE - 2 i 2R G
T g% (HZk) 4k, If H R LIATY AL E IR,
AR R BUERBCT B SV R B i S8 A, (H
B 0 1) B R AR TR 21 Ml R AR B Al Dy F2 B PRARCIR A
TERE 4 1 B9 8 s PR A A A2, A HER #8 44
FEA M AR E A (B 1e)™, SR KRR,
Wt R BCHBARE Sy WA= . 25 EAng, Xy
TSRV — ALK R ] 7 FIIET 8 Hh LA R .

PR 2RO B, ANET TR, ik FEEORTEIR A %
P LA Pl va 1 B i ik (8] 1e )o BB JE TR &
W T3 FE L0 R, R SR B Y R VR B a7 B R
il B R S R T B R AR SR A e A I, R R R
P2 SOR R R B AR gk R R, Al
9. FERVBIRT B, AR A0 TR FTREE )y A
W AR m A IR, B (T RIEMA ) RIEE .,
2, B ORIRR], TR E B T B MRS, H
I BT AN B 8 TR IR SR M LI AR . AUAIE
IR A AR A B AT Be A Lk — 2Pk, Jf o Yt B
— . KUY EE A A AT, W M, K
DR FZORIR, WRAELERRRAE, T
X 2 W G N e (19 ) 1 T R R R A
K7 TR RO BETE . 17 v e s A R ol % A AR
)65 IR, RIS BRI 204, X 7EAR KRR
JE EREHRT 532 mm AL, 6 mm BB EARARAZESR.

&1 9 BT 7 1 KR 43 6 b e JR 2 DR AR e AR S A
A2, WETITR, 77 A m R FeCl,, AR5 i
(RE) HEFRHFNIMNTIHEE, B TRV EMAL AT
i, GINLAREEEERE ([8), BIAIMBIAEEIG, FeCl ¥
AL FeOOH BIEA BRI AE TS, X enTRESs
TEIRBE+ 1B T AETE A5, B3 A W] REAH R 7K B



@ Universe
Scientific Publishing

ERITS%E(1)2022,4
ISSN: 2705-1269

(a) initial pitting corrosion at crack : o?nlcrete r?racl-;
(symmetrical all round) \l individual pits

sideways pit amalgamation

(b) development of pitting Steel bar

Concrete

successive 'plateaus’ from
sideways amalgamated pits

Steel bar
Concrete

(d) initiation and

development of
tunneling corrosion | corrosion along bar

B 9. K B R SR g AE F By 3R 6 AR K e . R Akt
— W BBV AR AN s R0 R A R A
ERETER,
MK e, I B N AR BRI .

FH TS0 VA S ol P CRR R i ot S oy
R e AT SR SR i R 2R . AT E R E T
FRA SRR, SRR ELL (R E TG )
(E9)., Hitt, MR ARIEANSE, A, IF(E] ]S
(i—t,) HPARARA L.

Ar (t) =r, (t-1t,) (2)

AL, o BRI bl BRI R Z wT B B T B, T
KEBIEN T, XKL R =0 B, 7] LRI E) TAE
HEREL, X TAES T 8E K P R IR Y
10 575 1 AH AN [ 1l [X 2 58 b 70 A [R]SF- B IE ACR EE T
IR LI 25

0.3 ——————r——rr e —

[ Corrosion Rater,

[ Mild Steel in Seawater
0.2s [ !

4 L Arrhenius trend (fitted)
“ b r,=0.066 exp (0.061 T) [R=0.97]

Corrosion Rate at start of Phase 3 (mm#y)

0.15 | I
Approximate
L error bands 1
0.1 L | a
0.05 = -
" 1 A Ml A S MM PN il P B
0 5 10 15 20 25

Mean Seawater Temperature T (=C)

B 10. 4041 i i AL AL AIAL K 2 TF 44 BT 69 7 44 J 4k ik
£ (r,) (A1), ErR 284109374 (K T Melchers,
20035 4 44 F03E ),

i B AT T R BELA 42 B4 1okt 7 0 > 40 il FeCL, 19 H

8

s, —EREATROL, 7R (2) WAlLLEH T
PR T o o, O L — D94 o A 0 A A
ARJE L, XEWELR (2) WEHT B AR,

JrEE (2) BT AT LS O 2 R AT b, B,
JiA% 2 BT A B M AV T 0 AR TR B R T A 1 T
R E 10, R E N 10°CH, r,=0.11 - 0.14 mm/y.
XF T 604 B M r,=0.11 mmly, 82 % EFE N3 mm
(B 3 5 2 27 AR I I T), BR R 33 4F I IS ] A REJE 1L 3.6
mm [ FE AR . WERH FEr,=0.14 mm/y 178, X EEE0F
AR 2L AEFN 5.4 mm (W RREVREE . 5 & 530 25
—3 (E7).

