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This report presents the results of a laboratory investigation into the effects of corrosion on 

the structural behaviour of reinforced concrete (Rq beams. Twelve RC beams (156 x 176 x 

1150 nun) were constructed, ten of v.hich were corroded to various levels by impressed 

current v.hile the remaining tv.o were set aside as the control beams. Each beam -was tested 

using non-destructive methods and then by four-point loading and the corresponding loads 

and deflections were recorded Following the mechanical testing, the tensile steel -was retrieved 

and cleaned in order to assess the mass loss. The results of this experiment clearly indicated a 

dramatic shift in the nature of the failure of corroded RC beams. Specifically, it -was observed 

in the present study that as corrosion increased the failure mode of the beams shifted from 

predictable ductile flexure failures at mid-span, to more brittle failures near the support. Based 

on the data collected, several new corrosion-dependant empirical relationships were 

established to model the altered responses of RC beams (ie. stiffness, deflection ratio, ductility, 

and toughness). In addition to beam tests, a pullout study -was conducted in an effort to 

identify the relationship between the reduction of load-carrying capacity and the residual bond 

strength of the tensile steel Other behavioural changes examined are initial cracking load, 

flexural crack development and the evolution of the failure mode. It -was found that the overall 
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behaviour of the beam specimens tested confonns to that reported in the literature, with 

reductions in the ultimate capacity, deflection capacity and stiffness upon increasing corrosion. 

Also, the results of this experiment clearly indicated a dramatic shift in the nature of the failure 

of corroded RC beams. Specifically, it was observed that as corrosion increased, the failure 

mode of the beams shifted from predictable ductile flexure failures at mid-span, to more brittle 

failures near the support. 

v 



TABLE OF CONTENTS 

ABSTRA Cf .......................................................................................................................................... IV 

LIST OF TABLES .................................................................................................................................. X 

TABLE OF FIGlJRES ......................................................................................................................... XI 

LIST OF SYMBOLS ............................................................................................................................ XV 

ACKN"OWLEI)(;EMENTS .............................................................................................................. XVII 

rnAPTER 1 ............................................................................................................................................ 1 

INTRODUCfI ON ................................................................................................................................. 1 

1.1 THE PROBLEM OF CORROSION ................................................................................................. 1 

1.2 OBJECTIVE AND SCOPE ............................................................................................................ 2 

1.3 THESIS LAYOUf ....................................................................................................................... 3 

rnAPTER 2 ............................................................................................................................................ 5 

OORR()SION BASI CS ............................................................................................................................ 5 

2.1 INTRODUCTION ....................................................................................................................... 5 

2.2 O)NDITIONS FOR CORROSION .................................................................................................. 5 
2.3 ELECfROCHEMICAL PROCESS ................................................................................................... 5 
2.4 CONCRETE'S DEFENCE AGAINST CORROSION ........................................................................... 7 

2.4.1 Resisti-city ifCnrrete .................................................... ........................................................... 7 
2.4.2 Transport Prrxmes in 0Jrrrete. .................................................................................................. 8 
2.4.3 PassiuLay;r .............................................. ......................................................................... 11 

2.5 OiLORIDE-INDUCED CORROSION .......................................................................................... 12 
2.6 1v1EG1ANISMS OF OiLORIDE ATTACK ...................................................................................... 12 
2.7 DETERIORATION PROCESS ..................................................................................................... 13 

rnAPTER 3 .......................................................................................................................................... 16 

THE EFFECfS OF OORR()SION ON REINFORCEDOONCRETE BEAMS ............................... 16 

3.1 INTRODUCTION ..................................................................................................................... 16 
3.2 FLEXURAL THEORY ............................................................................................................... 16 
3.3 SELECTED RESEARO-I ............................................................................................................. 18 

3.3.1 UarmtoandMisra .............................................. .................................................................. 18 
3.3.2 Al-Sulairruni et al . ............................................................................................................... 18 
3.3.3 Cabrera and Ghaldoussi ............................................................. ............................................ 20 
3.3.4 EyreandNchhastih .............................................. ...................................................... .......... 20 
3.3.5 Huatf!.andYatf!. ............................................. ..................................................................... 21 
3.3.6 Rabiguez et al . .................................................................................................................... 23 
3.3.7 Matf!.at andE 19aif. .................................................. ............................................................. 25 
3.3.8 CAstel. et al. ......................................................................................................................... 28 
3.3.9 Watf!.etal. ............................................................................................................ ............. 30 
3.3.10 BallimandReid .............................................. ..................................................................... 32 
3.3.11 Maaddawyetal. ................................................. .................................................................. 33 

rnAPTER 4 .......................................................................................................................................... 35 

BOND BETWEEN OONCRETE AND REINFORONG STEEL. ................................................... 35 

VI 



4.1 
4.2 
4.3 

4.3.1 
4.3.2 
4.3.3 
4.3.4 
4.3.5 
4.3.6 
4.3.7 
4.3.8 
4.3.9 

INTRODUCTION .................................................................................................................... 35 
BOND BASICS ........................................................................................................................ 35 
SELECTED RESEARili ............................................................................................................ 36 

A rrUfJ andM irza. . .. . . . . . . .... . . . . ...... .. . . . . . . . .. ...... . . ... . . . . ...... .. . . . . .. . . . . ... . .. . . . .. . . . . . . ... . . . .. . . . . . . . . . . . . . . . . . .. 36 

~':u~r;!.~~~.~~~~:::::::::::::::::::::::::::::::::::::::: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ~~ 
Fangetal ................................................. .......................................................................... 37 
M~andBartlett ............................................... .......................................................... 38 
Gtbrera ................................................... .......................................................................... 38 
Stanish et al. . . . . . . . . . .. . . . . . . . . . . .. . . . .. . . . . . . . . . . . . .. .. .. . . . . .. . . . . . . . .. . . . . . . . . . . . .... . . . . . . . . . . . . . . . .. . . . . . . . . . . . . ... . . . . .. . . . .. 39 
Lreetal .................................................. ...................................................... ..................... 40 
OJurg et al. . . . . . . . . . . . . . . . .... . . . ... . . . . . . . . . .. ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . .. 40 

rnAPTER 5 ......................................................................................................................................... 42 

EXPERIMENT.AL PR()(;RAM ........................................................................................................... 42 

5.1 METHODOLOGY OF RESEARili .............................................................................................. 42 

5.2 TEST SPEOMENS ................................................................................................................... 42 

5.2.1 Beam Test Study .................................................... .............................................................. 42 
5.2.2 Pullout Tests Study ................................................... ............................................................ 44 
5.2.3 SpffirrmDesigrw:ian ............................................................................................................ 45 

5.3 MATERIAL PROPERTIES ......................................................................................................... 46 
5.3.1 ReirfarringSteel ............................................... .................................................................... 46 
5.3.2 0Jrrrete .......................................... ................................................................................... 46 

5.4 MIXING, CASTING AND CuRING ............................................................................................. 48 
5.5 CORROSION ACCELERATION .................................................................................................. 49 

5.5.1 Voltag:Mcnitoring .............................................. ................................................................ 49 
5.5.2 DeudoprrmtrfVa-rious OJrrosimLeu:ls ................................................................................... 50 
5.5.3 E xperimzntal Setup for A a:elerated OJrrosian ..................... ........................................................ 51 

5.5.3.1 Beam Speclll1ens ................................................................................................................... 51 
5.5.3.2 Pullout Specimens ................................................................................................................. 53 

5.6 METHODS OF TESTING .......................................................................................................... 54 

5.6.1 VisualSUY7£)' ................................................. .................................................................... 54 
5.6.1.1 Corrosion QackSurvey ......................................................................................................... 55 

5.6.2 N onDestructiu Testing ......................... '" . . . . . . . . . . . . . ... . . . . . . . .. . . . . . . . .. . .. .. . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 55 
5.6.2.1 Ultrasonic Pulse Velocity Method ........................................................................................... 55 
5.6.2.2 Half-cell Potential Test .......................................................................................................... 59 

5.6.3 MedJaniad Testirft ................................................... ............................................................ 63 
5.6.3.1 Beam Test ............................................................................................................................. 63 
5.6.3.2 Pullout Test .......................................................................................................................... 64 

5.6.4 Pa;t TestEwluations ................................................ ............................................................ 64 
5.6.4.1 Flexural Qack Sw-vey ............................................................................................................ 64 
5.6.4.2 Mass Loss Determination ....................................................................................................... 64 

rnAPTER 6 ......................................................................................................................................... 65 

RESULTS OF TlIE EXPERIMENT.AL PRCX;RAM ......................................................................... 65 

6.1 
6.2 
6.3 

6.3.1 
6.3.2 
6.3.3 

6.4 
6.4.1 
6.4.2 

INTRODUCTION .................................................................................................................... 65 
CORROSION CELL CONFIGURATION ....................................................................................... 65 
ACCELERATED CORROSION MONITORING .............................................................................. 67 

V oltag: Readirg,; ................................................................................................................. 68 
Crai.k Deudoprrmt............................................................................................................... 73 
();rrasian Crai.k SUY7£)' .................................................... ..................................................... 75 

NON-DESTRUCTIVE TESTING ................................................................................................ 76 
HalfCdI Potential Readirg,; ................................................... ................................................ 76 
Ultrasonic Pulse Velo:ity Readirg,; ........................................................................................... 79 

Vll 



6.5 

6.5.1 
6.5.2 

BEAM TESTS .......................................................................................................................... 81 
L aui-Gn)itJi!. GpcuiJ:y ......................................................................................................... 81 
L aui-Difla:tion BmaUour: ...................................................................................................... 82 

6.6 

6.7 

6.8 

6.6.1 
6.6.2 
6.6.3 
6.6.4 

POST-TEST EXfu\1INA TI ONS .................................................................................................... 86 
Flexural Gad? Sun.ey ....................................................... .................................................... 86 
Flexure Crad? Deudaprrmt. .................................................................................................... 87 
Mass L05S Deteminatior7 ................................................ ....................................................... 88 
O»mionD~ to Tensile Reirfara'J1TJ1t ... .............................................................................. 89 

PULLour STUDy .................................................................................................................... 91 
6.7.1 Hal/ail potmJials ................................................................................................................. 91 
6.7.2 A 7fl"a[!: BondStress .............................................................................................................. 91 
6.7.3 Mass L05S ....................................................... .................................................................... 92 

SUMMARY OF RESULTS ........................................................................................................... 93 

rnAPTE R 7 .......................................................................................................................................... 95 

AN.AL YSIS OF RESlJL TS .................................................................................................................... 95 

7.1 INIRODUCTION ..................................................................................................................... 95 
7 .2 ANALYSIS OF liALF-CELL P01ENTIALS .................................................................................... 95 
7.3 EFFECf OF CoRROSION ON INITIAL CRACKING LoAD ............................................................. 98 
7.4 EFFECf OF CoRROSION ON CRACK DEVELOPMENT ................................................................. 99 
7.5 WIDENING OF FLEXURAL CRACKS ........................................................................................ 102 
7.6 EVOLUTION OF FAILURE MODE ........................................................................................... 104 
7.7 EFFECf OF STIRRUP CoRROSION .......................................................................................... 109 
7.8 EFFECf OF CoRROSION ONDEFLECfIONRATIo ................................................................... l11 
7.9 EFFECf OF CoRROSION ONDUCTILITY ................................................................................. 113 
7.10 EFFECf OF CoRROSION ON STIFFNESS .................................................................................. 115 
7.11 EFFECfOF CoRROSION ON TOUGHNEss ............................................................................... 116 
7.12 DUCTIUTI, STIFFNESS, AND TOUGHNESS CoMPARED ............................................................ 120 
7.13 EFFEcroF CORROSIONONBEAMCAPAOTY ......................................................................... 121 
7.14 IMIJORTANCE OF BOND STRENGTH ....................................................................................... 125 
7.15 EFFECf OF CoRROSION ON BOND STRENGTI-I ....................................................................... 126 
7.16 RELA TIONSI-llPS WITH BEAM CAP AOTY ................................................................................. 128 

7.16.1 Beam GpacityandBrnlStrr:ngfh ........................................................................................... 130 
7.16.2 Beam GpaatyandMaxirmmWmion Gad? Wuith ............................................................... 132 
7.16.3 Beam GtpacityandNurrb:rifFlexural Crad?s ......................................................................... 133 
7.16.4 Beam GpaatyandFlexural Crad? Spacing .............................................................................. 134 
7.16.5 Beam GpcuiJ:yandDifla:tionRatio ............ ............................................................................ 135 
7.16.6 Beam Gtpaaty and Ductility ................................................................................................. 135 
7.16.7 Beam GpcuiJ:y and S ti./fness ............... " ..................................................................... , ........... 136 
7.16.8 BeamCapacityandTolffjmess ................................................................................................ 139 

rnAPTER 8 ........................................................................................................................................ 140 

OONG..USIONS AND REOOMMENDATIONS ............................................................................. 140 

8.1 SUMMARY ............................................................................................................................ 140 
8.2 CoNaUSIONS ..................................................................................................................... 140 
8.3 RECOMMENDATIONS FORFUTIJRE RESEARCH ....................................................................... 144 

REFERENc::ES ................................................................................................................................... 147 

APPENDIXA: CURRENT AND VOLTAGE READINGS FROM THE Aa:ELERATED 
OORROSION PROGRAM ................................................................................................................. 150 

APPENDIXB: OORROSION CRA<XM.APS .................................................................................. 159 

APPENDIX C: HALF-CELL POTENTI.AL READINGS FOR BEAM SPEOMENS .................... 164 

Vin 



APPENDIX D: LOAD-DEFLECfION CURVE ANAL ySIS ........................................................... 169 

APPENDIXE : FAILURE ZONE PICfURES ..........••...••.........................................••..•....•....•......... 176 

APPENDIX F : FLEXURAL CRAc:K. SURVEy ................................................................................. 18 2 

APPENDIX G: PREVIOUS BEAM STUDIES .................................................................................. 189 

IX 



LIST OF TABLES 

TABLE 2-1: TRANSPORT PROCESSES IN CONCRETE (HUNKELER, 2005) ......................................................... 10 
TABLE 3-1: TEST RESULTS FOR BEAMS FAILING IN FLEXURE (SERIES IV) (AL-SULAIMANI ET AL., 1990) ........... 19 
TABLE 3-2: SPEOFICATIONS OF BEAMS TESTED BYWANGET AL. (2000) ....................................................... 30 
TABLE 5-1: SIEVE ANALYSIS AND OTHER PROPERTIES OF FINE AGGREGATE ................................................ .47 
TABLE 5-2: SIEVE ANALYSIS AND OTHER PROPERTIES OF COARSE AGGREGATE ........................................... .47 
TABLE 5-3: CONCRETE PROPERTIES ........................................................................................................... 48 
TABLE 5-4: HALF-CELL POTENTIALS (BROOMFIELD, 1997) .......................................................................... 60 
TABLE 5-5: INTERPRETATI ON OF HALF-CELL POTENTIAL READINGS USING A COPPER! COPPER SULPHATE 

HALF-CELL. ..................................................................................................................................... 62 
TABLE 6-1: SUMMARY OF THE ACCELERATED CORROSION PROGRAM FOR BEAM SPEOMENS .......................... 68 
TABLE 6-2: QASSIFICATION OF HALF-CELL POTENTIALS ............................................................................. 76 
TABLE 6-3: SUMMARY OF HALF-CELL P0IENTIAL READINGS ....................................................................... 77 
TABLE 6-4: UL TRASONI C PULSE VELOOTY READINGS ................................................................................. 80 
TABLE 6-5: SUMMARY OF BEAM TESTS ........................................................................................................ 82 
TABLE 6-6: SLOPES AND AREAS OF THE LOAD- DE FLE Cll ON aJRVES ............................................................ 85 
TABLE 6-7: FLEXURAL CRACK PATTERNS .................................................................................................... 87 
TABLE 6- 8: SAMPLES USED TO CALCULATE THE CONTROL MASS ................................................................... 88 
TABLE 6-9: MAss LOSS CALCULATION FOR EAQ-I CORRODED BAR ................................................................ 88 
TABLE 6-1 0: AVERAGE AND TOTAL MASS LOSS FOR BEAM SPEOMENS .......................................................... 89 
TABLE 6-11 : AVERAGE HALF-CELL POTENTIALS AND CATEGORIES FOR PULLOUf SPEOMENS 

(MV = MILLIVOLTS) ......................................................................................................................... 91 
TABLE 6-12: RESULTS OF THE PULLOUfTEST ............................................................................................. 92 
TABLE 6-13: TOTAL MASS LOSS FORPULLOUfSPEOMENS ............................................................................ 92 
TABLE 6-14: RESULTS OF THE EXPERIMENTAL PROGRAM ............................................................................ 94 

