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Abstract

T.:nsilln t.:sts hav.: b..:..:n carri<:d out for a prdiminary stud~ of th..: int1u.:nc..: of th..: st..:d

r<:Ïnfi.,rccm..:nt corrosion on bond bdl:lviour. Th..: hond str..:ngth was studi..:d through both

transv..:rs..: and longitudinal splilling cracks and a rdativ..: bond ..:f1èctiv..:n..:ss of th..: corrod..:d

bars was d..:t..:rrnin..:d from th..: crack spacing. Diff..:r..:nt stag..:s of th..: st..:e1 r<:Ïnforcement

corrosion were established to study thei" relative bond behaviour. ranging from no corrosion

at ail to complet..: corrosion at the steel-conerete interlàc.c. These st.'ges of corrosion have been

achi..:v..:d by using an accel..:rated corrosion method. An e1ectrochemical method was useè to

a..:cel..:rat..: th..: corrosion within the specimens. Direct current was applied for increasing periods

of time to the reinforcing bar emb<:dded in the tension specimens. immerscd in a concentratcd

sodium chloride solution (5% Nael by weight of water). The reinforcing bar scrved as the

anode. while a bare stecl bar was localed in the water to serve as the cathode. The chloride

c0ntent of the concrete plOlYs an important role in the rate of the reinforcement corrosion. The

chloridc content was obtained for each tension specimen by chemical analysis using the

Volhard Method [British Standard (1988). Part 124]. The bond strength decreases rapidly with

an increase in the corrosion level. cspecially in the case of any severe localized corrosion. It

has b<:en found that the first levc1 of corrosion. which is 4 percent wcight 10ss duc to corrosion.

rcsultcd in a 9 percent decrcase of the nominal bond stress. while the sixth level of corrosion

with a 17.5 percent weight loss (the case of severe localized corrosion) duc to corrosion.

rcsulted in a 92 percent loss of the nominal bond stress. The bond bchaviour is inl1uenced by

the deteriomtion of the reinforcing bar ribs. and by the reduced adhesion and cohesion of the

reinlorcing bar duc to the widening of the longitudinal splitting crack resulting from corrosion.



e. Résumé

Des essais de traction ont été effectués pour une élUde préliminaire de l'effet de la corrosion de

l'armature en acier sur le comportement en adhérance. La résistance en adhérance a étL étudiée à

travers les fissures longitudinales et transversales. et une mesure relative de l'efficacité d'adhérance

des barres corrodées a été determinée à partir de l'espacement des fissures. Différentes étapes de

corrosion de l'armature en acier ont été établies afin d'étudier leur comportement en adhérance

relative, variant d'une corrosion nulle à une corrosion complète à l'interface acier-béton. Ces étapes

de corrosion ont été accomplies en utilisant une méthode de corrosion accélérée. Une méthode

électrochimique a été réalisée à l'intérieur des specimens. Un courant direct a été appliqué durant des

périodes de temps croissantes sur les armatures en acier des specimens en traction immersés dans

une solution concentrée de chlorure de sodil4"ll (5% NaCI par poids d'eau). Les armatures en acier

ont servi d'anode, tandis qu'une plaque en acier a été placée dans l'eau pour servir de cathode. Le

contenu en chlorure du béton joue un rôle important dans la vitesse de r-orrosion de l'armature. Le

contenu en chlorure a été obtenu pour chaque specimen en traction par une analyse chimique en

utilisant la méthode de Volhard [British Standard (1988). part 124]. La résistance en adhérance

décroit rapidement avec l'augmentation du niveau de corrosion. particulièrement dans le cas d'une

corrosion sévère et localisée. Il a été déduit que le premier niwau de corrosion qui est de 4 pourcent

corrosion a entrainé 9 pGurcent de "réduction des contraintes nominales d'adhérance, alors que le

sixième niveau' de corrosion qui est de 17,5 pourcent corrosion (le cas d'une corrosion sévère et

'localisée) a entrainé une perte de 92 pourcent des contraintes nominales d'adhérance. Le

comportement e:l adhéranee est affecté par la détérioration des barres déformées de renforcement,

et par l'adhésion et la cohésion réduites à cause de l'élargissement des fissures longitudinales

résultant de la corrosion.

ii



•

•

•

Acknowledgements

Th" author \\oulù lik" to "xpr"ss h"r ù""p"st ",ratitud" tl) h.:~ .:xœll.:m t.:a.:h"r and th.:sis

supcr\'isor. Prnfi:ssnr \i.S. \tir/.a. ftJr his \'aluahlc suggestions. constant cncour..lgcmcnt and

SUPPllrt through th.: "ours" of this r"s"arch program. Th.: authol is ù.:.:ply grat"ful to him ti.>r

ail his assistan"". "onstru"liv" .:riticism and guidanœ.

Thanks ar" "xt"nù"ù to th.: JamÏ<:son Structures Laboratory stalT. esp.:cially Mr. Ron

Sh.:pparù and Mar.:k Pr/.)·korski for their assistance in casting and t.:sting the specimens. The

author would lik.: to thank Chongku Yi. Zeid Salah with th.: testing of th.: sp.:cimens. and

David Byrne for his as"istanc.: with the dra\\ings.

Th.: author also extends hcr thanks to Mozza Oiwani. Dr. Arshad A. Khan. Dr.

Homayoun H. Abrishami. for their stimulating discussions and helpful suggestions. The French

translation of the abstract by Nourhene Kharouf is very much apprec:.:'led. Th:mks are

extended to ail those who eneouraged and helpcd during the course of this project.

The author is gratelùl 10 her parents. her sister AS!lla for their encouragement and love.

Most of ail. the author is grale!ùl 10 her companion and husband Bahjal and their daughler

Aishah. b..'C:luse \vithout their u:lconditional love. patience. invaluable encouragement. and

unde!"Slanding. the completion of this projec:t would Ilot have been possible.

iii



• Table of Contents

..\Dstract

Il

.\cknowlcdgcmcnts III

List of Figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. \111

List of l~ablc.:s Xll

List of Symbols XII1

Cnapter 1- Introduction .

I.l Background 1nformation .

1.1 Research Signilicancc .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 4

• 1.3 Summary of Pre\"ious Research 4

1,4 Scopc and Objectives of the Present Investigation ..;

1.5 Oudine of the Thesis 1e

Chapter 2- Mechanisms of Corrosion of Embedded

Steel in Concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13

1.1 Concrete as an Electrolyte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 14

1.1.1 Porc Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15

1.1.1 Distribution of Porcs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 15

2.2.3 Calcium Hydroxidc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16

1.3 Principlcs of Corrosion 17

1.3.1 Electrochcmical Proccss 17

2.3.2 Concept of Electrochemical Potcntial 18

• iv



l',,lari/~ti,,n ,,1' th~ llall' Cdl" 21

.·\\ailahility or ()xyg~n 2·1

(\,rrosion Initiation 24

•
, , -
_ ...... J

'1 "_._ '~

Pourhaix 1)iagrams

\l\lrphlllugy ot" Cllrro~ion Prol.:l.:ss .. .

Passin: I.aycr on Rc.:infnrcing Sted .

21)

". . . . . . . . . . . . . . . . . . . . . . . . .. _.'

2.~.X.1 Pcnc:tration of Chloridcs 25

2.3.X.2 \k~hanisl11 or Ch\orid~ atta~k . . . . . . . . . . . . . . . . . . . . . . . .. 26

2. "S.} CarbonatÏl'1O of Concrctc ::8

2.3.9 Stray Curr~nt CllrrosiGn 30

2.3.\ () Str~ss Corrosilln Cracking and Hydrogcn Embriltkm~nt 31

Chapter 3- Bond Mechanisms 38

3.1 Introduction 38

• 3.2 Fundamenl:lls of Bond . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.2.1 Basic Delinition 39
, ., .,
",._..;. Bond Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 40

Bond Failurc Modes 41

•

3.3

3.4

3.5

3.2.4 Bond Mcchanisms 41

3.2.5 Bar Prolile Geometry 42

3.2.6 Cracking Behaviour 43

3.2.6.1 Crack Spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.6.2 Crack \Vidth 44

Prc acking Bond Responsc 45

Postcracking Bond Responsc 45

Responsc of Concrete Tension Specimens 47

3.5.1 Purposc of Tension T~'tS 47

3.5.2 Load-Ddlccùon R~lJOns..'S 48

v



• 3.:'.3 :'h:d ~tn::-;s-~train R~bti~'nship

3.:'''+ Cral.:king Bt.:h~l\i\lllr

Chapter ~- .-\ccclcratcd Corrosion Tcstin~

... 1 Intr,)JlI~lilln .

...2 Exp.:rim.:nlaI Pn)~.:JlIr.:

...2.1 T':Sl .\pparatlls

-l'l

..... . 5ï

...2.2 ~p.:.:im.:n l'r.:parali,)n ~s

4.2.3 Con.:r.:l.: Mix i'aram':l~rs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ~s

4.2'-+ Exp.:rim.:ntal s.:l-lIP ~l)

4.3 M.:asuœm.:nts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (,1

4.3.1 Curr.:nl and pOI.:nlial hl

...3.2 Halt:C.:1I l'ol.:ntials (,1

4.-+ T,:sling for Chlorid.:s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (,2

4.-+.1 Chlorid.: Ion Analysis l'roc.:duœ (,2

• 4.5 D,:\·dopm.:nt of th.: Various Corrosion L.:\ds (,4

Chapter 5- Experiment-.al Progr.am 69

5.1 lVkchanical Properties of Materials 69

5.1.1 Reinforeing Steel 69

5.1.2 Concrete 69

5.2 Experimental Procedure 70

5.2.1 Test Program 70

5.2.2 Testing Procedure and Loading Sequence 71

•

Chapter 6- Experimental Results 75

6.1 Elongaùon Rcsponscs 75

6. I.1 Uncorroded Specimens SS1 and SS2 75

6.1.2 Corroded Specimens 76

vi



•

•

•

('.1.:.1 Sr<.:<.:im<.:n ('S 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 7(,

h.] .2.: Sr~l;iml..:n ('S: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. Il

(}.1.:.~ Spt:cimen (·S~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. / i

('.1.:.-\ Sr<.:<.:im<.:n CS-\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i~

(l.I.:.5 Sr<.:<.:im<.:n CS5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. i~

(,. J .2.6 Sr<.:<.:im<.:n CS6 il)

(,.: Slr<.:ss-Strain Rdationshir . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. il)

(,.~ Cra<.:king Ikha"iour 80

6.~. J Cra,;k Sra<.:ing 80

6.~.2 Crack wiJths 80

6.4 Com)sion l'<.:r<.:<.:ntag<.: (%) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 81

6.5 Chloriù<.: Ion l'rolil<.: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Chapter 7- Analysis of Test ResuUs 102

i.1 A<.:cderateù Corrosion Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 102

7.1.1 Corrosion Bo:haviour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 103

7.1.2 Chloridl' Ion Content 104

7. I.3 Hall' Cdl Poto:ntial 105

7.2 Innuence of Corrosion on Bond Behaviour 106

7.2.1 Bar Prolile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 107

7.2.2 Cr.lcking Behaviour lOS

7.2.3 Load-Elongation Response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 110

7.2.4 Rdativo: Bond Performanco: of Ccrroded Bars 112

Chapter 8- Conclusions 120

8.1 Summary and Conclusions 120

8.2 Sugg..:stions lor Future R=arch 122

References 124

vii



• List of Figures

Fi~urc 1.\: l\,llar:'~ ,'l'th~ lkrlinl','n,:""" lbl! i1:,~,~,'. l'lX:,

Fi~urc 1.2: Cllllar~~ ~lr a ~lIt·dama~l..·d rarkin.=:. ~~lra~l.:

("ids"Il. !9s51

Figure 2.3: Pourbaix diag.ram (pot~lltial-pll) r<.>r ir"11 (!\'urbaix. l'lï-ll .

Figure 2.": Pot~ntial vs ~urr~nt plots l'or syst~ms umkr ~ath"di~ ~,'llln,l

Figure 2.5: Pot~ntial vs ~UIT\:nt plot:' li.'r sysl~ms un•.kr an,'Jk ~'ltllr"l ..

Figure 2.6: El1èct or concentration of sodium chloridc ,m c,'rr,'si'lI1 r.ltc

1:

1:

",

'.'

• Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 3.\:

Figure 3.2:

(Gril1in and Henry. 1(63) .

Chloridc contcnt vs pH .

Ch10ridc conccntration vs dcpth or covcr .

Thc critical chloridc contcnt .

Load sharing. betw,-en concrete and reinli.)rccment:

(a) just prior to tirst cracking. T,-T".

(b) just aftcr tirst cracking. T,-T,.

(c) cracks fully devdopcd T,>T, (Collins and Mitchell. 1991)

The stresses between two ribs of a deform,'<! bar

51

Figure 3A:

Figure 3.5:

•

(Park and Paulay. 1975) 52

Figure 3.3: Failure mechanisms at the ribs of deform,'<! bars

(Park and Paulay. 1975) 52

Formation of internai cracks (Goto. 1971) 53

Tensile stress rings (Tepfers. 1973) 53

viii



• ~ï~urc 3.6: Stresses acting on concrete and stcel before cracking:

(a) tension specimen. (b) forces on reinforcing bar.

(c) steel stress. (d) bond stress. (e) concrete stress 54

ix

Distribution of steel stress. bond stress and concrete stress in a tension

specimen (CEB Manua!. 1985) 54

Spliuing and transverse crack propagation in a tcnsion specimen 55

Influence of tension in concrete on loaè-deformation response

Typical tension specimen: (a) geometry. (b) silicon layer.

(c) 10 mm x 10 mm grid 67

Corrosion tank test set-up 68

Elcctrical circuitry 68

Strcss-strain relationship for steel reinforcement 73

Concretc Compressive strcss-SlraÏn relationship . . . . . . . . . . . . . . . . . .. 74

Tcnsile forcc-elongation response (Specimen SSI) . . . . . . . . . . . . . . .. 85

Tcnsile forcc-clongation response (Specimen SS2) . . . . . . . . . . . . . . . .. 85

Tensile forcc-elongation rcsponse (Specimen CS1) 86

Tcnsile forcc-elongation rcsponse (Specimen CS2) 86

Tensile forcc-elongation response (Specimen CS3) 87

Tcnsile forcc-elongation response (Specimen CS4) 87

Tcnsile forcc-elongation response (Specimen CSS) 88

Tensile forcc-elongation response (Specimen CS6) 88

Comparison of calculated stress-strain relationship for CS1 89

Comparison of calculated strcss-strain relationship for CS2 89

Comparison of calculated strcss-strain relationship for CS3 90

Comparison of calculated strcss-strain relationship for CS4 90

Comparison of calculated strcss-strain relationship for CSS 91

Comparison of calculated strcss-strain relationship for CS6 91

Cracking behaviour for specimen SSI: (a) before testing, (h) after testing 92

Cracking behaviour for specimen SS2: (a) before testing, (h) after testing 92

Fi~urc 3.7:

Fi~ure 3.8:

Fi~ure 3.9:

Fi~ure 4.1:

Figure 4.2:

Figure 4.3:

Figure 5.1:

Figure 5.2:

Figure 6.1:

• Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:

Figure 6.9:

Figure 6.10:

Figure 6.11:

Figure 6.12:

Figure 6.13:

Figure 6.14:

Figure 6.15:

Figure 6.16:

•

(Collins and Mitchell. 1991) 55



x

Figure 6.17: Cracking behaviour for speeimen CS 1: (a) 0.15 mm eraek hefore

116

116

117

Figure 7.2:

Figure 7.3:

Figure 7.4:

Figure 6.22:

Figure 6.23:

Figure 6.24:

Figure 6.25:

Figure 6.26:

Figure 6.27:

Figure 6.28:

Figure 6 ~9:

Figure 6.30:

Figure 6.31:

Figure 6.32:

Figure 6.33:

Figure 7.1:

testing. (b) alicr !esting lJ,
Figure 6.18: Cracking behaviour for specimen CS2: (a) 0.2 mm er.lek hclè"re

testing. (b) alier testing q,
Figure 6.19: Cracking behaviour for specimen CS3: (a) 6 mm cmek hclÏJre testing.

(b) after testing lJ-l

Figure 6.20: Cracking behaviour for specimen CS4: (a) 6 mm erack hcfore testing.

(b) after testing lJ-l

Figure 6.21: Cracking behaviour for specimen CSS: (a) 1.5 to 3 mm cmck hclore testing.

(b) after testing 95

Cracking behaviour for specimcn CS6. 9 mm crack bclore testing . . . . .. 95

Influence of corrosion on maximum crack \vidths for specimen CS 1 96

Influence of corrosion on maximum crack \vidths for specimen CS2 96

Influence of corrosion on maximum crack \vidths for specimen CS3 97

Influence of corrosion on maximum crack \vidths for specimen CS4 97

Influence of corrosion on maximum crack \vidths for specimen CS5 98

Chloride ion penetration for specimen CS1 99

Chloride ion penetration for specimen CS2 99

Chloride ion penetration for speeimen CS3 100

Chloride ion penetration for specimen CS4 . . . . . . . . . . . . . . . . . . . .. 100

Chloride ion penetration for specimen CS5 " 101

Chloride ion penetration for specimen CS6 " 101

Chloride ion penetration for specimens CS1. CS2. CS3. CS4.

CSS. and CS6 .

The corrosion products aIong the reinforcing steel bar . . . . .

Severe 10eaIized corrosion .

Transverse tensiie cracks and longitudinal splitting

cracks for different levels of corrosion ~-. . . . . . . . . . 117

Figure 7.5: Influence of corrosion on maximum crack widths for CS1. CS2. CS3.

CS4, and CS5 118

•

•

•



•

•

•

Fi~urc 7.6:

Fi~urc 7.7:

l;Itimatc Ioad vcrsus Icvel of corrosion .

Relativc bond strcss vcrsus Ic\'cI of corrosion .

xi

119

119



•

•

•

Table 5.1:

Table 5.2:

Table 6.1:

Table 6.2:

Table 6.3:

Table 7.1:

Table 7.2:

List of Tables

Properties of reinforcing steel .

Properties of concrete .

Detail of the rcsults for tension specimens .

Details of the cracking behaviour .

Comparison between the different criteria for corrosion evaluation .

Percentagc loss of ultimate load .

Nominal bond stress percentage .

xii

7'.'
74

84

112

114



•
..l, -

il

C

J ~

J. =

,~ =

I:"~n'" =

E" =
E =

"

E, =

,r. =

.r. =• .1:., =
[ =
"

f,. =

f.p =

.r.. -,

i =

(,.",. =

k =

1 =

IJ =

L =

T =

S.. =

Sm =

•

List of Svrnbols
•

area of sted reinforcement

rib hcight

distance bet"'een t"'o ribs

distance l'rom cxtreme compressive fiber to centroid of tension reinforcement

bar diameter

distance l'rom extreme tension liber to center of c10sest bar

corrosion potential

anodic equilibrium potentials

cathodie equilibrium potentials

modulus of clasticity of the rcinforcing bar

bearing stress

concrctc stress

tensilc strcngth of concrete

compressive strcngth of concrcte (from a standard cylindcr test)

modulus of rupture

splining tensile strength of concrete

specified yield strength of steel reinforcement

current density

corrosion current

constant

embedment length

development length

length of reinforcement

applied tensile load on the specimen

minimum crack spacing

mean crack spacing

xiii



•

•

•

/1

",.
\',

lt'lI"n

E..

E,

7/..

r

x

=

=
=

=

=
=

=

=

=
=
=
=
=

=

=

cracking IO~Hj in a tension speCImen

hond stn:ss

sh.:ar str.:ss d.:yc\op.:d h:. adh.:sion

sh.:ar str.:ss a.:ting on th.: .:ylindri.:al .:on.:r.:t.:

ay.:rag.: crack width

maximum crack width

rib fac.: angk

strain in th.: .:oncr.:t.:

strain in th.: st.:c\

ay.:rage strain

av.:rag.: residual surlàce strain

measured polarization

anodic oyerpotential

cathodie oyerpotential

time of exposure

earbonated coyer depth

xiv



•

1.1 Background Information

Chapter 1

Introduction

Corrosion of reinforced concretc was tirst rccognizcd carly in the twentieth cenlUry. but it has

become worse in recent years with the widespread use of de-icing salts on highways and bridge

decks. Usually concrete provides an idcal protective environment for the reinforcing steel.

However. when salts (chlorides or sulphates) penetrate the concrete and reaeh the steel rebars.

corrosion norrnally commences. The corrosion produets of the steel reinforeement will swell

• up to seven times its original size. developing pressures as high as 34.5 MPa (5000 psi) \vithin

the conercte. which cause cracking and spailing of the conerete coyer and expose the rebar to

lùrther corrosion activity. Corrosion of reinforcing steel in conercte has caused eatastrophie

failurcs in sorne specifie cases. resulting in injury and death. such as the collapse of the Berlin

Congress Hall as shown in Fig. I.I [Isecke (1982)] and of a parking garage in Minnesota in

Fig. 1.2 [Borgard el al. (1990)].

•

Chloride-indueed corrosion of reinforcing steel in concrete bridge deeks. parking garage

slabs and marine structures has been identified as the primary cause of conerete deterioration.

The distress in conerete is caused basically by severa! interactive factors and eharaeterized

mainly by severe environment. unsuitable materials. inadequate construction praetiees and

specifications in eonjunetion with structural weakness. The Ontario Ministry of Transportation

\\;11 be spending approximately $700 million on the repair and rehabilitation of its bridges. The

Province of Quebec has eommined to spend about $65 million over the neX! 5 years on the
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r~pair and r~habilitation of th~ :-'I<mtr~al ar~:l brid~"s. alld all<'th...r 5334 miPi<'1l <'n th ... r...pair

of th~ ar~a roads. Th~ F~d~ral GO\'~rnm~nt has sp~nt r~"~lltly 5 l:,O milli<'11 <'Il th~ r~pair and

r~habilitalion (If th~ Champlain Brid~~ in :-'lontr~al.