X} F Hornibrook K #r 8 15l ([&18), ~F- YK ik 29 °H
22°C, B, 7£0.22 - 0.27 mm/y FUFEFEI N, 854E3k, 1
TFELABEEZI 419 - 23 mmo %A THEE K 994 1 4 22
A2 (16 mm), [HEWMEA—F W, 7 15-254F
AU, WIRTASRAS S ar AR, X 78 85 4F R iR 5
pHAELARFTE 12 A TREE kU, SRR G HLP,

Qe e B0 i 24 80 8 ol T BE A 5 R LY
. AFME, Francois 2 AN HI Zhu 25 A\ P 7E 41
S 0 TP LR B A Ak L Ak Bk e 2,
VL4 5 B8 TR BT . ATk, e i (R
S27) RS, BRI R

6 itit

IR SRV T S PR ER FIL RS R, TR
TRLRE - FP A A3 J b s 0 R 0 SRS RY  SCR R A R
ARG A S LB S H AR, W,
AT TR T SRR 0 2 5 A0 8 ok 1) 32 B K Bl PR R R B
SOV 2 SRR BIERAE T 250 b A A ROIEdE , (HX— a5
{BSRAFAE . B ATEANSE ISR, I B AR &Sk e
FS A T — AR AR RS, ER] TR R TR
3 T R S FLAE Ry S SRR I A2 I EE B
I H A Y A A ey, S A S i il T s
B A o Y SeEG TR, B A S pH PR
o, RS R ARSI R R HATE RN, 24E
ke, AATE 2 S ALY 7R s bl b A7 J T AR FR O, R
1T, FETTE B = 8 AR B+ i S s | R
BILF R 2, LA, Bk —Se iR AL,
EARAD A N BIATARTAH 5 pit ol S G LI 1 m] e iy
RAEM PR LEZ M ] BE SR (a) S FPBFSEAF Y “If
FAAIREE” Bz ARk, LA (b)) FESEBRES i
ST AR 55 16 b i 22 T 14 56 Z 07 T A TE 14 B o
B SR s R UL ER (FIK ), TR
i B E AR B an e, RS BB



ERITS%E(1)2022,4
ISSN: 2705-1269

@ Universe
Scientific Publishing

TREE LS L ARAL 1 2 R/ MR B, B BRI
EFEIEWT, WMSPREITR, ERE T HIRE TR
AR A, IR RORTE S e (F2), fLBR/NS
BIEEA G, HEE AR S IREE LR EA G, R
AT R AR B e TR S B, RN TRBRE R I A
ORI AG EHER A BER R =S B X TR, it
CTRRT A A I R AR AR T AR AN, KT A
LA AL S S AR A B T —
T XM EREE RARE T R R, R T AT AR
75 F2 I AR O TS 2 AT & A 1, BT x T
FMAIREE LR ZE, LI B R T K sl K mi 55
LR RIEPE 1]

XFFHIVE RS RS R NBEKRIREE L, =K
AR/ N AT AZ AT (18]5), SRR skB, ik
SRR e, R A 55 ol R e O — A EE )
R RIS A Tl Y S R WY, X TR BE L
B 73 o A A X AL I R AT R A5 1 (LRI 2 vh
BIAB ). S YAR D, SR IR T LA 20 BN AEE
B 25 BERT RO SE i, R 6 I B0 Dbt T 1 (18]
2). Wehh, TEXFEAT, IREE LB EE () ]
[{ZC U NI S € o = @ SRS P eSS | LR P ER 1/ 27 N
JEg kst R] (P 2),

Shalon Fll Raphael™”" 24 i 4 FE (£ Gt i 28 f B 1 A 114
Bl AT E AR A ANAF 2538, th TR
A&, RO AT K SRR gL (E 2
ARRVFZ M7 IR C SO AR R ). A SO 4R Y
SIRTRT, U TR EE b i i R R i LB A LA
2 SR i % R A BUBEAR U, Shalon 1 Raphael 245 AT
U SE AR R T s T iR, LTI Z5 Hh i 2 A e
FAAE A A28 s B AT R e B 2 BT AT, AT
TESE TIT 4R S AR DR A S ki SRS, 4090 i ol 7 X
Wk, ol TIREE LRI R I TR, I
TARPGA BN PE S, E 2 th AR BC, TR T
AR P LIRS, (55X2) S EH0iRT