TABLE G 1 : CATEGORIES USED TO ANALYZE THE HALF-CELL POTENTIAL READINGS .................................. 164 

X 



TABLE OF FIGURES 

FIGURE 1-1: PARKING GARAGE FAILURE DUE TO CORROSION (FELD AND CARPER, 1997) .............................. 1 
FIGURE 2-1: THE ANODIC AND CATHODIC REACTIONS (BROOMFIELD, 1997) ................................................. 6 
FIGURE 2-2: ANODIC AND CATHODIC REACTIONS ON STEEL (BROOMFIELD, 1997) ........................................ 7 
FIGURE 2-3: CONDUCTIVITI AS A FUNCTION OF RELATIVE HUMIDITI (HUNKELER, 2005) .............................. 8 
FI GORE 2-4: PRIMARY F ACfORS INVOLVED IN THE TRANSPORT PROCESS IN CONCRETE 

(BERTOLINI ET AL., 2004) .................................................................................................................. 9 
FI GURE 2 -5: ILLUSTRATION OF THE FOUR STAGES OF THE DETERIORATION OF RC BEAMS 

(I-ilGGINS ET AL., 2003) ................................................................................................................... 14 
FIGURE 2-6: THE EFFECfS OF CORROSION ONRC STRUCfURES (BERTOLINI ET AL., 2004) ............................ 14 
FI GURE 3-1: STRESSES AND FORCES IN A SINGLY RC RECf ANGULAR BEAM 

(MAcGREGOR AND BARTLETT, 2000) .............................................................................................. 17 
FIGURE 3-2: REDUCTION OF ULTIMATE LOAD IN TERMS OF CROSS-SECTION LOSS 

(AL-SULAIMANI ET AL., 1990) .......................................................................................................... 20 
FI GURE 3-3: (A) EFFECf OF CORROSION ON STIFFNESS AND (B) EFFECf OF CORROSION ON ULTIMATE MOMENT 

(AS - BEAMS WITHOUT CRACKS AND AK - BEAMS WITH A MIDDLE SURF ACE CRACK) 
(HUANG&YANG, 1996) .................................................................................................................. 22 

FIGURE 3-4: (A) EFFECf OF CORROSION ON STIFFNESS; (B) EFFECf OF CORROSION ON ULTIMATE MOMENT (BS 
- BEAl\1S WITHOUT CRACKS AND BK - BEAMS WITH A MIDDLE SURF ACE CRACK) 
(HUANG&YANG, 1996) .................................................................................................................. 22 

FI GURE 3-5: ILLUSTRATION OF TYPES OF FAILURES OF BEAMS WITH CORRODED REINFORCEMENT 
(RODRIGUEZ ET AL., 1997) .............................................................................................................. 24 

FIGURE 3-6: RELATIONSHIP BE1WEEN DEGREE OF CORROSION AND FLEXURAL STRENGTH (EQUATION 3-2). 26 
FIGURE 3-7: PLOT OF EQUATION 3-3, WHERE D = 20; ANDICCIlR = 60,70,90, AND 100 MNCM2 .................... 27 
FIGURE 3-8: REMAINING FLEXURAL CAPAOTIES OF BEAMS (YooNET AL., 2000) ......................................... 31 
FI GURE 3-9: EFFECf OF CORROSION ON THE DEFLECTION RATI 0 OF RC BEAMS. SERIES I - LOADED TO 

0.23Pu. SERIES II - LOADED TO 0.34Pu (BALLIM & REID, 2003) ....................................................... 32 
FIGURE 5-1: GEOMETRY OF A TYPICAL BEAM SPEOMEN (BS) USED IN THE STUDY ....................................... 43 
FIGURE 5-2: ILLUSTRATION OF BEAM FACE NAMES ..................................................................................... 43 
FIGURE 5-3: REINFORONG STEEL DESIGNATION ....................................................................................... 43 
FIGURE 5-4: TYPICAL PULLOUT SPEOMEN (PS) .......................................................................................... 45 
FIGURE 5-5: SPEOMENDESIGNATIONLEGEND ......................................................................................... 46 
FIGURE 5-6: REPRESENTATIVE CROSS-SECTION SHOWING CURRENT-INDUCED CORROSION SETUP FOR BS03, 

BS04, BS05, AND BS06 (SERIES I) ..................................................................................................... 52 
FIGURE 5-7: REPRESENTATIVE CROSS-SECTION SHOWING CURRENT-INDUCED CORROSION SETUP FOR BS07, 

BS08, BS09, BS10, BS11, AND BS12 (SERIES II) ................................................................................. 53 
FI GURE 5- 8: REPRESENTATIVE CROSS-SECTI ON SHOWING CURRENT-INDUCED CORROSION SETUP FOR 

PULLOUT SPEOMENS ....................................................................................................................... 53 
FIGURE 5-9: SG-IEMATIC OF A TYPICAL PULSE VELOOTI TEST ORCUIT (MALHOTRA AND CARINO, 2004) ...... 57 
FIGURE 5-10: PULSE VELOOTI TEST CONFIGURATIONS: (A) DIRECf, (B) SEMI DIREG', 

AND (q INDIRECf (MALHOTRA AND CARINO, 2004) ......................................................................... 58 
FI GURE 5-11: SG-IEMATI C OF PULSE VELOOTI TEST LOCATIONS ON BEAM SPEOMENS ................................. 59 

FIGURE 5-12: THE DANIEL CELL (BROOMFIELD, 1997) .............................................................................. 60 
FIGURE 5-13: HALF-CELL MEASUREMENT OF CORROSION POTENTIAL (MALHOTRA AND CARINO, 2004) ....... 61 
FI GURE 5-14: GRID LAYOUT FOR THE HALF-CELL POTENTIAL TEST ............................................................ 62 
FI GURE 5-15: ILLUSTRATION SHOWING PLACEMENT OF LOADS FOR BEAM TEST (DIMENSIONS ARE IN MM) .... 63 
FI GURE 6-1: PHOTOGRAPH SHOWING PORTION OF BS06 (LEFT FACE) AFTER CORROSION PHASE .................. 66 
FI GURE 6-2: AVERAGE VOLTAGE READINGS FOR SERIES I AND II BEAM SPEOMENS ..................................... 69 
FIGURE 6-3: VOLTAGE READINGS FOR SERIES I BEAM SPEOMENS ............................................................... 70 

FI GURE 6-4: VOLTAGE READINGS FOR SERIES II BEAM SPEOMENS .............................................................. 71 
FIGURE 6-5: VOLTAGE AND CURRENT READINGS FORBS11-L. ................................................................... 72 

Xl 



FIGURE 6-6: VOLTAGE READINGS FORPULLOurSPEOMENS ...••.•........•.•..................................................... 73 
FIGURE 6-7: EVOLUfION OF CORROSION CRACK WID1H FOR SERIES II BEAM SPEOMENS .............................. 74 
FIGURE 6-8: EXAMPLE CORROSION CRACK SURVEy ..................................................................................... 75 
FIGURE 6-9: EXAMPLE HALF-CELL POTENTIAL SURVEy ............................................................................... 76 
FIGURE 6-1 0: AVERAGE HALF-CELL POTENTIAL READINGS FOR BEAM SPEOMENS ........................................ 77 

FIGURE 6-11: FREQUENCY DIAGRAM OF TIIE HALF-CELL POTENTIAL READINGS FOR BS03 AND BS04 .......... 78 
FIGURE 6-12: FREQUENCY DIAGRAM OF TIIE HALF-CELL POTENTIAL READINGS OF BS07 AND BS08 ............. 79 
FIGURE 6-13: AVERAGE ULTRASONIC PULSE VELOOTIES .....•...................................................................... 80 
FIGURE 6-14: LOAD-DEFLECTION BEHAVIOUR FOR SERIES II BEAM SPEOMENS ............................................ 84 
FIGURE 6-15: ENLARGEMENT OF I-llGHLI GHIED AREA IN FIGURE 6-14 ........................................................ 84 
FIGURE 6-16: EXAMPLE FLEXURAL CRACK SURVEy ..................................................................................... 86 
FIGURE 6-17: TYPICAL FLEXURAL CRACK STUDy ...................•..................................................................... 87 
FIGURE 6-18: DIAGRAM OF TIIE PROGRESSION OF REBAR DETERIORATION ...................•.............................. 90 
FIGURE 7-1: THE RELATIONSI-llP BE1WEEN TOTAL MASS LOSS AND THE AVERAGE HALF-CELL POTENTIALS ... 96 
FI GURE 7-2: THE RELATIONSI-llP BE1WEEN THE RELATIVE BEAM CAP AOTY AND AVERAGE 

HALF-CELL POTENTIALS .........................................•........••............................................................... 97 
FIGURE 7-3: EFFECT OF CORROSION ON THE INITIAL CRACKING LOAD ........................................................ 98 
FIGURE 7-4: THE RELATIONSI-llP BE1WEENTHE AVERAGE NUMBER OF TRANSVERSE CRACKS 

AND TIIE AVERAGE CRACK SP AONG .................•.......................••...•.......................•........................ 100 
FIGURE 7-5: EVOLUfION OF FAILURE MODE ............................................................................................ 106 
FIGURE 7-6: ILLUSTRATION SHOWING CRACK SURVEY OF BS01 (ML =0%) ................................................ 107 
FIGURE 7-7: ILLUSTRATION SHOWING CRACK SURVEY OF BS07 (ML = 2.45%) .................................•.......... 107 
FIGURE 7-8: ILLUSTRATION SHOWING CRACK SURVEY OF BS12 (ML = 10.25%) .......................................... 108 
FIGURE 7-9: (LEF1J PHOTOGRAPH OF THE FAILURE ZONE OF BS07 - 2.45% ML, 

(RIGHT) ENLARGEMENT OF EXPOSED STIRRUPS ....•......................................................................... 110 
FIGURE 7-10: PHOTOGRAPH OF TIIE FAILURE ZONE OF BS12 (10.25% ML) ................................................ 111 
FIGURE 7-11: THE DEFLECTION RATIO VERSUS TOTAL PERCENT MASS LOSS ............................................... 113 
FIGURE 7-12: RELATIVE DUCTILITY VERSUS TOTAL PERCENT MASS LOSS .................................................... 114 
FI GURE 7-13: THE RELATIONSI-llP BE1WEEN STIFFNESS AND MASS LOSS ..................................................... 116 
FIGURE 7-14: THE RELATIONSI-llP BE1WEENTIIE AREA UNDER TIIE IDCANDML. ........................•.......... 117 
FIGURE 7-15: THE RELATIONSI-llP BE1WEEN TIIE AREA UNDER TIIE IDC AND FLEXURAL CRACK 

DEVELOPMENT ...............................................................•............................................................. 119 
FIGURE 7-16: THE RELATIONSI-llP BE1WEENTIIE AREA UNDER TIIE IDCAND BEAM DEFLECTIONS ............ 120 
FIGURE 7-17: RELATIONSI-llP BE1WEEN MASS LOSS AND THE RELATIVE BEAM CAP AOTY ............................. 122 
FIGURE 7-18: CoMPARISONBE1WEENTHE RELATIVE CAPAOTIES OF PREVIOUS BEAM TESTS 

AND 1HOSE OF TIIE PRESENT STUDy .......•......................•.............•...........•.................•..........•........ 123 
FIGURE 7-19: GENERALIZED TREND OF CAP AOTY LOSS OF RC BEAMS ..•.............................................• ; .... 124 
FIGURE 7-20: RELATIVE BOND STRENG1H VERSUS MASS LOSS .................................................................... 127 
FIGURE 7-21: PHENOMENA THAT RELATED WELL TO THE RELATIVE BEAMCAPAOTY ........•........................ 129 
FIGURE 7-22: CoMPARISONBE1WEENTHE REDUCTIONS IN BEAM CAPAOTY AND BONDSTRENG1H. ........... 130 
FIGURE 7-23: RELATIONSI-llP BE1WEEN BEAM CAP AOTY AND BOND STRENG1H ....•......•............................. 131 
FIGURE 7-24: RELATIONSI-llP BE1WEEN BEAM CAP AOTY AND MAXIMUM CORROSION CRACK WID1H ........... 132 
FIGURE 7-25: THE RELATIONSI-llP BE1WEENTIIE NUMBER OF FLEXURAL CRACKS AND BEAMCAPAOTY ....... 133 
FIGURE 7-26: THE RELATIONSI-llP BE1WEENTIIE RELATIVE FLEXURAL CAPAOTY ANDTIIE RELATIVE CRACK 

SPAONG .....................................................•.......................•...............•......................................... 134 
FIGURE 7-27: RELATIONSI-llP BE1WEENBEAM CAPAOTY AND DEFLECTION RATIO ..................................... 135 
FIGURE 7-28: THE RELATIONSI-llP BE1WEEN TIIE BEAM CAP AOTY AND DUCTILITY ................................•... 136 
FIGURE 7-29: THE RELATIONSI-llP BE1WEEN BEAM CAPAOTY AND STIFFNESS ............................................ 137 
FIGURE 7-30: THE RELATIONSI-llP BE1WEENBEAM CAPAOTY AND STIFFNESS ............................................ 138 
FIGURE 7-31: THE RELA TI ONSI-llP BE1WEEN BEAM CAP AOTY AND TOUGHNESS ......................................... 13 9 

FIGURE A-1: VOLTAGE READINGS FOR BS03-RAND BS03-L.. ...........•....................................................... 150 
FIGURE A-2: VOLTAGE READINGS FOR BS04-RAND BS04-L .........••...•...................................................... 151 

FIGURE A-3: VOLTAGE READINGS FOR BS05-RAND BS05-L.. ................................................................... 151 

XlI 



FIGURE A-4: VOLTAGE READINGS FOR BS06-RAND BS06-L. .................................................................... 152 

FIGURE A-5: VOLTAGE READINGS FOR BS07-RAND BS07-L. .................................................................... 152 

FIGURE A-6: VOLTAGE READINGS FOR BS08-RAND BS08-L. .................................................................... 153 

FIGURE A-7: VOLTAGE READINGS FORBS09-RANDBS09-L. .................................................................... 153 

FIGURE A-8: VOLTAGE READINGS FOR BS10-RAND BSI0-L. .................................................................... 154 

FI GURE A-9 : VOLTAGE AND CURRENT READINGS FOR BS 11-R ................................................................. 154 

FIGURE A-10: VOLTAGE AND CURRENT READINGS FORBSI1-L. ............................................................... 155 

FIGURE A-l1: VOLTAGE AND CURRENT READINGS FOR BS12-L. ............................................................... 155 

FI GURE A-12 : VOLTAGE AND CURRENT READINGS FOR BS12-R ............................................................... 156 

FI GURE A-13: VOLTAGE READINGS FOR PS03 AND PS04 ........................................................................... 156 

FIGUREA-14: VOLTAGE READINGS FORPS05ANDPS06 ........................................................................... 157 

FIGURE A-15: VOLTAGE READINGS FORPS07 ANDPS08 ........................................................................... 157 

FIGURE A-16: VOLTAGE READINGS FORPS09 ANDPS10 ........................................................................... 158 

FIGURE A-17: VOLTAGE READINGS FORPS11 AND PS12 ........................................................................... 158 

FI GURE B-1: CORROSION CRACK MAP FOR BS03 ....................................................................................... 159 

FIGURE B-2: CORROSION CRACK MAP FORBS05 ....................................................................................... 159 

FI GURE B-3: CORROSION CRACK MAP FOR BS06 ....................................................................................... 160 

FI GURE B-4: CORROSION CRACK MAP FOR BS07 ....................................................................................... 160 

FI GURE B-5: CORROSION CRACK MAP FOR BS08 ....................................................................................... 161 

FI GURE B-6: CORROSION CRACK MAP FOR BS09 ....................................................................................... 161 

FIGURE B-7: CORROSION CRACK MAP FOR BS10 ....................................................................................... 162 

FIGURE B-8: CORROSION CRACK MAP FOR BS11 ....................................................................................... 162 

FIGURE B-9: CORROSION CRACK MAP FORBS12 ....................................................................................... 163 

FI GURE G 1: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BSOI ........................... 164 

FIGURE G2: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS02 ........................... 165 

FIGURE G3: HALF-CELL PO'IENTIAL READINGS (MY) AND THEIR CATEGORIES FORBS03 ........................... 165 

FIGURE G4: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS04 ........................... 165 

FIGURE G5: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS05 ........................... 166 

FIGURE G6: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS06 ........................... 166 

FIGURE G7: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS07 ........................... 166 

FIGURE G8: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FORBS08 ........................... 167 

FIGURE G9: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS09 ........................... 167 

FI GURE G 1 0: HALF-CELL PaIENTIAL READINGS (MY) AND THEIR CATEGORIES FOR BS 1 0 ......................... 167 

FIGURE GIl: HALF-CELL POTEN11AL READINGS (MY) AND THEIR CATEGORIES FOR BSII ......................... 168 

FIGURE G12: HALF-CELL POTENTIAL READINGS (MY) AND THEIR CATEGORIES FORBS12 ......................... 168 

FI GURE D-1: IDC TREND LINES FOR BSOI .............................................................................................. 169 