Bas~d on th~ information pn"'id~d by th~ Strat~~i... lli~hway R"'s~:lrdl l'r<'~ram

(SHRP). it is ~stimal~d lhat th~ ...ost of th~ corrosion d:lI11a~~ in th~ lillit~d Stat~s transpMt:lliOIl

syst~m no\V stands at ov~r S:!O billion. and it is incrcasin~ at th~ rat~ of S500 milli<'n p...r y...ar.

From a surv~y of collaps~d buildings in England l'rom 1974 10 1975. i\khta alld i\lolll~ir<'

(199:!) show~d that cight concn:te building structures collapscd because of th... corr<'sioll of lhe

steel rcinforcement. In 1975. the U.S. Interstate High\Vay System :llone reported thc need l'''r

US S6 billion for repair and replacement of rcinforced conerete bridge decks. ln additioll. it

\Vas reported that at kast 4800 of the :!5000 bridges in the State of Pennsylvania \Vere Illlmd

to be in dire need of repair [Mehta and Montciro (199:!)]. The repair and maintenance of

rcinforced concrete structures is beeoming inereasingly important and extensive. In order to

inerease the reliability of the structure and to reduce maintenance cosls. e1iminating or at \Vorst

impeding the corrosion problem is very important. Aiso. to design new conerete sluelures and

to repair exisling deteriorated concrete stuctures requires an underslanding of the various causes

and mechanisms of corrosion of reinforcing and prestressing steel.

The concrete cover acts as a physical barrier to the access of aggressive agents beeause

of its hardness and resistance to wear and tear. and to permeation of lluids containing harmful

compounds. The high aIkalinity of concrete normally provides excellent protection to Ihe

reinforcing steel. Despite the "interest" in the protective qualities of concrete. corrosion of steel

is the most common cause of distress in concrctc structures. Use of dcicing sa1L~ in cold

climate countries aggravate this situation. Concrete stucturcs subjected to sea waler spray in

the zone in marine stuctures and carbonation of concrete in industial environmenlS also lcad

to the depassivation of the protective oxide layer on the reinforeing steel. Thcsc distrcsscs have

aIso occurred from errors in concrcte mixes. lack of quaiity control in mixing. placing.

consolidating and curing of concrcte resuIting in permeable concrete. In addition. incorrect use

of the different types of cements.. supplementary cementitious materiais. superpIastici7..er5 and
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oth~r additi\·~s a'ailahl~ ~omm~rcially and us~d wit;lout a full und~rstanding ofth~ir prop~ni~s

ha\'c also n:sultcu in dcte.:rinration of concr::lc structun:s bccaust: of steel corrosion.

Corrosion of th~ rdnfi.'rcing st~d caus~s a d~crcas~ in th~ bar diam~t~r which affects

ad,~rsdy th~ m~ch;:nical prop~rtks of th~ st~d har in t~rms of its ultimat~ str~ngth. yidd

str~ngth. ductility. clc. Furth~rmor~. wh~n r~inforc~ment corrodes. the corrosion produclS

occupy a much larg~r ,olum~ than th~ original st~~l. and ~\"Cntually ~x~rts a large forc~ on the

concr~t~ surrounding it to caus~ cracks which grow slowly as the reinforcemellt continues to

corrode lollowed by spalling of the concrete co'er. Also. corrosion of the reinforcing steel

causes changes in the surtàce conditions of the reinforcement steel. and layer of the corrosion

produets causes loss of cohesion and adhesion at the steel-concrete interface. As corrosion

continues. it linally lcads to changes in the profile of the bar rib. Eventually. ail of the concrete

around the steel bar is forced off by the growing corrosion products. and the reinforcement

looses not only any remaining protection against corrosion. but also looses a significant part

of the bond rcsistance to transfer the force l'rom the reinforcing steel to the surrounding

concrete. and vice versa.

Corrosion is very scrious in the case of post-tensioned pn..'Stressed concrete due to the

làct that the rcinforcemcnt is deliberately stresscd in tension prior to any loading on the

structure. In addition. the post-tensioning tendons are free to move \vithin the concrete over the

bearn Icngth as they may be anchored only at the ends: such movements are prevented in

grouted tendons. Thercfore. rusting of tendons may take place without any visible sign on the

concretc surtàce causing a sudden structural failure \vithout any advance warning.

It should he cmphasized that the reinforcing steel is provided in reinforced concrete to

l\.'Sist the tcnsile forces. and to produce controIIed cracking within that zone. However.

corrosion not only detcriorates the steel bar and its function of transferring the tensile stresses.

but it deteriorates the concrete by spailing of the coyer. Therefore. corrosion of the

rcinforcement has a strong influence on the bond hehaviour at the interface between the steel

reinforcement and concrete. As corrosion of the reinforcing steel progresses. the bond strength



• hetwC'c:n the: rdnt"orcing stc-d and concrctt.- Jinlini~hc:s rn)~rt..-ssi\"dy~ and ma.1l'r fc..-palrs l'f

replacement is needed. \\'hile mueh has been \Vrillen ab,'ut the pn,bkm. ,md numer,lUs reports

ha\'e appeared \\'hich diseuss ho\\' this corrosion ean be wntwlkd. ,'nly limited d'Ha arc

availabh: about its inl1uence on the b,'nd behavi,'ur at the stee!-c,'nerele interl;\Ce.

1.2 Research Significance

A study of the influence of corrosion and cracking on the bond behaviour ,'1' reinlllrced

concrete aimed at understanding of ho\\' arc the bond stresses transferred l'rom the eorr"ded

steel to the surrounding concrete (steel-concrete interface) \\'ould be 'luite usd"ul t" the

progressive deterioration of bond with inereasing 1cvels of corrosion. The correlati,m bCI\\'cen

corrosion. bond strength and cracking of the reinforced concrete needs urgent allention.

lt is anticipated that the findings of this research program and its application will result

in a better understanding of the corrosion prohlcm. its seriousness. and its influence on the

• bond benveen the steel and concrete.

1.3 Summary of Previous Research

The following does not attempt a total review of ail of the tests on corrosion of the embedded

steel in the concrcte. but rather the results of sorne tests that have an impact on corrosion of

embedded steel in concrete arc reviewed. Special attention is given to the research that has

investigated the influence of corrosion on bond behaviour.

•

Conerete in sc:! water is a topic which has been in the literaturc for generations [Gjorv

(1975)]. Sorne papers were presented as early as 1909 in the International Association for

Testing Materials in Copenhagen. which reported on corrosion rncchanisms. procedures to

reduce or prevent corrosion in the carly investigation based on the results of the various

experiments and observations. Information on the chloride content and the onset and progress

4



•

•

•

of corrosion proccss has hccn ineorporated in thc provisions of the various codes of practice

presently used in construction in different parts of the world. hut research is still needed to

explain l'ully the corrosion phenomena. The ACI Commillee 222R (1989: 19(4) reports the

slale-ol~the art of the corrosion of meta1s in eoncrete. This hasie information is also

incorporated in the CSA Standards S6. S413 and S4ï4.

A considerabl<: amount of research has been undertaken to study the bond characteristics

of deformed bars in concrcte. lt has been reported by Abrams (1951) that the earliest published

tests on bond of r<:Înforced concrete wim .. iron bars" \\'as carried out by Hyan in 18n. The

ACf Committee 40S (1966: 1991) and me CEB Task Group VI (1981) have summarized sorne

of the major devdopments in the study of the bond characteristics over the last century.

Several researchers have investigated the bond characteristics of steel bars in reinforced

concrete by studying the behaviour of reinforced concrete tension e1ements. Houde and Mirza

(19ï9) have obtained newand basic information on the bond-slip characteristics of dcformed

bars at the various load leve1s using two widcly different types of specimens which are

anehorage and transtèr type of specimens. aIong with the variation of the concrete strength

l'rom 20.5 MPa to 44.0 MPa (2980 psi to 6390 psi). Sixty-two concentric tensile specimens

with No. 4. No. 6 and No. S bars. with twelve tests on specimens with internally instrurnented

with No.S bars. along with another six bearn-end tests with similar internaI instrurnention. The

spt.'Cimens \Vere sliced and examined after testing. and it \\'as found that slips have resulted

from graduaI deterioration of the concrete keys in front of the ribs. The influence of the

concrete cover in restraining the bar \Vas aIso examined. They found that the slip of the

rcinforeing bars increases aImoS! linearly \Vith an increase in the steel stresses.

The tensile behaviour of concrete members reinforeed \Vith a single reinforcing bar and

the influence of transverse cracks and splitting cracks on tension stiffetting has also been

studied by severa! researchers such as Abrishami et aI. (1995). Fracture mechanics techniques

have been developed to model the influence of bond and cracking on the tensile response of

reinforeed concrete members [Bazant (1992) and Ouyang and Shah (1994)]. However. little
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rcscarch has bccn unJc.:rtakc:n tl) cvaluatc the dTcCI \,,1' cnrn,~i\"'n llI' the l'lar surt\cl.:' ch~l1l~cs ,-ln

stcd-concrctc hond. ThcrcftJrc. ml'rc n:scan:h is nccdcJ in \.'rlft:r Il' gain :.1 hcth."r undcrstanding

of th.: natur.: of th.: .:orro~ion intlu.:n.:.: t'I1 hond. and th.: raram':l"r~ whi.:h alï.:ct th,' t,tilur<:

of hond du.: 10 .:orro~ion.

Pag.: .:t al. (1978) conduct.:d r.:s.:ar.:h on th.: d1i:.:t of mix .:hara.:t.:risti.:~ and ~t.:c1

surfac.: conditions on th.: bond b.:tw.:.:n th.: sl':c1 r<:infor.:.:m.:nt and ditlèr<:llt mt)rlars. It W:L~

found that th.: chang.:s in th.: prop.:rti.:s of th.: ~t.:c1 oxid.: lilm intlu.:n.:.: th.: ht'lld slr.:ngth. In

addition. th.: rdationship b.:tw.:.:n th.: bond str.:ngth and th.: pOI.:nli:11 r.:s.:mhks an

d.:ctrocapillary curv.:.

Sakamoto and Iwasaki (1982) studi<:d th.: intlu.:nc.: of ~odium c111orid.: (N:ICl) on ht'I1d

betwcen thc rcinforcing steel and th.: concret.: using accckr.tt.:d .:orrosion t.:sts on

150x150x150 mm cub.:s. rcinforccd with a 16 mm diam.:tcr r<:inforcing bar. in accordanc.: with

thc ASTM Standard C234. Th.: d<:forrn.:d and plain r<:inforcing bars w.:r.: galvanis.:d in

accordance with the Japancase Industrial Standard (JIS) H8641. Th.: molt.:n zin.: was

maintaincd at a tcmperature of 460 C and thc immersion tim.: was 30 s.:conds. Th.: amounL~

ofNaCI (dissolved in the mixing \Vatcr - 188 kg/m' ofthc concretc) addcd to thc concr.:t.: \Vere

O. 0.1. 0.3. I. 2. and 5 percent by \Vcight of sand (794 kg/m'of concrete) in oven dry

condition. The curing temperatures uscd \Vere 20' C. 40' C and 50' C and thc ages at testing

\Vere 7 and 28 days. T\Vo specimens \Vcre tested for each condition.

The bars removed from the specimens. \Vhich sho\Vcd dctcrioration of bond strength

under conditions with high NaCI concentration and e1evated tcmperaturc. sho\Ved corrosion

products on the surface. Thc reinforcing bars in such specimens \Vcre affectcd by corrosion

even in the case where rus! was not evident. In casc of thc specimens with galvanized hars and

subjectcd to similar conditions. the galvanizcd bars sho\Vcd no signs of corrosion. and thcrc

\Vas only sorne discoloration on the bar surface. Sakamato and 1wasaki (1982) also notcd that

the layer of the corrosion products becomes dense in its structure becausc of the constraint of

the surrounding concrete. This decreases the rate of consumption of zinc and preserves the
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honù stn:n:;th o"<:r a lon:;<:r p<:rioù. h<:C:'lUS<: th<: 1:ly<:r of corrosion products is pre"ented from

p<:n<:tratin:; <Hl tl' th<: zinc surface. They con:ludeù that zinc coating is an dTecti"e means to

protect th<: reinforcing sted trom the attack if chloriùes arc pn:s"m in the concrete.

:\I-Sulaimani el al. (1990) stuùi"d th" inllu"nc" of rdnforcing bar corrosion and th"

associat"ù longitudinal er..lcking on th" st"c!-concrete interface bond behaviour using the

stanùarù pullout anù b"am t"slS. They used pullout teslS to simulate severe local corrosion

eonùitions. anù thc beam t"slS to simulate rc!ativc!y uniforrn corrosion conditions along the bar

I"ngth. The pullout sp"cimens. 150 mm side cubes. \Vere reinforced \Vith 10. 14 and 20mm

ùiam"t"r bars cast centr..llly to give cov"r-diameter r..ltios of 7.50.5.36 and 3.75. respcctivc!y.

Th" dli:ctiv" "mbedment length-diameter ratio provided was 4.0. \Vith the concrete and the

st<.",1 strengths bdng 30 MPa ("":lter-cement ratio = 0.55) and 450 MPa. respcctive1y.

Polypropylene libres \Vere added (0.2 percent by volume) to the concrete for the second test

series. The beams. 150 x 150 x 1000 mm in size. \Vere reinforced with two 10 mm diameter

top bars. one 12 mm diametcr bottom bar isolated from the 6 mm diameter closed stirrups at

50 mm centres. The embedmcnt lengths provided wcre 144 mm in one series and 300 mm in

the second series. the latter being required by the ACl 318-83. The bond behaviour at the steel

concrete interface was cxamined at four different stages of corrosion:

- No corrosion stage

- Precracking stage

- Cracking stage

- Postcracking stage

Thes.: stages of corrosion were achieved by impressing a direct current with a density

of 2 mNcm~ for increasing periods on the reinforcing bar embedded in the pullout. or the

beam specimens located in water. The circuitry was 50 arranged that the steel bar served as the

anode. while a stainIess steel plate situated in the water acted as the cathode.

An:l!ysis of the test data showed that the bond strength increased with corrosion up to

7



•

•

•

3. ct:rtain k\'d {3.bout 1U u kss ..,r h3.r \\l.:ig.ht) hC:":3ltSC: llr thl.:' in..:n.:asc:J har St1rl~l":l,.· f,,'uc.hn\,.·ss

\Vith the: growth of a tirn1 byc:r l,r I.:llITOsÎl'ln rrl,Ju..:ts l'Il thl.: har sllrt~l\:C:. \\ hi",:h l".·nh~lIl":~·lt.l lh...·

bond strc:ngth al the: S!cd-Cl)ncn:tc intC'rl~lcc.:. Ill)\\,I.:\\:f. with a rn.lgn:ssi\t,.~ Înc:rc:as\.' in tlH: h:\'I.:1

of corrosion. the bond strength uecreaseu rapiuly l,'r the pullllut test. but at a llllh:h Ilmer ratl'

than t,)r beams. AI-Sulaimani el al. \ l'NO) 1!l'teu that t,'r pullllut tests. the bl'nd strength

becomes negligiblc at corrosion lcvd l,f 7.5 perccnt ,wight loss t,'r the 14-mm uiameter haro

They noted that the calculated average bond stress was 1.5 times the permissit>lc honu stre$.'

calculated using the provisions of ACI 318-83 e"en atier a corrosilln levd with 5 percent Ill$.'

of bar \wight for the beam tests. This bond ueterminatil)l1 was attributeu tll the severe

deterioration of the bar lugs or dcformations. beeause of the severe localizcu corrosil'll in the

pullout specimens. which generated llaky products of corrosion on the bar surface. which along

with the widening of the longitudinal crack rL'Sulting t'rom corrosion. scriously deteri07ateu the

bond strength at the sted-concrete interface.

AI-Sulaimani el al. (1990) obscrved that introduction ofO.:! percent polypropylcne libres

by volume into the concrete improvcs the bond strength at the stl'Cl-concrete interlace.

particulariy during the postcracking stage. This is basically duc to the lo\Ver lcvd of damage

at the bar surface and the contribution of the fibrL'S in improving the contïnement and holding

capacity of the concrete surrounding the bar.

Cabrera and Ghoddoussi (1992) undertook a laboratory investigation in the inlluence

of reinforcement corrosion on bond strength of deformed bars. using bcarn and pu!lout

specimens made \Vith ordinary Portland cement (ope). and pulverised lly ash (pfa) and cured

in a simulated hot dry environments (35'C and 45% relative humidity). To achieve the diITerent

levels of corrosion.. a voltage of 3 volts versus saturated calomel eleetrode was impressed to

aecelerate the corrosion process. The experimental results \Vere used to determine the

relationships between bond stress and the corrosion rate. Similarly. the u1timate bond stress was

related to the crack width. They discussed the influence of the cement type on the rate of

corrosion and their eITeet on the bond strength. The concrete with pfa exhibited bener

resistance to corrosion damage !han ope concrete basically because of its higher electrical
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rcsistivity.

PrcvÎous Rcscarch At McGill Univcrsity

T\Vo dctailcd invcstigations dcaling \\;th acccicratcd clcctrochcmical corrosion of

rcinforccd concretc have bcen complctcd at McGill Univcrsity [ Palumbo (1991). Farah

(1993)]. They dcvcloped thc tcst sct-up and a dctailcd proccdurc for acccleratcd corrosion

testing using a lollipop specimen. \Vith the period to complete corrosion in most specimens not

cxcecding 45 days. The effects of thc clcar concrete coyer thickness. deforrned steel bars with

and without an epoxy-coating. and the effectiveness of the surface sea1ants were studied.

Fazio (1996) has undertaken a similar study of the flexural behaviour of reinforeed

eonere'e beams subjected to a similar accelerated corrosion regime as Amleh (1996). He has

tested five bcams. and he will be testing another IWO beams. with very ell.1ensive corrosion in

one of them. The results of this experimental work will be presented in the spring of 1996.

1.4 Scope and Objectives of the Present Investigation

The investigations of the influence of corrosion on the bond behaviour beIWeen the reinforcing

steel and the concrete reported here were carried out under direct tension testing relative to

threc stages of corrosion: no corosion. corrosion corresponding to cracking, and postcracking

levels. The appearance of the first visible crack was defined as first level of corrosion; in total.

scven levels of corrosion were produced. ranging from no corrosion. uncorroded 0.0 percent.

to complete corrosion. 17.5 percent weight loss due to corrosion. with a 9 mm longitudinal

crack caused by the mechanical pressure due to the volume expansion of corrosion products.

Corrosion is measured as the loss of metal of the reinforcing steel bar relative to the original

reinforcing steel bar weight.

9



• Tension tests have been carried out fllr a preliminary study of the int1uence of the steel

reinforcement corrosion on thc bond behaviour. The bond strength \\";IS studied through hoth

transversc and splitting cracks. and a relative bond effectiveness of the eorroded h;lrs W;IS

determined from the crack spacing.

The primary objective of this rcsearch program is to simulate the prevalent conditions

under severe local corrosion which causes signilicant changes on the surface conditions of the

steel reinforeing bar. and to study the eflèct of the various levels of corrosion on the response

of a standard tension specimen with a single reinforcing steel bar and Ùle clTeetiveness of hond

between the reinforeing steel and the eonerete. The corrosion rate is evaluated for the dinèrent

levels of corrosion along with the determination of the ehloride-ion penetration.

1.5 Outline of the Thesis

Chapter 1 addresses the goals of this rescarch program. besides prescnting an overview 01" the

• rescarch undertaken in the generaJ area of bond of corroded bars in reinl"orced concrete where

they have been the subject of intensive study and research during the recent years. Chapter 2

presents sorne of the latest literature review of the mechanisms of reinforcement corrosion.

which have been the subjeet of intensive research over the past few decades. It discusscs how

the concrete environments protects the embedded steel. Also. it discusscs the characteristics 01"

the concrete of relevance to the corrosion of the reinforcing steel and presents the basic

principles of corrosion. Chapter 3 reviews the basic mechanies of bond transfer between the

conerete and the steel reinforcement and the associated slip of the deformed bars in the

conerete which causes cracking. The stresses and deformations in the concrete. causcd by the

bonding forces arc also presented. This chapter also summerizes the program planned to study

the parameters which are influenced by corrosion. to evaluate the bond characteristics in the

corroded reinforcement in the tension specimens used in this study. The parameters studied arc:

•
i) Load-deflection response
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ii) Stn:ss-strain rdationship

iii) The craek spacing and crack width

Chapter 4 describcs the expcrimcntal program of the acceleratcd corrosion testing to

simulate the corrosion conditions in the twelve specimens that underwcnt the accelerated

testing. Chapter 5 describes the expcrimental program of the direct tension testing of the

specimens that was perforrned after achieving the required corrosion conditions. Chapter 6

reports the results obtained from both experimentai programs. Chapter 7 presents the discussion

and analysis of the results that were obtained from the two experimental programs. A brief

summary of the cxperimental and analytical work as weil as the conclusions are presented in

Chapter 8. and recommendations for further research and development on the influ~nce of

corrosion on bond behaviour arc included.
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Fig. 1.1: Collapse ofthe Berlin Congress Hall, [Isecke (1982)].

Fig. 1.2: Collapse ofli salt-damaged parking garage,
[Engineering News Record (1984)].
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Chapter 2

Mechanisms of Corrosion of Embedded

Steel in Concrete

The corrosion of steel reinforcement is of the grcatcst concern in the deterioration of the

infrastructure around the world. and therefore. this chapter will discuss the factors that cause

and control corrosion of steel in concrete. as several metals will corrode under certain

conditions when embedded in concrete. Factors influencing the eleetrochemical process are also

discussed. and some protective measures that ean be utilized are presented.