Shalon Ml Raphael[m A5 R R A M 2R B T IR EE
BeA Lt i, JREE - HA T & ale L (BIFTIRBE
4, JFH S HAREE LA LA, LtbERERGE
(B 3c., d). SR, X e S2MARN, X e, ISR 5 X0
Bl AR R SE (BRbKIE ) —2 (K4), E
3 A 4 J 7R B SR — B R ARG i T —E R
AIfFRE

Shalon Fl Raphael™” 4 % R IR EE + P47 2 BB, (HAR
AR, B -AHESH, IEEIRE YRR A

JEANME S, M AR R R PR, R WA A R ] AR
SR S AR AN YRR . AR, At RTAY
IR, B B IR EE LA AR S, BRESE T
AR AN E AL B R B AR, O HLAE R R B,
EaRMRERIERAL, R ezt B, =i
B RO AR, X PSS HA PR TP AR WL [FIRE,
XA R T SRS AR R B, B
JO7 3R AR P S TR - — A P 0 AR X AT AN
SECLE R BRI L M

UL R IR BE RN, SR 2 1 A A AL T B TR
I - DR 250 TR A3 o R A o Y S PR R 2 SR 1Y
JEUER o EHE, AR R rh TR A A R )2 Y A i
WA SR (AR AR S IR R BE - 4
NG R O, SR, AMEREE J= A AL O & ml T
FEEABIAE, (HEA SIS —Bma.

T Shalon I Raphael”ﬂ SEIHERE ) — AN ] U, A
TR J5T B Rk EA A FH 2 A5 23 X BT A 435 SR 7 AR S e, 3X N
ZAEVE 2 BREsF IR EE + 1 pHAETE ZAE R 8 S5 51 12
FEAT LT BB, ISR TR IG & R A B, A5
MRHYAATE AT BE S AR TR BE T pH B TSR, KA b
BHE L ORRFAE O 2 A7 . ildn, X T 588 Tl Ry
65 4 IS WITREE L, Wk E) X — a8, gsh, MirE
AR SGE 1 25K B TR - T BB PR 1 A 2 1]
A HT A5 J5 1Rk o) Q1) 285 4 A 1 A I A i
XX e AR, A SR EARMESE AT SR, Sk
BRI, AR E RO AR Shalr, 1Y R
FHEL, BT AT AGRF KA, (R EE + pHAE AR
FEOUA bo X Je— AN JLF-BA I e ok i 50, T LA A ik
— BRI 2 45

T Shalon Al Raphael” 5 56 B0 40 () 56 — A~ [n) S J2:
TR &E T 095 3 A — TR BE T 5T Y 25 BUR & iE o Hy
B IRIEHK — K PE L IERR S et ol . W& 55
A% (g, ), (HXEeSHOR A R IR EE 5%
PSR A TSR FRR R R AR ]

UIRTATIA, 7E Shalon A1 Raphael 3056, 49 5 g &
TEIREE L. WA X TIEIMEE. EERERMIEICh
BARBE R, TLIA RS, IR e, Bl
AR ATRERA S R, R BA B . )
B, 20 AL 40 AT IR IR Sh AR LK, AATIACH
PR ] DL AR A TR EE LIRS, AT M A TE A
BRI AT R L, O HR AR R O A BRI TR . H
HE AT R 2 C 2 PR Sh it 4T T, 5 Ry
TR TS EE AN, $T FRX T AR ESE