FIGURE D-2: IDCTRENDLINE FORBS07 ................................................................................................ 170 

FIGURE D-3: IDC TREND LINE FOR BS08 ................................................................................................ 171 

FI GURE D-4: IDC TREND LINE FOR BS09 ................................................................................................ 172 

FI GURE D-5: IDC TREND LINE FOR BS 1 0 ................................................................................................ 173 

FIGURE D-6: IDCTRENDLINE FORBS11 ................................................................................................ 174 

FIGURE D-7: IDCTREND LINE FORBS12 ................................................................................................ 175 

FI GURE E-1: PHOTOGRAPH SHOWING THE F AlLURE ZONE OF BS01 .......................................................... 176 

FIGURE E-2: PHOTOGRAPH SHOWING THE F AlLURE ZONE OF BS02 .......................................................... 176 

FIGURE E-3: PHOTOGRAPH SHOWING THE FAlLURE ZONE OF BS03 .......................................................... 177 

FIGURE E-4: PHOTOGRAPH SHOWING THE FAlLURE ZONE OF BS04 .......................................................... 177 

FI GURE E-5: PHOTOGRAPH SHOWING THE F AlLURE ZONE OF BS05 .......................................................... 178 

Fr GURE E-6: PHOTOGRAPH SHOWING THE F AlLURE ZONE OF BS06 .......................................................... 178 

FI GURE E-7: PHOTOGRAl)H SHOWING THE F AlLURE ZONE OF BS07 .......................................................... 179 

XlII 



FIGURE E-8: PHOTOGRAPH SHOWING THE FAILURE ZONE OF BS08 .......................................................... 179 
FIGURE E-9: PHOTOGRAPH SHOWING THE FAILURE ZONE OF BS09 .......................................................... 180 
FIGURE E-1 0: PHOTOGRAPH SHOWING THE FAILURE ZONE OF BS10 ........................................................ 180 
FIGURE E-11: PHOTOGRAPH SHOWING THE FAILURE ZONE OF BS11 ........................................................ 181 
FIGURE E-12:PHOTOGRAPHSHOWINGTHE FAILURE ZONE OF BS12 ................................................•....... 181 

FIGURE F-l: LEGEND FOR THE CRACX SURVEYS BELOW .........................................................•................. 182 
FIGURE F-2: ILLUS1RA TION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS01 .............................. 182 
FIGURE F-3: ILLUS1RA TION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS02 .............................. 183 
FIGURE F-4: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS03 .............................. 183 
FIGURE F-5: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS04 .............................. 184 
FIGURE F-6: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS05 .............................. 184 
FIGURE F-7: ILLUS1RA TION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS06 .............................. 185 
FIGURE F-8: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS07 .............................. 185 
FIGURE F-9: ILLUS1RA TION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS08 .............................. 186 
FI GURE F-l 0: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS09 ............................ 186 
FIGURE F-ll:ILLUS1RATIONSHOWINGTHE FLEXURALCRACX DEVELOPMENT OF BSI0 ............................ 187 
FIGURE F-12: ILLUS1RA TION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS11 ............................ 187 
FIGURE F-13: ILLUS1RATION SHOWING THE FLEXURAL CRACX DEVELOPMENT OF BS12 ............•............... 188 

XIV 



LIST OF SYMBOLS 

a depth of equivalent rectangular stress block, mrn. 
A atomic weight, g. 

As the area of the tensile steel reinforcement, mm2 • 

b' the concrete cover to reinforcing steel, mrn. 
c 

B relative capacity of a beam, %. 
c depth of neutral axis measured from top face of beam, mrn. 
cur corroded stage 
C L corrosion level used by Fang et al., %. 

C n relative number of flexural cracks, %. 

C r resultant of compression force, Nor kN. 

Csp relative spacing of flexural cracks, %. 

C% percent corrosion calculated by Equation 4-4, %. 

b width of concrete section, mrn. 
d depth of tensile steel reinforcement measured top face of beam, mrn. 
d diameter after corrosion, mrn. 

corr 

db the diameter of the bar, mrn. 

d, diameter prior to corrosion, mrn. 

d x nominal diameter of a corroded bar = d - 2x , mrn. 

f'...d change in diameter, mrn. 
D diameter of specimen,mrn. 
Dc relative beam ductility, %. 
Dr deflection ratio, %. 
ED dynamic modulus of elasticity (kNl mm2) 
fc' specified compressive strength of concrete, Wa. 

fs stress in tension reinforcement, Wa. 

ft splitting tensile strength, Wa. 

F Faraday's constant, 96500 C/ mol 
G weight of bar after the removal of corrosion products, N. 
go weigh per unit length of the bar, NI mrn. 

Go initial weight of the un-corroded bar, N. 

iGorr corrosion current density, JiAI cm2 • 

jd lever arm = distance between the resultant compressive force and the resultant 
tensile force at a section, mrn. 

k relative beam stiffness (i.e. slope of load-deflection curve), %. 
l the bond length, mm 
L is the length of the specimen, mm 
m mass, g. 

xv 



mi 

v:. 

y 

I 

'avg 

'max 

I rei 

p 
V 

mass after corrosion, g. 
. . 

mass pnor to corrOSIon, g. 

mass reduction, %. 

factored moment resistance, N· mm or kN· m 
moment due to the factored loads, N· mm or kN· m 
percent mass loss, %. 
valence of the reaction. 
value of applied load, N or kN. 
average half-cell potential, mv' 

coefficient of determination 
rate of corrosion, mmI year; reduction factor to acc01111t for corrosion. 
concrete cover measured from the centre of the bar to the closest surface, mm 

time after corrosion initiation, years. 
time for compression wave to pass through concrete, sec. 
relative beam toughness (i.e. area under the load-deflection curve), %. 
resultant factored tensile force, Nor kN. 

Velocity of compression wave, km/s. 

volume prior to corrosion, mm3• 

volume after corrosion, mm3• 

largest corrosion crack width, Illlll. 

perpendicular distance from neutral axis of section, Illlll. 

ratio of average stress in rectangular compression stress block to specified 
strength of concrete. 
ratio of depth of rectangular compression stress block to distance from extreme 
compression fibre to neutral axis. 
normal strain, mmI Illlll. 

curvature of beam = the angle change over a defined length. 

resistance factor for concrete. 

resistance factor for reinforcing steel. 

diameter of reinforcing bar, Illlll. 

the bond strength, l\1Pa. 
average bond stress, l\1Pa. 

maximum bond strength, l\1Pa. 

relative bond stress, %. 

residual bond stress, l\1Pa. 

density (kg/ m3). 

dynamic Poisson's ratio. 

XVi 



ACKNOWLEDGEMENTS 

First and foremost, praises to God for making everything possible and blessing me with the 

ability to complete this project. Much love to my v;;onderlul wife Noreen for her 

encouragement, support, illlderstanding, companionship, and help. Many thanks to my caring 

parents and sister for all of their prayers and support. Big up to Cousin Andya.ka. "Gadged 

R" for the help and company in the lab. Appreciation to my supervisor Dr. Lamya Amleh for 

her guidance, knowledge and financial support. Respect to Nidal for going beyond the call of 

duty and providing excellent tech support. Recognition to Roger Avis from R Avis Surveying 

for his encouragement and granting me flexible employment over many of the years that I 

have been a student at Ryerson University. 

XVll 





Chapter 1 

INTRODUCfION 

1.1 The Problem of Corrosion 

Reinforced concrete (Rq is a widely used construction material m the ~rld today and is 

generally very durable, yet there have been many occurrences of failures of such structures 

due to the corrosion of its reinforcement, as shown m Figure 1-1. One American study 

estimated that m 2001, there were approximately 235,000 RC bridges m that cotmtry, and 

over 21,000 of those were rated as structurally deficient and the leadIDg cause of deterioration 

for many of these deficient bridges is attributed to chloride-mduced corrosion (Koch et ai, 

2001). 

Figure 1·1: Parlcing garage failure due to cOITOsion (Fe1d and Catper, 1997). 
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The depassivation of the reinforcing steel can be attributed to either the ingress of chlorides 

or carbonation and leads to rapid corrosion. The corrosion of steel in concrete is one of the 

leading causes of deterioration of RC The corrosion of steel results in the reduction of the 

cross-sectional area of the rebar, much in turn reduces the steels ductility and strength. The 

products of corrosion occupy roughly 3 to 6 times the original volume of steel much exert 

tensile forces within the concrete causing the concrete to crack and spall resulting in a 

reduction of the steel-concrete bond 

Corrosion in RC structures poses a real problem with serious consequences. These include 

the degradation of the aesthetics and! or serviceability of a structure and the structural 

perlormance and its safety, all of much involve costly repairs. 

Corrosion is possibly the most pressing durability query of RC Currently, there is no suitable 

method by much to predict the behaviour and more importantly, the load-carrying capacity 

for beams deteriorated by corrosion of the reinforcing steel Furthennore, partial steel-to­

concrete bond loss due to corrosion is not accounted for in conventional codes of practice. 

A beuer understanding of the effects of corrosion on RC v.ould no doubt aid in the 

development of new models to predict the residual strength of RC beams. 

1.2 Objective and Scope 

The objective of this project is to study how progressive corrosion affects reinforced 

concrete beams. Specifically, the aim is to investigate both qualitatively and quantitatively the 

changes in flexural crack development, mode of failure, stiffness, ductility, toughness, and 

load-carrying capacity of RC beams. The intention is to add to the body of knovAedge and 

broaden the understanding concerning the global behaviour of corroded RC beams in order 
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to facilitate the development of a numerical model to predict the behaviour of RC beams 

with corroded reinforcement that considers the effect of a panialloss of bond, 'Which will be 

the focus of future vvork 

To this end, existing research on the subject of bond strength of corroded reinforcement is 

reviewed with the goal of establishing a numerical relationship between bond strength and 

load-carrying capacity. Experimental studies have indicated that bond properties should be 

studied and modeled, as bond directly affects ductility, 'Which is associated with the mode of 

failure and ultimate capacity (Coronelli and Garnbarova, 2004). 

1.3 Thesis Layout 

This thesis contains eight chapters, starting with a brief introduction and an examination of 

the literature. The experimental program is then outlined along with a description of the 

methods of testing. The results of each test program are then presented separately followed 

by a discussion and analysis section \\here comparisons and correlations are established The 

report is then summarized and concluded 

The following is a more detailed overview of each chapter: 

First, chapter 1 sets the stage with an introduction to the problem of corrosion, \\hich 

illustrates the need for continued research into its effects. The introduction also specifies the 

objectives and scope of the project. 

Olapter 2 is dedicated to presenting some essential background infonnation that includes the 

fundamentals of corrosion, flexure theoty, and bond strength. 
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The literature review is presented in chapters 3 and 4. Olapter 3 highlights some of the 

works concerning the effects of corrosion on RC beams. Olapter 4 examines studies of the 

way in v.ruch corrosion affects bond strength and presents some numerical models for the 

calculation of residual bond strength. 

Following this, chapter 5 introduces the experimental program to the reader and provides 

details concerning specimen identification; materials used; the procedures for constructing, 

curing, and accelerating corrosion; and the test methods used to study various phenomena. 

Olapter 6 presents the findings and observations from the various tests performed 

throughout the experiment. The results for each test are reponed separately in this chapter 

followed by an anal}Sis of the data in chapter 7, where the findings are observed and studied 

as a whole, making comparisons and correlations. 

Olapter 8 ends the thesis with a sununary and conclusions. Included in this chapter is a 

discussion regarding recommendations for future research in an attempt to answer the 

question of where we go from here. 
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Chapter 2 

CORROSION BASICS 

2.1 Introduction 

Corrosion is one of the most, if not the most, pressing durability queries of RC The 

following sections report on the fundamentals of some aspects of corrosion, including the 

conditions that lead to corrosion and factors that influence the rate of corrosion, with the 

focus on corrosion initiated by chloride ions, as this -was the mechanism used to initiate 

corrosion for the experimental \VOrk 

2.2 Conditions for Corros ion 

Corrosion of steel in concrete occurs only when both anodic and cathodic reactions are 

possible. An anodic reaction requires the depassivation of the steel bar, while oxygen must be 

available at the surface of the steel bar for a cathodic reaction. For these reactions to be 

possible, there must be conditions that allow a flux of ions and electrons between the anode 

and cathode. Ions are transported through the environment or electrolyte, while electrons 

migrate via a metallic connection (Hunkeler, 2005). 

2.3 Electrochemical Process 

Corrosion is an electrochemical reaction wherein electrons flow from the anodic to the 

cathodic sites in the presence of both water and oxygen. Equation 2-1 and Equation 2-2 
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represent the anodic and cathodic reactions respectively and these reactions are illustrated in 

Figure 2-1. The Addition of Equation 2-1 to Equation 2-2 results in Equation 2-3. The 

product of Equation 2-3 is ferrous hydroxide, vvru.ch fonns on the surface of the iron. At the 

outer surface of this oxide layer, oxygen reacts with the ferrous hydroxide to form hydrous 

ferric oxide or ferric hydroxide, as represented by Equation 2-4. Ferric hydroxide then 

becomes hydrated ferric oxide as represented by Equation 2-5. These reactions are illustrated 

in Figure 2-2. The majority of ordinary rust consists of hydrous ferric oxide and is orange to 

red-brown in colour (Roberge, 2000) . 

.. 
or 

... 

'. ;,t. • .. '" • 
It 

Figure 2-1: The anodic and cathodic reactions (Broomfield, 1997). 

Equation 2-1 (Anode) 

Equation 2-2 (Cathode) 

Equation 2-3 Fe2+ + 20H ~ Fe(OH)2 (Fell'Ous hydroxide) 

Equation 2-4 (Feme hydroxide) 

Equation 2-5 (Hydrated feme oxide) 
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Figure 2-2: Anodic and Cathodic reactions on steel (Broomfield, 1997). 

2.4 Concrete's Defence against Corrosion 

Reinforced concrete can be a very durable building material with many inherent qualities to 

protect the reinforcing steel from the initiation of corrosion. These qualities include its 

resistive nature, a microstructure that serves as a physical barrier against transport processes, 

and a high alkaline pore solution. 

2.4.1 Resistivity of Concrete 

The resistivity of concrete is an important factor in the corrosion process and is detennined 

by the moisture content and pore structure of the concrete and the composition of the water 

in its pores. The conduction inside concrete occurs mainly through the movement of ions in 

the pore solution. These ions include, Na+, K+, OH-, S042-, and Ca++ (Guet ai, 2001). 

The value of the electrical resistivity of the pore solution in cement paste typically ranges 

from 25 to 35 Qcm. On the other hand, the resistivity of standard aggregates used in 

concrete ranges from 105 to 1014 Qcm, making them good insulators. 
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Moisture content greatly affects the electrical resistivity of concrete such that the resistivity of 

air-dried concrete and moist concrete ranges from 0.6 to 1.2 MQcm and from 2.5 to 4.5 

kQcm respectively (Gu et al., 2001). 

0.014 

0.012 

E 0.010 

~ ..... 
~ 0.008 
:~ 
t) 
:::I 
"C c: 

8 
0.006 

0.004 

0.002 

1: PC-B; WIZ = 0.65 
2: PC-M; WIZ = 0.40 
3: PC-B; WIZ = 0.45 
4: B-alt; WIZ = 0.46 
5: BFSC; WIZ = 0.65 

0.000 '--__ .-.tt:;.......L-... =--'------' 
40 60 80 100 

Relative humidity ('Yo) 

Figure 2-3: Conducti\<ity as a fWlCtion of relative hwnidity (Hunkeler, 2005). 

Resistivity can be understood by studying its reciprocal, which is the conductivity of 

concrete. Figure 2-3 plots the relationship between conductivity and relative humidity, 

sho-wing that the conductivity is zero \\hen the relative humidity is between 40 and 80% 

(Hunkeler, 2005). 

2.4.2 Transport Processes in Concrete 

The corrosion process not only requires the movement of electrons, but also the transport of 

gases (02, C02), ions (0...-), and water. Good quality concrete will physically impede the 

movement of these substances and protect the reinforcing steel against corrosion. The 

transport of the gases, ions and water depends on the transport mechanism, the concrete 

properties, the binding between the substance being transported and the hydrated cement 
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paste, and the microclimate at the surlace of the concrete. This is swnmarized in Figure 2-4 

(Bertolini et al., 2004). 

Transportation of: 

• gases 
• water 
• dissolved ions 
• electrica I 

Depends on 

Concrete 
cover 

Binding 
Mechanisms 

Environmental 
conditions 

(microclimate) 

Transport 
mechanisms 

Structure of pores 

Thickness 

Cracking 

Transporting 
species 

Availability of water 
and aggressive agents 

Temperature and 
pressure 

Availability of water 
and aggressive 

Availability ofwater 
and aggressive 

Diffusion 

Capillary absorption 

Penetration due to 
hydraulic pressure 

Electrical transport 

Figure 2-4: Primary factors involved in the transport process in concrete (Bertolini et aI., 2004). 