2.1 Introduction

Corrosion is the process of the transformation of a meml to its "native" form which is the

l'latural ore state. often as oxides. chlorides or sulphates. This transformation oecurs because

the compounds such as the oxides "involve" lcss energy than pure metals. and henee they are

more stable thermodynamically. The corrosion process does not take place directly but rather

as a series of e1ectrochemical reactions with the passage of an electric current. Corrosion also

depends on the type and nature of the metal. the immediate environment, temperature and other

related factors. The corrosion may be defmed as the destructive attack of a metal by chemical

or electrochemical reaction with its environment.

Steel in concrete is normally immune from corrosion because of the high alkalinity of

the concr~te: the pH of the pore water cao be greater than 12.5. which protects the embedded

steel against corrosion. This alkalinity of concrete causes passivation of the embedded
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rcinforcing bars. A microscopic oxidc Iaycr \\'hich is thc 'passivc' lilm. Ilmns l'n thc stcel

surfacc duc to thc hig~l pH. which prcvcnts thc dissolution of iron. Furthcrnll)rc. thc Cl)nCrctc's

madc using lo\\' \\'atcr-ccmcnt ratios and good curing practiccs. havc :1 lo\\' pcrmcahility \\'hich

minimizcs the penctration of the corrosion inducing ingredients. ln addition. lo\\' permcahility

is believed to increase the e1ectrical resistivity of the concrcte to sorne degree \\'hich helps in

reducing the rate of corrosion by retarding the no\\' of e1ectrical currents \\'ithin the Cl>ncrete

that accompany the e1ectrochemical corrosion. Consequently, corrosion of the cmheddcd stcel

rcquires the breakdown of its passivity.

The steel reinforcement in a majority of concrete structures or concretc eIements docs

not corrode because of these inherent protective characteristics, as long as thcr.: is a suit:lhle

quality of concrete and proper design of the structure for the intended environmental exposure

which does not change during the life of the structure. I-Iowever. corrosion of the steel in the

concrete may result when the conditions mentioned above are not met in reinforced or

preslresscd concrete. In places of very severe exposure. such as pilings in sea water or bridge

decks exposed to deicing salts. the use of other protective rneasures. Le. corrosion inhibitors,

coatings on steel or sealing of the concrete surface. or cathodic protection may be utilized.

2.2 Concrete as an Electrolyte

An lUlderstanding of sorne of the clements of concrele structure is essential for discussing the

factors influencing the corrosion. Concrele consists of n cement paste and coarsc and fine

aggregates. and the aggregates usually do not play a significant role in the clectro-chemieal

corrosion proeess. Basically. the cement paste phase of the conerete acts as thc electrolyte for

the transportation of ions and the ionie CUITent.

Mehta and Monteiro (1992) and others have described the composition of the hydrated

cement paste. which consists of two phases - the hydrated minerais and the pore solution

(liquid phase). The basic parameters whieh control steel corrosion are:
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(1) The volume and composition of the porc solution.

(2) The size and distribution of porcs.

(3) The presence of Ca(OI!), in the hardened paste.

2.2.1 I)ore Solution

The porc solution composition has a great influence on whcther the steel embedded in the

eoncrete will remain passivated. or it will commence to corrode. Recent researeh has shown

that ingress of soluble sodium and potassium compounds can lead to pH values of greater than

13 in the pore solution in ordinary portland cements. however. the pH of the porc solution of

blended cement eoncretes has been observed to be lower. Considerable rcseareh has also been

undertaken to deterrnine the influence of the cement composition on the degree of binding of

the ehloride ions. because it is the free ehloride ions in the porc solution which arc available

for altaeking the steel and initiating corrosion.

2.2.2 Distribution of Porcs

The hydrated cement paste contains severa! types of voids which have an important influence

on its properties. Mainly. therc arc thrce types of voids or pores:

(1) lnterlayer spaee in the calcium silicate hydrated phase porcs.

(2) Capillary pores.

(3) Air pores.

The pcrrneation of moisturc and oxygen to the reinforcing steel surface depends on the

perrncability of eonercte in general. and on the permeability of cement paste in particular.

which is governed by the pore size and distribution and their interconnectivity. It should be

noted that the capillary pore system is basically responsible for the diffusion and permeation

processes. and consequently. they arc important for the corrosion of the embedded reinforcing

and prcstIessing steel. While the availability of moisturc and oxygen are essential for the
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lormation and maint~n:mCt: of th~ passiw lilm on th~ st~d sllrfac~. th~y ais,' C"l1lro\ th~ rat~

of p~rm~ation of chlorid~s and/or carhon dioxÎd~ to th~ st~d Surl~lCC. Th~ r~sll\ting ch~mica\

r~action d~stroys this passiv~ prot~ctiv~ lay~r on th~ st~d sllrl~lc~. and th~ iron th~n r~acts with

the moistllre and the oxygen to l'orin oxidcs and hydroxÎd~s of iron. which constÎtlltc thc

corrosion process.

The amollnt and signiticance of the pastc porc size and thcir distrihution can hc

detennined using a number of techniqu~s such as the mercury intrusion porosimctry. vapour

adsorption. vapour desorption. small angle neutron scattering and \ow-tempcratlln: calorimctry.

2.2.3 Calcium Hydroxide

The volume of soliels in the hydrated c~ment paste consists of 20 to 25 percent of calcium

hydroxide. Ca(OHb crystals. Detailed studies of the hydrated cement paste have shown limited

solubility of Ca(OHh in aqueous solutions and it rcmains as a solid substance distributed in

the hydrated cement paste. While tricalciurn silicate. C,S. and dicalcium silicate. C:S. have

been known to contribute to the strcngth of the hydrated cement paste. the contribution of

calcium hydroxide. Ca(OHh. because of its considerably lower surtàce arca.. is much Imver.

However. Ca(OH): helps maintain a high pH level in the hydrated cemep' paste and provides

a useful pH butTer for the porc solution. In addition. Ca(OH): tends to fonn large crystals with

a distinctive hexagonal-prism morphology. wherc it prccipitates as a coating over the steel

surface. the pore \Valls. the rnold \Valls. which provide physical proteetion to the steel bars.

This explains why the vmous reinforcernent corrosion tcsts cannot be extrapolated to the

behaviour of the steel ernbeddOO in the concrete in "rcal" structures. It should also he notOO that

the higher the concentration of Ca(OH): in the hydrated cement paste. the longcr will be thc

time for the carbonation front to penetratc thc concrcte covcr thickncss and rcach the stcel

surface.
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• 2.3 Principlcs of Corrosion

Thc corrosion of iron may occur hy scvcral mcchanisms. Corrosion may initiate by bacterial

action. ccrtain hactcria (desulphovihrio dcsulphuricans) [Berkdy and Pathmanaban (1990)J. by

dircct oxidation (hurning). or hy acid attack. and by chemical attacks. Such corrosion is of little

conccrn in thc concrete. Indircct oxidation (dectrochemical corrosion) as a result of dissimilar

or non-unili.>rm metals or dissimilar environments is of paramounl importance in the

dcterior.Jtion of most concrete structures. Also. corrosion of the rcinforcing sted in concrete

bv deetrolvsis duc to "strav dectrical currents" and hvdrol.!en embrittlement duc to "stress...... .. "-

corrosion" arc also rdevant. In summarY. the corrosion of the rcinforcinl.! sted in concrete. ~

occurs generally by an dectrochemical reaction in the presence of moisture and oxygen. which

is hdieved to he the essential cause for ail of the corrosion distress that occurs.

2.3.1 Elcctrochcmical Proccss

• Corrosion of sted by galvanic actions where the highly a1kaline environrnent and the

aeeompanying passivating effect may be destroycd. occurs bccause of three principle causes:

the carbonation of concrete. the ingress of chloride ions into concrete to destroy the passive

layer ofoxides on the steel bar surface. and the leaching of the alkalics by the strcaming water.

It must be emphasized that corrosion is possible only if sufficient moisture and oxygen are

availahle. This clectrochemical process causing corrosion of the reintoreing steel in the

concrete is similar to the action that takes place in a flashlight battery which involvcs an anodic

reaction. consisting of oxidation of the iron. and a cathodic reaction where this reaction

consumes any electrons produced during oxidation of the iron. an electrical conductor. and an

electrolyte.

•
The dissolution of the metal in the concrete occurs at the anodic sections where ions

are generated in the solution in the form of hydrated anions (the negative pole) by the half-cell

rcaction where the iron is oxidized to ferrous ions such as:
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• Fe - Fl~:" ... :!t' (2.1)

•

Corrosion oecurs at the anode and results in a loss of the metal l'rom the sceti<lIl. whieh

adhcrcs loosely to thc mctal sccti<'n as an oxidc. This oxidc product is I<)st cvcnlually l'rom thc

section under continued corrosion. The Fe> is changed to oxides olïron by a dilTerenl numbcr

of complex reactions. and the volume of the rcaction products is sewral limes the \,<)Iume <)f

the iron. Rosenberg el al. (1991) reported on a research donc by Nielsen who found that when

concrete with actively corroding reinforcement is broken open. a light-green semisolid reaetion

product. which may be a mixture of Fe(OH)~ and Fep•. has been observed near the steel.

which on exposure to air. tums black (Fep.) and subsequently rust red (Fe(OI-!),.IIH,o).

Figure 2.1 illustrates the relative volumes of iron and i!:= corrosion reactions rNielsen (1985) 1.

The clectrons rcleased at the anode where the reduction takes place mo\'e towards the

cathodic rcgions of the surface wherc thcy are assimilatcd by the atoms of the disso1ved

oxygcn or hydrogcn ions and consumcd by the cathodic half-cell reaction. When the porc

solution is alkalinc and has ready access to the air. the reduction of dissolved oxygen takes the

forrn:

(2.2)

•

The elcctrical circuit is completed through the electrolyte solution in which the hydratcd

ions move through cement paste pore solution in the concrete as mentioned above. Figure 2.2

presents the sehematic representation of the corrosion of steel in concrete.

2.3.2 Concept of Electrocbemical Potential

Anodic and eathodic sections forrn on the surface of the metal where they are of differcnt

e1cctrochemieal potential due to the existence of heterogeneities in the corroding system. Thesc

heterogeneities in the same metal occur due to metallurgieal segregation. different grain
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• orientatilln or duc to the local di fferenccs in the ele~trolyte. This can also occur when two

difrcrent metals arc connected and immersed in the same electrolyte. where one will act as an

anode and the other as a cathode. depending on the nobility of the metals in\"ol\"ed.

The driving Il,rce for thc reactions is the differcnce in electrochemical potemial between

lhe anode and the cathode. These potentials may be defined as a measure of the case of transfer

across the steel-eoncrete interface and the case of ionization of the dissol\"ed oxygen.

respectively. It is not possible to determine the absolute value of an electrochemical potemial.

Thereli.)re. the potential difference bet\Veen the anode ( or cathode) and a reference electrode

is taken as a measure of the actual potemial. lt is quoted in volts relative to the particular

reference eleetrode used. A fixed dilTercnce in potcntial is al\Vays established between a metal

and a solution containing its ions at an aetivity level of unity. This potential diflèrcnce is

arbitrarily taken to be zero làr the hydrogen electrode which is used as a reference for ail metal

potentials.

• The dilTerence (E< - E,,). between the potentials of the cathode. E<. and the anode. E".

ean be very small if the anode and the cathode are quite close to each other. and the electrolyte

conductivity is high and can attain a voltage of several hundreds of millivolts when the

resistance of the medium is high. It should be noted that the potential of the local anode is

always !css than that of the cathode in the corrosion pair.

When the solution in contact with the metal does not contain its ions. or if their activity

is not unity. the Nerest equation allows the actual potential. E. to be determined as :

E = EO - (RTInF) lnK (2.3)

•
wherc R is the gas constant. n the valence. and K the equilibrium constant for the ions present

in the solution. Therefore. the actuaI potential of a corroding iron piece (known as its open
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circuit potential. rest potential. <'r corrosion po:enti;ll. 1:"...,.) is dcpcndcnt "n a yarict\, of t'Ict,'rs.

induding:

· The equilibrium potcntials of the anodic and catlwdic hail~cdl rcacti,'n.

· The composition of the surrounding dcctrolyte.

· The temperature.

· The polarization of the half cells. and

· The existence of passivity.

2.3.3 Pourbaix Diagr.lms

The dectrical potential versus pH diagrams. more commonly known ;IS Pourbaix di;lgrams. arc

named aftcr the originator of the concept. who deviscd a compact sununary of the

thermodynamic data for metals in aqueous environment in the lorm of these diagmms

[Pourbaix (1974)]. Figure 2.3 shows a simplified Pourbaix diagram for iron. Based on

equilibrium thermodynamics. these diagrams showing potential-pH plots deline three main

regions:

(1) Immunity. where the metal is thermodynamically stable and is immune to corrosion.

(2) Corrosion. where the ions of the metal ,Ie thermodynamically stable. and corrosion

occurs at a rate which cannot be predicted thermodynamically.

(3) Passivity. where the eompounds of the metal arc thermodynamically stable. and may

proteet the substrate l'rom tùrther reactions with the environmenl.

The dotted lines of Fig. 2.3 represents the thermodynamically stable region of oxygen.

which is above Hne a. of water between Hnes a and b. and of hydrogen which is bdow Hne b.

The iron is in the passive state at a pH in the range of 8-13 as illustrated in Fig 2.3. however.

it also shows that corrosion may begin if the pH is more than 13. where a soluble ferrite.

HFe02". forms. However. the occurrence of this phenomenon in the concrcte has not becn

conflI'l11ed [ACI 222R (1994)].
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• 2.3A l'ularizatiun uf the Half Cells

l',,lari;-.alion is lhl: shili of thl: ml:asurl:d pOll:nlial away l'rom lhl: rl:wrsibh: pOlential when a

I:urrl:nl llows lhrou~h lhl: hall~l:dl. This polarization rl:presenls an overpotl:ntial detined as

1Rosl:nbl:rg el al. (1991) 1:

,., = E -E
'la COrT a

,., = E-E
'1(" c CO"

(2Aa)

(2.4b)

whl:n: 7/". 7/. are the overpotentials and E". E.. are the equilibrium potentials for the anode and

the cathode. respectivdy.

The polarization process will influence the shapcs of the anodic and cathodic branches

• of the polarization curve. There are three kinds of polarization where they may act separately

or simultaneously:

(1) Concentration polarization. which happens when the concentration of the electrolyte

changes in the vicinity of the electrode. such as depletion of oxygen at the cathode.

(2) Ohmic polarization occurs because of the ohmic resislance of the electrolyte and of

any films on the clectrode surface. This produces an ohmic potential drop in accordance with

the Ohm's law.

(3) Activation polarization occurs due to kinetic hindrance of the rate-controlling step

of the clectrode reaction. Tarel (1905) showed experimentally that the measured polarization

is din:ctly proportional to the logarithm of the current density. i. for large currents in the

absence of concentration and ohmic polarization:

• 21



•

•

•

when: " is constant parameter known as the "l"al<:1 intercept

h is constant parameter known as the 1'al<:1 slope

These parameters can be obtained empirieally by ploning '1 \wSUS i l'n Sl:milogarithmie

scales. The parameter " is rdated to the exehange eurrent i". and is ;1 measure llr the

reversibility of the reaction. while paran1eter h gives an insight into the meehanism llr the

dectrode reaction.

2.3.5 Morpholog)' of Corrosion Proecss

The mrophology of the corrosion process depends on the distribution of anod~"s and cathodes

on the steel bar surface and on their relative areas. 1l' the anodes and the cathodes are

irregularly distributed on the steel surface and change thcir position during the corrosion

process. the :lttack will he more or lcss uniforrn. Howcver. if the anodes arc loeated at tixed

point and the anodes/cathode area ratio is very small. localizcd atlack will devdop.

The corrosion rate is considered to be cathodically controlled when the cathodic proe~"ss

is slower. Figure 2.4 represents the log of the absolute current. /. versus potential. E. by

polarizing each half-cell and demonstrates the cathodic control as the cathode has larger

polarization. The corrosion rate is considered to be anodically controlled when the anodic

proccss is slower and is shown in Fig. 2.5. There are two types of corrosion-rate controlling

mechanisms [ACI Comminee 222 Report. (1994)]:

(1) The cathodic diffusion. where the rate of Oleygen diffusion through the concrete

determines the rate of corrosion.

(2) The development of a high resistance path. when there is a large distance betwccn
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the anodic and cathodic arca~ such as scveral feet apart. and hence. the resistance of thc

concrete may be of great importance.

2.3.6 Passive Layer on Reinforcing Steel

The tcrm "passivity" prcdatcs modcrn understanding of the protective film crystailine structures

in solids. Passivity is provided by an insoluble layer formed on the metai surface which

protccts thc mctal against corrosion. It is made of chemical combinations of oxygen. though

the exact composition has been difficuit to determine. Cornet et al. (1968) by using the

Pourbaix diagrams. explaincd how concrcte with a pH of approximately 12.8. protects steei

from corrosion.

Thc aikaline nature of the pore solution, and the oxygen within it. result in the

formation of insoluble and adhering corrosion product which forms an extremely thin

microfilm on thc reinforcing steel bar surface. The environmentai condition in the paste pore

solution at the bar surface promote the stability of this passive oxide film. It shouId be noted

that at this stage. the corrosion does not stop, however, it is severely slowed down by the

ohmic resistance of the film. Rosenberg, Andrade (1978) and Hansson (1984) refer to their

earlier works. and suggest that the passive corrosion rate of the steel embedded in the concrete

is basically equivaient to the oxidation ofapproximately 0.1 llIll per year from the steel surface.

This is negligibly smaii when compared with the anticipated service life of the concrete

structures.

A relatively high pH and the presence of oxygen and moisture are essential for the

maintenance of the passivity of the reinforcing steel embedded in the concrete. Ingress of

chloride ions or carbon dioxide into the concrete causes a reduction in pH which in tum would

lead to active corrosion. While the elimination of moisture inhibits or stops the corrosion

process. the effcct of elimination of oxygen is not straightforward. If oxygen is absent in the

pore solution at the steel-concrete interface and if its pH is greater than 9, the corrosion

process will continue, however, it will result in the evolution of hydrogen, instead of the
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• reduetion of oxygen at the cathode [Rosenberg ct al. (1989)]:

(2.6)

•

•

The corrosion rate under these conditions is an order higher (about 1 ~lm per year at

the steel surface) than for the passive conditions with the reduction of oxygen. however. thcse

values are still extremely low and acceptable for most concrete structures. 1-lowever. the

evolution of hydrogen can lead to the embrittlement of the prestrcssing steel in both

pretensioned and post-tensioned structures and result in thcir sudden and catastrophic làilurcs.

When passivity is lost. the corrosion ratc of the steel reinforcement is inversely proponional

to the resistivity of the concrete [Gjorv (1982) and Gonzalez and Andrade (1982)].

2.3.7 Availability of Oxygen

As mentioned earlier. the presence of oxygen is an esscntial factor for the corrosion of iron in

concrete with the addition of chlorides and a reduced alkalinity. Also. the effeet of elimination

of oll:ygen is not straightforward. In the case of concrete saturated in water. the diffusion of

oxygen is strongly effected by the degree of saturation. This effect is best demonstrated in the

work ofGriffin and Henry (1963) as shown in Fig. 2.6. The level of corrosion increased as the

sodium chloride concentration increased until a maximum concentration was reached. beyond

which the rate of corrosion decreased despite the increased chloride concentration. This is due

to the reduced solubility and hence the availability of oxygen to sustain the corrosion process.

AIso, investigations by Shalon and Raphael (1959) indicate that the rate of steel corrosion is

very slow even though chlorides are present if the concrete is continuously water-saturated.

2.3.8 Corrosion Initiation

The presence of chloride ions either in the concrete mix or due to ingress from the immediate

environment, and a decrease of the hydrated cement paste pore solution pH because of the
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concrete carbonation are two known major causes of the breakdown of the passive layer on

surface of the steel bar embedded in the concrete. These two effects can often be present

simultaneously and have a stronger degrading eITcct on the reinforcing steel passivity. Thc

consequences of the stecl corrosion are manifested as a decrease in the bar diameter.

deterioration of the mechanical properties of the reinforcing steel Ce.g.. the change from the

normal ductile response of low carbon steel bars to a relatively brittle response in bars

damaged by pitting corrosion). cracking and spalling of the concrele by the expansive iron

oxides and hydroxides. and a noticeable decrease in the bond at the steel-eoncrete interface.

2.3.8.1 Penetration of Chloridcs

Stratful el al. (1975). Brown C1980) and severa! other researehers have shown that the presence

of ehloride ions in the concrete can cause corrosion of the reinforcing steel provided if the

corrosion rcaction can be sustained by an adequate supply of oxygen and moisture. Chloride

ions have been known to be introduced in the concrete through the use of calcium ehloride as

an accelerating agent for the hydration of portland cements in severa! countries. Sorne water

rcducing admixtures contain small amounts of calcium chloride to offset their set retarding

properties. Use of seawater, or water eontaining chlorides for concrete mixing and the use of

aggregate eicposed to seawater can introduce considerable quantities ofchlorides in the eoncrete

mix. In addition, porous aggregates are more harmful as they can retain a significant amount

of chlorides as compared with the non-porous aggregates.

The most important source of chlorides in the concrete in cold climate countries is

basically from the use of deicing salts on pavements and bridge decks during the winter. The

ice melt-salt mixture readily penetrates more or less dry concrete by diffusion through totally

or partially water-filled pores to the interior of the concrete, or in the most rapid capillary

suction which can cause penetration to the extent of a few millimetres in a few hours. This salt

penetration occurs more slowly in wet or highiy moist concrete by diffusion of the chloride

ions through the hydrated cement paste pore solution which resuIts from the gradient of the

chloride ion concentration at the concrete surface and inside the concrete. The penetration rate
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depends on the ehloride concentration gradient. Page er al. (198 l) estimated the typieal

diffusion rates in fully saturated hydrated cement paste to be about 1(l"" meter' per second.

which is so small that it would require several months for the chloride ions to penetmte a 1(1

mm thick layer of hydrated cement paste. showing the importance of a eonerete eover of

appropriate thickness and quality. Thus. permeability. water penetration depth and the eover

thickness of the concrete are of great importance to thc rate of penetration of ehlorides.