@ Universe
Scientific Publishing

ERITS%E(1)2022,4
ISSN: 2705-1269

L o 8 O S VA S T i i 23 C M 18 U A M 7
TRBE L ANSEPR RS

SRUL, S 2 B S PR A M R S BR 2 g, T
HIR R LE FAT iy 2 o S MEAH B b A A, P Ry X s
R AT AR AR S R AL SEB i 91) -0 BAT TS AR 2 e,
FOAT A S 50 3 TR R 1 O L, L 2 L A2 I U
o WAMHREE:, AR XWATREE L, My
PRI M) R GE, B i pH A6, ARSI N A7 AR
MK, SRS AR 25, (HIESR S AF IR, K
WOk, ATINRE], R K SN IT AR LA e h
FORRANRE, ROE7EJLH4ERY REe T, BEA BRAZ B
JE, B e - MK AR RSN, [RIRE, PR AERR
P A3 pH(BLAE 5-7 Ze A7 BB 85 SOk P RS LT 0 A
JEh, U AR B b, PR, PO R AR
HEBRAESL, JCHIZAMRE I " DX SR A 3 12
YRS W, B, C%e pHIETREE - E ST
JE& PSR4 PR S SE LA S SRR . A 20 11 20 60 4F
R, P2 EZR LK RIEREE L, HEZHk, X
— AR A TR . LR () B A A Sy
U IR F AR SC T F 38 3¢, B Shalon 1 Raphael[mo VNG
PRI TAES ™, RN ZRATREE - 250 i m) L
Hul A8 n R, AngEm T4 GREE B E
PE2E | IRBE LRI Z AT BRARE . AR IR ELAT RE H 9 & 3L
Z& . IRBELIETOMORAZ R B RS2 L AR R R AT 52
517, XS VR T IR fE kSR R . X T RA
g, WAFTEMIREE L8 w52 TE s iR P gl T A ]
X AR T RS0 5 A S ol J ) T A ] R

o, HETRRRERY], R 2% i LRy,
B A3 TR OB A A T LS A P g i, BRIV T e S PR
RN X O IREE LI R A, N - IREE
THT AL FR TR B - AT BT DLW 1 25 BT AR SO H A
R ARVFTES R e B — e B EE B R ih, 32 ph s AR
SRR, FJELLZ50.015 mm/y BRI, H 2 5288
(BFE) REE LB EMEW D REZW, BRI, &
A LEZE IR EE LA M EE R A, AR SR, K
ZHURBE T 25 F AR BE 25 i sl A 2R A% 1 AR AR/ e
TTLAZMEANTE . R, IR BE -S540 b A i ol 5 i
R 222 4 RO 8 R T 1E R S AT 8T A ) 8% RUSE g,
fl X BB R A GIE R . B ATRYZE R I AR AL R
B, Bt Ao et 3R e A A3 R ok o R 2 T 22 KT Y
PAGIREE LR TRERY, 2R, XTEPrREE 45
POEAATHY . WIETATIR, X EARE BV AR5 R AF Y
REEL, DIWRMNAIAL, JEHIZACEBG T 75 1Y 28 Bl

10

Ne SRR BE 1K AR IR B R AR, X
o] DU 3 G i 7K U8 & R AR, LABS IR S rh g
AT SE IR B FR BE 108 B MR K A i, B3ORf FLVFTE
i 7 A R A A AR . L4k, S B A
TRBE T RO IEA AR S E ) N, (HX SE 226K
SERTAEA SRR T 5 T o HATHY 07 o iX e 22 5 4
TS SRR, BB BT T S B SR A A A TR B 1
BERL WA 2R R CTE R T

7 #Hit

PAF 4518 T A SCRAE AT A

1N B8 T 03 0 19 i T AR IR O e AR RS
hn, BEJE B 8 NGB S hE AR, Horpe, BUR T
TRBE T 1B RK I L AUKIK L, X T RZHOREE IR G
Bh, 1 AR — R R 0.015 mmly . 15385 ARG ) TR B
A fEARAC.

2 X T BRI /N T 24000, S8 e, BiEH
IKPEHEIERTIEIC, (EREE BRH K e LE 4 5 T /),
TERXPIRHFOL T, AR B, S8 c B/, XIAPRT
IR L XS REE -8 BV 1520

3. RV ik FE TR B B S S AL 0 S B 4 K R B I
25, TREEL pHERKKRAR, REELIETTZAL, RIF
RABIERAIEA, T PR R ATk, h TR
SEALFS TR K R B IR B R, TEHABRRAET, T3
MR RE L LA

4 AERBERE O, 2 BT AR R SRS LA R AT
TEA AT BE 2 R AR TP E b, EA—E BT il
7 I R R K T TR A K S Bk
BASNRIREG, e 2 i — o A £ % 1 R o A7
ZERARRY], X T K AR 10-20 CHE N B9 T K
AH B8 b3 R v, 7E 0.22-0.27 mm/y TS

BEY: XABR A AT IR

BAETT RS RR AT b A R Fo i 1R 09 P R
B fe s AR A T SR P

Bt MEHAMATH R X FHRF LRI AL,
Frilat K BB ARAN, AR B AR
FIRF @FATFEIR L, 1EH BT Z Rijkswaterstaat
(%A K E T2 3R ) Joost Gulikers 89 S5, 12 T A
FAa 89 LT A (20194 ).