The motivation of these substances is caused by ~ion (gradients of pressure), diffusion 

(gradients of concentrations), capi/Jdry farcE (inside the cement paste), and rrigration (resulting 

from electrical potential gradients). This is outlined in Table 2-1 (Bertolini et al., 2004). 

9 



Table 2-1: Transport processes in concrete (Hunkeler, 2005). 

Type 

Diffusion 
(gases and ions) 

Capillary suction 
(liquids) 

Permeation 
(gases and liquids) 

Driving Fon;e Pores 

Concentration gradient de 
Partial pressure difference dp 

• Filled with air or water 

~ .... 
••• • 
Surface tension s 
Contact angle q 

• 
Filled with air 

Absolute pressure difference dp 

• 
Filled with air or water 

According to Malhotra and Carino (2004), there are five key principles that must be 

understood Vv'hen describing the movement of aggressive substances through concrete; these 

principles are described below. 

A dsaption - The process by Vv'hich molecules are attracted to the internal surfaces of 

concrete. This can be from either chemical bonds or the forces of adhesion (i.e. van der 

Waals force). 

A bsaption - The process by Vv'hich the concrete pores are filled with a liquid by capillary 

suction. The rate at Vv'hich liquid is taken in is known as absorptivity or sorptivity. 
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Diffusim - The process by which liquids, gases, or ions are motivated through concrete by 

vvay of a molar concentration gradient. This process is described by a diffusivity value or a 

diffusion coefficient. 

Perm:ahility - An inherent concrete propeny that describes the reslStance of a fluid 

penetration that is motivated by vvay of a pressure gradient. This is often confused with 

poroSIty. 

P~ity - This is the proportion of the total vohune that is occupied by pores, usually 

expressed as a percentage. 

2.4.3 Passive Layer 

Another important characteristic of concrete is the high alkalinity of the pore solution, which 

is comprised of mainly sodium and potassium hydroxides, with a pH ranging from 12.6 to 

13.8. At this pH leveL a protective (or passive) film is spontaneously formed during the early 

stages of cement hydratioIL This passive film may grow to a thickness of the order of 10-3 to 

10-1 JLm and contains hydrated iron oxides. The theory of the existence of this passive layer is 

based only on indirect evidence of anodic polarization measurement. There is still much to 

be learned concerning this passive film, such as the conditions of its formation, and its 

chemical and mineralogical composition. It is possible that this passivating film consists of 

several phases (Ramachandran,2001). 
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2.5 Chloride-Induced Corrosion 

The steel can be depassivated by chloride ions or the process known as carbonatiod. The 

introduction of chlorides into concrete can occur by "Way of contamination or additives in the 

original mix or through environmental exposure (e.g. de-icing salt). Chlorides introduced to 

the original mix initiate corrosion immediately, "Whereas chlorides introduced from an 

external source accumulate over time, eventually leading to a condition "Where corrosion is 

initiated (Gu et al., 2001). 

According to Hunkeler (2005), the negative effect of chlorides on RC is fourfold: 

• A reduction of the solubility of Ca(OH;)2 resulting in a lowered pH of the pore "Water. 

• An increase in the moisture content of the concrete due to the hydroscopic nature of 

salts (e.g. NaG, Caa~. 

• A rise in the electrical conductivity of the concrete. 

• The destruction of the passive layer making corrosion possible. 

2.6 Mechanisms of Chloride Attack 

The "Way in -which chloride ions depassivate reinforcing steel is currently under speculation. 

According to Gu et al. (2001), there are three modem theories that propose the mechanisms 

of the chloride attack on reinforcing steel A short summary of each theory is provided 

below. 

1 Carbonation of concrete is caused by the chemical reaction of atmospheric carbon dioxide (C02) and the 
alkaline components ofthe cement paste (e.g. NaOH, KOH, Ca(OHh and calcium-silicate hydrates) in 
the presence of water which tend to neutralize the alkalinity ofthe concrete (Hunkeler, 2005). 
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~ Oxide Film Theory -The oxide film is thought to be responsible for the passivity of the 

steel As chloride ions can penetrate the oxide film easier than other ions (such as so;-) , 

they eventually fonn colloids and dispeISe the oxide film, making it more susceptible to 

corroSIon. 

~ A dsarption Theory - This theory holds that chloride ions in competition with oxygen or 

hydroxyl ions are adsOlbed to the reinforcing steel The chloride ions promote the hydration 

of iron ions, facilitating corrosion 

~ Traniwry CanrJex Theory - This theory states that chloride ions become incorporated in 

the passive film, replacing some hydroxides. This process increases the conductivity and 

solubility of the passive layer, thus reducing its protective qualities. 

2.7 Deterioration Process 

The deterioration process of RC beams can be divided into four stages: 

s~ I - Marked by the initiation of corrosion when the reinforcing steel is depassivated by 

either a chloride or a carbonation auack 

Sta~ II - Denoted by the propagation of corrosion, ~ch leads to the cracking of the 

concrete and rust staining on the swface. 

Sta~ III - Indicated by cracking and delaminating of the concrete, accelerating the rate of 

corrosion due to the increased accessibility of moisture and chloride ions. 

Sta~ IV - Typified by spalling of the concrete cover, exposing the reinforcing steel to the full 

impact of the corrosive environment. 
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These four stages are illustrated in Figure 2-5 (Higgins et al., 2003). 

Si~g€l 
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:'3l:aining -

Figure 2-5: Illustration of the four stages of the deteriontion of RC beams (Higgins et aI., 2003). 

The structural consequences of corrosion, such as a reduction in the rebar cross-sectional 

area and the mechanical properties of the steeL are shown in Figure 2-6. The products of 

corrosion cause tensile stresses in the concrete that produce cracks, spalling, and! or 

delamination, resulting in the deterioration of the steel-concrete bond These effects are 

initiated by corrosion and their severity increases overtime (Bertolini et ai, 2004). 

Reduction in Cross t Elongation 
Section ofRehar 

t Fatigue Strength 
Effects 

Of -
Corrosion t Bond Strength 

~ Cracking of i Corrosion Rate 
Concrete 

Concrete 
Spalling/Delamination 

Figure 2-6: The effects of corrosion on RC structures (Bertolini et aI., 2004). 
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These consequences of corrosion can ultimately lead to the failure of a structure. A disaster 

of this nature can be extremely costly to society due to the loss of time, revenue and property 

upon the removal and disposal of the debris and replacing of the structure. More 

importantly, there is a potential for loss of life in the event of a structural failure (MacGregor 

and Bartlett, 2000). 

In order to avoid a catastrophic failure, engineers must be able to detennine v.hen a 

deteriorated structure requires repair or replacement. The strength of a RC member with 

corroded reinforcement cannot be determined by conventional cross-section analysis due to 

the loss in both the bond strength and bond rigidity; as ~ll as the reduction of the 

mechanical properties of the reinforcing steel (Lee et ai, 2002). 

Currently, there is no suitable method to assess the reduction in the load-carrying capacity of 

a corroded RC beam. Therefore, a new method of evaluating the strength of RC members 

damaged by reinforcement corrosion is needed. This method should consider the reduction 

of the bond and mechanical properties of the corroded steel 
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Chapter 3 

THE EFFECfS OF CORROSION ON 
REINFORCED CONCRETE BEAMS 

3.1 Introduction 

It is known that the load-carrying capacity of reinforced concrete (RQ beams is reduced with 

increasing corrosion. Numerous published papers have focused on measuring this reduction 

as well as analysing changes to the structural response of RC beams. This section provides an 

overview of the ftmdamentals of conventional flexural theory and highlights a selection of 

research papers discussing corroded RC beams. 

3.2 Flexurnl Theory 

The basic design requirement of RC beams simply states that the factored resistance must be 

greater than or equal to the effect of factored loads (i.e. ~ 2: Mp' where ~ represents the 

factored moment resistance of the cross-section and Mr represents the moment due to the 

factored loads). 

For conventional RC beam analysis and design, tv\{) requirements must be satisfied The first 

is that at any given point, the stress must correspond with the strain (except in the case of 

short, deep beams). This is also known as stress and strain compatibility. The second 

requirement is that the internal forces must be in equilibrium The stresses and forces in a 

rectangular beam are illustrated in Figure 3-1 (MacGregor and Bartlett, 2000). 
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Figure 3-1: Stresses and forces in a singly RC rectangular beaml (MacGregor and Bartlett, 2000). 

When a simply supported beam is loaded and the stresses at the bottom reach the tensile 

strength of the concrete, the beam cracks and its curvature increases. At this point, the tensile 

force is transferred to the reinforcing stee~ reducing the stiffness of the beam The curvature 

¢ of the beam is the angle change over a defined length and is calculated by Equation 3-1, 

where E, is the strain at distance y from the neutral axis (MacGregor and Bartlett, 2000). 

Equation 3-1 

This curvature can be plotted -with its corresponding load level in what is known as a 

moment-curvature diagram. A simply supported RC beam is typically assumed to reach its 

maximum capacity when the slope of the moment-curvature diagram equals zero 

(MacGregor and Bartlett, 2000). 

2 Please Note: The symbols used in Figure 3-1 are summarized in Appendix A. 
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3.3 Selected Research 

3.3.1 Uomoto and Misra 

Uomoto and Misra (1988) investigated the influence of longitudinal cracking on beams and 

columns. The reinforcement was corroded by adding chlorides in the concrete mix and 

impressing a current ranging from 280 to 380 [lA/ cmz over a 7 to 14 day period The beams 

tested had dimensions of 200 x 100 x 2100 mm and were reinforced with 2-6 mm diameter 

top bars and 2-16 mm diameter bOllom bars. 

These beams failed when the compression-concrete crushed and the top bars buckled 

Uomoto and Misra found that a weight loss in the tension reinforcement ranging from 1 to 

2.4% resulted in a 4 to 17% reduction in the load-carrying capacity. These researchers 

auributed this reduction in the capacity of the beams to a decrease in the reinforcement area 

and concrete cracking (Uomoto and Misra, 1988). 

3.3.2 Al-Sulaimani et al. 

Al-Su1airnani et al (1990) conducted tests to detennine the manner in which cracking and 

reinforcement corrosion affect the behaviour of the steel-concrete bond For this purpose, 

tests were performed on pullout specimens and 24 beam specimens having dimensions of 

150 x 150 x 1000 with a 12 mm diameter bOllom-reinforcing bar. 

Corrosion was induced by the application of a constant current density of 2 ruN cnr. The 

behaviour of the beams was observed at four stages of corrosion: no corrosion, pre-cracking 

corrosion, corrosion at the appearance of the first visible cracks, and post-cracking corrosion 

(Al-Su1airnani et al., 1990). 
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Table 3-1: Test results for beatm failing in flexure (series IV) (Al-Sulaimani et at, 1990). 

Beam Cross-section Loss (%) Ultim.'1te Load (lu'J) 
1 0.00 47.0 
2 0.00 47.2 
3 0.65 47.0 
4 1.50 47.3 
5 2.43 46.8 
6 350 46.1 
7 4.94 46.3 
8 6.30 45.6 
9 7.10 44.0 
10 9.35 42.1 
11 8.93 425 
12 10.36 42.2 

For the beams designed to fail in flexure (series IV), adequate development length and shear 

stirrups vvere provided to prevent bond or shear failures. The results of this portion of the 

experimental work are shown in Table 3-1. The ultimate load at 0% corrosion was found to 

be 47.0 kN and 47.2 kN. Figure 3-2 summarizes the findings of AI-Sulaimani et ai and 

graphically illustrates how the ultimate load is affected by steel cross-section loss (AI-

Sulaimani et ai, 1990). 

For each beam tested, the average bond stress over the embedded length was found to be 

vvell belowthe ultimate bond stress observed in pullout tests for bars with similar corrosion. 

This observation confinned that the failure of the beams in series IV was due to the yielding 

of steel and was not a bond failure (AI-Sulaimani et ai, 1990). 

Furthennore, since the bond stress was less than the ultimate bond stress, AI-Sulaimani et ai 

(1990) concluded that the reduction in beam capacity was not due to a decrease in bond 

stress but rather, it could be auributed primarily to the reduced area of the reinforcing steel 

As this conclusion was reached many years ago, it is contradicted by many researchers today 

(Mangat and Elgart, 1999; AI-Negheimish and AI-Zaid, 2004; Castel et ai, 2000b). 
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Figure 3-2: Reduction of ultimate load in tenns of cross-section loss (Al-Sulaimani et aI., 1990). 

3.3.3 Cabrera and Ghoddoussi 

Cabrera and Ghoddoussi (1992) researched the effects of corrosion on beams of 160 x 125 x 

1000 mrn, reinforced -with 2-10 mm diameter bars at the top, 2-12 mm diameter bars at the 

bottom and 8 mm diameter stirrups. The main tensile reinforcing bars were corroded by 

applying an unknown current density. The maximum reduction in the steel cross-sectional 

area was 9%, which resulted in a 20% reduction in the ultimate bending moment and a 40% 

increase in deflection at the service load (Cabrera and Ghoddoussi, 1992). 

3.3.4 Eyre and N okhasteh 

Eyre and Nokhasteh (1992) examined the behaviour of concrete beams -with exposed 

reinforcement. In the tests performed, the concrete-steel interface "WclS assumed to have zero 

bond over various lengths of the beam and the capacity of the beam was observed to reduce 

-with smaller bond lengths. Moreover, after a critical un-bonded length, the beams failed by 

the concrete crushing, regardless of steel ratio. 
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This led Eyre and Nokhasteh to propose an algebraic method for predicting the ultimate 

strength of corroded RC beams. Ho-wever, according to Maaddawy et a1. (200Sa), this 

method assumes that concrete acts as a linear-elastic material and thus does not properly 

reflect the stress-strain behaviour of concrete, and pres tunes a total loss of bond, "'Which does 

not reflect actual conditions. 

3.3.5 Huang and Yang 

Huang and Yang (1997) carried out tests that illustrate the relationship bet-ween the corrosion 

of RC beams and load-carrying capacity. Beams of 150 x 150 x 500 mm, reinforced with two 

6 mm bottom bars -were corroded by immersing them in sea water and applying a current of 

5 N cm2• The two specimen types used -were beams without cracks (type S) and beams with a 

middle surface crack (type K), and the t\\Q concrete mix designs used -were mix A and mix B, 

having a waterto cement ratio (wi c) of 0.4 and 0.3 respectively. 

Figure 3-3 and Figure 3-4 show the relationship of corrosion to stiffness and ultimate 

moment for concrete types A and B. The reduction in load-carrying capacity as corrosion 

thickness increased was more significant in beams with a low wi c or predetermined cracks 

(mix B or type K). Huang and Yang concluded that this behaviour was a result of the 

chloride ions having easier access to the reinforcing steel in cracked beams than in un­

cracked ones (Huang and Yang, 1997). 

The fact that the beams made with a lo-wer wi c ("'Which makes for a higher strength 

concrete), displayed a less favourable response seemed to be counter-intuitive. The authors 

addressed this and explained the behaviour by saying that, " ... lo-wer mnerl cement ratio 

concretes have smaller pores, "'Which show lo-wer energyabsOlbing capacity", and that after 
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cracking, beams made of high strength concrete may fail before ones of low strength 

concrete (Huang & Yang, 1997). 
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In terms of pore size, a supplementary explanation is available. That is, concrete that has 

smaller pores cannot accommodate voluminous rust products as well as concrete with larger 

pores. 1bis is because the existence of larger pores allows the oxides to migrate more easily 

into the matrix of the concrete, thus reducing the expansive tensile stresses. Conversely, 

concrete -with smaller pores is more greatly influenced by rust products and experiences 

larger internal stresses, resulting in a more rapid deterioration of the concrete (Amleh, 2005). 

3.3.6 Rodriguez et at. 

Rodriguez et al (1997) completed experimental "WOrk on 31 beams with dimensions of 200 x 

150 x 2300 mm and 200 x 150 x 2050 mm In order to study the interaction between 

corrosion and loading, Rodriquez et al varied the corrosion and the detailing of the 

reinforcement. Corrosion -was accelerated by adding 3% calcium chloride by weight to the 

mixing water. After 28 days of curing, a current of 100 IJ-A/ cm2 -was applied for 100 to 200 

days. 

The study revealed that corrosion increases deflections and crack -widths at the service load, 

decreases strength at the ultimate load, and causes an increase in both the spacing and -width 

of transverse cracking due to bond deterioration It -was also observed that corrosion could 

change the type of failure experienced by RC beams -with typical reinforcement ratios. In this 

case, un-corroded beams failed mostly by bending and corroded beams failed mostly by 

shear. 