The rate of corrosion is strongly influenccd by the rate at which the chloride ions reaeh

a critical concentration at the steel surface and the degree of binding of the chloride in 'he

concrete [Rosenberg et al. (1989»). whieh influences the rate at whieh the ehlorides reach the

steel surface. It should be noted that not ail the chlorides can attack the steel: onJy the freely

dissolved chlorides in the cement pore solution can be involved in the corrosion process. Il is

generally believed that sorne chloride ions can react chemically \Vith the calcium aluminate

minerais in the cement gel to form "Friedel's salt" and therefore. these will not be available

to attack the steel. Therefore. the tricalcium aluminate (C)A) content of the ccment has a strong

intluence on the amount of free chlorides remaining in the hydratcd ccment paste pore solution

and readily available for the corrosion process. Byfors et al. (1986) and reccnt research havc

shown additionai factors intluencing the degree of chloride binding include the proportion of

cement in the concrete. water-cement ratio, pore solution pH. presence ofsulphate ions [Holden

et al. (1986)] and the specific surface of the cement gel. Figure 2.7 shows the gradient oftolal

chioride concentration which depends on whether chemical reaction occurs with the cement

[Verbec (1975»). Figure 2.8 shows that the amount of chlorides required for corrosion initiation

increases as the pH at the iron-liquid interface increases [Erlin and Verbcck (1987)].

2.3.8.2 Mechanism of Chioride attack

The structure of the passive film on the steel bar surface and the mechanism of its breakdown

are not fulIy understood and considerable research on this subject is underway presently. It is

agreed that in generaI the chioride ions replace sorne of the oxygen in the passive film.. thereby

increasing both its conductivity and solubility. This results in the loss of the protective
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eharaeter of the film. 1\lso. the "initial" high potential difference across the film cannot be

maintained any more. and this potentia! at the steel surfaces decreases considerably to the value

for an iron electrode.

Rcscareh and field expericnce has shown that chloride ions arc rarely distributed

uniformly over the steel surface. Similarly. the imperfections in the passive film which permit

casy incorporation of the chloride ions arc also nonuniformaly distributed. resulting in local

brcakdowns of the film and crcation of macrogalvanie eells (Fig.2.2). These local active areas

act as anodes where iron dissolves quite readily at a relatively low potentia!. while the

remaining passive areas act as cathodes. where oxygen reduction takes place at a considerably

higher potential (Rosenberg el al. 1989). They noted that in addition ta the chloride ion

concentration and availability of the oxygen. the rate of iron dissolution in the galvanic cells

is dependent on the ratio of the cathode-anode arcas and the electrical resistivity of the concrete

between the cells.

Thc pattcrn of corrosion of the reinforcing steel is influenced strongly by the separation

of the anodic and cathodic arcas. resulting from the localized nature of the chloride attack. The

conccntration of positive iron ions incrcascs in the vicinity of the anodic area along with a drop

in pH at the anode. while negative hydroxyl ions are produced in the cathodic region and its

vicinity. The pH decrcase results in the chloride at the anode which is soluble and diffuses

away from the anode. and results in the continuation of corrosion. At sorne distance from the

anode. both the pH and the concentration of dissolved oxygen are higher than their values at

the anode. This causes the iron chloride to breakdown and to form iron hydroxide with the

rclcase of the chloride ions which are free to react further with the iron ions at the anode. This

process continues as the iron ions migrate further from the steel and combine with O:l:ygen to

form higher oxides or hydroxides. As a result. the corrosion process focusses at the local

anodic area instead of spreading along the bar and results in the formation of deep pits and

substantial local loss of cross sectional area. As this process continues. eventually the bar

breaks down completely leading to its severance.
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The threshold chloride content below whieh there is low probability "r corrosion IS

dependent on severa! factors [Rosenberg el al. (!989)\:

· Concrete mix details.

· Type of cement and its specilie surface area.

· Water-ccmcnt ratio.

· Sulphate content.

· Curing condition. age and environmental history of the concrele.

· Carbonation of concrete.

· Concrete environment ( tcmperature and relative humidity ).

· Roughncss and cleanlincss of the reinforcing steel bar.

The CEB (1985) has reviewed the influence of some of these factors on the threshold

chloridc level which arc prcscnted in Fig. 2.9. Depending on the local experience. dilTerent

thrcshold limits have been adapted by the differcnt national ~1andards. The CEB and RILEM

have considercd the value of 0.4 percent by weight of cement to be appropriatc. The Federal

Highway Administration of the U.S.A. consider a chloride ion limit of 0.15 percent by weight

of cement to be tolerable. while a limit of 0.3 percent is considcrcd dangcrous.

2.3.8.3 Carbonation of Concrctc

The carbon dioxide. CO2• in the air can penetratcs slowly from the surface of the concrete

through the pores of the concrcte to the interior. This carbon dioxide can rcact with the

hydration products in the hydrated cement paste (hep). cspecially with Ca(OH)2 which is the

cause of high pH in the concrete, and with other ions in the porc solution as follows :

(2.7a)

•
(2.7b)
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l'hl: CaCO, and Na,CO, prl:cipitall: In thc porc of thc hcp. thl:rl:by dl:crl:asing its

pl:rml:ability and also rl:ducing pli of thl: porI: solution. It should bl: notl:d that the permeability

of thl: concrl:tl: plays an important rolc with respect to the rate of diffusion of CO, as it can

travd through thc air-filkd pores of thl: concretl:. and hence a totally saturated concrete will

not carbonatl:. This reaction continul:s until the pore solution is neutralized. If carbonation

I:ontinues beyond this stage. then carbon dioxide reacts with the other hydration products

rl:sulting in thl: formation of amorphous SiO,. AI(OH),. CaSO•. CaCO, and water.

It should be noted that the change in thc value of pH duc to carbonation is very sudden

and it appears as a narrow zone or carbonation front separating the two zones - one towards

the concrete surface with pl-l values less than 8. and the other into the concrete core with pH

values larger than 12. The carbonation rate is dependent on the cement type. water-cement

r.llio. cement proportion in the concrete mix. and others- basically constituting the concrete

cover quality or the cover perrneability. In most cases. the rate of carbonation or the depth of

carbonation from the concrete surface. x. is proportional to the square root of exposure time.

t. i.e.

x=kft (2.8)

•

The \vater saturation level of the pores in the hep also influence the carbonation rate

becausc CO, can perrneate into the concrete rnpidly in the gaseous phase. however. the

carbonation rcaction takes place in the liquid phase (Rosenberg el al. 1989 ). Carbon dioxide

cannot rcact with Ca(OHh in a completely dry concrete. because of the absence of \vater in

the porcs. By contrast. in a completely \vater saturated concrcte. carbon dioxide must tirst

dissolve in the solution and then diffuse through the pores to rcach the alkaline substance

beforc the carbonation rcaction can occur. However, it should be emphasized that at

interrnediate humidity levels when pores have moisture on the walls but are not completely

saturated with relative humidity levels of 50 to 80 percent. carbon dioxide can rapidly reach

the pore walls and have enough water present for the carbonation reaction to proceed.
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Th.: earbonation front ad\'an.:.:s with tim.: through th.: concr.:t.: co\'.:r ami it rcadlcs th.:

I.:\'.:! of th.: r.:infore.:m.:nt. Th.: pass:\'.: liIm b.:com.:s unstabk and acti\'.: corrosi,'n c,'mm.:nccs.

This corrosion is g.:n.:raliz.:d and homog.:n.:ous. and it will r.:sult in a rcducti,'n in th.: cross

s.:etional ar.:a and formation of a consid.:rabk amount "1' oxid.:s which can .:ith.:r crack thc

coner.:t.: eo\'.:r. or it may dil1ùs.: to th.: concr.:t.: surf:lc,: through th.: por.:s. Oc.:urrcnc.: of

alt.:rnat.: scmidry and w.:t eycl.:s eonstitut.:s th.: most aggr.:ssi\'.: .:n\'iromn.:nt r.:!:lt.:d to thc

n.:utralization of th.: eoneœt.:. Th.: earbonation front ad\'ane.:s through th.: scmidry p.:riod.

whil.: th.: ste.:! eorrod.:s during the wet periods. 1l' the earbonation front r.:aeh.:s th.: st.:.:! in a

permanently dry environment. the ste.:! will g.:t depassivated. howe\'.:r. no signilicant corrosion

will oeeur. By eontrast. no earbonation will oeeur in a pernlanently w.:t condition :md the st.:.:!

will remain passive provided that no other depassivating agent. sueh as ehloride ions. is

present.

Field examinations havc shown that progœss of the carbonation front is slow in sound

and densc of concrete. and the expected service life gets reduced because of the coyer bcing

too thin and the cxistencc of cracks. The eoncretc surfaces at the crack carbonate kading to

depassivation of the steel in thc vicinity of the crack. With crack width larger than 0.4 mm.

no correlation has becn observcd bctween the crack width and the amount of corrosion. The

risk of corrosion is a function of the coyer quality (thiekness and impermeability) and of the

eoverlbar diametcr ratio. ln general. a corrosion risk is always present. however. for er.tck

width lcss than 0.4 mm. the risk is independent of the crack width.

2.3.9 Stray CUITent Corrosion

Stray current corrosion is caused by the diseharge of stray direct corrent from the surface of

a metal. thus they are brought into action by the flow of extemal c=nt from the environment.

The origin of this current could be natural. by a variation in the carth's magnetic field. or man

made sources such as electric railways.. electroplating plants and cathodic protection systems.

Stray electrical currants can greatly acce1erate the corrosion of reinforcing steel.
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2.3. III Stress Corrosion Cr-.lckin~ and Hydro~en Embrittlement

Str~ss ~orrosilln is ~aus~d hy th~ ~llmhinatilln of str~ss and corrosion. Prestressing steel cables

are sllsccptihk tll this type of attack and it lIsually occurs in nonalkaline en\'ironments in which

the eathlldie half~eell reaetion results in the development of hydrogen which rapidly penetrates

anù emhrittl~s th~ steel. 1\ small imperfection caused by corrosion in stressed steel can lcad

tll a serillus loss in its tensile strength. and especially the stress corrosion and hydrogen

embrittkment attacks are characterized by thcir unexpected and olien catastrophic consequence.
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Fig. 2.1: The relative volumes of iron and its corrosion
reaction products. [Nielsen (1985)]
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Fig. 2.2 : Schematic representation ofthe corrosion of
steel in concrete.
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Chapter 3

Bond Mechanisms

The behaviour of a reinforccd concrete member is influenced to a considerable degree by the

bond between the concrete and the reinforcing steel. and cracking. This chapter presents sorne

basic infonnation on bond between the concrete and the rcinforcing steel. and the associated

slip and cracking in reinforced concrete. The mechanics of slip of dcfonned bars versus plain

bars in concrete is discussed. The stress redistribution and defonnations in eoncrete associated

with the bond are aise prescnted. A summery of the program planned to study the pararneters

which are influenced by corrosion is also prescntcd.

3.1 Introduction

The extemal load is very seldom applied directly to the reinforcing steel which rcceives its

share of the load through the surrounding concrete. Thus, an effective reinforced concrcte

member must have a positive interaction between the steel bar and the surrounding concrete

in order to obtain a transfer of stress bctween the two materials. This phenomenon is

fundamental because it influences many aspects of the behaviour of reinforced concrete sueh

as cracking, defonnability, instability and others. The transfer of the load between the steel and

the concrete is affected by the phenor.1enon of bond at the steel-concrete interface, which

ensures secure gripping of the reinforcement., and the working of the reinforeing ~1eel in

conjunction with the conerete, to fonn a reliable structural clement., capable of withstanding

both tension and compression forces.
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The bond is affècted by many factors such as change in temperature. variation in the

loading of a member. creep in the concrete. corrosion. etc.. however. the bond must be capable

of adjusling to any alterations of the above intluencing phenomena. As control of crack width

and detlection is one of thc most important requirements for serviceability and the quality of

structures. considerable research and development has been undertaken on bond. tension

stiffening and crack width control. I-Iowever. little has been donc to evaluate the effect of

corrosion on the bond behaviour and tension stiffening. Corrosion in concrete reduees the

durability of concrete structures. The consequence of corrosion is probably more serious in the

deterioration of bond between the conerete and the reinforcing steel duc to rusting than in a

reduction of the load carrying capacity of the steel bars due to a dccreasc in the cross-sectional

area. unless the steel bars arc very small.

I\s concrete is rclatively weak and brittle in tension. cracking is expected when

significant tensile stress is induced in a reinforced member. Cracking is an important

phenomenon specific to reinforced concrete. and it can have a great influence on the durability

of a structure. The load carried by concrete prior to cracking is transferred to the reinforcement

crossing the crack. and the Joad carried across the crack by the rcinforcement is gradually

transferred by bond to the concrete on cach side of the crack. Thus. the original specimen

transforms into blocks of varying lengths separated by tension cracks. and linked by the

reinforcement. Figure 3.1 ilIustrates the formation of the cracks. and the load sharing between

the rcinforcement and the concrcte.

3.2 Fundamentals of Bond

3.2.1 Basic Definition

As defined earlier. "bond stress" is the shear stress at the bar-conerete interface whieh modifies

the s1eel stress along the length of the bar by transferring the Joad between bar and the

surrounding eonerete [ACI Committee 408 (1966)]. Bond stress is ealculated as the nominal
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shear force per unit area of the bar surface. There arc two important aspects to the ùe\'c1opment

of bond stresses which arc the anchorage or de\'c1opment type. and the change of har l'l'ree'

along its length duc to a change in the bending moment along the memher (Ilo:xural hl'l1d in

l1exural members). Actually. the bond forces arc measured by the rate of change in the l'l'ree

of reinforcing bars.

3.2.2 Bond Resistance

Bond of plain bars depends on the steel surface-to-concrete bond which consists of chemical

adhesion and friction between the mortar and the bar surlàce. The resisting meehanism Il)r

small loads and stresses is the chemieal adhesion. however. even low stresses will cause a slip

capable of brcaking the adhesion between the concrete and the reinforcing steel. Bond is also

developed through friction and by mechanical interlocking due to the roughness of the bar

surface. Bond failure with plain bars is commonly due to the bar simply being pulled out of

the concrete with little resulting damage.

However. bond capacity increases significantly with the use of defonned bars basically

due to the interlocking of the ribs with the surrounding concrete. The transfer of the force from

the bar to the surrounding conerete occurs by the mechanical intcraction between the two

materiais. which is the primary bond mechanism. Therc arc three mechanisms for the bond at

the steel-concrete interface. The bo!,!d strength developed betwecn two ribs of a deformed bar.

as shown in Figure 3.2. is a combination of the following strcsses:

(a) Shear stress. VU' due to adhcsion around thc surfacc of the bar.

(b) Shear stress, v<, in the tangential direction resulting l'rom the radial compressive

stresses due to bearing of the Iugs which is acting on the cylindrical concrete surface between

adjacent ribs.

(c) Bearing stresses. 1., against the face of the rib.
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3.2.3 Bond Failure Modes

Typically. then: arc two types of failure under monotonically increasing loads. The lirst mode

is a direct pullout of the bar. although. in tension tests where adequate embedment length with

an adequate concrete caver and standard deformed bars are provided. it is not possible to

produce a bond pullout l"ailure. rather the bar will fracture at its loaded end. In a pullout failure.

the surrounding concretc l"ails due to the shearing bctween the ribs. thus this l"ailure depends

mainly on the concrete strength and the profile and geometry of the ribs. The second mode of

l"ailure is a splilting of the eoncrete cover when the surrounding eonerete cannot sustain the

circumferential tensile stresses. The actions at the bar lugs eonsist of compressive forces

normal to the deformation surfaces whieh in turn cause tensile forces on the eonerete whose

r.ldial eomponents arc similar to the bursting pressures in pipes whieh cause longitudinal tensile

splitting of the concrete cover and the component parallcl to the bar a.xis assists with the

transfer of force betwecn thc concrete and the rcinforcing stecl.

3.2.4 Bond Mcchanisms

With deformed bars. bearing against the lugs is considered to be the primary load lransfer

mechanism at high loads. This does not rnean friction and adhesion arc negligible with

deforrned bars. but they are sccondary.

For rclatively small loads. the basic resisting mechaoism is the chemical adhesion.

howevcr. a.~ the load is incrcased the chcmicai adhesion along the bar surface is lost quickly.

Actua!ly. il has bcen assurncd that adhesion cao break down due to the action of the service

loads. or due to shrinkage of the concrete. After the chemicai adhesion is destroyed. sorne

frietional slip occurs before the full bearing capacity at the ribs is mobilized. Based on the

work of Treece and Jirsa (1989). the ACI Committee 408 (1994) suggested that friction cao

contribute up to 35% of the ultimate strength governed by the splitting of the concrete cover.
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• The other force transfer mechanism is duc to the meehanie:ll inh:rloeking between the

ribs and the concrete kevs. As the ultimate bond stn:nl.:th is n:aehed. shear er:leks bel.:in Il' l'lnl!. - -
in the eoncrete between the ribs as the interloeking "'rees induee large bearing stresses arollnd

the ribs. and slip occurs. Therell)re. the bar ribs restrain the slip movement by bearing against

the concrete keys. The slip of a delormed bar may oeeur in two ways. eilher thwllgh pllshing

the concrete awav from the bar bv the ribs. i.e. wedl.:inl.: action. or throlldl erushinl.: of the. . ... ... ......

concrete by the ribs.

3.2.5 Bar Profile Geometry

Due to the importance of the mechanieal interlocking for sllperior bond eharaeteristies. the

geometry of the 1ugs or the bar rib is of a great importance to the wedging action of these ribs.

Based on Rehm's research work (1968). Park and Paulay (1975) have shown tlmt the best

performance of a bar embedded in concrete over a short length 'c' which is the rib spaeing.

occurs for a value of the ratio of the bearing area to the shcaring area. alc. wlu:re CI is the rib

• height (sec Fig. 3.2). equal to 0.065. Figure 3.3 ilIustrates the two types of làilure mechanism.

associated with the geometrie shape and size of the ribs. The deformation requirements of

ASTM A 615-72 (1972). give the following range of values for the (I1c mtio:

0.057 < ale < 0.072.

•

With referenee to the steep face angle in Fig. 3.3. Lutz and Gergely (1967). stated that

the bond of deformed bars is deve10ped mainly by the bearing pressure of the bar ribs against

the eonerete. Pullout tests by Rehm (1957) and Lutz (1966) showed that for bars with steep

rib face angle lX. (Iarger than about 40 degrees with the bar lixis) slip occurs only by the

compression of the eonerete in front of the bar rib. while in bars with nat ribs, i.e.• the angle

lX is smal1, slip oeeurs with the ribs sliding relative to the eonerete as the rib tends to push the

eonerete away from the bar. This wedging action can be a major cause of longitudinal splitting

a10ng the bar. For 450 < lX > 700, the deformations must reverse in direction on caeh side of

the bar, (ASTM A 615-72 (1972)].
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3.2.6 Crackin:.: Bchaviour

Cracking occurs in the concn:te when the tensile stress at a givcn location exceeds its tensile

strength and it is manifcsted by a separation of the concretc at this location. In plain bars. this

separation between steel and concrete leads to complctc loss of bond in the vicinity of the

crack. Mathey and Watstein (1 9S?) found that the crack width at the bar is ncarly the sarne as

the width at the surface of the concrcte. However. in the casc of dcforrned reinforcing bars.

separation does not produce complete unloading and bond forces are transmilted solcly by the

rib bearing in the vicinity of a main crack. as demonstratcd in Fig. 3.4. on the study of thc

nature of cr.lcking around a dcformed bar Goto (1971). In refcrring to Goto's study (1971).

Beeby (1979) suggested that in the dcvelopmcnt of a crack. crack forms with a minimal width

at the bar surfacc initiaIly. Further loading causcs loss of adhesion adjaccnt ta thc crack.

tmnslcrring the load to thc ribs of the bar and intcrnal cracks forrn close ta thc main crack.

Further loading causcs marc internaI cracks ta form at succcssively greater distances t'rom the

main crack. Stecl stresses will reach a local peak at the crack. but between the emcks. the steel

stress is lower due ta the concrete contribution. The transfer of forces produces bond stresses.

The circumferential tensile stresses in the concrete at the emck which are similar to the

bursting forces in the concrete expand the cireumference of the concrete. These stresses may

lead ta longitudinal cracks which can cause bond failure. Using finite element studies of

experimental specimens. Lutz and Gergely (\ 967) deterrnined the approximate magnitudes of

these stresses. Tepfers (1973) found that the inclined concrete compressive forees or 'struts'

that resist the bar movement arc equilibrated by hoop tension within the surrounding concrete.