PR ZAAZF R,

Sk

1. Angst, U.M.; Geiker, M.R.; Alonso, M.C.; Polder, R.;
Isgor, O.B.; Elsener, B.; Wong, H.; Michel, A.; Hornbostel, K.;

Gehlen, C.; et al. The effect of the steel-concrete interface on



ERITS%E(1)2022,4
ISSN: 2705-1269

@ Universe
Scientific Publishing

chloride—induced corrosion initiation in concrete: A critical
review by RILEM TC 262-SCI. Mater. Corros. 2019, 52, 88.
[CrossRef]

2. Melchers, R.E. Observations about the time to
commencement of reinforcement corrosion for concrete
structures in marine environments. In Consec’ 10, Concrete
under Severe Conditions; Castro—Borges, P., Moreno, E., Sakai,
K., Gjorv, O.E., Banthia, N., Eds.; CRC Press: Boca Raton, FL,
USA, 2010; pp. 617 - 624.

3. Melchers, R.E. Carbonates, carbonation and the
durability of reinforced concrete marine structures. Aust. J.
Struct. Eng. 2010, 10, 215 - 226. [CrossRef]

4. Melchers, R.E.; Chaves, [.A. A comparative study of
chlorides and longer—term reinforcement corrosion. Mater.
Corros. 2017, 68, 613 - 621. [CrossRef]

5. Melchers, R.E.; Pape, T.M.; Chaves, 1.A.; Heywood,
R. Long—term durability of reinforced concrete piles from the
Hornibrook Highway bridge. Aust. J. Struct. Eng. 2017, 18,
41 - 57. [CrossRef]

6. Anteagroup. Etude sur L” etat de Conservation du Port
Artificiel Winston Churchill, Phase 0 Analyse Documentaire
(Rapport A78136/B), Phase 1 — Diagnostic des Vestiges
(Rapport A79782/B); Anteagroup: Paris, France, September
2015.

7. Melchers, R.E.; Howlett, C.H. Reinforcement corrosion
of the Phoenix caissons after 75 years of marine exposure.
Proc. Inst. Civ. Engrs. Marit. Eng. 2020. [CrossRef]

8. Wakeman, C.M.; Dockweiler, E.V.; Stover, H.E.;
Whiteneck, L.L. Use of concrete in marine environments. Proc.
ACI 1958, 54, 841 - 856, Discussion 54, 1309 - 1346.

9. Lukas, W. Relationship between chloride content
in concrete and corrosion in untensioned reinforcement on
Austrian bridges and concrete road surfacings. Betonw. Fert.
Tech. 1985, 51, 730 - 734.

10. Sagii és, A.A.; Kranc, S.C.; Presuel-Moreno, F.;
Rey, D.; Torres—Costa, A.; Yao, L. Corrosion Forecasting for
75-Year Durability Design of Reinforced Concrete, Final
Report to Florida Department of Transport; University of South
Florida: Tampa, FL, USA, 2001.

11. Lau, K.; Sagii és, A.A.; Yao, L.; Powers, R.G.
Corrosion performance of concrete cylinder piles. Corrosion
2007, 63, 366 - 378. [CrossRef]

12. Melchers, R.E.; Chaves, I.A. Reinforcement corrosion

in marine concretes — 1. Initiation. ACI Mater. J. 2019, 116,
57 - 66. [CrossRef]

13. Melchers, R.E.; Chaves, I.A. Reinforcement Corrosion
in Marine Concretes — 2. Long—Term Effects. ACI Mater. J.
2020, 117, 217 - 228. [CrossRef]

14. Melchers, R.E.; Li, C.Q. Phenomenological modelling
of corrosion loss of steel reinforcement in marine environments.
ACI Mater. J. 2006, 103, 25 - 32.

15. Raupach, M. Models for the propagation phase of
reinforcement corrosion — An overview. Mater. Corros. 2006,
57, 605 - 613. [CrossRef]

16. Andrade, C. Propagation of reinforcement corrosion:
Principles, testing and modelling. Mater. Struct. 2019, 52,
1 - 26. [CrossRef]

17. Stockert, L.; Haas, M.; Jeffrey, R.J.; Melchers, R.E.
Electrochemical measurements and short—term-in-situ
exposure testing. In Proceedings of the Corrosion & Prevention,
Melbourne, Australia, 11 — 14 November 2012. CD ROM,
Paper No. 100.