Figure 3-5 depicts the types of failures that were observed by Rodriguez et al. (1997) when 

testing corroded beams, as detailed below. 
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Type 1 - occurred in both corroded and un-corroded beams with a low tensile reinforcement 

ratio. 

Type 2 - was produced in beams with un-corroded tensile reinforcement of a high ratio and 

most corroded beams with a high ratio of shear reinforcement. 

Type 3 - occurred in nearly all beams having a high ratio of corroded tensile bars and large 

. . 
strrrup spacmg. 

Type 4 - was found in corroded and un-corroded beams with curtailed tensile reinforcement. 

1) Failure by bending (yielding of tensile reinforcement). 
2) Failure by bending (crushing of concrete). 
3) Failure by shear. 
4} Failure by both shear and bond splitting. 

Figure 3-5: Illustration of types of failures of beams with cOll'Oded reinforcement 
(Rodriguez et at, 1997). 

Moreover, Rodriguez et al (1997) concluded that by using the reduced sections of steel and 

concrete with conventional RC models, conservative values of the ultimate moment and 

shear force can be calculated for RC members damaged by corrosion However, this method 

of calculating the strength of damaged members is deficient in that it fails to consider the 

reduction of bond 
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3.3.7 Mangat and Elgarf 

Mangat and Elgarf (1999a) carried out an extensive research program on 111 tUlder­

reinforced concrete beams in order to study their residual flexural capacity after being 

subjected to various levels of corrosion CDrrosion was induced at four different rates by 

applying a current of either 1, 2, 3, or 4 mAl cm2• Nine groups of beams were fabricated, 

having dimensions of 100 x 150 x 910 (Mangat and Elgarf, 1999a). 

Load-deflection relationships were then developed, showing that when the degree of 

corrosion is greater than 2.5%, load-deflection curves become dependant on the rate of 

corrosion. In light of this, the researchers suggested that when accelerated corrosion testing is 

necessary, the lowest practical corrosion rates should be used to induce corrosion, 

panicularlywhen the desired degree of corrosion is high (Mangat and Elgarf, 1999a). 

The rate of corrosion was also fotUld to have an affect on the flexural load capacity. When 

corrosion is less than 3.75%, the rate of corrosion has little influence on the residual strength. 

CDnversely, when corrosion is greater than 5%, an increase in the rate of corrosion greatly 

reduces the flexural strength of RC beams (Mangat and Elgarf, 1999a). 

Regression analysis of the experimental data led to the proposal of a numerical relationship 

between residual flexural strength and the level of corrosion, as seen in Equation 3-2, where 

B is the percent flexural load capacity, R is the rate of corrosion in mmI year, and t is the 

elapsed time in years after corrosion initiation The expression 2~b in Equation 3-2 is the 

fonnula for the degree of corrosion as a percentage reduction in bar diameter. This equation 

is plotted in Figure 3-6 (Mangat and Elgarf, 1999a). 
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Equation 3-2 

Mangat and Elgarl (1999a) were able to write Equation 3-2 in tenns of corrosion current 

density icorr ' deriving Equation 3-3. The researchers claim that this equation can be used to 

create nomograms for detennining the residual strength of beams -with. corroded 

reinforcement (Mangat and Elgarl, 1999). 
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Figure 3-6: Relationship between degree of corrosion and flexural strength (Equation 3-2). 

Equation 3-3 

Figure 3-7 plots Equation 3-3 for 20 nun bars and rates of 60, 70, 90, and 100 [LA/ cm2• An 

error seems to occur v.hen ~1T equals 100 [LA/ cm2 -where the predicted flexural strength 

increases to correspond -with. 70 [LA/ cm2• Another problem -with. this equation arises -when 

~orr equals 1 [LA/ cm2• In this instance, the result will always be equal to 100% since In(l) = o. 
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The effect of the curing time prior to the initiation of corrosion was also investigated in this 

study. A number of beams were cured for periods of 16 days, 28 days, 6 months, and 1 year 

and then corroded to 5% corrosion (at 3 mN cm1. The residual strengths for all of these 

beams were close to 70% of the control beams. This finding allowed Mangat and Elgarl 

(1999a) to conclude that the curing period before corrosion (up to 1 year) has no bearing on 

flexural strength (Mangat and Elgarl, 1999a). 
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Figure 3-7: Plot of Equation 3-3, where d = 20; and LOlT = 60, 70, 90, and 100 IJAj cm2 

It was also determined that corrosion has a significant effect on the deflection and capacity of 

RC beams and the reduction in steel cross-sectional area due to corrosion has an insignificant 

effect on the residual flexural strength of beams. This reduction of the flexural capacity is 

attributed to the reduced steel-concrete bond (Mangat and Elgarl, 1999a), which is in direct 

opposition to the position taken by Al-Sulaimani et al. (1990). 
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3.3.8 Castel et al. 

Castel et ai (2000a & 2000b) conducted long-tenn experimental research to investigate the 

mechanical behaviour of RC beams -with corroded reinforcement and published their 

findings in tm:> separate parts. 

In the first part, four beams -with dimensions of 150 x 280 x 3000 nun were studied These 

beams were naturally corroded in a salt fog environment for 14 years in an attempt to 

emulate actual field conditions. They were then subjected to three-point loading to determine 

their ultimate strength. The average reported degree of corrosion -was 10% and the reduction 

in flexural strength -was 20% with a 70% reduction in ductility (Castel et ai, 2000a). 

Several assumptions were fonnulated, including the idea that concrete cracks resulting from 

compression reinforcement corrosion have an insignificant effect on the global behaviour of 

RC beams. The authors did acknowledge, however, that other researchers have established 

that this type of cracking can reduce the flexural capacity by causing compressive concrete 

splitting (Castel et ai, 2000a). 

The researchers also proposed that the decrease in stiffness -was due to the reduction of both 

the steel cross-sectional area and bond strength. This -was attributed to the fact that the 

average maximum cross-section loss near the centre of the beam -was 20%, which \\Quld 

theoretically result in a stiffness decrease of 15%. However, the total stiffness loss for one of 

the beams tested -was 35%. Thus, there -was a 20% difference in loss that -was tUlaccotUlted 

for, which the researchers suspected to be the result of bond deterioration (Castel et ai, 

2000a). 
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Additionally, the reduction of ultimate strength was found to correspond to the average 

maximum steel cross-section loss (20%). Therefore, Castel et ai (2000a) concluded that the 

reduction in steel-concrete bond had an insignificant effect on the ultimate behaviour and 

thus the residual capacity can be determined by considering the reduction of steel alone. 

The purpose of the second pan of this study was to funher explore the separate and coupled 

affects of bond stress and a decrease in steel cross-sectional area. Beams with similar 

dimensions to those in the first pan of the study were used to facilitate this second pan. 

Bond loss was simulated by notching the concrete and exposing the reinforcing bar, ~e a 

corrosion-pitting attack was simulated by using a grindstone to create local indentations on 

the steel surtace (Castel et ai, 2000b). 

Upon analyzing the data, the researchers hypothesized that pitting corrosion located between 

flexural cracks has little influence on the global behaviour of RC beams -when bond strength 

is not modified Conversely, -when both bond strength and steel cross-section were reduced 

in their study, the global behaviour of RC beams was greatly altered This was attributed to 

the increase in steel stress at the crack location, due to the reduction of both steel cross-

sectional area and tensile concrete contribution (Castel et ai, 2000b). 

In sum, these researchers concluded that the corrosion of RC beams is al-ways a, " ... coupling 

phenomenon between steel cross-section reduction ... and loss of bond strength." For this 

reason, both effects must be considered -when attempting to predict the residual strength or 

non-fragile behaviour (Castel et al., 2000b). 
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3.3.9 Wang et al. 

Wang et ai (2000) tested beams having dimensions of 100 x 150 x 1170 rnrn, reinforced with 

one 19 rum diameter bonom bar. The reinforcement was corroded by exposing the beams to 

a NaO solution and impressing current. The beams -were simultaneously corroded and 

loaded, using either sustained or previous (cyt:lic) loading. Details concerning specimen 

names and their loading type are summarized in Table 3-2. 

Table 3-2: Specifications of beatm tested by Wang et al (2000). 

Specimens Flexural Loading Ponding External CU11'ent 
(%1 of Ultimate Load*) (Stage I) (Stage II) 

.-~-------~~-~~---~-

APOO O%~~ ~ ~ 
----

NP45 
NP75 
NS45 
NS75 

45(hl preyious load 3~'o NaCl 50 days after ponding 
75%1 previous load 3% NaC} , 50 days after ponding 
45%1 sustained load 3% NaC1 ". 50 days after ponding 
75~/o sustained load 3%1 NaCl ,~ 50 days after pondillg 

* The ultimate flexural load = 41 kN. 

The researchers fOllild that at higher loading levels, the corrosion initiation time was reduced 

while corrosion propagation was more severe. In addition, sustained loading had a more 

significant effect on the rate of corrosion than did eyt:lic loading and the rate of corrosion 

was increased with higher load levels for both types of loading (Wang et ai, 2000). 

These findings can be explained in terms of the access chloride ions had to the reinforcing 

steel At higher loading levels, crack widths are wider and thus allow for an easier ingress of 

chloride ions. Additionally, these cracks are continuously open and widening with sustained 

loading, facilitating the migration of the chloride ions. In contrast, cyt:lic loading causes these 

cracks to constantly open and close giving chlorides intermittent access, .wnch results in a 

relativelyslo-wer rate of corrosion (Amleh, 2005). 
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Figure 3-8 graphs the residual flexural capacities of the beams tested Wang et aL (2000) 

reponed that the residual strength of the beams subjected to sustained loading \.VaS lower 

than that of the beams subjected to cyclic loading, and the remaining capacity of the beams 

subjected to 75% of the ultimate load \.VaS lowerthan that of the beams exposed to 45%. The 

researchers also observed that as the rate of corrosion increased, the mode of failure shifted 

from shear to bond splitting. 
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Figure 3-8: Remaining flexural capacities of beams (Yoon et at, 2000)3. 

It is worth pointing out that the residual strength of the corroded beam NP45 \.VaS found to 

be significantly stronger than the lUldamaged beam APOO, which may indicate a possible 

error in this experiment (Amleh, 2005). Although the researchers did not provide an 

explanation for this, they did mention that a second APOO specimen that \.VaS tested with the 

use of external stirrups achieved an increased ultimate load of 70 kN. However, according to 

Amleh (2005), 70 kN cannot be used to reference the other test specimens unless the 

experiment is repeated with the same external reinforcement applied to all the beams. 

3 The research by Wang et al. was also published under Yoon et al. 
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3.3.10 Ballim and Reid 

Ballim and Reid (2003) tested beams having dimensions of 160 x 100 x 1500 mIll, reinforced 

with a single 16 mm diameter bottom bar and a pair of 8 mm diameter top bars. Corrosion 

was initiated through carbonation and was accomplished by placing the beams in a 002 filled 

pressure chamber (that was kept at 80 kPa) and supplying a current of 400 flA/cm2• The 

beams v.;ere simultaneously corroded and loaded to either 23% or 34% of the ultimate load 

(P J. 
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Figure 3-9: Effect of corrosion on the deflection ratio of RC beams. Series I -loaded to 0.23Pu. 
Series II - loaded to 0.34Pu (Ballim & Reid, 2003). 

Figure 3-9 summarizes the deflection ratios that v.;ere observed by Ballim and Reid (2003), 

which v.;ere calculated by dividing the average deflections of the corroded beams with those 

of the control beams. This graph indicates that the deflection increased as corrosion 

propagated, particularly at the early stages. The researchers attributed this initial increase in 

deflection to early crack formation, as the crack creation and widening progressed at a slov.;er 

rate after a certain point (Ballim and Reid, 2003). 
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3.3.11 Maaddawy et al. 

Maaddawy et ai (2005a) published a report on detennining the flexural behaviour of 

corroded RC beams, the main objective of -Mllch was to model the deflection of RC beams. 

In this study, deflection was not detennined from the curvatures of beam sections, but rather 

from the elongation of the steel reinforcement between flexural cracks. Their research led 

Maaddawy et ai to propose a model that accotUlts for reductions in both bond strength and 

steel cross-sectional area. 

This model asstUlles beams to be comprised of a series of elements with a length equal to the 

mean crack spacing, -Mllch are subjected to a constant pure bending moment and have a 

single crack (initiated when the applied moment exceeds the cracking moment) located at the 

middle. The stress and strain of the tensile steel are the highest at this crack location. Some of 

this stress and strain are transferred to the concrete via the concrete-steel bond, thus 

reducing the steel strain and elongation, -Mllch in tum decreases the beam deflection 

(Maaddawyet ai, 2005a). 

The model also assumes that the bond stress distribution is uniform over the length of each 

element and its direction is reversed at the centre of the element. The maximtUll bond stress 

is estimated by considering the contributions of both concrete and stirrups to the bond 

strength and a reduction factor is employed to account for corrosion (Maaddawy et ai, 

2005a). 

This factor is based on experimental "\\Qrk (conducted by Saifullah and Clark4), yet it may be 

suitable only for laboratory situations. This is because the reduction factor is dependent upon 

the current density applied to induce corrosion, -Mllch does not occur in the field Therefore, 

4 The publication year is not provided in Maaddawy et al. (2005). 
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while tills bond model might be acceptable for the experimental W)rk in tills case, a different 

model should be considered for the assessment of beams with un-accelerated corrosion. 

TIlls model uses bond strength to establish the mean crack spacing and steel elongation for 

RC beams. Beam deflection is then based on the calculated steel elongation and thus the 

prediction of deflection is dependant on bond strength. On the other hand, the way in vAllch 

the maximum capacity of the beam is determined does not consider bond strength. 

Specifically, it is calculated using conventional strain compatibility equations once the strain 

in the extreme fibre of concrete reaches the limiting compressive strain. 

Since the maximum capacity is determined using the limiting compressive strain, its value will 

be affected by reductions in compressive strength of the concrete in the compressive zone. 

Yet, this model fails to take into account the reduction of concrete compressive strength 

resulting from micro-cracking due to corrosion. 

In sum, the model proposed by Maaddawy et al (2005a) is suitable for determining the load­

deflection curve of a corroded beam and the reduction of load-carrying capacity (the load at 

vAllch the steel yields) can then be inferred from this curve. Ho-wever, indirectly determining 

the ultimate capacity in tills manner may byinaccurate since the reduction in bond strength is 

not directly considered It is important not to ignore bond strength, since its reduction can 

cause an anchorage failure and the forces transferred from the concrete to the tensile steel 

may not be sufficient to cause the steel to yield 
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Chapter 4 

BOND BETWEEN CONCRETE AND 
REINFORCING STEEL 

4.1 Introduction 

Conventional flexural theory of RC beams presmnes a complete transfer of tensile stresses 

from the concrete to the reinforcing steel 'This transfer is only possible by -way of the steel­

to-concrete bond, and therefore, a reduction in bond strength will result in a decrease of 

flexural capacity. 'This relationship marks the vital role bond strength plays in the 

development of the ultimate load-carrying capacity of corroded RC bearn;. 

4.2 Bond Basics 

The primary mechanism of bond is the mechanical interlocking between concrete and bar 

deformations. The strength of the bond is greatly influenced not only by the deterioration of 

the ribs on the reinforcing steeL but also by the reduced cohesion and adhesion at the surface 

of the steel due to the widening of splitting cracks caused by corrosion products. Specifically, 

bond strength at the steel-concrete interface rapidly decreases when the corrosion level 

increases. 'This is particularly the case when there is highly localized corrosion, which causes a 

major reduction of the interlocking forces between the ribs and concrete keys (Amleh and 

Mirza, 1999). 
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4.3 Selected Research 

Many researchers are working towards the development of an accurate model to predict 

bond strength -with respect to COrroSioIl Both residual and ultimate steel-concrete bond 

strengths have been the subject of many published papers, a few of which are discussed 

below. 

4.3.1 Amleh and Mirza 

Amleh and Mirza (1999) concluded that as the level of corrosion increases, the number of 

transverse cracks decrease lllltil they become negligible. In addition, these researchers fOlllld 

that a 4% weight loss of steel resulted in transverse cracks and a bond loss of 9%. 

Conversely, a weight loss of 17.5% corresponded to a 92% loss of bond with no transverse 

cracks. As the level of corrosion increased, the widths of these transverse cracks also 

increased, indicating a reduction of steel-concrete bond 

4.3.2 Al-Negheimish and Al-Zaid 

AI-Negheimish and AI-Zaid (2004) conducted research on the manner in which the 

manufacturing process of deformed bars affects bond behaviour. Their investigation 

included an assessment of the bond characteristics of hot-rolled and quenched bars, which 

showed consistent ultimate bond strength trends. That is, increasing corrosion resulted in an 

initial decrease, followed by a gradual increase and then a rapid loss of bond strength at the 

end. AI-Negheimish and AI-Zaid (2004) also observed that for a mass loss of approximately 

1.5%, all of the bars tested showed similar final bond strength reductions of approximately 

10%. While the quenched bars experienced the greatest mass loss, this did not adversely 

affect the bond behaviour. 
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4.3.3 Romagnoli et al. 