As mentioned earlier. bond failure occurs when the hoop tension exceeds the tensile capacity

of the concrete. When this happens. longitudinal cracking develops and, since the force in the

'struts' can no longer be balanced. failure occurs. with the splitting of the eoncrete cover and

the bar pulls out (See Fig. 3.5).
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• 3.2.6.\ Cr:1ck Sp:1cin::

The ~tre~~ in the eoncrete at the crack surl~lee immediately :lfter it i~ ll>rlned i~ zero. The

~urfaee ~tre~se~ in the concrete increa~e \\'ith an illere:1~ing. di~tanee l'rom the emek ulltil the

redi~tribution of the stre~se~ is complete at ~ome di~tance el]ual to the tmn~fer Ielll.:th. S. \\'here. ..
the stress distribution is not intluenced by the cmck. Within the di~tallce ± S.. of the crack. the

concrete surface stre~~ is reduced belo\\' the tensile ~treng.th of the concrete. thus the next er:lek

must form outside this region. Thus. the minimum crack ~pacing. i~ S... and the maximum

spacing would be twice that distance. Therc!ore. the mean crack ~pacing.. Sm' i~ normally in the

range:

(3.\)

•
3.2.6.2 Crdck Width

The elongation of the concrcte arter cracking is due the widening of the crack and the

formation of new cracks. Bence. the mean crack. IV.,. width is given by the mean crack spacing

multiplied by the mean strain. Cm' minus the mean residual surface strain. C,m' in the concn:te

between cracks:

w =S (e -e )m m m cm
(3.2:1)

The small elastie strain in the conercte between the cracks. (:,m' is usually ignored. Therclorc.

the rclationship of the eraek width and the strain of the member rcsults in:

(3.2b)

•
Base et al. (1966) have stated that bond failure or slip will cause a further reduetion in

stress. increasing the value of S". Thus. the mean crack width incrcases as the mcan spacing
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• incrcascs. (ioto (1971) sho"'cd that the cff<:ct of the 1055 of adhesion and the formation of

internai cracks is to n:ducc thc rate al whieh force is transferred l'rom the n:inforeement to the

surrollnding concrctc. and hencc it increases the distance l'rom the crack O\'er which the surface

stresses are redueed. Therer"re. the spacing Su is \'cry much inlluenced by the internai f"ailure

of the sllrrounding concrete. and thercfore it inlluences the mean crack width.

3.3 Prccracking Bond Rcsponse

Figure 3.6 illustmtes a loaded tension member \Vith a single bar and the distribution of stresses

before cr.teking. steel stress. .1:. bond stress. Il. and the concrete stress. .f:. The bond forces

across the ribs need to be transferred to the surrounding concrete to enable the tùll strength of

the bar to be developed. Bond performance is int1uenced by the t1uctuation of the stress in the

surrou;:· t:ng eonerete. and hence bond stress is zero wilhin the 'B' region of Fig. 3.6. At low

load lcvcls. before any tensile cracks develop. the a.xia! stresses are uniformly distributed over

• the cross section except at the end sections. where il is labelled the 'C' region. wherc there is

a disturbed t10w of stresses. Also the strain of the concrcte anè the steel is the same and

constant over the length. As described earlier at very small loads, the bar adheres chemically

to the concrctc within the 'C' regions which is the tension adhesion region. This ehemica!

adhesion meehanism acts until the initial movement of the steel bar occurs.

3.4 Postcracking Bond Response

•

As the applied load is increased. the deformed bar tends to move or slip in the region ·C'. The

disturbed t10w of stresses. and the stresses in the surrounding conerete lead to craeking and

defomlations in the concrete in the 'B' region. where the bond stress is zero. As soon as a

main crack forms, the bond stresses at the crack reduces immediately to zero and the tensile

force that existed in the concrcte at the crackcd section is transferred to the steel. Figure 3.7
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• illustrat.:s th.: r.:distribution of str.:ss.:s alkr cracking oc.:urs in a rdnll>rc.:d 111':111r.cr. as st<:eI

str.:ss. .1:. bond str.:ss. Il. and coner<:t.: str<:ss..f.". This llnll>ading. that calls<:d th.: in'.<:rl;lcial

t.:nsik stn:ss.:s b.:twe.:n th.: steel and th.: concr.:te. will break down the ;Idhesion 111cch;mis111

and tends to pull th.: .:oncr.:te away from th.: st.:eI allowing the .:ra.:k to op.:n. Th.: sllrrollnding

concr.:t.: separatcs. and internai s.:eondal')· cracks form at this stage. \Vith iner.:asing loads. th.:

concr.:tc cracks wh.:n th.: tcnsik force appli.:d to the eoncrete section ;It a e.:rtain distanc.: fro111

the ends. r.:aches a le'.'d wh.:re th.: concr.:te is oyerstr.:ssed in t.:nsion. Ilow.:y.:r. n.:w cracks

k.:.:p d.:vdoping as long as th.: I.:ngth of th.: concr.:t.: sp.:eimen b.:tw.:.:n th.:s.: two ne",ly

form.:d cracks is longer than th.: stabk crack spacing.

Figur.: 3.8 d.:monstrate th.: two types of cracking in th.: t.:nsion speeim.:n. The

longitudinal splitting crack. which passes through a plane through the axis of the reintl>reing

bar. occurs in the 'C' region and the transverse tensile cI"Jek that crosses th.: a.'l:is of th.:

reinforcing bar oecurs in the 'B' region. When transvers.: crack forms, the str.:ss.:s r.:distribut.:

forming new 'C' and 'B' regions. When a longitudinal splitting cmck oceurs, the bond stress

• decreases and the transfer length in the 'C' r.:gion increases and extends into the 'B' region.

The type of cracking in a reinforced eoncrete member depends on the bond

characteristies between the concrete and the steel reinforcement, and the concrete tensile

str.:ngth.

ln light of the above discussion. it ean be stated that the bond between the concrete and

the reinforcing steel would be quite significantly affected by the corrosion of the sted

reinforcement. Therefore, ail of the pararneters which influence corrosion would nccd to be

considered in any evaluation of bond of the corroded reinforcing steel. Nevertheless, the study

of the pararneters which arc influenced by corrosion is determined in the following manner:
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• 3.5 Rcsponsc of Concrcte Tension Specimens

3.5.1 l'urpose of Tension Tests

ln a number of modern codes. such as the CEB-MC90 (1990). the crack width is controlled

by delining an eflèctive tension area. In addition. the bond stress is important in the response

of the concrete tension specimens. The present rescarch has focussed on investigation of purc

tension in rcinforced concrete structures. to study the bond and the interaction bctween the

reinforcement and the concrete under tensile stresses.

Many experimental research prograrns have bcen undcrtaken using the tension specimen.

for cxamplc. by Broms and Raab (1961). Houdc and Mirza (1972). Goto and Otsuka(1979) and

others. lt should bc notcd that cracks forms in a tcnsion specimen with increasing tensile

strcsses: this action will be rcflccted realistically in concrcte beams. except for the conditions

at the beam end. whcre the force in the bar is transferred to the eoncrete as in the pull-out tests.

• ln a pull-out test the concrete is in compression at the 10adcd end while the steel is in tension.

which diminates the transverse tension cracking. ln the case of pure tension tests. both the

concrete and thc reinforcing steel arc in tension. and thus the pure tension specimen rcpresents

a simplificd model of the tension zone of a reinforced concrete beam.

ln ordcr to study the eITect of corrosion on bond behaviour. the basic responses of

uncorroded specimens and corroded bars in tension specimens will be compared. The purpose

of this investigation is to study the influence of various stages of corrosion on tension

stilTening and cracking. and the influence of the pre-existing splitting due to corrosion. This

kind of longitudinal splitting in uncorroded reinforccd concrete is critical as il causes bond

failure. unless an adequate confinement is provided. Both splitting cracks and transverse tensile

cracks are studied.

•
The complete response of this series of tests will be achieved by studying the following:
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(a) ioad-l.klk.:iion r,spons,

(b) str,ss-strain rdationship

(c) cracking bdla\'iour

3.5.2 Load-Defleetion Responses

Th, bond b,haviour b,tw"n th, concr,t, and th, rcinl~)rcing st,d in a rcinl"orc.:d c<m.:rct,

m,mber can be predicted if the load-deformation rdationship of that dement is known,

Unlike plain concrete. reinforced concrete ean still resist some tensile stresses alier :1

full crack is formed. The development of the stresses in the eonerete between the cracks is

dependent on the bond characteristics between the reinforcing sted :md the eonerete. The

phenomenon of concrete contribution between cracks to the net stil1ness of a member is ealled

"tension stitTening" and plays a signilicant role in reducing the posteraeking dcl~)rnmtion in

reinforced concrete structures. Figure 3.9 illustrates the tension slin',ning through the presence

of tensile stresses in the conerete that reduces the aver..lge axial member deform:ltion. hy

considering the relationship between the Joad and the average strain in the eonerete both bell)re

and after cracking. The ascending part 1 represents the uncracked stage. the horizontal part 2

represents the crack formation stage. and the ascending part 3 represents the stabilized cm.:king

stage.

3.5.3 Steel Stress-Str..lin Relationship

In order to help the understanding and interpretalion of the results l'rom the load-dellection

responses, and ta formulate the tension stitTening ctTeet. it is neccssary tu devdop a modified

stress-strain relationship of the specimen.

A brief review of the change in the bar size and its cross-sectional area duc to corrosion

is presented here. From the load-defleetion response curves, the yield load lor each specimen
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• is comrar~d \Vith th~ yidd load of th~ ~ontrol spccim~n. to d~t~rmin~ an ~qui\'alcnt cross

s~~tional ar~a using th~ ~quation:

wh~r~ T,!It..!. = yield load of th~ control specimen.

A'Ut'J' = ar~a of th~ steel bar in the specimen (20M bar)

T,~'J., = yield load of the corrodcd specimen

A,d.o = new (equivalent) area of the bar atier corrosion

(3.3)

•

•

wherc the subscript 'uc' relates to the uncorroded specimen and the subscript 'c' stands for thc

corroded specimen.

Aller obtaining thc ncw (equivalent) cross-sectional arca of the corroded steel. stress

strain rclationships arc obtained for the corroded rebars for each level of corrosion. Aiso. a

control spccimen is includcd in each stress-strain curvc for comparison purposes. The

ditTerence in the clongation betweell the bare bar and the "real" intermediate behaviour

represents the real contribution of the concrete in tension.

3.5.4 Cracking Behaviour

TIlcre arc variations in the spacing of the cracks. mainly due to the bond characteristics of the

reinforcing bar. the diffcrence in the tensile strength of the concrete. and the proximity of

previous primary cracks. where the local tensile stress tends to decrease. The ACr Committee

224.2R-3 (1994) report suggests that for the normal range of concrete covers. 30 to 75 mm.

the average crack spacing ",il! not reach the limiting value of twice the cover until the

reinforcement stress reaches a value of 138 to 200 MPa. Because of the variability in the

concrete tensile strength along the length of a tension member. cracks do not ail form at the
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=~ str~ss kyd...\Iso. th~ har rihs t~nd to ~ontrol th~ ~ra~k width hy lil11itin~ thc' slip h~twc'~n

th~ concr~t~ and th~ st~d.

Th~ ma."imum crack widths \'~rsus th~ st~d str~ss ;11 th~ ~r;l~k IO"ltion li'r ~a~h

sp~cim~n are obtaincd and comparcd with th~ ~ontrol sp~cil11cn. alon~ wilh lh~ crack sl'"cin~s.
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(h) Just after first cracking T, = T,

(c) Cracks fully developed T, > T,

Figure 3.1: Load Sharïng Between Concrete and Reinforcement
[Collins and Mitchell (1991)] .
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Fig.3.2: The stresses between two ribs ofa <ieformed bar
[Park and Paulay (I975)].
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Fig.3.3: Failure mechanisms at the ribs ofdeformed bars
[park and Paulay (1975)].
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Figure 3.7: Distribution ofsteel stress, bond stress and concrete stress
in a tension specimen, [CEB Manual (1985)]
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Chapter 4

Accelerated Corrosion Testing

This chapter describes the test program to simulate the prevalent conditions of severe local

corrosion conditions which cause significant changes in the surface conditions of the b;lr ;md

the heights of the ribs. The criteria to establish the different levcls of corrosion for different

bar diarncters. the method adopted to evaiuate the corrosion rate. and the determination of the

chioride-ion concentration along the concrete coYer depth arc summarised.

4.1 Introduction

The various servIce and field corrosion tests normally require long exposure dUr.1tions.

Thercforc. for design of structural components for durability against corrosion. and selection

of suitable materials and their protective systems. it is essential to use acceler.1ted corrosion

tests to obtain qualitative information on their corrosion behaviour. This data is espeeially

useful in situations where the member or system service life is endangcred by the severe

corrosive environment. Several electrochcmical test procedures have been devcloped. including

sorne which have been standardized. and are availablc in the litcraturc. Sorne of these methods

such as the anodic polarization tests utilize elosed circuit testing while others rcly on the

ehemical exposure in an open circuit. Accelcratcd corrosion test have been used successfully

to determine the susceptibility of the reinforcing and other forms of structUr.11 steel to localizcd

attacks sueh as pitting corrosion. stress corrosion and other general forms of corrosion. These

tests provide qualitative data which provides the designer with relative material performance

indicators for the various 10ca1ized forms of corrosion.
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• It is important that th~ acc~krat~d t~sting conditions do not diff~r signilicantly from

th~ s~r\'ic~ ~n\'ironm<:nt <:xc~pt for th~ tim~ scal~. oth~rwis<: th~ corrosion products from the

a<:<:d<:rat~d t~sts could diff<:r consid<:rably from th<: products d~\'clop<:d during th~ normal

<:orrosion a<:tivity. Also. th<: ac<:d~rat~d l~sting <:ould kad to misl<:ading results [Biczok.

(1972) 1. A<:<:d~ration of corrosion activity in th<:s~ tests ean b~ achi~\'<:d by suitabl~ inereas~s

in t<:mp~ralur<:. appli~d voltage or current. and an increascd concentration of the corrosive

ag<:nl.

As m~ntion<:d earlier. an essenlial requirem<:nt of thc acccicrated corrosion tcsting is

10 simulate thc corrosion conditions in the system undcr thc "normal" environmental conditions.

As mentioncd earlier. corrosion of thc rcinforcing steel embedded in the concretc occurs by thc

dectrochemical proccss. si:nilar to that in a l1ashlight battery. with the formation of an anode

where cleetrochemieal oxidation takes place. and a cathodc wherc eleetroehemicai reduetion

occurs. and an c1eetrolyte capable of eondueting the ionie eurrent.

• 4.2 Experimental Procedure

4.2.1 Test Apparatus

The test apparatus consisted of the following:

1. One tank. 2m in length by lm in width. and 1m in height.

2. Power supply. 10 Volt OC.

3. Voltrneter (HICKOK Digital System - Model DPIOO).

4. Ammeter (MICRONTA 10mA range).

5. A rcfercnce saturated calomel electrodes (SCE).

6. Electric \vires and clips.

7. Haif-Cell potentiai probe.
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.t.2.2 Specimen Preparation

Fourteen concrete cylindrical specimens. 1000 mm !l)ng hy 100 mm diameter. each specimen

reinforced with a pre-wcighed single 201\1 reinfi.)rcing d.:formed har and with ;\ con.:rete .:ovcr

of approximately 40 mm wer.: cast. Figure 4.1 shows the geometry and instrum.:nt;lli,)n fi.)r;\

typical tension specimen.

The concrete specimens w.:re cast in specially designed plastic molds whi.:h had two

sockets affixed to each top and bollom cover to allow the sted bars to pass. The reinforcing

bar extended ISO mm outside the ends of the concrete. Just outside the concrete. an deetrieal

wire (about 1 min length) was connected to the steel bar by means of clips on each of the 12

specimens. The remaining two specimens \Vere uscd as control specimens (uncorroded

conditions). The extensions of the bars plus another length of 20 mm near the specimen end.

were epoxy coated and then covered with two layers of tape. tirst \Vith an dectrieal tape

followed by a duet tape. in an attempt to proteet this part of sted from corrosion. A silicon

layer was added on top of the c1ectrical \Vire and the clip for the same reason. Ea·;h specimen

was marked with a number and a grid. ID mm x 10 mm. was dra\Vn on the spacing to be used

for the measurements prior to immersion.

The tension specimens along with the aeeompanying auxiliary specimens. eylinders and

flexure beam specimens were air eured in the plastic molds for 48 hours. after whieh they were

removed from the mold and eured for 28 days before positioning them in the exposure tank.

It was suggested by Biezok. (1972) that the eonerete exposed at an carly age has less resistanee

to ehemieaI attaek than the eonerete hardened over an extended period. Thereforc. the eonerete

specimens. eylinders and fluxure bearns \Vere eurcd for 28 days to simulate the natural

corrosion proeess.

4.2.3 Concrete Mi'\: Parameters

The eonerete mixture was provided by a local redy-mixed eonerete supplier; the eement uscd
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• "as ordinary Type 10 Portland cement. The eoarse aggregate was 20 mm ma.ximum-size

erushed limestone with a bulk specific gravity of 2.69 and an average absorption coeflicient

of 0.95 percent. The fine aggregate was St Gabrial sand with a specific gravity of 2.68 and an

average absorption eoeflicient of 0.58 percent. A fine-to-coarse aggregate ratio of 1.0 and a

water/rement ratio of 0.45 without any chloride additives were used. A sieve analysis of both

the fine and coarse aggregates. and gradation limits \Vere provided by the concrete company.

These tests were conducted according to the CSA Standard A23.2-2A Sieve Analysis of Fine

anù Coarsc Aggrcgatc.

The six standard cylinders. \Vith a height of 300 mm and a diameter of 150 mm. \Vere

used to obtain the concrete compressive strength. l',.. and the splitting tensile slrength. .f.p'

Flexural tests on three specimens of 100 mm by 100 mm by 400 mm long beams subjected to

the thirdpoint loading over a span of 300 mm were used to obtain the modulus of rupture. f...
The procedure used and the test results arc presented in Chapter 5.

• 4.2.4 Experimental set-up

As described previously. t\Vo detailed investigations dealing with acce1erated electrochemical

corrosion of rcinforced concrete \Vere completed al McGill University (Palumbo 1991. Farah

1993). They developed the test set-up and the detailed procedure for the acce1erated corrosion

tcsting using small lollipop specimens. The same eleclrochemical method \Vas adopted. and

aller a few trials. a corrosion cell \Vas developed \Vith sorne modifications. \Vhich was different

due to the size 0 l' specimens.

•

Once the tension specimens \Vere proper1y cast and cured. 12 specimens \Vere p1aced

in the tank. Figure 4.2 iIIustrates the schematic drawing of the set-up. The tank \Vas filled \Vith

an e1ectro1ytic solution [5% sodium chloride (NaCl) by \Veight of water). The tank was filled

to cover the top of the specimens by approximately 50 mm. The eleetrolyte solution was

changed on a \Veekly basis to eliminate any change in the concentration of the NaC\.
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A copper elcctrical wire was soldered ;md eonneeted hy stainlcss stcd anehors t,l the

rcinforcing bar of each specimen. Thes.: wires were permitted to protrlllk Ir"111 thc sl'ceinlc'n

surlace and werc used to make electrical connections to the circuit of the eorwsi,'n ccli. Oncc

the specimens were propcrly eured. they were inullersed in the tank. and plaeed at ;1 dear

distance of 50 mm apan trom each l1ther by 111eans of wooden spaeers. The wires werc lhcn

connected to a power supply wilh an in-built voltmeter within lhe elcetrie:ll circuit requircd to

impress the necessary voltage. To close the circuit. a sted bar was pl:leed in the tank. and ;1

reference saturated calomel clectrode (SCE) was also plaeed in the electrolyte solution 10

deterrnine the potentials of both cleclrodes. The SCE eonsisted 01';1 mercurY/111ereury ehloride

referenee clement surrounded by saturated potassium ehloride (I\:CI) eontained in the outer

tube. When immersed in the NaCI solution. electrieal contact was made between the S:lmplc

and the cleetrolyte solution at the opening located at the end of the clectrode. This opening

forrned a conductive bridge between the referenee cleetrode. the sample. and the indieating

electrode. A refill hole is a small circular opening located at the top of the reference cleetrode.

where the spout of the re-fill bottle is insertcd. The cleetrode was periodieally relilled with I\:CI

solution to ensure that the clectrolyte always eovered the tip of the internai clement. ;L~ the

levcl of the KCl c\ectrolyte had to be maintained above the surlace of the aqueous solution.

to ensure that the NaCl solution will not flow back into the c\ectrode.

The eleetrodes and the tension specimens were placed under water and the direction of

the CUITent was arranged so that the reinforeing bar served as the anode while the stecl bar

served as the cathode. A constant voltage of 1 V was applied as in the previous research

prograrns to stimulate corrosion. (Palumbo 1991. and Farah 1993) in lollipop samples. lt was

soon diseovered that one volt was not enough. therefore. after ~ix weeks. the voltage was

increased to 2 V. After a few weeks. the CUITent and the potential readings did not change.

Consequently. the voltage was changed again to 5 V. and the voltage and the current were

monitored on a daily basis and the readings of both the CUITent and the potential were recorded.

For connecüon. a jumper for each specimen wire was used to facilitate the connection
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• and m~asun:m~nts . Th~ .iump~r was conn~ct~d to the positivc terminal of a direct current

p()w~r supplO' and it was used as a switch. to open or close the dectrical circuit. The negative

tcrminal was ~onnected to the bare bar dectrode bO' a different dectrical wire: the schematic

drawing of the arrang~ment is shown in Fig. 4.3.

4.3 Measurcmcnts

4.3.1 Currcnt and potcnti:ll

The eurrent and the potential measurements for each specimen \Vere recorded pcriodically

(cvery 48 hours) by means of a SMART Digital Multimcter that rcad both the current and the

voltage.

The CUITent readings were recordcd by removing the jumper and then connccting the

positive temlÎnal probe of the ammetcr to the specimen (anode). while the negative terminal

probe was connected to the bare steel bar (cathode). When stable readings \Vere attained

• (approxi:llatdy 5 to 10 minutes). the CUITent readings \Vere recorded.

The potential voltages \Vere recorded by having the re!ill hole of the clectrode (SCE)

open. to permit proper clectrolyte l10\V. The positive terminal-probe of the voltrneter \Vas

connected to the specimen (anode). while the negative-terminal probe \Vas connected to the

SCE. The measurements were recorded \Vhen stable reading \Vere attained (approximately 5 to

10 minutes). The positive·terminal probe \Vas connected to the bare eleetrode (cathode). and

the negative- terminal probe \Vas connected to the SCE. to measure the cathode potential. Both

steps were implemented in the normal polarity position.