18. Burkowsky, B.; Englot, J. Analyzing good deck
performance on Port Authority bridges. Coner. Int. 1988, 10,
25 - 33.

19. Wallbank, E.J. The Performance of Concrete in
Bridges. A Survey of 200 Highway Bridges; Department of
Transport, HMSO: London, UK, 1989.

20. Gjorv, O.E. Steel corrosion in concrete structures
exposed to Norwegian marine environment. Concr. Int. 1994,
16,35 - 39.

21. Gulikers, J.; Raupach, M. Modelling o reinforcement
corrosion in concrete. Mater. Corros. 2006, 57, 603 - 604.
[CrossRef]

22. Hornbostel, K.; Angst, U.M.; Elsener, B.; Larsen, C.K.;
Geiker, M.R. Influence of mortar resistivity on the rate—limiting
step of chlorideOinduced macro—cell corrosion of reinforcing
steel. Corros. Sci. 2016, 110, 46 - 56. [CrossRef]

23. Sassine, E.; Laurens, S.; Frangois, R.; Ringot, E. A
critical discussion on rebar electrical continuity and usual
interpretation thresholds in the field of half—cell potential
measurements in steel reinforced concrete. Mater. Struct. 2018,
51, 93. [CrossRef]

24. Kelly, R.G.; Scully, J.R.; Shoesmith, D.W.; Buchheit,
R.G. Electrochemical Techniques in Corrosion Science and

Engineering; Marcel Dekker: New York, NY, USA, 2002.

11



@ Universe
Scientific Publishing

ERITS%E(1)2022,4
ISSN: 2705-1269

25. Tuutti, K. Corrosion of steel in concrete, Swedish
Cement and Concrete Research Institute, Stockholm, Research
Report No. 4. 1982. See also Service life of structures with
regard to corrosion of embedded steel. In Performance of
Concrete in Marine Environment; ACI SP-65; American
Concrete Institute: Detroit, MI, USA, 1984; pp. 223 - 236.

26. Clear, K.C. Time—to—Corrosion for Reinforcing
Steel in Concrete Slabs, V. 3: Performance after 830 Daily
Salt Applications, FHWA-RD-76-70; Federal Highway
Administration: Washington, DC, USA, 1976; 64p.

27. Frangois, R.; Arliguie, G.; Maso, J.—C. Durabilit ¢ du
b é ton arm é soumis & 1’ action des chlorures. Ann. 1’ Institut
Tech. Batim. Trav. Publics 1994, 529, 1 - 48.

28. Yu, L.; Francois, R.; Dang, V.H.; 1’ Hostis, V.;
Gagn é, R. Development of chloride—induced corrosion in
pre—cracked RC beams under sustained loading: Effect of
load—induced cracks, concrete cover, and exposure conditions.
Cem. Concr. Res. 2015, 67, 246 - 258. [CrossRef]

29. CIB Commission W81 Actions on Structures: Live
Loads in Buildings; CIB Report No. 116; International Council
for Research and Innovation in Building and Construction,
AIBC: Ottawa, ON, Canada, 1989.

30. Foley, T.R. The role of the chloride ion in iron
corrosion. Corrosion 1970, 26, 58 - 70. [CrossRef]

31. Heyn, E.; Bauer, O. Ueber den Angriff des Eisens
durch Wasser und wiésserige Losungen. Stahl Eisen 1908, 28,
1564 - 1573.

32. Mercer, A.D.; Lumbard, E.A. Corrosion of mild steel
in water. Br. Corros. J. 1995, 30, 43 - 55. [CrossRef]

33. Angst, U.M.; Elsener, B.; Larsen, C.K.; Vennesland,
0. Critical chloride content in reinforced concrete — A review.
Cem. Concr. Res. 2009, 39, 1122 - 1138. [CrossRef]

34. Zhu, W.; Francois, R.; Liu, Y. Propagation of
corrosion and corrosion patterns of bars embedded in RC
beams stored in chloride environment for various periods.
Constr. Build. Mater. 2017, 145, 147 - 156. [CrossRef]

35. Loreto, G.; di Benedetti, M.; De Luca, A.; Nanni,
A. Assessment of reinforced concrete structures in marine
environment: A case study. Corros. Rev. 2018, 37. [CrossRef]