Romagnoli et ai (2002) reported that an increasing water to cement ratio resulted in a 

decrease in bond strength between the steel and concrete mortar, which was attributed to the 

increasing porosity of the cement paste. 'This is because as the porosity increases, a greater 

number of locations that lack binding material exist on the surface of the steel 

4.3.4 Fang et al. 

Fang et ai (2004) perlormed pullout tests in order to evaluate the influence of corrosion on 

bond in RC It was found that specimens with deformed bars that had stirrups responded 

minimally to corrosion That is, at 6% corrosion, the bond strength was reduced by only 

12%. The researchers explained this by stating that the confinement supplied was sufficient 

to enable the retention of bond strength. 

Conversely, they reported that bond strength was very sensmve for specimens with 

deformed bars having no stirrups, such that "'\\hen the corrosion level C L was 9%, the bond 

strength was reduced by 66%. The corrosion level was calculated using Equation 4-1, "'\\here 

Go is the initial weight of the un-corroded bar, G is the weight of the bar after the removal 

of corrosion products, go is the weight per unit length of the bar, and l is the bond length 

(Fang et ai, 2004). 

Equation 4-1 
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4.3.5 MacGregor and Bartlett 

According to MacGregor and Bartlett (2000), the average bond stress 1'avg at failure in a 

beam is calculated by Equation 4-2, ~ere Rc is measured from the centre of the bar to the 

closest sutiace, db is the diameter of the bar, and f; is the compressive strength of 

concrete. 'This equation is intended for a pristine beam and assumes no corrosion. 

Equation 4-2 l' = 0.5 Ii' .(Rc _.!.J 
avg vJc d 2 

b 

4.3.6 Cabrera 

Cabrera (1996) investigated the manner in which the rate of corrosion affects cracking and 

bond behaviour and developed a ll1.llnerical model to predict the bond stress. The test 

specimens consisted of RC slabs, RC beams, and concrete cubes with a centrally located bar. 

Corrosion \VaS accelerated by the application of various currents and \VaS followed by either 

flexural or pullout tests. This yielded experimental data with a trend line represented by 

Equation 4-3, ~ere 7: is the bond strength in MPa and C% is the percent corrosion 

Equation 4-3 r = 23.478 -1.313· C% 

The level of corrosion Cro forthis relationslllp (and later Equation 4-11 and Equation 4-12) is 

taken as the percent mass loss and is computed using Equation 4-4, ~ere mdenotes mass 

and the subscripts i and rorrepresent the initial and corroded stages respectively. 

Equation 4-4 C% = mi -mcorr .100% 
mi 
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4.3.7 Stanish et al. 

Stanish et ai (1999) conducted research on one-way slabs measuring 350 mm (width) by 150 

mm (thickness) with a span of 1300 mm. Based on the experimental program and 

subsequent mathematical analysis, the peak bond strength at various corrosion levels was 

estimated 

The bond strength was nonnalized (or divided by the square root of the 28 day compressive 

strength ..[l! of the concrete) and plotted against the percent mass loss m% for all 

specimens. After a linear regression analysis was perlonned with a 95% confidence limit, the 

mean predictor equation (Equation 4-5) and the lo~r 95% confidence level equation 

(Equation 4-6) ~re obtained, where the bond strength 1: and f: are both in:MPa (Stanish 

et ai, 1999). 

Equation 4-5 

Equation 4-6 

r 
f7i = 0.77 +0.027mw vf: 70 

r 
f7i = 0.63 + 0.041m." 

V fc' 70 

(Mean Predictor Equation) 

(Lower 95% Confidence Limit) 

The mass reduction percentage m% is detennined by Equation 4-7, where V denotes 

vohune. In tenns of residual bar diameter, Equation 4-7 simplifies to Equation 4- 8, where 

!1d is the change in bar diameter, dcorr is the diameter after corrosion, and d; is the 

diameter prior to cracking. 

Equation 4-7 m., = mcor .100% = Vcor .100% 
Yo V m; i 
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Equation 4-8 rn., = (1- d;o2r J ·100% ~ 2· b.d ·100% 
• d. d. 

I I 

By substituting Equation 4-8 into Equation 4-5 and Equation 4-6, the mean predictor 

equation becomes Equation 4-9 and the lower 95% confidence level equation becomes 

Equation 4-10 (Stanish et ai, 1999). 

Equation 4-9 ~ = 0.77 - 2.7(1- d;o;r J ~ 0.75 - 5.4 b.d 
~~ ~ ~ 

(Mean Predictor Equation) 

Equation 4-10 h, = 0.63 - 4.1(1- d;o;r J ~ 0.63 - 8.2 b.d 
~~ ~ ~ 

(Lower 95% Gmfidence Limit) 

4.3.8 Lee et al. 

Lee et ai (2002) examined bond properties between concrete and reinforcement by 

perlorming pullout tests. The concrete specimens were corroded to 0, 3, 15, 20, or 30% 

corrosion by applying a direct current of 1 ampere (A). Using finite element analysis 

Equation 4-11 was developed to calculate the maximum bond strength r max , ~ere em is the 

level of corrosion (as per Equation 4-4). 

Equation 4-11 = 5 21. -D.0561·C% 
rmax . e 

4.3.9 Chung et al. 

Chung et ai (2004) carried out experimental research in order to determine the way in ~ch 

corrosion affects bond strength and development length. Concrete slab specimens having 

one steel reinforcing bar were corroded to either 1, 2, 3, 5, 7, 10, or 15%, with and induced 
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current of 12 A at 12 volts direct current. After the analysis of flexural tests, a correction 

factor for the AO development length provisions was suggested 1bis correction factor is 

shown as Equation 4-12, which is an empirical fonnula for predicting bond strength. 

Equation 4- U T = 2.09 . C% -1.06 (C% > 2%) 

Oumg et al. (2004) concluded that the empirical equations previously proposed by Cabrera 

(in section 4.3.6), Stanish et al. (Equation 4-5), and Lee et al. (Equation 4-11), " ... do not 

properly capture the gradual bond strength reduction behaviour after 2% corrosion level" 

1bis is because these equations predict the reduction in bond strength to be a linear function 

of increasing corrosion, which was challenged by (bung et al. 
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Chapter 5 

EXPERIMENTAL PROGRAM 

5.1 Methodology of Research 

The present study involves the construction, corrosion, and mechanical testing of twelve 

reinforced concrete beam specimens. For each beam specimen, a pullout specimen was 

constructed and exposed to the exact same conditions. Corrosion was initiated and 

propagated by impressing a direct current to the tensile steel The specimens Vlere then tested 

at various levels of corrosion. The results from these tests are used to study the changes in 

flexural behaviour of corroded reinforced concrete (Rq beams with increasing corrosion. 

5.2 Test Specimens 

5.2.1 Beam Test Study 

To study the relationship betVleen corrosion and flexural strength, a total of rv;elve beam 

specimens (BS) Vlere constructed, the dimensions of "'Which are shown in Figure 5-1. These 

specimens had a cross-section of 156 x 176 mm and a clear span of 1000 mm. The concrete 

cover of the stirrups (b;) was 30 mm. All tV/elve beams had ThO No. 15 reinforcing bars at 

the bOllom and two No. 10 bars at the top with 6 mm double-leg stirrups along the shear 

span at 40 mm spacing. 
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1050 
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25-l+----------100n-----------t 

P/2 P/2 

Figure 5-1: Geometry of a typical beam specimen (BS) used in this study. 

The system for identifying the steel bars closely follows the specimen naming scheme. The 

six faces of each beam are named top, bottom, left, right, front, or back, as shown in Figure 

5-2. The bar on the right hand side of the beam with respect to front face is denoted by the 

specimen name followed by "- R", and the bar on left hand side by" - L", as shown in Figure 

5-3. 

j-TDP-j IE]. ~ 
b FR 

... 
DN

;." ~ L:\"·.-1 
~BDTTDM-I 

-1-1 ------"TDp·-------t1 n . .'''~; ~] 
~I ~----~--------~~I 
t-" ------BDTTDM-------I" 

Figure 5-2: Illustration of beam face nam!s. 

B s o 8 R 
B = Beam Specimen number R = Right 

L = Left 
Figure 5-3: Reinfon.:ing steel designation. 

j-TDP-j 

r-EJ· " I ~ BACK t 
8 ~ w 

L \~""J 
~BDTTDM-I 

Precautionary steps were taken in an attempt to limit corrosion to the reinforcing steel in the 

clear span of the beams. One such step was to protect the ends of the reinforcing bars that 
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protruded out of the ends of the beams, ~ch were exposed to the electrolyte solution \\hen 

the corrosion "WaS accelerated TIlls "WaS accomplished by epoxy coating and duct taping the 

first 60 mm of the bar tips. These tips were also covered Vvith silicone before they were 

corroded 

Another measure taken "WaS to protect against the corrosion of the shear reinforcement, as it 

"WaS important to prevent the possibility of the beams failing in shear. TIlls "WaS accomplished 

by -wrapping the bottom comers of the stirrups \\here they made contact with the tensile 

reinforcement Vvith electrical tape in order to electrically isolate each stirrup. TIlls also served 

to prevent mnvanted corrosion in the top bars. 

5.2.2 Pullout Tests Study 

In order to correlate the residual strength of the reinforced concrete beams to residual bond 

strength, 12 pullout specimens (PS) were constructed It is possible to obtain a close estimate 

of the ultimate bond stress of the tensile steel using a mathematical model fOl.ll1d in the 

literature. I-fuwever, this pullout study "WaS conducted using the same materials and exposure 

conditions as in the beam study in order to establish the relationship more accurately. 

The details of the pullout specimens are shown in Figure 5-4. Each specimen had a pre­

weighed No. 15 steel bar embedded in a concrete cylinder having a diameter of 100 mm and 

a height of 200 mm 

The tensile force applied to the reinforcing steel and the area of the embedded length of the 

bar are used to calculate the average ultimate bond stress T avg. TIlls is shown in Equation 

5-1, \\here P is the maximlUll tensile force applied, 1 is the embedded length the reinforcing 

steel and the eft, is the diameter of the steel bar. 
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Figure 5-4: Typical pullout specimen (PS). 

p 
Equation 5-1 r =--

avg ra:J I 
b 

It should be noted that this investigation focuses on the beam study rather than the pullout 

study. The objective of the pullout test is only to obtain the bond to corrosion relationship of 

the material used given the exposure conditions. 

5.2.3 Specimen Designation 

The naming of the test specimens is demonstrated in Figure 5-5. The specimens are referred 

to using four characters. The first letter indicates v.hetherthe specimen is a beam or a pullout 

we the third and fourth characters denote the specimen number ranging from 1 to 12. 
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B s 
BS = Beam Specimen 

PS = Pullout Specimen 

o 8 
Specimen number 

Figure 5-5: Specimen designation legend 

5.3 Material Properties 

5.3.1 Reinforcing Steel 

All defonned reinforcements used for the construction of the beam and pullout specimens 

were obtained locally and confonned to the C3A Standard G30.18. All of the steel bars were 

defonned with the exception of the 6 rnm stirrups, which were plain. These stirrups were 

selected for the shear reinforcement due to the small cross-section of the beam, as larger 

defonned bars vvould not meet the requirement for the minimum bend diameter. To 

detennine the mechanical properties of the 15M tensile reinforcing bars used for this study, 

tension tests were perfonned on six randomly selected bars. These tests returned an average 

experimental yield strength and ultimate strength of 550 and 691 MPa respectively. 

5.3.2 Concrete 

Throughout this experiment, C3A Type 10 or the AS1M Type I nonnal Portland cement 

was used The properties of the fine and coarse aggregates that were used are 

sununarized in Table 5-1 and Table 5-2. Due to the close spacing of the reinforcement, the 

course aggregate selected was pea gravel, having a nominal maximum size of 10 mm The 

aggregates and the cement used throughout this experiment were manufactw"ed and! or 

supplied by LaFarge Canada. 

46 



Table 5-1: Sieve analysis and other properties offine aggregate. 

SIEVE SIZE FRACfION FRACflONAL CUMULATIVE CUMULATIVE 

nun No. MASS (g) % RETAINED % RETAINED % PASSING 

10 3/8 in. 0.00 0.00 

5.00 
2.50 
1.25 

630urn 
315urn 
110urn 

Pan 

4 20.40 4.08 

8 50.45 10.09 

16 71.70 14.34 

30 96.30 19.26 

50 130.50 26.10 

100 95.05 19.01 

35.60 7.U 

FINENESS MODULUS 
ORIGINAL OVEN DRY MASS OF SAMPLE 
SUM OF FRACfIONAL MASS RETAINED 
PERCENT LOSS 
BULK RELATIVE DENSITY 
BULK RELATIVE DENSITY (SSD) 
APPARENT RELATIVE DENSITY 
ABSORPTION 

0.00 
4.08 

14.17 
28.51 
47.77 
73.87 
92.88 

100.00 

2.61 
501 g 
500g 

0.25% 
2485.90 kg/nY 
2516.11 kg/nY 
2563.31 kg/m~ 

1.21 % 

Table 5-2: Sieve analysis and other properties of coarse aggregate. 

100.00 
95.92 
85.83 
71.49 
52.23 
26.13 
7.U 

0.00 

SIEVE SIZE FRACflON FRACflONAL CUMULATIVE CUMULATIVE 
nun 

20 
14.00 
10.00 
5.00 
2.36 

No. MASS (g) % RETAINED % RETAINED % PASSING 

Pan 

3/4 in 0.00 0.00 
112 in 17.00 0.46 
3/8 in 948.00 25.89 

4 2495.00 68.13 
8 10100 2.76 

10100 2.76 

NOMINAL MAXIMUM OF AGGREGATE 
ORIGINAL OVEN DRY MASS OF SAMPLE 
SUM OF FRACTIONAL MASS RETAINED 
PERCENT GAIN 
DRY RODDED DENSITY 
BULK RELATIVE DENSITY 
BULK RELATIVE DENSITY (SSD) 
APPARENT RELATIVE DENSITY 
ABSORPTION 

47 

0.00 
0.46 

26.35 
94.48 
97.24 

100.00 

10mm 
3658 g 
3662 g 
0.10% 

1821.16 kg/ m3 

2620.40 kgl nY 
2656.50 kg/ m' 
2718.46 kg/ m3 

0.38 % 

100.00 
99.54 
73.65 
5.52 
2.76 

0.00 



5.4 Mixing, Casting and Curing 

The concrete mix used for every specimen was based on the mix design previously used by 

Yoon et al (2001). The properties of the concrete are summarized in Table 5-3. The weight 

proportion of the concrete mixture was 1 (cement): 2 (coarse aggregate): 2 (fine aggregate): 

0.5 (water), giving a water to cement ratio (wi c) of 0.5. The concrete was mixed in the 

laboratory using a 4 cubic foot portable electric mixer. The dry constituents of the concrete 

were mixed for 3 minutes, followed by the addition of water over a 2-minute period, and 

then mixed for another 3 minutes after the water was added 

Table 5-3: Concrete properties. 

UNITWEIGHf 
CEMENT 
AIR 
W/C 
SLUMP 

2277.63 kg/1'l:t3 
414.11 kg/1'l:t3 

2% 
0.5 

200 nun 

The \.\Qrkability of the concrete was very high with a slump of 200 rom and an air content of 

2.5 %. The properties of hardened concrete were studied by perfonning 28-day tests, the 

average 28-day compressive strength and splitting tensile strength were tested to be 39 and 

3.2 MPa respectively. Specifically, compressive strength tests in accordance with AS1M 09 

and indirect tensile strength tests in accordance with AS1M C496 were done on cylinders 

having a diameter and height of 100 rom and 200 mm respectively. The splitting tensile 

strength was calculated by Equation 5-2 where, it is the splitting tensile strength [MPa], P is 

the maximum applied load [N], L is the length of the specimen [rom1 and D is the diameter 

of the specimen [rom]. 
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Equation 5-2 
2P 

J; = JrLD 

For the beam specimens, the concrete -was cast horizontally in wooden moulds and 

compacted using an electric poker vibrator. The pullout specimens were cast vertically in 

plastic moulds and compacted using a vibrating table. After casting, the test specimens 

remained in their respective moulds and -were placed in a moist curing room at 23 ±2 degrees 

Celsius and 100% relative humidity. The specimens were removed from their fonTIS after 48 

hours and kept underthe same conditions for 80 days. 