4.3.2 Half-Ccll Potcntials

•
The standard test method for Half-Ccll Potentials of Uncoated Reinforeing Steel in Concrete

and the principle of the Copper/Copper Sulphate electrode measurement technique is described .
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• in ASTM C 876-80. The' Halt~Cdl t~SI is th~ ~stil11ation or th~ d~~tri~al halr·~dl pl't~nti'll ,'1'
llncoat~d n:inft.1rcing steeL for dt:tt:rmining th~ cl)rrosi""t1 acti\ il\' or the fl.:intl)fCinc. s1l..~cl.. -

To l1l~asur~ th~ halt~~dl pot~ntiaI. lh~ sp~~im~n \Vas r~nll'ved Irom th~ tank...\ dir~~t

~k~trical conn~ction W th~ r~inlorcing st~d \Vas a~hÏC'\'~d by clal1lping it to th~ rcl~r~n~~ ~abk.

and th~n the reintorcing steel \Vas conn~~t~d dectrically 10 the positive t~rtllinal of th~ Digital

Hall' Cell (DHC) "oltm~ter. The sponge h~ad \Vas moist~n~d with d~an. slightly sllapy \Vat~r.

and then the sol id cap \Vas replac~d on th~ cclI. Th~ Dile was pla~~d ,'Il ~ach position "r th~

10 mm x 10 mm grid that \Vas dra\Vn on th~ sp~cil1l~n. R~;ldings w~r~ allo\V~d t,) stabiliz~

\Vithin 1OmV and record~d.

4.4 Testing for Chlorides

The chloride content of concrete is critica1 to the life of the reinror~e11lent. because stllall

amounts of chloride can disrupt the passi"e layer that protccts the sted Irom corrosion.

• Therefore. to assess the condition of the ùeteriorating concrete. it is ess~ntial to determinc th~

ehloride contcnt in the conerete.

Samples were obtained From eaeh specimen a~ three dillerent locations by drilling thrcc

holes in the concrete and colleeting the dust produced across the diameter or a speci lied

location. aecording to the crack width:

- Around the widest crack width

- Around the intermediate crack width

- Around the smallest crack width

•
The concrete powdered was collected from three diflèrent depths (15 mm. 30 mm. 40

mm). to determine how the chloride content changed with depth from the surface. The concrete

dust was collected at cach location. in small plastic bags and properly sealed and marked.
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~..l.1 Chloride Ion Anal)'sis Procedure

The ehloride ion content 01' each powder sample was determined using the Volhard Method

01' the British Standards l!i!> 1 (11)!>8) - Part 124. The following procedure was used. The 2.5

g of the powdered concrete sample was wcÏghed accuratcly to the nearcst mg and dispersed

with 25 mL of distilled waler. and the sampic was then swirlcd. l'h'e mL of nitric acid an:

added along within 25 mL of hol distillcd water. stirred vigorously and then transferred into

a beaker, NexI. the solution was heated. allowed to boil for about 4 to 5 minutes. and kept

warm for 10 minutes. The sample was filtered. through a fast hardened ashlcss tilter pailer. into

another beaker. The lïlter paper. funncl. and the stirring rod were rinsed thoroughly with hot

disti lied water to ensure complete transfer of the chlorides. l'inally. the samplc was alk)wed

10 cool to room temperature.

The sample was translcrred into a stoppered 250 mL conieal flash. Standard silver

nitT"Jte (AgNO,) solution was allowed to now l"rl)m one burette into the solution \Vhile it was

swirk,d vigorously. The volume of the silver nitrate solution added \Vas reeorded to an aeeuraey

of 0.1 1lI01/L. Then 3 mL of nitrober.zene was added to the mixture and swirled vigorously for

about 30 seconds. One mL of iron indicator solution was then added. This was followed by

baek-lÏtration of the mixture \Vith a potassium thiocyanate solution delivcrcd l'rom a second

burette until a reddish-brown colour persisted for one minute. The volume of potassium

thiocyanate used \Vas then recorded.

The mass of sodium chloride (NaCI) in milligrams present in the total sample was

calculated as:

(4.1)

•
whcrc J = Chloride ion content
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• .\1, = "Iass of samph: us~d (in ~)

J'.' = Volum~ of 0.1 :'\1 sihw nitral~ Sl,lulion aJJ~d (in ml.)

r(, = Vl'Iume of thioeyanate solution used (in ml.)

III = :\lolarity of the thiocyanate solution (in nll>LL)

C, = Cement content of the sample used (in ".)

4.5 Development of the V~lrious Corrosion LC"cls

The lcvds of corrosion achicved in the various specimens varied from no corrosil>n (el>nlrol

specimens) to extensive corrosion. One important aspect of this observation W;L~ the

organization of experimental data in a longitudinal crack width framework so that the h:vds

of corrosion could be defined for a given specimen under a given set of ell\"ironmental

conditions. \Vhilc the exanlple cited in this chapter uses the longitudinal er.lcking as the basis

for the level of corrosion desired. or achievcd. other methods such as the dctinition l>f eurrent

readings have becn and can also l'le used to dcline the levd of c.:lrrosion. Il must l'le noted that

• this approach can be combined with other methods of delining the lcvds of corrosion.

Evaluation of the corrosion attack aCter exposurc of the test piece was undertaken by

inspection (it was used for assessing the level of corrosion earlier). measurement of corrosion

(pit) depth or changes in the steel ultimate tensile strength. However. the evaluation W:L~

normally earried out by determination of the weight loss aCter the corrosion producL~ had bcen

removed by cleaning the bar with an acid.

In summary. three criteria were used to determine the corrosion levcls. examined in this

study:

•
(1) The width and the propagation of the longitudinal concrete crack which is the result

of the formation of expansive corrosion products on the steel Mr. The onsct of cracking in the

concrete eover and the inereasc of the crack width were monitorcd through visuai observations
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• of Ih~ sp~cim~ns and r~corded as Ihis form~d a reference for sc1ecling subsequent postcracking

lcvcls of corrosion. Thus. a longitudinal crack width of 0.15 mm was detined to bc the tirst

stag~ of corrosion. while the last levc1 of corrosion \Vas that associated \Vith a major 9 mm

!ongitudinal cmck. The crack width was measured with a crack width comp=tor at 50 mm

inlcrvals along eaeh craek length" An average craek width was then obtained for establishing

the Icvc1 of corrosion as:

k "d h E crack width at each interva1
Average crac w~ t - umb f' 1n er 0 ~nterva s

(4.2)

•

•

(2) Loss or metal relati'"e to the original reinforeing steel bar weight. T:,e weight loss

of the steel reinforcing bar was obtained as the difference between the weighl. of the corroded

bar (after the removal of the loosc corrosion products) from its weight before .:orrosion. For

this purpose. the specimens were broken open for the retrieval of the reinforcing bar after the

eompletion of the test. The reinforcing bar. for each specimen was cleaned and scrubbed with

a stiff m~.aI brush to ensure that &oe bar was free from any adhering corrosion products. The

rcinforcing bar was then carefu11y examined for its general condition as a result of the

corrosion effeets in tenns of pitting. rib degradation. and then weigh~d for the determination

of the weight loss. The percentage weight loss was determined as fo11ows:

Percentage weight 10ss= [(uncorroded weight) - (co~roded weightl l X100 (4.3)
[uncorroded we~ghcl

(3) The loss of the cross-seetional area relative to the original cross sectional area of

the reinforcing bar is obtain...~, ,from the results of the load-deflection response for each

spt.'Cimen as was described in 'Chapter 3.
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The results obtained for the three criteria arc compared fiJr the aSSUf;lnee of the an'rnpriah:

corrosion le\"el.
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(b): the silicon layer

Cc): the 10 mmx 10 mm grid

Figure 4.1: Typical tension specimen
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Figure 4.3: Electrical circuitry
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• Chapter 5

Experimental Program

This chapter describes the test program to investigate the cffcet of corrosion on the bond

behaviour at the reinforcing steel-concrete interface. Tension specimens. reinforced with a

single bar. were subjected to seven different stages of corrosion. and then subjected to a.xial

tensile forces to deterrnine the deterioration of bond between the concrete and the reinforcing

steel bar.

5.1 Mechanical Properties of Materials

• 5.1.1 Reinfor,,:ng Steel

The 20M size reinforcing bars uscd in the tests were obtained locally. and they conforrned to

the Canadian Standard Association (CSA) Standard G30.I4-M83 (1983) which is equivalent

to ASTM Standard A615-72 (1972). To deterrnine the mcchanical properties of the reinforeing

steel. tension tests were perforrned on six deforrned 20M steel bars. with a nominal diameter

of 19.5 mm. and 195 mm in length. with a specified yield strength of 400 MPa. AIl of the

coupons cxhibited a yield plateau. with an average experimental yield strength of 432 MPa.

Figure 5.1 shows the tensile stress-strain relationship obtained. The strains were measured over

a 50 mm gauge length extensometer. Table 5.1 reports the various mechanical properties of the

bars.

S.I.l Conerete

•
As mentioned earlier. th~ concrete mixture was supplied by a local ready-mixed concrete
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•

company. \Vith a spcciticd 28-day comprcssivc strcngth of 25 i\!l'a.

Again. thc concrctc mix consistcd of Typc 10 ordinary Portland ccmcnt. linc-tll-coarsc

aggrcgatc ratio of 1.0. and a \Vatcr/ccmcnt ratio of 0.45 \Vithout any chloriùc adùitivcs. Sicvc

analysis of both thc tinc and coarsc aggrcgatcs \Vcrc conductcd. Thcsc tcsts \Vcrc conùuctcù

according to thc CSA Standard A23.2-2A. "Sicvc Analysis of Finc anù Coarsc Aggrcgatc".

Thc concrctc comprcsslve strcngth. .r,.. \Vas obtaincd from tcsts on thrcc standard

cylinders. 15G mm in diarneter and 300 mm in height. aeeording to the CSA Standard A23.2 

9C -Compressive Strength of Cylindrical Conerete Specimens (ACI 318-89). The average

compressive strength. Je' was 30.5 MPa. Figurc 5.2 shows the concrcte compressive stress

strain relationship for thesc specimens. The modulus of rupture. .1:. \Vas obtained by llexural

tests on 100 mm by 100 mm by 400 mm long beams whieh \Vere subjected to third-point

loading. according to the CSA Standard A23.2 - 8C- Flexural Strcngth of Concrete (Using

Simple Bearn With Third Point Loading). (ASTM C78). over a span of 300 mm. The average

modulus of rupture. f,. was 3.9 MPa. Tests were carried out to determine the splitting tensile

strength. ,f,po on three standard cylinders ISO mm diarneter by 300 mm length according to the

CSA Standard A23.2 - 13C- Splitting Tensile Strcngth of Cylindrical Concrete Specimens

(ASTM C496). The average splitting strength. /,po was 3.0 MPa. The standard cylindrieal

specimens were tested on the same day as the tension specimens. at an average age of 100

days. Table 5.2 reports the various meehanical properties of the eoncrete specimens.

5.2 Experimental Procedure

5.2.1 Test Program

This investIgation was carried out for seven different stages of corrosion including two

specimens constituting the uncorroded stage. In cach stage. bond behaviour was studied through

an e.xarnination of both the splitting cracks and the transverse cracks. The corrosion stages were

chosen accorcling to the width of the longitudinal splitting cracks (see Table 6.1).
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The tension tests were perforrned in the Structures Laboratory at McGill University. The

Material Test System (MTS) hydraulie servo-comrolled machine. with a capaeity of 1000 kN

in tension with a built-in linear voltage differential transducers (LVOT) for deformation

measurements. connected to a PC workstation. was used to test the tension specimens. The data

were stored automatically in the PC. analyzed and the relevant information was easily

accessible.

The test specimcns wcrc installed and centred to subject the specimens to pure tension.

Figure 6.15. in Chapter 6. portrays the overall test setup. The test set-up of the MTS machine

consisted of a loading frame that !ransmilled the load through the tension grips at both ends

of the rein forcing bar.

5.2.2 Testing Procedure and Loading Sequence

The speCllllcns were subjectcd to an incremental a.xial loading. The tests \Vcre run using

displacement control. An automatic data acquisition system determined the a.xial force (N) and

thc sttains at every deformation stage. The MTS ma.:hine is able to rcgister the measurements

with different options. The data \Vcre acquired from displacement. time. load, and one strain

channcl. To obtain a complete and precisc rCl>l'0nse. loads. deflections and strains \Vcre

rccordcd evcry 5 seconds during the loading phase controlled by deformation using the

computcrized data acquisition system. In order to accorately determine the strains. an ell.1emal

MTS cxtensometer. that read the strains in the steel bar. was mounted along the side of the

specimcn. by clamping the cxtensometer to the reinforcing steel bar just on the outside of the

concretc as shown in Fig. 6.15. The elongations \Vere measured over a gage length of lOlO

mm.

The specimen \vas subjected to a predetermined deformation using displacement control,

ho\Vcver. the load wouid drop over a short holding period required to examine the specimen

thoroughly and to take photographs for the different key load stages during testing and to

rl;.ord the crack development. Cracks were ttaced over the concrete surfaces as soon as they
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becarne visiblc. and the eorresponding lo~d Ic\'els. ~i which th~t the cr~cks initialed werc

marked on the surlàce beside each crack. A hand microscope (1 OX) was used 10 Il,lIow the

cr~ck propagation. when it was needed. At each cracking stage. the cr:lcks were rec,'rded using

a crack width comparator. The maximum loads applied excecded the yield p,'int "f the

reinforcing bars.

The data acquired during the test were stored in the PC :md \Vas used to provide

information about ail of the relevant charaeteristics of the tests. for exmnple. the load

deformation (or elongation) curves.
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• Table 5.1: Properties ofreinforcing steel

"

Area t E, h, Es liBar Size , .
(mm') (MPa) (mm/mm) (MPa) (MPa)

,

1

20M 300 433.0 0.0028 676.4 200000
i

Il1 1 1,

700 -r--------------------,

600

500

• +T

'tù" 400"'"6
<Il
<Il

1:: 300 +Ttn

200

100

•

O+-...,-.,..._-r--,.......,__..--r---r~__,_.,....._r__.__.,..._r_,.......,__..---,._l

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Strain (mm/mm)

Figure 5.1: Stress-strain relationship for steel reinforcroent
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• Table 5.2: Properties ofconcrete

1 ,
1 1:

1 f/
1 /.

1

/., ' '

Specimen

1

1(MPa) (MPa)
1

(MPa)

SSI 30.56 3.9 3.0

0.0050.0040.0030.0020.001

0.0 -!--....--.-------r---.----r---.--,...----..,r------r--I

0.00

10.0

30.0

40.0 ..,-----------------------,

•

•
Straîn e,,(mm1mm)

Figure ~.2: Concrete compressive stress-strain relationship
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Chapter 6

Experimental Results

This chapter summarizes the results of the overall responses of eight test specimens. tested after

the devclopment of the different levels of corrosion within six specimens. The observed

behaviour between the uncorroded and the corroded specimens \Vas compared using the load

versus c1ongation responsc. stress-strain relationships. and the information on crack widths and

crack spacings.

6.1 Elongation Responses

Thc load vs. clongation response commences with the uncracked e1astic region when the tensile

resistance of the concrete is not exceeded. As mentioned earlier. when the clement is cracked.

then in general. two stages occur: formation of cracks followed by their stabilization. As the

load and deformation increase significantly. and it is increased further. the steel bar yields

finally whcn the specimen is considered to have failed.

The experimenta! results from the load-elongation responses. for both the corroded and

thc;-~mcorroded specimens. are summarized in Table 6.1.

6.1.1 Uneorroded Specimens SSI and SS2

Figures 6.1 and 6.2 show the applied load versus elongation characteristics of the standard

control Specimens. SS1 and SS2. respectively. The bare bar response is also shown in cach

figure: the phenomenon underiying the transfer of the force from the steel bar to the concrete
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• and vice versa is best understood by e<'ml'aring the measured 11lemher rl'sl'onsc with thal of

the bare bar.

As can bc seen l'rom the ligures, the control specimen dongation is negative l'rior to

the Joad application duc to the shrinkage of the eoncrete, sinee the specimen was tested after

an avcrage age of 100 days after casting. Ignoring the member shortening crfeets e:ll1sed by

shrinkage could result in an underestimation of the tension stilTening elTeet, :IS eonlirmed in

a recent study by BischolT (1995), who notcd an average l'l'cc shrinkage strain of -0.3x 10'.1.

Both specimens behaved in basically the same manner, as can be noted l'rom their lllad

elongation responses of both Specimens, SS 1 and SS2. The lirst transverse crack al'peared at

an applied load of about 12 kN and hence. the stress in the sted at lirst er.lcking•.(". was

approximately 40 MPa. After the lirst cracking load. the load-dongation curvc is noted 10

become parallel to the curve for the bare bar. The Specimens SS 1 and SS2 have approximately

the same Joad of 127.3 kN when steel yields at a sUess of 423 MPa, The yicld load of both

• of the specimens corresponds to the same ban: bar yield strength.

6.1.2 Corroded Specimens

The corroded specimens elongation is zero prior to the load application because they were

continually immersed in water and hence. there was no shrinkagc.

For comparison purposes. the bare bar elongation and the control specimen rcsponse.

are also reproduced, in cach of the corroded specimen responsc.

•

6.1.2.1 Specimen CSI

The Specimen CS1 had a longitUdinal splining crack, 0.15 mm wide, prior to testing, duc to

the corrosion of the steel bar. Figures 6.3 shows the load-elongation response for the corroded

Specimen CS!.
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As can bc seen from the Fig. 6.3. the steel bar in the Specimen CS 1 yielded at a load

of 125.0 kN. ùisplaying a slightly lower load bearing capacity than the uncorrodeù Specimen

SSI. which had a yielding load of 127.3 kN. The tirst trans"erse crack appeared in the

Specimen CS 1 al an applied loaù of about 15 kN which is higher than that for the Specimen

SS 1 due to nonshrinkage. the stress in the sleel at tirst cracking. l,'T' was approximately 50

Ml'a. Apart from the difference in the concrete contribution and the yiclding load. the

Specimen CS 1 shows behaviour similar to that of the Specimen SS 1. which is that after the

tirst cracking load on the steel. lhe e1ongalion curve becarne parallel to lhe 10ad-e1ongation

curve for the bare bar. The 10ad-e1ongalion response of lhe Specimen CS 1 curve near lhe yield

loads shows an inilial yield with a very short plateau (Fig. 6.3). At this slage. after a short

duration. the load \Vas rdeased. The Joad was inereased and il was noted that the load

slabilized al a load higher than lhe "initial" yielding load. and the specimen demonstrated

conlinued yielding al lhis load.

6.1.2.2 Specimen CS2

The Specimen CS2 represented the second stage of corrosion with a 0.2 mm wide longiludinal

crack prior 10 tesling. The overall response observed W·.!S similar to that for the Specimen CS1.

Figure 6.4 shows the load vs. elongalion eurves for the Specimens CS2 and SS1. The yielding

load for lhe Specimen CS2 was 124.0 kN. which is slighlly lower than the yield load for the

Specimen CS1. Also. il shows a smaller concrele contribution. The first cracking load occurs

al a load of 18.0 kN. which is a higher than that for the Specimen SS1. The response of

Specimen CS2 observed was similar tl) " 'al for the Specimen CS1 conceming the trend in the

yield load (intial yiclding load). and the decrcase in the concrele contribution. The specimen

response at the yield load was similar to thal of Specimen CS1. Furtherrnore. after the first

cracking. the load-elongation curve becarne paralleL to the bare bar curve.

6.1.2.3 Specimen CS3

Figure 6.5 shows the rcsponse of the Specimen CS3 which reprcsents the third stage of
- '~".

corrosion \\;th a 6.0 mm wide of splitting longitudinal crack prior to testing. Comparing the

response of the Specimen CS3 with that of the Specimen SS1 (Fig. 6.5). the Specimen CS3
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shows a much 10wer yielding 10ad of 115.0 kl' and much !css ,',>ncrete c,'ntrihuti,>n, The tirs!

transverse crack appeared at a load of 2~ kN which is higher than the tirst cracking I<'ad ,>f the

Specimen SS 1. :\gain. alicr tirst cracking. the !<>ad-el,>ngation eurve hecame parallel Il> the

load-elongation cun'e for the hare har: the yield load W:L' the >:;lIne li.>r Specimens l'S~ and

CS 1 and CS::!. The specimen responce at thc yield load was similar to that ,>f Specimen l'S 1.

6.1.2." Specimen CS"

Figure 6.6 shows the response of the Specimen CS4 which represented the li.)urtr. stage of

corrosion. Specimen CS4 had several splitting longitudinal cracks which varicd in width fr,ml

I.S mm to 3.0 mm and two transverse cracks that were not around the full circumlcrencc of

the specimen but rather between the splitting longitudinal cracks. prior to tcsting. The steel har

in the Specimen CS4 yielded at a load of 113.3 kN which is much lower than that li.)r thc

Specimen SS1. The tirst cracking load. which basically opened or widcned an existing

transverse crack location. \Vas at a load of 10 kN which is lower than the lirst cracking load

for Specimen SS1. The concrete contribution for the Specimen CS4 was much lower than for

the other corroded specimens. Obsen'ations similar to the other corroded specimens arc evident

in Fig. 6.6. The load-elongation curve became parullel to the bar<: bar and the trend of the

response at yielding load was similar to that of the other corroded specimens.

6.1.2.S Specimen CSS

The response of the Specimen CSS which represented the tifth stage of co~osion is shown in

Figure 6.7 along with the response of the Specimen SS 1. The Specimen CSS had severnl

splining longitudinal cracks and also transvcrse cracks that varied in width ranging from I.S

mm to 4.0 mm. prior to testing. The yielding load for the Specimi:n CSS wa.' 111.0 kN which

is again lower than that of Specimen SS1. The tirst cracking load which also opcned or

widened an exisùng transverse crack.. was approximate\y S kN which is lower !han the tirst

cracking load for Specimen SSI. The load-elonga·jon curve for thc Specimcn CSS hardly

shows any concrete contribuùon. At a load of approximately 30 kN. the load-elongaùon curves

for the Specimen CSS and the bare ba; became almost coincident.