36. Chalhoub, C.; Francois, R.; Carcasses, M. Critical
chloride threshold values as a function of cement type and
steel surface conditions. Cem. Concr. Res. 2020, 134, 106086.
[CrossRef]

12

37. Chitty, W.-J.; Dillmann, P.; L’ Hostis, V.; Millard,
A. Long—term corrosion of rebars embedded in aerial and
hydraulic binders - Parametric study and first step of
modelling. Corros. Sci. 2008, 50, 3047 — 3055. [CrossRef]

38. Melchers, R.E. Modeling of marine immersion
corrosion for mild and low alloy steels - Part 1:
Phenomenological model. Corrosion 2003, 59, 319 - 334.
[CrossRef]

39. Melchers, R.E. Modelling durability of reinforced
concrete structures. Corros. Eng. Sei. Technol. 2020, 55,
171 - 181. [CrossRef]

40. Melchers, R.E. A review of trends for corrosion loss
and pit depth in longer—term exposures. Corros. Mater. Degrad.
2018, 1, 4. [CrossRef]

41. Wranglen, G. Pitting and Sulphide Inclusions in Steel.
Corros. Sci. 1974, 14, 331 - 349. [CrossRef]

42. Evans, U.R.; Taylor, C.A.J. Mechanism of atmospheric
rusting. Corros. Sci. 1972, 12, 227 - 246. |CrossRef]

43. Stratmann, M.; Bohnenkamp, K.; Engell, H.J. An
electrochemical study of phase—transitions in rust layers.
Corros. Sci. 1983, 23, 969 - 985. [CrossRef]

44. Southwell, C.R.; Bultman, J.D.; Alexander, A.L.
Corrosion of metals in Tropical environmwnts — Final report of
16 years exposures. Mater. Perform. 1976, 15,9 - 25.

45. Melchers, R.E.; Chernov, B.B. Corrosion loss of mild
steel in high temperature hard freshwater. Corros. Sci. 2010,
52, 449 - 454. [CrossRef]

46. Pourbaix, M. Significance of protection potential in
pitting and intergranular corrosion. Corrosion 1970, 6, 431 -
438. [CrossRef]

47. Shalon, R.; Raphael, M. Influence of seawater of
corrosion of reinforcement. J. ACI 1959, 30, 1251 - 1268.

48. Poursaee, A.; Hansen, C.M. Potential pitfalls in
assessing chloride—induced corrosion of steel in concrete. Cem.
Concr. Res. 2009, 39, 391 - 400. [CrossRef]

49. Friedland, R. Influence of the quality of mortar and
concrete upon corrosion of reinforcement. J. ACI 1950, 22,
125 - 139.

50. Francois, R.; Arliguie, G. Effect of microcracking
and cracking on the development of corrosion in reinforced
concrete members. Mag. Concr. Res. 1999, 51, 143 - 150.
[CrossRef]

51. Stineman, R.W. A consistently well-behaved method



ERITS%E(1)2022,4
ISSN: 2705-1269

@ Universe
Scientific Publishing

of interpolation. Creat. Comput. 1980, 6, 54 - 57.

52. Richardson, M.G. Fundamentals of Durable
Reinforced Concrete; SponPress: London, UK, 2002.

53. Gupta, K.; Gupta, B.K. The critical soil moisture
content in the underground corrosion of mild steel. Corros Sei.
1979, 19, 171 - 178.[CrossRef]

54. Burns, M.; Salley, D.J. Particle size as a factor in the
corrosion of lead by soils. Ind. Eng. Chem. 1930, 22, 293 -
297. [CrossRef]

55. Petersen, R.B.; Melchers, R.E. Effect of moisture
content and compaction on the corrosion of mild steel buried
in clay soils. Corros. Eng. Sci. Technol. 2019, 54, 587 - 600.
[CrossRef]

56. Beaton, J.L.; Spellman, D.L.; Stratfull, R.P. Corrosion
of steel in continuously submerged reinforced concrete piling.
Highw. Res. Rec. 1967,204, 11 - 21.