5.5 Corrosion Acceleration 

After curing the specimens for 80 days, they were panially immersed in a 5% saltvlater 

solution (byweight). Subsequent to this, the specimens were subjected to accelerated galvanic 

corrosion by the impression of a direct current density of 3 mN cm2• In the case of the beam 

specimens, the applied current -was based on the surface area of the tensile reinforcing steel 

As specimens 1 and 2 -were the control specimens, they-were not exposed to any accelerated 

corroSIon. 

5.5.1 Voltage Monitoring 

Since the current used to corrode the beam and pullout specimens -was constant, the voltage 

had to be regulated to compensate for changes in the resistivity of the circuit. Corrosion of 

the specimens causes increased concrete cracking, which in tum results in a reduced 

resistance. Therefore, observing the fluctuations in voltage can be useful \\hen detennining 

initial cover cracking, analysing the deterioration process, or comparing the corrosion of 
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individual specimens. For this reason, the voltage "WaS recorded daily as part of the 

accelerated corrosion monitoring in this study. 

5.5.2 Development of Various Corrosion Levels 

Each specimen remained in the corrosion tank until the desired level of corrosion "WaS 

reached. For this study, the degrees of corrosion 'Were categorized in tenus of longitudinal 

corrosion crack widths and 'Were identified as stages I, II, III and IV. A description of each 

stage is provided below. 

Stage I - this level is reserved for the designated control specimens (01 and 02), vAllch 'Were 

not exposed to any accelerated corrosion. These specimens 'Were considered to be in pristine 

condition. 

Stage II - this level represents the early stages of a chloride attack At this point, chloride 

penetration and the depassivation of the reinforcing steel are complete. The formation of 

corrosion cracks typified the achievement of this level. The crack width chosen to identify 

the upper limit of this classification "WaS 0.2 mm. 

Sage III - the propagation of corrosion is 'Well under way at this point with rust products 

starting to appear at the surlace and the development of visible corrosion cracks. This 

intermediate group "WaS defined by corrosion cracks greater than 0.2 mm, but less than or 

equal to 0.5 mm 

Sage IV - this degree is characterized by wider and longer corrosion cracks with heavy rust 

staining synonymous with significant section loss of the reinforcing steel The crack width 

chosen to identify the 10'Wer limit of this classification "WaS 0.5 mm. 
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It should be noted that other methods to define targeted levels of corrosion have been 

successfully used in previous studies. A common method employed is based on Faraday's 

Law, 'Which prescnbes the relationship between the mass of iron consumed (Ms) and the 

am01111t of current (lwri), 'Which is passed through the corrosion cell. Faraday's Law is shown 

in Equation 5-3 where, A is the atomic weight of the ion being dissolved [g/mol1 F is 

Faraday's constant and equals 96500 Clmo~ and n is the valence of the reaction and is 

usually taken as 2. In the case of iron (Fe), the atomic weight is 55.85 g/mol (Higgins et ai, 

2003). 

Equation 5-3 
dMs = lcorr . A 
dt n·F 

5.5.3 Experimental Setup for Accelerated Corrosion 

5.5.3.1 Beam Specimens 

Each beam specimen was corroded simultaneously-with its corresponding pullout specimen 

using an accelerated galvanic method Ken'M)od PAC30-3R regulated DC (direct current) 

power supplies -with a maximum output of 3 amperes (A) at 30 volts (V) were used A 

separate power supply was used for each length of tensile reinforcement to accuratelycomrol 

and monitor the current passing through each bar. The two power supplies were integrated 

by a steel mesh at the bottom of the tank, 'Which served as the common ground The positive 

terminals on each power supply were connected to either the right (R) or the left (L) 

reinforcing steel. 

The components of the system included a plastic tank, electrolyte solution, a steel mesh at 

the bottom of the tank (cathode), and the reinforcing steel (anode). The electrolyte solution 
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was comprised of 5% de-icing salt (sodiwn chloride) by the weight of "Water and was changed 

every 48 hours to maintain a constant pH and NaG concentration 

It is imponant to note that although precautions were taken to prevent corrosion in the 

stirrups, it was later f01Uld that the corrosion setup initially employed produced this very 

effect. Consequently, a second setup was opted for that split the specimens into categories of 

series I and series II. Series I is comprised of beam specimens BS03, BS04, BS05, and BS06, 

and series II of BS07, BS08, BS09, BS 10, BS 11, and BS 12. 

For series I, the beams were placed in the tank with the top face-up and the electrolyte 

solution just above the height of the bottom bars so that the beams were almost fully 

submerged For series II, the beams were about half submerged to just above the height of 

the tensile reinforcement with the bottom face down. Figures 5-6 and 5-7 each show a 

representative cross-section illustrating one side of the electrical system used for series I and 

II beam specimens respectively. 

PO"'ER SUPPLY 

~ 
~ 

~ 
~ 

4 4 
~ ~ 

IXI 5% No.Gl SOLUTION IXI 

Figure 5-6: Representative cross-section showing cumnt-induced cOlrosion setup for BS03, BS04, 
BS05, and BS06 (series I). 
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Figure 5-7: Representative cross-section showing c1.J1'rent-induced cOllUsion setup for BS07, BS08, 

BS09, BSIO, BSll, and BS12 (series II). 

5.5.3.2 PuJJout Specimens 

The electrical system used for the pullout specimens required the use of one po--wer supply 

for two specimens. The positive terminal of the po--wer supply was connected in parallel to 

each protruding rebar to act as an anode, while the negative terminal was connected to the 

steel mesh resting on the bottom of the tank, .-clllch served as a cathode. The electrolyte 

solution (5% NaG) covered two thirds of the concrete ponion of the pullout specimens, as 

illustrated in Figure 5-8. 
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Figure 5-8: Representative cross-section showing c1.J1'rent-induced COllUsion setup 
for pullout specimens. 
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5.6 Methods of Testing 

Following the accelerated corrosion stage, visual observations were perfonned to gain an 

overview of the degree of damage to each specimen Crack maps were drawn for each beam 

specimen indicating the length and location of each corrosion crack in order to categorize the 

level of deterioration. 

Non-destructive tests were perfonned to investigate the internal state of deterioration of each 

specimen. These tests include the ultrasonic pulse velocity and half-cell potential (i.e. 

corrosion potential) tests. 

Thereafter, the beams were loaded in four-point bending until failure and the mid-span 

deflections were measured The flexural and failure cracks were mapped in order to study the 

changes in the failure mode and flexural crack development. 

Finally, the specimens were broken open to retrieve the reinforcing steel and the mass loss 

was determined 

5.6.1 Visual Survey 

The first stage in any condition assessrnentis generally a visual survey, \\hich is a valuable 

method of determining the nature of the deterioration. This type of survey can aid in 

identifying areas that require funher testing and! or a more detailed analysis. In this 

laboratory experiment, the deterioration is deliberately caused and is clearly the corrosion of 

the reinforcing steel As a result, this stage serves not to investigate the cause of the 

deterioration, but to monitor and document its extent. 
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A visual survey for all specimens was conducted before, during, and after the corrosion stage 

and any defects or cracks -were noted before the specimens entered the corrosion tank. 

During corrosion, a visual inspection was perlonned every 48 hours lUltil the desired level of 

corrosion was obtained 

5.6.1.1 Convsion Cr.lck Survey 

Following this stage, the specimens -were visually inspected and a detailed crack survey was 

perlonned on the beam specimens. 

The crack survey entailed the recording and plotting of all corrosion cracks. TIlls task was 

perlonned by tracing a scaled digital image using AutoCAD. 

5.6.2 Non-Destructive Testing 

Ultrasonic pulse velocity and half-cell potential tests -were perlonned prior to mechanical 

testing. 

5.6.2.1 Ultr:lsonic Pulse Velocity Method 

The ultrasonic pulse velocity method is described in AS1M C 597-02 and indicates the state 

of deterioration by detecting changes in concrete, such as internal cracking and other defects. 

The pulse velocity method rests on the premise that the velocity of a pulse of compressional 

waves passing through a medium is dependant upon the elastic properties and density of the 

medium, as shown in Equation 5-4 below. 

v = compression wave velocity (km/ s) 
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K = (I-v) 
(l+v).(1-2v) 

ED = dynamic modulus of elasticity (kNl mm~ 

p = density (kg! m3), and 

v = dynamic Poisson's ratio 

Equation 5-4 

The basic circuitry of a typical pulse velocity testing unit is shown in Figure 5-9. A 

compressional wave is sent through the concrete by the transmitting transducer and is 

received at a distance d x by the receiving transducer. The testing equipment displays the time 

(f...t) it takes the wave to pass through the concrete. The velocity (V) of the compressional 

wave is shown in Equation 5-5 (Malhotra and Carino, 2004). 

Equation 5-5 

There are three possible arrangements in which the transducers may be placed (see Figure 

5-10). These configurations are (A) direct, (B) semi direct, and (0 indirect. The direct 

transmission positioning was the arrangement used in this experiment. This is the most 

desirable configuration in that it transmits the rnaximtUll amount of energy to the receiving 

transducer (Malhotra and Carino, 2004). 
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Figure 5-9: Schematic of a typical pulse velocity test cin:uit (Malhotra and Carino, 2004). 

As the velocity of the compressional waves is affected by the matter through \\hich it passes, 

it is important when conducting this test that the waves only be affected by the subject 

concrete. Effects that alter the pulse velocity relating to concrete characteristics include 

aggregate size, grading, type, and content; cement type; water-cement ratio; admixtures; and 

the age of the concrete. However, there also exist other factors that are unrelated to concrete 

characteristics, such as the quality of the transducer contact; temperature, moisture and 

curing conditions of the concrete; path length; size and shape of the specimen; level of stress 

in the specimen; and the presence of reinforcing steel (Malhotra and Carino, 2004). 
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Figure 5-10: Pulse velocity test configurations: (A) direct, (B) semi direct, and (C) indirect 
(Malhotrn and Carino, 2004). 

Ultrasonic pulse velocity readings were taken on all of the beam specimens. After the beams 

were removed from the corrosion tanks, they were allowed a minimum of one week to air-

dry before this test was performed. Due to the high concentration of reinforcing steel, only 

tw) pulse velocity readings were taken in the centre of each beam: one horiwntallyand one 

vertically (see Figure 5-11). 1bis test was not performed on the pullout specimens due to 

their cylindrical shape and the location of the reinforcing steel 
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Figure 5-11: Schematic of pulse velocity test locations on beam specimens. 

5.6.2.2 Half-ceO Potential Test 

AS1M C876-91 describes the standard test method for measuring half-cell potentials of 

uncoated reinforcing steel in concrete. The half-cell potential test assesses the possible extent 

of the corrosion activity of the reinforcing steel embedded in the concrete. 

Figure 5-12 illustrates the Daniell cell, "Which can be used to understand the chemistry behind 

the half-cell potential test. This cell is composed of two half-cells: zinc in zinc sulphate and 

copper in copper sulphate. In each half-cell, the metal is dissolved and ions are precipitated, 

with the copper being more resistant to this reaction than the zinc. When the two cells are 

connected by a porous panition5 and the metals are connected by a wire, the copper from the 

copper sulphate solution is deposited on the copper electrode and the zinc dissolves 

(Broomfield, 1997). 

5 A semi-permeable membrane that allows charges to be exchanged but does not pamit ions to pass. 
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Figure 5-U: The Daniel cell (Brooniie1d, 1997). 

The vokage of a cell is detennined by the metals used and by the properties and composition 

of the solutions. The concentration of the solution is also a factor in detennining the 

potential of half-cells. Generally, a more concentrated solution is more corrosive than a 

diluted solution. Therefore, a cell comprised of a single metal in a solution of different 

concentrations will produce current potential. Table 5-41ists the standard6 half-cell potentials 

that are commonly used to evaluate corrosion problems. For instance, the cell vokage of the 

Daniell cell is equal to +0.34 minus -0.76 or +1.10 V (Broomfield, 1997). 

Table 5-4: Hill-cell potentials (Broomfield, 1997). 

Zn ~ Zn 2+ + 2e­
Fe ~ Fe 2+ + 2e­
Cu ~ Cu 2+ + 2e-

-0.76 V 
-0.44 V 
+0.34 V 

6 The voltage of any cell referenced to a standard hydrogen electrode. 
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The risk of corrosion can be measured by introducing an external half-cell on the surface of 

the concrete, as shown in Figure 5-13. If the half-cell is moved along the stee~ the measured 

potential will fluctuate, since the potential is dependant on the iron in its pore water 

environment. In anodic areas, iron can easily go into solution, much like the zinc in the 

Daniell cell. In cathodic areas, the steel resists dissolution. 1bis results in higher voltages in 

anodic areas and lower voltages in cathodic areas (Broomfield, 1997). 

Figure 5-13: Half-cell measurement of cOllOsion potential (Malhotrn and Carino, 2004). 

Figure 5-14 shows the grid la)Uut used for each half-cell potential survey on the beam 

specimens. Columns 1 through 11 are spaced at 100 mm between the clear span and rows A, 

B, C, and D are directly over the steel bar. Rows B and C are on the bottom face of the beam 

while rows A and D are on the left and right faces. The interpretation of the potential 
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readings for this study follows the convenuon standardized m AS1M 876, v.hich IS 

summarized in Table 5-5. 

It is imponant to note that half-cell potentials are entirely a hmction of corrosion. Factors 

that may affect half-cell potentials include concrete cover depth and resistivity, the availability 

of oxygen, water content (saturation), and carbonation. 
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Figure 5-14: Grid layout for the baH-cell potential test. 

Table 5-5: Intetpretation of half-cell potential readings using a copper/ copper sulphate half-cell. 

wrrosion Potential 
>-200mV 

-200 to -350 mV 
-350 to -500 mV 

<-500mV 
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5.6.3 Mechanical Testing 

After each beam specimen had reached the targeted level of corrosion, it was removed from 

the corrosion cell along with its countetpart pullout specimen and was mechanically tested 

5.6.3.1 Beam Test 

Ultimate load tests were performed in the laboratory to detennine the load-carrying capacity 

of the beam specimens. The load arrangement used was four-point loading, as shown in 

Figure 5-15. This arrangement allo"WS for a central region having virtually constant moment 

without any shear force. 

P/2 P/2 

~------~42~------~--~O~ 

'l~ .. . . . o· 

.... 4... • ".d., • . . 
o o • 

. ..... 

~++------------------~oov~------------------~ 

P/2 

Figure 5-15: Illustration showing placement of loads for beam test (dimensions are in mm). 

An increment of 5 kN applied load was used until failure, at an approximate rate of 1 kN per 

second At each 5 kN increment, the paths of each crack were traced using a permanent 

marker to enhance their visibility and then photographically recorded Crack widths were 

measured using a hand-held, illuminated optical microscope and an unmagnified comparator 

scale viewed under a high-powered magnifying glass. The load and deflection was constantly 

recorded using a data acquisition program that was connected to the load cell and a linear 

variable differential transformer located at mid-depth and mid-span. 
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5.6.3.2 PuUout Test 

The pullout specimens -were tested in order to detennine the maximum bond stress at each 

level of corrosion. Each pullout specimen was illOlUlted in a specifically designed test frame 

and subjected to a standard pullout test, v.here the embedded reinforcing steel is tensioned 

until it is completely pulled out. For each test, the applied load was recorded using a data 

acquisition program. 

5.6.4 Post Test Evaluations 

After the completion of the beam tests, a second crack survey was completed and the actual 

steel mass loss due to corrosion was detennined for both the beam and pullout specimens. 

5.6.4.1 Flexural Crack Survey 

This second crack survey plotted the flexural and failure cracks that occurred during the 

beam tests. This surveywas perfonned bytracirig a scaled digital image using AutoCAD. 

5.6.4.2 Mass Loss Detennination 

Following the structural and subsequent destructive tests, the tensile reinforcement was 

removed from each beam and pullout specimen and the corrosion products -were cleaned 

using a wire brush. The corroded reinforcing bars -were characterized by percent mass loss 

(ML) , v.hich was calculated by Equation 5-6 v.here m denotes mass and the subscript i 

represents the initial or reference mass and (JJ'f represents the residual mass. The reference 

mass of reinforcement was measured using non-corroded (pristine) reinforcement. 

Equation 5-6 ML = mi - meorr x 100 
mi 
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Chapter 6 

RESULTS OF THE EXPERIMENTAL PR(x;RAM 

6.1 Introduction 

The purpose of this chapter is to report the results gathered from the accelerated corrosion 

process, non-destructive testing, destructive testing, and post-test examinations. 