• 6.1.2.6 Specimen CS6

The Specimen CS6 \\'hich represenled the sixth and Iast stage ,,1 eorfl'sion and h:ld a \).0 111111

\\'ide longitudinal splilling crack. :\s shown in Fig. 6.S. the Specimen CS6 had a yieldil':.' i,'ad

of 101.2 kN \\'hich is obvio'Jsly much lo\\'er than that of Specimen SS 1. N" transverse cracks

appeared in this specimen unlil beyond the yield strength "f the steel bar at a I,'ad "f 115 kN

when one transverse crack appeared. At a load of approximately ~5.0 kN. the 10ad-e1ongation

curve tended to Ican to the right side sho\\'ing a lo\\'cr response than that of the bare bar. The

observations for the Specimen CS6 at the yicldin~ load sho\\'ed a similar trend eompared to

the other corrodcd specimens.

6.2 Stress-Strain Relationship

Due to the 10ss of the cross-sectional area as a consequence of corrosion. the reported stresses

were calculated from the equivalant cross-sectional area obtained from the relative yeilding

• loads of the uncorroded and the corroded bars as was discussed in Chapter 3. thereby

representing the actual contribution of the concrete and the tension stiffening in the ovcrall

specimen response.

Figures 6.9 through 6.14 show the modified strcss-strain relationship for each corrosion

level for Specimen CS1 through CS6. respectively. Agron. each strcss-strain relationship curvc

obtained for the corroded specimens is coupled with the control specimen strcss-strain curve

for comparison purposes.

•

This use of an "equivalent" cross-sectional area led to an apparent inerCase in the

tension stiffening whieh was observed for each eorroded specimen. including CSS and CS6

where they showed no concrete contribution in the load-elongation eurves. This observed

differenee between the load-elongation eurves and the strcss-strain relationship eurves is due

to the faet that in the load-elongation eurve for the specimen \Vith a clean uneorroded 20M
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• har '\;1S enmpared with that of the specimen \\ith a eorroded 20\1 haro The response of the

Jatl<:r is nh,iously smaJler than that of the :ïrst.

IIowcvcr. as cao he secn. l'rom the stn:ss-strain cu!"ycs. this h:nsion stiffcning dccrcascs

as the Ievd of corrosion increases. The yidding stresses for each of the specimens arc

summarized in Tahle 6.1. while T::.ble 6.2 shows the stresses at tirst cracking for each

specImen.

6.3 Cracking Bchaviour

The control specimens. SS 1 and SS2. exhibited transverse cracks. weH before the splining

cracks formed at the latter stages of the tests. By comparison. corroded specimens exhibited

only transverse cracks in addition ta the widening of sorne of the existing splining cracks. as

ail of them had a splitting crack prior to the test. Figun:s 6.15 and 6.16 show the cracking

behaviour for the uncorroded Specimens SSI and SS2. respectively. Figures 6.17 through 6.22

• show the splitting crack~ in each specimen due to corrosion and its width before and after the

test.

63.1 Crack Spacing

The average crack spacing of the transverse cracks for ail of the eight tension specimens was

determined. Table 6.2 shows the average crack spacing for the different stages of corrosion and

for the control specimens as weil as the maximum crack spacing. The results for the number

and spacing of the cracks c1early show that as the level of corrosion increases. the crack

spacing incrcascs.

63.2 Crack widths

•
Figures 6.23 through 6.27 show the steel stress vs. the ma.ximum crack widths for tor the
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• Spc:dmcns CS L CS:. CS~. CS~ and CS:' rc:spc:..:tin:ly. subjc..:tcd Il' thl.." difkn:nt ùlrrl'~H)n

kvds. The ma.'Ximum crack width ..:un'l.: Il1r the: UnCOITll",h:J spt:'cimcn \\'as abt) pn1du('\,,"d t~'r

cl1mparison. The sted-stres:::. YS. crJ.ck \\"idth curvc was I1ll! llhtaincd fllr Spc..:imcn l'Sh dw.... III

the t':!ct that it ùid not proùuce any cracking prior tl' the yidùing ,'1' the reinli'rcing ste'd.

As can be seen l'rom Fig. 6.26 and Fig. 6.27 for the Specimens CS-I and CSS.

respecti\·dy. the sted stress vs. maximum crack curve st;ms l'rom zero l'';ld beeallse' 01' tile I:lct

that the crack existed before the test. The inlluenee of the corrosion kvd l)ll the crack width

is cIcarly shown in the ligure. The crack width increa.<ed with an inereasing amollnt of

corrosion.

6.4 Corrosion Percentage (%)

The observations and measuremenL< of the changes in strength. and of the corrosion pit ùepths,

have been evaluated to deterrnine the effect of the corrosion allaek alier exposure of the test

• specimen to the aggressive environment for varied pcriods of time. The weight loss alier

c1eaning and brushing of the corrosion products was deterrnined. The cross-s<:ctional area of

the reinforcing bars was aIso deterrnined and thc results arc summarizcd in Table 6.3.

6.5 Chloride Ion Profile

The variation of the chloride ion content across the eoncrete cover thickness was obtained

according to the procedure that was presented in Chapter 4. cxplaining how the chloride

content changes with depth.

•

The experimental results are presentcd by plotting the chIoride percentage obtained

versus the depth from surface of the concrete. Figures 6.28 through 6.33 iIlustr.lte the profile

for chloride penetration into the hardened concrcte for ail of the corroded Specimens CS!

through CS6. resrective1y.

...... -.- ~
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Tahle 6.1: [kt"ils or th~ r~sults !()r l~nsinn sr~~im~ns.

Sr~~im~n C'orrosi{) Exr~rim~nla Crnss- Exp~rim.:nta Siz.: or

n 1 scction~ 1 longitudinal

r.:rc.:nl yiclding 1 yidding crack du.:

du.: ln load or SI.:<:I stress. 10 corrosion

ma~s A, .r. (mm)

loss (kN) (mm') (MPa)

SSI 0 127 300 424 ---

SS2 0 [27 300 426 ---

CSI 4 p- 295 417 0.15-)

CS2 5.5 124 292 413 0.2

CS3 11 115 27i 383 6.0

CS4 11.5 112 265 373 1.5-3.0

CS5 12 111 262 370 1.5-4.0

CS(i \7.5 \0\ 240 367 9.0
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Sp.:cim.: i\o. COrrOSil)n Exp.:rim':l1tai :\ kaslIr': :\ kasurcd \kasun.."

Il or T. p.:rœnt strl.:SS al d max. d

.:rack du.: to tirst a\'l.;"ragl.: I.:rack max.

s loss cr~~cking. .:r:lck spacing aack

or mas" r spacmg \\'idth..
(MPa) ,.

(mm)...
(mm) (mm)_.

SSI la a 40 833 115.0 0.-\0

SS2 la 0 45 83.3 110.0 035

CSI 9 4 50 90.9 103.2 0.35

CS2 8 5.5 50 \00.0 105.0 0.-\

CS3 ~ II 77 167.0 300.0 1.0.)

CS4 5 11.5 37 200.0 275.0 0.8

CSS ~ 12 17 238.0 345.0 0.8.)

CS6 0 17.5 --- --- --- ---
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Sr~~im~n ( 'orrosio C"()rrnsinn Equi'·a! :\ \·.:ragl.~ Siz~ of :\umb.:rs

n r':I·;~nt ~nt wcight ioss longitudinal nf nlajor

r~rœnt <lUI.:' 10 crns~- r.:r unit cr:Jck du.: cr3cks

Juc in .:quivaknt sccliona Icngt; 10 corrosion b.:for.:

wcight A. 1 tcsting

loss (%) of sted (gm/mm) (mm)

(%) A.
(mm:)

SSI 0.0 0.0 300 0.0 --. --.

SS2 0.0 0.0 300 0.0 --- --.

CS] 4.0 1.7 295 0.130 0.15 ]

CS2 5.5 2.7 292 0.159 0.2 ]

CS3 ] i 10.0 270 0.316 6.0 1

CS4 11.5 11.7 265 0.329 3.0 ~

:>

CS5 12 12.7 262 0.359 4.0 4

CS6 17.5 20 240 0.539 9.0 3
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Figure 6.1: Tcnsilc force - clongation rcsponsc (Specimen SS 1)

54

8S

o-Hli;-l!.--,--r--r---r--,....--,--r--,,...-...----!
-0.5 0 1 2 3

Elongation (mm)
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Figure 6.3: Tensile force - elongation response (Specimen CS 1)
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FiguTe 6.4: Tensile force - elongation response (Specimen CS2)
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Figure 6.5: Tensile force - elongation response (Specimen CS3)
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Figure 6.6: Tensile force - elongation response (Specimen CS4)
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Figure 6.7: Tensile force - elongation response (Specimen CSS)
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Figure 6.9: Comparison of calculated stress-strain relationship for CS 1
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Figure 6.10: Comparison ofcalculated stress-strain relationship for CS2
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Figure 6.13: Comparison ofcalcuJated stress-strain relationship for CSS
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Figure 6.14: Comparison ofcalcuJated sress-strain relationship for CS6
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(a) SSI before testing (b) SSIend oftesting

Figure 6.15: Cracking behaviour for SSI

92

. Figure 6.16: Cracking behaviour for SS2

•

•
(a) SS2 before testing (b) SS2end oftesting



•

(3) 0.2mm crack before testing

•

•

(3) 0.15mm crack before testing (b) specimen after testing

Figure 6.17: Cracking behaviour for Specimen CSl

(b) specimen aftertesting

F'agure 6.18: Cracking behaviour for Specimen CS2

93



•

•

•

(a) 6mm crack before testing (b) specimen after testing

Figure 6.19: Cracking behaviour for Specimen CS3

(a) 6mm crack before testing (b) specimen after testing

Figure 6.20: Cracking behaviour for Specimen CS4
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(a) 1.5 to 3mm cracking before (b) specimen aftertesting
testing

Figure 6.21: Cracking behaviour for Specimen CS5

Figure 6.22: Cracking behaviour for Specimen CS6,
9mm crack before testing
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• Chapter 7

Analysis of Test ResuIts

This ehapll:r diseusses the results obtained l'rom the accclerated corrosion tests on the tension

specimens as dcscribed in Chapter 4. The responses observed from the pure tension tests.

involving mechanical interaction between a corroded bar and the surrounding concrete. which

arc accompanied by the formation of splining cracks are then discussed. The influence of

corrosion on the cracking behaviour is presented in terms of both the crack spacing and the

cr.lck width.

• 7.1 Accelerated Corrosion Testing

•

As mentioned carl ier. the initial plan was to subject two sister specimens to acce1er.lted

corrosion. One specimen was to undergo a direct tension test while the other specimen was to

be used lor the alLxiliary tests such as determination of chloride ion content mass loss and the

strength degradation as a result of corrosion. It was planned to cut the second specimen to

retrieve the..reinforcement which was to be weighed after cleaning to measure the mass loss

and then the bar was to be tested in tension to determine its tensile strength and the stress

strain rcsponse. In order to eonduct these tests. the sister specimens had to be subjected to the

sarne r.lte of corrosion and thcrefore to similar conditions of degradation. It was impossible to

obtain identical conditions ofaccelerated corrosion and degradation.. which would have required

identical current readings. longitudinal cracking and equal chIoride ion contents from the first

and second stages of corrosion. This lack of identical behaviour of sister specimens is basically

due to the heterogeneity of the concrete in terms of its permeability. which exerts a dominant

effect on the corrosion process. The nonuniformity from location to location is conducive to
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th~ fom1ation of random Iarg~ s~ak Cllrrosi,m ~dls distrihUl~d ai,'ng th~ st~d bar. This kind

of ht:h:rogc:ndty could suhjcct tht: specimen to yarying moisturl.:' Cl)l1tc.:nts. Tht: \"aryin~

p~m1~ability aff~cts th~ availahility ,'f th~ oxyg~n at th~ st~~i surfa~~. and als,' 'arying th~

distrihution of NaCI at th~ st~d surl:lc~.

Th~r~lor~. despite the controlled effort to control the accd~r;lt~d COrfl'Sl,'n t~st

environment. it was diftieult to obtain id~ntical ~orrosion d~gr.ldation in th~ sist~r sr~~im~ns.

Consequently. the original plan oftwin tests lor eaeh corrosion ~ondition was dis~llntinu~d. and

individual specimens were tested with ail of the auxiliary tests heing. conductcd on th~ ~on~r~tc

specimen and the rcinforcing st~c1 bar obtained from the same sp~cim~n.

7.1.1 Corrosion Behaviour

The experiment \Vas ron as described earlier. and the measurements were r~cordcd periodi~ally.

An air pump was provided and placcd in the experimental tank to increase the availahility of

oxygen at the steel surface to sustain the corrosion rate. 1t was decided that the sp~'Cimens

should be dricd on a wcekly basis for at least 48 hours. to ensurc oxygen dit1ùsion into them.

ln water-saturated concrcte structures. the clectrical ~'Sistivity is very low and the rate of

corrosion of the steel reinforcement is primarily controlled by the diffusion of dissolved oxygen

through the concrete coyer. Experiments by Hansson and Sorenscn (1990). showed that in

totally submersed specimens the corrosion rate is 50 high that the oxygen dissolved in the pore

solution of the samples is rapidly depleted and the corrosion reaction is stiflcd despite the high

chloride content of the mort:lf. A150 as expectcd. the effeet of oxygen concentration on the rate

of corrosion \Vas quite significant

As expected. the rate of corrosion of the steel bars in the specimens was very slow at

first until depassivation of the steel oecurred when corrosion started and then the rate of

corrosion increased significantly. The initial current densities monitored were of the order of

10'" A/m~ and continued unchangcd for a long time. until the chlorides penetrated the coyer

and initiatcd corrosion at which time the current increascd by over three orders of magnitude
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within a kw da~s. lh<: Sp<:<:im<:n CS! uisplay<:u th<: low<:st <:orrosion r:lt<: (<:onuitions) which

\\as ~ pcn.:cnt IDss of \\cight du!.: 10 corrosillO. hc.:c~ucsl.: of tht: smallcst cxposarc: lime.: (ïO

J,,~S). 1his ctlrrosion ratc incrcascU with an incrcase of the exposure time. with the specimen

t 'SIJ uisplayinf.! th<: most severe corrosion uef.!radation. 17.S percent loss of \wight caused by

corrosion. aner an exposure periou of ( 120 days). It is interesting to note that specimen CS3

h"u a wiuer longituuinal cr.lck anu appeareu more corroded than the Specimens CS.. and CSS.

howe\w. the specimen CS3 (exposure lime 90 uays) showed slightly lower degradation than

the Specimen CS.. (exposure time 99 uays) and CSS (exposure time 110 days) which contirms

lh"t the corrosion is intluenceu by the exposure time until the initiation of corrosion.

7.1.2 Chl()ridl~lon Content

Small amounts of chloride C:lll disrupt the passive oxide layer that is protecting the steel from

corrosion. Determining the chloride content is a vital part of any condition survey of the

deterior.ltion in the eoncrete. as chlorides in the concrete arc known to be specially effective

in diminating the passivity at the steel bar surface. The rcsults indicate that the loss of metal

and the intensity of pitting for the bars increased with the increase of the chloride-ion content

in the concrete: these lindings are similar to those by Rasheeduzzafar el al. (1992). The results

lor chloride-ion migration into the concrete specimen show how the chloride content changed

with the depth l'rom the surface of the concrete towards the embedded steel. The rcsults of the

variation of the chloride-ion content \Vith the concrete cover thickness showed that as expected.

in the uncmcked concrete specimens and parts of the specimens relatively free of cracks. the

ehloride ion concentration decreased from the exterior concrete surface to the steel bar surface.

This phenomenon is basically the migration of chloride ions into the concrete through

dinùsion.

Ho\Vevcr. the chloridc ion profiles in specimens which had cracked significantly were

not consistent \Vith this normal expectation. becausc the sodium chloride solution penetrated

through the main cracks \Vhich \Vere quite wide and into the microcracks around the steel bar.

which explains the irregularity of the chloride ion profile in the specimens which bad cracked
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• (sel.:' Fi:; 7.11. lhl.: tirs! and s.."t.:llnJ st~!=:I,.'S ~,( \.:~'rrl'si\'n sl1l'\\ th .." i: l'',,,:al i"rl'lik' l'!" ..litïusil'll "1

..:hlllriJcs. in lllher \\\.lrJs. the.." ~hl,lridl".· ':l't1l...' ..'ntrati"1l ..k: .."n.:asc.:d ([l'Ill th ..' sur Ll\,."I.." Il' th .." ll1h.'fh'r

in the \"idnity Ill" tht.: str.:d surfat.::.:. \\ïth n.:t"crcn.:\..' Il' th..' n:s! "e th ..' \.:l'rr\\si'\11 11..'\ l"ls. thl.· i't\ll-dl.'

nf çhlof!Jc Î,'ns ;..m: thl.: llrrllsitl.: '.lf th..' pr,'lik ditfusillll. l'his \.."han::,c "'( th\,., l'f,'lik's I~lr thl."

~hl,'rilks that haJ p~n~trat~J th~ harJ~n~J ~l'n~r~l~. that '''1S Il'tlnd. ,ail l'l' l"l'bilh:d thh'U.:h

the Cac! of \\'iJcning. the: Inng,ituJinal t.:r~h.:ks ~lIld thc itl\::n:asc Ill' th.....ir llUlllbl,,:rs ~lS Ùlrt\lsi'\11

progn:ssl.:o. Thcrcl"on:. with sw:h Încrcasl.:' Ill' \\iJth ~lIld nunÜ'll:f llf ..:r~h.:ks th..' I,.'hl,'rid...·:-;. "Iid Ihlt

only nligrate or diffuse into thc Cl)ncrc:tc" they rcnctrateJ iIltl' thl.~ Cl'n":Tl."ll.' thnlu::h thl." cracks

anJ most probably lill th~ microcr;lcks that wcr~ 1,)~at~J "n th~ ,'1' th~ sl~d-~'lI1,r~t~ int~rl;"~.

The ~hloride ions also mi~r.lt~ throu~h the porcs insiJ~ th~ ~,'n,rcl~. dll~ 10 th~ ~apilla~'

suction of chloriJc sollltil1l1 into thc air lillcJ pl)r~S or by th~ Jill'lIsioll in th~ wat~r-lilkd p,'res

in unerackeJ concrete. while in the re~ion of cr.:eks. ~hloriJ~s pcn~trate mll~h I;Lster throll~h

the cracks until depassivation l)~CUrs and corrosion st;lrts. SttlJies by FlIllahashi ll')<)O).

Rashccdllzzafar ct al. (199:!) and others show~d that the int1t1enc~ of craà wiJth on chloriJe

• ion penetration and hence on corrosion process is of minor importance ;Ilier lkP;Lssivalion.

Schiessl (1975) and BL'Cby (1978) su~~cst that the mte of ùlITosion. lHlce it has starleJ. is

independent of the coyer and the cr.lck width.

7.1.3 Half CcII Potential

The cleclroehemical corrosion monitoring tL'Chnique for the corrosion potential mapping

method. ASTM (C 876-87): Half-Cell Potential of UncoatL'd Reinforcing StL'Cl in Concrete.

detects only the likelihood of corrosion (potential) and dOL"S not detect the rate of corrosion and

may even be misleading since the corrosion potential depends upon the surrounding

environrnental conditions.

•
Other than the slow response time in providing a stable output voltage when contactL-d

to the concrete surface. the Half-Cell ;iOtential does not provide reasonable readings. When the

specimens has large moisture contenL due to the fact that they were immerscd in the NaCI
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s()lution~ n:adings gave a vc:ry ncgativc potcntial duc to the rcstrictcd oxygcn o.cccss. as was

<:xplain<:u hy Popovics el al.( 1983). Aiso. lhe presence of moislure could havc resulted in the

condu<:tion of d<:clricily o\'er lh<: compkl<: area of th<: spccimen 50 lhal thc arca of corrosion

a<:livily \Vas nol idenlifi<:d [John el al. (1987)1. Sorne experimental work by Naish and Carney

(1988). suggesls lhal lhe degree of \Vetness of concrete has a pronounced effect on the

measured corrosion potcntial and the associatcd currcnt llowing from the reinforcement.

Consequently. poor success was obtained with this method . and hence. the weekly half

ccII testing and mcasurements of the specimens fluctuatcd and these could not be attributed to

any scientific reason. therefore. the half-cell test was discot1tinued. The current readings and

the visual inspection of the concrete wcre uscd as the basis for establishing the corrosion Ievel.

E1sener and Bohni (1990) have conducted potential mapping surveys of bridge decks of the

Swiss highways using a new cight-wheel electrode measurement device and compared it with

the ASTM C 876-80. Thcy found that more than 70% of ail the corrosion sites on Cugniertoble

Bridge II would not. havc been detected \Vith the ASTM method. yet., the ASTM method

produccd bcttcr results on other sites. It should be noted that sorne uscrs have found the

corrosion potential test., when used in a grid pattern. to be a very useful indicator of corrosion

activity.

7.2 Influence of Corrosion on Bond Behaviour

The specimens \Vere designed according to the CSA Standard-A23.3-M84 and the ACI

Committcc 318-71 reeommendations for the development length. lJo for the bar must extend

a distance. IJo required to transfer the bar force to the surrounding concrete by bond. While the

test specimens fulfil the development length requirement., they were left with the surface

conditions of the bar. the deteriorated conditions at the interface between the concrete and the

steel. and the assoeiated opening of the longitudinal cracks within the corroded specimens.