57. Stewart, M.G.; Rosowsky, D.V. Structural safety
and serviceability of concrete bridges subject to corrosion. J.
Infrastruct. Syst. 1998, 4, 146 - 155. [CrossRef]

58. Dhir, R.K.; Jones, M.R. McCarthy, M.J. PFA concrete:
Chloride—induced reinforcement corrosion. Mag. Conc. Res.
1994, 46, 269 - 277. [CrossRef]

59. Thoft—Christensen, P.; Jensen, F.M.; Middleton, C.;
Blackmore, A. Revised rules for concrete bridges. In Safety of
Bridges; Highway Agency: London, UK, 1996; pp. 1 - 12.

60. Andrade, C.; Alonso, M.C. Values of corrosion rate of
steel in concrete to predict service life of concrete structures.
In Application of Accelerated Corrosion Tests to Service Life
Prediction of Materials, ASTM STP 1194; Cragnolino, G.,
Sridhar, N., Eds.; ASTM: Philadelphia, PA, USA, 1994; 282p.

61. Johnston, J.; Grove, C. The solubility of calcium
hydroxide in aqueous salt solutions. J. Am. Chem. Soc. 1931,
53,3976 - 3991. [CrossRef]

62. Beeby, A.W. Corrosion of reinforcing steel in concrete
and its relation to cracking. Struct. Eng. 1978, 56, 77 - 80.

63. Schiessl, P.; Raupach, M. Laboratory studies and
calculations on the influence of crack width on chloride—
induced corrosion of steel in concrete. ACI Mater. J. 1997, 94,
56 - 61.

64. Makita, M.; Mori, Y.; Katawaki, K. Marine Corrosion
Behavior of Reinfroced Concrete Exposed in Tokyo Bay; SP
65-16; American Concrete Institute: Indianapolis, IN, USA,
1980; pp. 271 - 289.

65. Lewis, D.A.; Copenhagen, W.J. The corrosion of
reinforcing steel in concrete in marine atmospheres. S. Afr.
Ind. Chem. 1957, 15, 207 - 219. [CrossRef]

66. Melchers, R.E.; Li, C.Q.; Davison, M.A. Observations
and analysis of a 63-year old reinforced concrete promenade
railing exposed to the North Sea. Mag. Concr. Res. 2009, 61,
233 - 243. [CrossRef]

67. Melchers, R.E.; Li, C.Q. Reinforcement corrosion
in concrete exposed to the North Sea for more than 60 years.
Corrosion 2009, 65, 554 — 566. [CrossRef]

68. Jeffrey, R.; Melchers, R.E. The changing topography
of corroding mild steel surfaces in seawater. Corros. Sci. 2007,
49, 2270 - 2288. [CrossRef]

69. Reger, M.; Vero, B.; Kardos, I.; Varga, P. The effect
of alloying elements on the stability of centreline segregation.
Defect Diffus. Forum 2010, 297 - 301, 148 — 153. [CrossRef]

70. Melchers, R.E.; Jeffrey, R.J.; Usher, K.M. Localized
corrosion of steel sheet piling. Corros. Sci. 2014, 79, 139 -
147. [CrossRef]

71. Cornell, R.M.; Schwertmann, U. The Iron Oxides:
Structure, Properties, Reactions, Occurences and Uses, 7th
ed.; VCH Publishers: Weinheim, Germany, 1996.

72. Nawy, E.G. Concrete Construction Engineering
Handbook; CRC Press: Boca Raton, FL, USA, 2008; pp. 30 - 57.

73. Horne, A.T.; Richardson, 1.G.; Brydson, R.M.D.
Quantitative analysis of the microstructure of interfaces in steel
reinforced concrete. Cem. Conc. Res. 2007, 37, 1613 - 1623.
[CrossRef]

74. Zhang, W.; Yu, L.; Frangois, R. Inluence of top—
casting—induced defects on the corrosion of the compressive
reinforcement of naturally corroded beams under sustained
loading. Constr. Build. Mater. 2019, 229, 116912. [CrossRef]

75. Melchers, R.E.; Li, C.Q. Reinforcement corrosion
initiation and activation times in concrete structures exposed
to severe marine environments. Cem. Concr. Res. 2009, 39,
1068 - 1076. [CrossRef]

76. Morley, J. The corrosion and protection of steel—piled
structures. Struct. Surv. 1993, 7, 138 - 151. [CrossRef]

77. Wichers, C.M. Korrosion asphaltierter eiserner Rohre.
Das Gas Und Wasserfach 1934, 77, 131 - 132.

78. Melchers, R.E. Long—term durability of marine
reinforced concrete structures. J. Mar. Sci. Eng. 2020, 8, 290.
[CrossRef]

13