106



•

•

•

As a consequence of corrosion. an accumulation of the e,)rrosi,)n pr,)Juets (iron ,)xiJes)

accumulated along the steel bar. Because of the internai pressare eauseJ in the inereased

volume of the corrosion products by the specimen eontinement duc tn the inerease in the

volume of the steel as it is converted to iron oxides and hydroxides. the tensile stresses in the

concrctc \Vere much greater than the concrete tensile strem:th and resulteJ in the longitudinal
~ ~ -

cracks that \Vere observed in ail of the corroded specimens. Figure 7.2 Jisplays an opened

specimen atier testing sho\Ving the heavy layer of the corroded metal that is :IJhering to the

concrete surface. Therefore. any adhesion between the eonerete and the rein!'"rcing steel \Vas

lost within the corroded specimens before the sp'~eimen was tested. Furthermore. this layer of

corrosion products also broke down the friction mechanism. except for 10\V levels of corrosion.

The change in the level of roughness of the bar surface. as observed by AI-Sulaimani cl al.

(1990). can resu1t in an incrcase in the bond strength with increasing levels of corrosion up to

about 1% corrosion.

7.2.1 Bar Profile

Examination of the steel bar embedded in the tension specimen showed "localized corrosion',

as the deteriorntion was more specifie to the various parts or regions of the steel bar. resulting

in deep pits on the surface of the steel and its eventual severance. as illustrated in Figure 7.3.

This altered the geometric shape and size of the rcinforeement and hence it had a significant

effeet on the lmnsfer of the force from the steel to the surrounding concrete by the mechanical

interlocking of the bar ribs affected by the steel corrosion. Thcrefore, this primary mechanism

of bond in deformed bars. that of lmnsfer of forces by mechanical interlocking of the ribs, gets

weakened by the effeet of corrosion on the ribs.

In summary, IWO significant phenomena influence the deterioration of the bond strength

due to the corrosion of the rcinforeing steel. firstly due to the formation of the corrosion

produets along the rcinforcement and sccondly due to the longitudinal cracking.
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7.2.2 Cracking Bchaviour

Figur", 7.4 shows th", crack patterns for the specimens subjected to different lcvels of corrosion

which arc compan.:d with th", crack pattern for the uncorroded specimen. The influence of

corrosion is wdl d",monstrated in this figure.

ln the control Specimens SS 1 and SS2. the crack spacings occurred as expected. which

is the forrning of the additional primary cracks with an increase in the stress level until the

crack spacing was approximately twice the cover thickness which was about 83 mm. The

caleulated initial cracking Joad (transverse cracks) for the eoncrete Specimens SS1 and SS2 is

18 kN. but the experimentaJ initial cracking load. adjusted for the concrete shrinkage. was 17

kN for the uncorroded Specimens SS1 and SS2. This is because of the induced tensile stresses

(about S MPa) caused by the restrained concrete shrinkage affect which affect the amount of

cracking that is visible Olt a given tensile force. Cusick and Kesler (1976) have conducted

tcnsile tests on concrete specimen using two different types of cements, Type 1 cement and

Type K (shrinkage-compensating) cement and compared thcir cracking behaviour. The Type

K specimens exhibited first cracking Olt a higher load than the Type 1 specimen. which shows

that the tensile stresses. induced in the concrete due to shrinkage. are responsible for a decrease

in thc cracking loads.

Thc initial cracking load for the Specimen CS3 was 23 kN. while these values for the

Specimen CS4 and CSS were 10 kN and S kN. respectively. In addition. there were no

transverse cracks in Specimen CS6. It must be reemphasized that the longitudinal cracking in

0111 of the specimens and the transverse cracking in Specimens CS4 and CSS had occurred due

to the influence of the pressure exerted by the corrosion producls (with a large increase of

volume) which exceeded the tensile strength of the concrete Olt the location of these cracks. It

should be noted that the observed cracking in the Specimens CS4 and CSS was more due to

the opcning and the extension of the cracks caused by the corrosion of the reinforcing steel

than due to the exhaustion of the concrete tensile strength. Il has also been established that the

quality of bond between the concrete and the reinforcing steel deteriorates with the level of
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• corrosion. The variation of the initial cracking Il1:1ds in the Specimens SS 1. ss~. CS 1. CS2.

and CS3 can only be altributed 10 the variation of the eoneretc strength al the \'arious scctillns

of the specimens. I-lowever. this phenomenon needs I"urther examination.

The fact that the corroded specimens had fewer transverse cracks than the elllltroi

specimens would indicate a reduction of the bond between the eonerete ;md the reinl,'reing

steel. This could be explained by rcferring to the basic considerations in Chapter -1. th;1l slip

will causes a further reduction in the bond stress. which will inerease the value of the minimum

crack spacing. S". as in the case of plain bars. but in the case of deformed bars. this distance

S" is influenced by the internaI cracks that are formed as a result of the inerease in the loads

after the primary crack had formed. A study by Goto (1971) on the cracks formed around the

deformed bars in tension. notes that aftcr forming a primary crack. further Ioading causes loss

of adhesion adjaccnt to thc crack. transfcrring thc loads to thc ribs of the bar. and then internaI

cracks form closc to the main crack (primary crack). and furthcr loading increases the internai

cracking. Thercfore. the cffcct of loss of adhcsion and/or thc intcrnal cracking would result in

• reduction of the rate at which the force is transferred from thc rcinforcemcnt to the surrounding

concrete and hence an iilcreasc in the distance from the main crack ovcr which the surface

stresses are reduced. The rcduction of the interlocking phenomcnon bctwecn thc ribs and the

concrete keys due to the reduction of cross-scctional arca of thc ribs is thc primary cause of

this breakdown of bond. I-lowever. the layer of corrosion products also causes loss of adhcsion

and cohesion between the two materials.

Furthermore. the longitudinal cracking and the widening of the cracks. as corrosion

progresses. also contribute to the loss of bond because of the smaIlcr area of the stcel

surrounded by the concrete (pan being lost duc to the longitudinal cracking) as weIl as thc loss

of cohesion and adhesion between ilicm. In addition. thc maximum crack widths in the

corroded specimens are much Iarger than in the uncorroded specimcns which also indicatcs a

weakening of the bond. see Fig. 7.5.
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Cioto (1971). I-Ioude and Mir/.a (1972). and others observed that for the concrete

specimen to crack. the force transferred from the steel bar to the concrete through the

mechanical interlock between the bar ribs and the concrete must be enough to cause the

concrete to crack. Again. once one or more cracks have deveIoped in the specimen. further

cracking would oceur only if enough force was transferred between the steel and the conerete

over half of the distance between the two cracks (or a crack and a free end) to cause the

conerete to crack. As mentioned earlier. the corrosion of the bar ribs has a significant influence

on the mechanical interlocking between the steel ribs and the eonerete Ieading to a deterioration

of the bond between the corroded ribs and surface of the steel bar. and the conerete. Thus. the

force is not transferred as effieiently from the steel bar into the concrete. leading to a larger

spacing between the cracks in a specimen with a corroded bar than in a specimen with an

uncorroded bar. A hypothetical cxtreme would be an extremely corroded bar in which the ribs

are complctely corroded and the adhesion and cohesion between the reinforcing steel and the

concrete has been completcly destroyed. The crack spacing would be very large in such a

specimcn bccausc of the significant Ioss of bond strength, for example, the specimen CS6. with

a wcight loss 17.5 percent due to corrosion, which did not exhibit any transverse crack until

bcyond thc yicld strcngth of the reinforcing steel.

In ordcr to forrn a ncw crack between two existing cracks, the tensile force which

causes cracking of the concrete should be introduced into the concrcte by this bond. The

significant degradation in the profile of the ribs indicates that the bond integrity of the bar is

lost and that it takes a longer Icngth of thc steel bar to redistribute the forces and transfer them

to the concrete where it would develop a new transverse crack.

7.2.3 Load-Elongation Rcsponse

In generaI. local bond failures are evidenced with increasing steel stresses. when full transverse

cracks forrn. The bond stress value at the crack drops to zero. This can be noted on the load

elongation curve. where there is a slight dropping of the load. The experlmental load-elongation

curves show the contribution of the concrete in the specimens basically because this corrosion
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is normally scatten:d along the length of the steel haro leaving some areas or some ribs not

comp1cte1y destroyed. therefore. transfer of force l'rom the steel har to the e,'nerele oeellrs in

these regions. contrihllting to the overall transfer of force l'rom the sh:cl to the concrete. and

vice versa.

The observations l'rom the load-clongation responses mainly showed a decrease in the

load carrying capacity for the corroded specimens. indicating a 2 to 20 percent loss of the

cross-sectional area of the reinforcement. l'rom the tirst levcl to the last levcl of corrosion.

respectively. Figure 7.6 shows the rclationship between the ultimate load versus corrosion

percentage. The decreasing effect of the ultimate load capacity with increasing levcls of

corrosion is obvious again. The data show that the ultimate load decreases gr.ldually up to a

wcight loss of 5.5 percent due to corrosion. Le. for the 4.0 percent wcight loss duc to

corrosion. the ultimate load is reduccd by 1.7 percent. while the ultimate load is reduced to the

extent of 20 percent for about 17.5 percent weight loss duc to corrosion. Since the bond stress

is weil below the u1timate load in ail cases of corrosion. this reduction is attributable to the IOS5

of bond. The 10ss of ultimate load is most likc1y duc to the reduction in the steel bar cross

sectional area as a result of corrosion. The ultimate Joad capacity reduction compares weil with

the "equivalent" cross-sectional area of the reinforcing steel bar (sec Table 7.1).

Moreover. the curves are shifted to the right c10ser to the bare bar rcsponse. signifying

mueh less concrete contribution. Le. a decrease in the tension stiffening. In facto the Specimen

with the fifth and sixth levels of corrosion. with weight losses of 12 and 17.5 percent.

respectively. hardly showed any concrete contribution. which \Vas expecled after experiencing

the loss in the steel bar mass; the bar ductility \Vas also rcduccd significantly. However. artel'

modifying the stress-strain relationship. the corroded specimens indicated a better concrete

contribution. The contribution of the concrete \Vas less than that in the control specimens.

decreasing gradually with the increasing level of corrosion. This could he explained by the

heavy layer of the corrosion produets adhering to the concrete and the steel, keeping the two

rnaterials in contact. Also, the faet. that the reinforcing bar showed localized corrosion, irnplies

that sorne areas of the bars are not as badJy corroded as the others, and hence sorne ribs along
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th~ st~d r~inror~ing nar ar~ in fact int~rlo~king with th~ surrounding concr~t~. In addition. the

inereasing numner of the longitudinal splitling craeks and their increasing widths combined

with the advancing corrosion also contribute to the loss of adhesion and cohesion between the

two materials.

Table 7.1: Pcrcentage Ioss of ultimate load.

Specimen Corrosion Ultimate Ioad Percentage

percent capacity loss of

due to ultimate

\wight Ioss (kN) capacity

SSI 0.0 183 0.0

CSI 4.0 180 1.6

CS2 3.5 177 3.0

CS3 Il 164 10.4

CS4 11.5 162 11.5

CSS 12 160 12.6

CS6 17.5 146 20

7.2." Relative Bond Performance of Corrodcd Bars

1r the bond stress. u. is assurncd to be uniformly distributcd over the length of the bar, l,

between the cracks, i.e. the length over which the steel force is transferrecl.. then
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where <t. is the bar diameter, and./: is the sted yidd strength.

giving

u = à,. f,. (7.J.)
41

1l' <t. and .r.. are constant. then

ku = - (7.2)
1

where k is a constant. i.e. the average uni làrm bond stress is inversdy proportional 10 the

distance between the cracks.

If the bond stress in the uncorroded specimen is considered to he 100%. the relative

percentage for the corroded specimens tan be calculated using Equation 7.2. These values were

caleulated for ail of the specimens and are summarized in Table 7.2 and plotted in Fig. 7.7. Il

tan be noted from this qualitative plot that the bond hetween the concrete and the reinforcing

steel deteriorates increasingly as the IeveI of corrosion increases.
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Table 7.2: Nominal bond s~rc.:ss pc.:rcc.:nlagc.:.

~:pcciml:n Corrosion A\'c.:ragc.: Nominal

pc.:rcc.:nl crack spac.:ing bond strc.:ss

duc.: to (mm) pc.:rcc.:ntagc.:

wc.:ight loss

SSI 0.0 8'" ... 100,) .,)

CSI 4.0 90.90 91

CS2 5.5 100 83

CS3 Il 167 50

CS4 1l.5 200 42

CSS 12 238 35

CS6 17.5 1000 8

As can be seen. with 4 percent weight loss due to corrosion there is a 9 percent 10ss

of bond strength. while a 17.5 percent weight loss due to corrosion. results in a 92 percent 10ss

of bond strength which is expected. A study by Andrade et al. (1990). suggested that a

reduction of lOto 25 percent in the bar section in the critical zones of the structure will result

in the dep1etion of its service life. whi1e a reduction up to 5 percent. even with cracking and

spalling. will indicate an carly stage of deterioration with the remaining service life not as

significantly influenced.

This most significant deterioration of bond in the postcracking corrosion stage. i.e. 17.5

percent weight loss resulted in 92 percent loss of bond strength. This can be explained on the

basis of severa! interactive factors. The significant degradation of the steel reinforcing bar ribs .,.
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due to the seyere localized corrosion. the heayy layer of the corrosion prodllets l,'rming al''Ilg

the sted reinforcing bar and adhering to the concrete acting as a barricr bct\\'ccn thc stcd

reinforcing bar and the conerete whieh resllits in loss of adhesion and cohesion. as weil as the

reduction in the cross-sectional area. Therel"re. it is postulated that the l11eehanieal inter!,'d=ing

between the ribs of the rcinforcing bar and the eoncrete deteri,'r.lte signitieantly with the

increase of ùle corrosion leve!. Furthermore. the widening of the longitudinal cracks with the

adyancing of corrosion haye also eontribllted to the loss of adhesion and cohesion betwcen the

rcinforcing bar and the surrounding concrete.

115



0.05 --r----------------,

•
0.04

ë..
~

~ 0.03
ë..
§.....
~ 0.02
o:::
u

o CS6

• CSS

o CS4
• CS3
o CS2
... CSl

0.01

4035302520
O-j----r---,---,----r-----i

15

Distance from surface, mm

Figure 7.1: Chloride ion penetration for each specimen
CSl, CS2, CS3, CS4, CSS and CS6•

•
Figure 7.2: The corrosion produets along the reinforcing

steel bar

116



•

•

•

Fig. 7.3: Severe lo.::alized corrosion

Fig. 7.4: Transverse tensile cracks and longitudinal splitting cracks
for different levels ofcorrosion

117



•

500

C 1

400
~

tU

"'-c..
:lE CS3--c
0 300.~

.s
-'"..,
l;.., 200-• tU.,.,
~.,
"-tU 100a:l

1.5
o-+....a,-.L.,"""T'""""T'""""T'""""T'""""T'"""""''''''''''''''''''''''''''''''''''-''-''-!

0.0 0.5 1.0

Maximum crack width <mm)
Figure 7.5: Influence ofcorrosion on maximum crack widths

for CSI,CS2. CS3, CS4 and CSS

• 118



120

• "T
J.
1 !

i
180 ,

1

!
~

Z
-'"
~

"'"'"..e 160
'" 'tT<;;

o,ê
5

140

•

120+----....-....,.---r----------l
o 5 10 15 20

Loss ofWeight, percent

Figure 7.6: Ultimate load versus level of corrosion

120..,-------------------,

"T
100

ë 80
~
~

~ 60
~
v.l
-c
c
&l40

20

•
O-!--..,....--.-----:-.....,..----,--..,---\

o 5 10 15 20
10ss ofWeight, percent

Figure 7.7: Relative bond stress versus level ofcorrosion.

119



•

•

•

Chapter 8

Conclusions

This chapter summarizes the findings of the expcrimental studies on the influence of corrosion

on the bond characteristics between the reinforcing steel and the concrete. and cracking of the

reinforced concrete element due to corrosion.

8.1 Summary and Conclusions

The primary objective of this research program was to simulate the prevalent conditions under

severe local corrosion of the steel reinforcement to study the effect of the various levels of

corrosion on the responsc of a standard tension specimen with a single reinforcing steel bar and

the effectiveness of bond between the reinforcing steel and the concrete. The corrosion rate is

evaluated for the different levels of corrosion a10ng with the determination of the chloride ion

penetration. It is anticipated that the findings of this research program and ils application will

result in an improved understanding of the corrosion problem. ils seriousness. and ils influence

on the bond bctween the steel and concrete behaviour.

- A study of the influence of corrosion and craeking on the bond behaviour of reinforced

concrete. aimed at understanding of how are the bond stresses transferred from the corroded

steel to the surrounding concrete (steel-concrete interface). was conducted. Tension tests were

carried out for a preliminary study of the influence of the steel reinforcement corrosion on the

bond behaviour. The bond sttength was studied through both transverse and splitting craeks;

a relative bond effectiveness of the eorroded bars was determined from the crack spacing.
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Different stages of the steel rcinforcement corrosion \Vere established to studv their effect on- .
the relative bond behaviour. ranging l'rom no corrosion at ail to "complete" :orrosion at the

stccl-concrete interface. An e1eclrochemical method \Vas used to accelerate the corrosion \Vithin

the specimens. Direct current \Vas applied for increasing periods of time to the reinforcing bar

embedded in the tension specimens. immersed in a concentrated sodium chloride solution (5%

NaCI by weight of water). The reinforcing bar sel"\'ed as the anode. while a bare steel bar \Vas

located in the water to serve as the cathode. The chloride content \Vas obtained lor eaeh tension

specimen byehemical analysis using the Volhard Method [British Standard (1988). Part 1241.

The bond strength decreases rapidly with an inereasc in the corrosion level. especially

in the case of any severe localized corrosion. The bond behaviour is inlluenced by the

deterioration of the reinforeing bar ribs. and by the redueed adhesion at the reinforeing bar

surface due to the widening of the splining cracks resulting from corrosion. Thcse phenomena

were examined in this rcsearch program and the following conclusions arc drawn:

1) In the tension tests simulating severe loealizcd corrosion. the bond strength decreascs

as corrosion increases until it beeomes negligible. i.e. 4 percent loss of wcight duc to corrosion

resulted in a 9 percent loss of bond. while a 17.5 percent weight loss resuited in 92 percent

loss of bond between the steel and the surrounding eonerete.

2) Corrosion, especially with severe localized corrosion. causes a significant reduetion

of the interloeking phenomenon between the ribs and the eoncrete keys due to the deterioration

of the reinforcing bar ribs. This reduetion of the interloeking between the reinforcing bar and

the eoncrete, retards the primary mechanism of the bond in deforrncd bars, whieh is the lransfer

of forces by mechanical interloeking of the ribs, and henee, the bond strength deercascs

significantly.

3) The decrease in the tension stiffening with an increase in the corrosion level signifies

the initiation of bond breakdown, which is very much inlluenced by the surface conditions of

the bar and the level of its adhesion and cohesion to the surrounding concrete.
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4) The number of transverse cracks in a specimen deereases as the corrosion levcl

increases. i.e. the 4 pcrcent weight loss duc to corrosion cxhibited 10 transvcrse cracks and

resulted in a 9 percent of loss of bond. while a 17.5 percent weight loss did not exhibit any

transverse cracks and resulted in a 92 percent loss of the bond between the reinforcing bar and

the concrete. signifies a reduction of bond between the reinforeing steel bar and the eoncrete.

The width of these transverse cracks incrcascs as the corrosion level increases. and it signifies

a reduction of bond between the reinforcing steel bar and the concrete.

ln summary. three significant phcnomena influencc the dcterioration of the bond

strength duc to the corrosion of the reinforcing steel:

a) With incrcasing corrosion levels. cspecially in the case of severe pitting corrosion

(Iocalized corrosion). the bond behaviour is strongly influenced by the severely deteriorated

reinforcing bar ribs.

b) The effect of the formation of the corrosion producls along thc stecl reinforcing bar

surfacc. Furthcrmore. this layer of corrosion producls also breaks down the friction mechanism.

cxcept for low levels of corrosion.

c) Thc reduced adhesion and cohesion between the reinforcing bar and the concrete due

to the widening of the longitudinal splittir.g cracks.

8.2 Suggestions for Future Research

It is suggested that a similar study of the influence of corrosion on the bond behaviour he

undertaken using the standardized tests covered by this investigation to cover the following

experimentai parametric studies:

1. Effect of the concrete strength and type. (Normal and high strength concretes, fibre-
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reinforced concrete. selected admixtures to accelcrate and inhihit corrosion).

2. Different types and sizes of reinforcing stecl hars. (Normal. epoxY-"oated stecl hars.

other treatments. with bar sizes ranging l'rom 15M to 30M hars).

3. Conèrete cover thicknesses. (ranging l'rom 20mm to 70mm).

4. Reinforcement made l'rom advanced compositeI:mterials.

5. Effectiveness of sclectcd surface sealants.

6. Effect of different repair techniques.

7. Effect of cathodic protection applied initially.

It is suggested that a study of the "force transfer" be undertaken for stecl bars of

different diameters using the technique that Houde. (1972) used on uncorroded bars which is

using specially prepared steel bars. with internai strain gauges installed in milled grooves.

embedded in standard tension specimens with selected bar sizes. A study of the inlluence of

cover depth ratio would be quite useful to examine the progressive deterioration of bond \Vith

increasing levels of corrosion. Thc intcrnal strain readings will bc used to calculate the

variation of bond stress aIong the bar embedment length. The experimcntal data will be useful

to determine the effect of the various pararneters on corrosion of the reinforcing stecl bars.

Also, comparing the experimentai data from the laboratory tests with the iidd data l'rom

selected bridge decks and parking garages would be very uscful to establish a corrcspondcncc

tetween the stage of corrosion observed in the laboratory and those obscrvcd in the field.

Based on this correlation. an ernpirical relationship can be dcveloped to assist the engincer with

the establishment of the service life of the system bcing considcrcd. This will enablc

development of appropriate practice-oriented guidelines for eliminating corrosion and

enhancing the service life of the system.

Progressive deterioration of bond between the concrete and the steel bars under cyctic

loading has aIready been demonstrated in the cases where the stcel bars had not corroded.

Similar dynamie studies should be carried out to study the influence of corrosion undcr

dynamic and repeated loads.
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