6.2 Corrosion Cell Configuration 

An illlexpected complication that arose during this experiment -was illlwanted corrosion in 

the shear reinforcement due to the initial electrochemical cell configuration. This -was 

discovered during the ongoing visual surveys of the beam specimens that \\ere conducted 

during the accelerated corrosion phase. As a result, the corrosion cell setup used for the 

beam specimens -was redesigned shortly after the corrosion phase started 

Figures 5-6 and 5-7 show t\\O different corrosion configurations; the fonner configuration 

had the beam almost fully submerged and inverted in the tank, while the latter had the beam 

in an upright position partially submerged to just above the height of the tensile steel 

The initial setup (series I) -was opted for in order to facilitate the daily visual surveys, the 

rationale being that the tensile portion of the beam would be more easily accessed by only 

having to slightly elevate it out of the salt solution HO\\ever, the corrosion of the stirrups 

necessitated the employment of series II, thus preventing the stirrups from becoming 
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submerged in the salt solution 1his required that the beams be completely removed from 

the tank and inverted 180 degrees to be monitored 

After the first t\m beams (BS03 and BS04) were corroded, the impending problem with the 

configuration of series I was not yet evident as the corrosion level was too low. When the 

second pair of beams (BS05 and BS06) nearly completed the corrosion phase, the occurrence 

of cracking and the accumulation of corrosion products in places other than in the area of 

the tensile reinforcement were observed 

Figure 6-1: Photograph showing portion of BS06 (left face) after conus ion phase. 

Figure 6-1 is a photograph of the left side of BS06 immediately after it was removed 

folhwing 126 hours in the accelerated corrosion tank. The top of the photo is where the left 

face meets the bottom face, while the bottom clearly sho"WS corrosion products in the 

compression zone of the beam, indicating the corrosion of either the top bars or the stirrups. 
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This phenomenon occurred despite the measures taken to electrically isolate the bottom bars 

from the rest of the reinforcement cage. Based on the evidence observed and considering 

that electrons will take the path of least resistance, it can be hypothesized that while in the 

corrosion tank, current moved from the tensile reinforcement to the stirrups through the 

ionic medium When the electrons departed from the stirrups to move toward the cathode, 

they effectively became anodic and corrosion occurred This phenomenon is know as stray 

current corrosion and is most commonly associated with electric powered streetcars 

(Broomfield, 1997). 

In an attempt to correct this problem, the corrosion cell arrangement was changed to the 

setup depicted in Figure 5-7. The six remaining beams (BS07 to BS12) were corroded in this 

fashion, "With the beams placed in the tank "With the top face-up and the electrolyte solution 

just above the height of the bottom bars. 

The visible damage to the exterior of these beams prior to the corrosion program suggested 

that the corrosion activity was more concentrated to the tensile region \\hen compared to the 

previous setup. Due to this change in the corrosion cell setup almost midway through the 

corrosion program, the corrosion stages were restarted and therefore, the maximum level of 

corrosion induced was far below \\hat had been anticipated 

6.3 Accelerated Corrosion Monitoring 

Corrosion was accelerated by impressing a current density of 3 mAl cm2, "With respect to the 

tensile reinforcement. This method of corrosion was employed to reach advanced stages of 

deterioration in a relatively shon time. The details of this corrosion program for the beam 

specimens are summarized in Table 6-1. 
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Table 6-1: Swnmaty of the accelerated conosion program for beam specimens. 

Setup Rate of Exposure 
Degree of Specimen Time Configuration Corrosion (Hrs) Corrosion 

BS03 Series I 47 Stage II 
BS04 Series I 47 Stage II 
BSOS Series I 100 Stage III 
BS06 Series I U6 Stage IV 
BS07 Series II 

3mA1cm2 
4S Stage II 

BS08 Series II 4S Stage II 
BS09 Series II 103 Stage III 
BSI0 Series II 103 Stage III 
BSll Series II 170 Stage IV 
BSU Series II 170 Stage IV 

6.3.1 Voltage Readings 

As mentioned earlier, the fluctuations in the voltage of the corrosion cell can be useful when 

comparing the corrosion of individual specimens. After 80 days of curing, each specimen 

(except for the control) "WaS subjected to accelerated galvanic corrosion. The current and 

voltage that "WaS supplied "WaS recorded on a daily basis. These readings for all of the beams 

corroded are supplied in Appendix A 

Since the current "WaS constant, the voltage "WaS continuously regulated to compensate for the 

changing resistance. The average voltages for series I and series II corrosion cells are sho\VIl 

in Figure 6-2 (refer to Figure 5-3 for the naming of the rebar). As mentioned earlier, each 

rebar "WaS assigned its O\VIl power supply incOlporated by common ground for each beam 

The average voltages during the accelerated corrosion phase for series I and II beam 

specimens were approximately 17V and 27V respectively. 

! 
t 
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Figure 6-2: Average voltage readings for series I and II beam specinrns. 

TIlls disparity in the voltage readings between series I and II specimens is due to the 

increased electrical resistance of the series II circuit. Since only the tensile steel and the lovver 

ponion of the stirrups vvere submerged in the electrolyte solution, the area in -which the 

electron exchange process took place was reduced, making the movement of the electrons 

through the circuit more difficult. 

Figure 6-3 and Figure 6-4 plot the voltage readings taken during the accelerated corrosion 

phase for both series I and II. The general trend in Figure 6-3 (series I beams) show; that the 

voltage had undergone an initial increase -within the first 24 hours, which was follovved by a 

gradual decrease. Given that voltage is directly proponional to resistance -when current is 
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constant (ie. a decrease in resistance \\Quld require a reduction in voltage), it can be 

concluded that there was mounting electrical resistance initially, followed by a progressive 

reduction. 
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Figure 6-3: Voltage readings for series I beam specimens .. 

120 144 

Figure 6-4 on the other hand, tells an incomplete story. Although this plot also sho\\8 a 

decreasing trend, the initial increase is absent. The reason for this difference in behaviour is 

that the power supplies used was limited to providing a maximum output of 31 volts, which 

is evident by the numerous readings at this threshold nus capping of the voltage not only 

eliminated the initial increasing trend that is clearly observed in Figure 6-3, but it also disabled 

some of the beams in series II from receiving the full 3 mN cm2 -within the first 96 hours. 
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Figure 6-4: Voltage readings forseries II beam specimens. 

The six readings in Figure 6-4 that hover below the sample population are of BS10 and these 

uncharacteristically low voltages are due to faulty insulation of the electrical connection 

within the electrolyte solution This resulted in a 'shott' of the electrical circuit and lowered 

the voltage required to maintain a constant current flow. 

Figure 6-5 is a prime example of the diminishing of the current caused by the limitations of 

the pov.er supply. This graph sho\VS both the voltage and current readings with respect to 

time for rebar BSll-L; the letters 'V' and 'N follov.mg the rebar name denote voltage and 

current respectively. 
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Figure 6-5: Voltage and ClJl'rent readings for BSll-L. 

Both the increase in the voltage observed for series I and the reduction in the current 

observed for series II are due to the fluctuation of resistance in the system It is clear from 

these observations that there is an initial increase of resistance within the system, v.hich is 

followed by a decreasing trend 'This phenomenon can be aunbuted to the initial build up of 

corrosion products that occupy the pores of the concrete, thus blocking the movement of 

ions and increasing the electrical resistance. E ventuaily, the tensile stresses developed within 

the concrete caused by the expanding corrosion products crack the concrete, making a 

corridor for the transport of ions and escaping corrosion products, -which results in the 

subsiding of resistance. 
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The voltage readings from the pullout specimens show this trend more clearly, as seen in 

Figure 6-6. The reason for this clarity is that this type of specimen has only one rebar 

embedded within it and thus there are no resistance fluctuations due to stray current. 
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Figure 6-6: Voltage readings for pullout specimens. 

6.3.2 Crack Development 

120 144 

Observations from the accelerated corrosion program revealed that for series II, the 

evolution of corrosion crack width followed a linear progression with respect to time, as 

shown in Figure 6-7. The crack width growth rate for these beams was measured at 5.4 

fUn/hr. 
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Figure 6-7: Evolution of cotrosioncrack width for series II beam specimens. 

On the other hand, the crack -width measurements observed for series I specimens were quite 

scanered, showing large residual errors \\hen linearly regressed This is due to the variability 

of corrosion location and propagation inherent -with stray current corrosion. Nevertheless, a 

corrosion-crack expansion rate of approximately 2.4 ,urn/hr was estimated 

Since the current density applied to all of the beams was constant, the difference in the above 

rates can be explained in tenns of the area of steel corroded The entire reinforcing cage for 

series I was submerged in the electrolyte solution, and thus the area of the steel corroded was 

greater, vWich in turn reduced the rate of corrosion. 
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6.3.3 Corrosion Crack Survey 

Following the removal of the beams from the corrosion tank, corrosion crack maps were 

drawn. These maps are presented in Appendix B \\here they show the location and width in 

mm for all visible surface corrosion cracks. For each figure, corrosion cracks are identified by 

a dotted line, and the beam faces illustrated (starting from the top) are right face, bottom 

face, and left face. An example corrosion crack survey is shown in Figure 6-8. 
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Figure 6-8: Example corrosion crack survey. 

According to the convention outlined in Figure 5-2, the edge on the left hand side of the 

representations is the Jront face; this is \\here the electrical connection was provided It 

should also be noted that BS01, BS02, and BS04 are intentionally excluded from the figures 

in Appendix B, as BSOl and BS02 were not corroded and BS04 was in the pre-cracking stage 

after the completion of the accelerated corrosion. 
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6.4 Non-Destructive Testing 

Following the accelerated corrosion stage, the beam specimens were allowed to dry for one 

"Week before they "Were non-destructively tested The results of the half-cell potential and 

pulse velocity tests are presented below. 

6.4.1 Half-Cell Potential Readings 

Half-cell potential readings were taken every 100 mm along the tensile reinforcement on the 

bottom and the t\ID side faces of each beam specimen (as shown in Figure 5-14), giving a 

total of 44 readings per beam These readings for all t-welve beams are provided in Appendix 

C with an example shown in Figure 6-9. The half-cell potential readings are divided into 

seven categories, as shown in Table 6-2. These categories range from" A" to "G", 'Where" A" 

and "G" represent the highest and the lo"WeSt risk of corrosion respectively. This system of 

designation allowed for more contrast and clarity 'When analyzing the potential readings. 

RIGHT 

BOTTOM 

LEFT 

Figure 6-9: Example half-cell potential swvey. 

Table 6-2: Oassification of half-cell potentials . 

A 
B 
C 
D 
E 
F 
G 

-0.07 mV 
0.00 mV 
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Figure 6-10 graphs the average half-cell potential reading for each beam and Table 6-3 lists 

these values along with the corrosion condition, according to ASTIvl876 (provided in Table 

5-5). The half-cell potentials \\ere as expected, yielding increasing negative values with more 

severely corroded elements. 

B801 B802 B803 B804 B805 B806 B807 8808 8809 B810 8811 8812 

Specimen 

Figure 6-10: Average half-cell potential readings for beam specimens. 

Table 6-3: Sununary of half-cell potential readings. 

Specimen 
Avg. HCP Reading 

Category Corrosion Condition 
Total Mass 

(mVl Loss (%1 
8801 -0.083 F Low: 10% Risk of Corrosion 0.00% 
8802 -0.120 F Low: 10% Risk of Corrosion 0.00% 
8803 -0.306 C Intermediate Corrosion Risk 0.00% 
8804 -0.227 0 Intermediate Corrosion Risk 0.25% 
8805 -0.438 A High: 90% Risk of Corrosion 1.13% 
8806 -0.409 8 High: 90% Risk of Corrosion 3.03% 
8807 -0.422 A High: 90% Risk of Corrosion 2.45% 
8808 -0.422 A High: 90% Risk of Corrosion 0.89% 
8809 -0.540 A 8evere Corrosion 7.14% 
8810 -0.532 A 8evere Corrosion 5.15% 
8811 -0.626 A 8evere Corrosion 11.56% 
8812 -0.606 A 8evere Corrosion 10.25% 

A vg. = Average 
HCP. = Half-Cell Potential 
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Interestingly, the half-cell potentials for those beams of series I and II that were exposed to 

the same current for approximately the same amount of time are noticeably different. 

Specifically, series I beams BS03 and BS04 were exposed to 46.75 hours of corrosion, we 

series II beams BS07 and BS08 were exposed to 44.75 hours of corrosion, and yet the latter 

showed a higher corrosion potential. Figure 6-11 and Figure 6-12 are frequency diagrams of 

the half-cell potential readings for these beams. Since all of the beams were identical and the 

impressed current was the same, it can be deduced that the different corrosion potentials are 

a direct result of the configuration of the corrosion setup. Figure 6-11 and Figure 6-12 

illustrate that the potential for corrosion was much lower for series I, implying that the rate 

of corrosion was lower and supporting the notion of stray current occurrence. 

-0.42 -0.35 -0.28 -0.21 -0.14 -0.07 0 

Half-Cell Potential (mV) 

I D 8803 III 88041 

Figure 6-11: Frequency diagram of the half-cell potential readings for BS03 and BS04. 
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-0.42 -0.35 -0.28 -0.21 -0.14 -0.07 0 

Half-Cell Potential (mV) 
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Figure 6-12: Frequency diagram of the baJf-cell potential readings of BS07 and BS08. 

6.4.2 Ultrasonic Pulse Velocity Readings 

Table 6-4 provides the ultrasonic pulse velocity readings for each beam specimen, where the 

x-axis is the horizontal "Width and the y-axis is the vertical height (see Figure 5-11 for 

schematic of test locations). This method, which is described in AS1M C 597-02, provides an 

indication of the state of concrete deterioration by detecting changes in the concrete matrix 

such as internal cracking. The average pulse velocities for each beam with respect to 

corrosion time are swnrnarized in Figure 6-13. 

These results sho'Wed a difference bet'Ween the pulse velocities of series I and series II 

specimens. There was a reduction in the average pulse velocities for the series I beams, 

particularly in the case of specimens BS05 and BS06, which 'Were the most corroded This is 

due to the increased concrete cracking from the corrosion that was induced in both the 

stirrups and tensile reinforcement. 
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Table 6-4: Ultrasonic pulse velocity readings. 

Time (lJsec) Distance (mm) Velocity (kmlsec) Average Velocity Total Mass 
Specimen 

x-axis y-axis x-axis y-axis x-axis y-axis (km/sec) Loss (%) 

8S01 33.9 37.9 156 176 4.602 4.644 4.623 0.00% 
8S02 33.1 37.7 156 176 4.713 4.668 4.691 0.00% 
8S03 33.9 37.9 156 176 4.602 4.644 4.623 0.00% 

8S04 34.1 38.1 156 176 4.575 4.619 4.597 0.25% 
8S05 38.2 41.3 156 176 4.084 4.262 4.173 1.13% 

8S06 38.0 42.5 156 176 4.105 4.141 4.123 3.03% 
8S07 36.6 39.4 156 176 4.262 4.467 4.365 2.45% 

8S08 37.2 40.2 156 176 4.194 4.378 4.286 0.89% 
8S09 36.5 38.1 156 176 4.274 4.619 4.447 7.14% 
8S10 36.5 39.6 156 176 4.274 4.444 4.359 5.15% 
8S11 38.2 39.3 156 176 4.084 4.478 4.281 11.56% 
8S12 36.2 39.0 156 176 4.309 4.513 4.411 10.25% 
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Figure 6-13: Average ultrasonic pulse velocities. 

In contrast, while the pulse velocity readings of the series II beam specimens (BS07 to BS 12) 

were all reduced when compared to the control beams, there was no decreasing trend with 

increasing corrosion time as with series I. TIlls can be explained by the fact that the series II 

beams had considerably more chlorides deposited above the water line, where the pulse 

velocities were measured Since salt is hydroscopic, it can be speculated that the local 
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moisture content was slightly higher, causing an increase in the pulse velocity and a longer 

corrosion time resulted in the accumulation of more salt. 

6.5 Beam Tests 

After the non-destructive testing was completed, the beams were loaded in four-point 

bending illltil failure (see Figure 5-15 for set-up details) and the corresponding load and mid­

span deflections were measured 

It is very important to note that the frame used to test the beam specimens proved defective 

midway through the experiment, requiring that the test be relocated to a second frame for 

the remaining beams. The problem resulted from the buckling of the I-beam above the 

hydraulic piston used to apply the load, which skewed the direction of the load This 

misalignment of the load was discovered after the control specimen BS02 failed in shear (as 

shown by the flexural crack survey in Appendix F), which prompted an investigation into the 

behaviour. It was fOillld that the applied load was slightly rotated towards the front face and 

the misalignment got progressively worse with increasing load 

Due to this discovery, the results of the beams tested illlder these conditions were deemed as 

compromised and illlreliable. Consequently, the beam test results of BS02 and all of the 

series I beams (BS03 to BS06) have been excluded from the report and will not be discussed 

in the analysis section. 

6.5.1 Load-Carrying Capacity 

Table 6-5 summarizes the results of the beam tests that are discussed in this report. This 

table lists the ultimate load (P) that each beam was able to support, along with the 
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corresponding relative capacity, initial cracking load, and deflection capacity (or mid-span 

deflection). In this study, a decrease in deflection capacity is regarded as an indication of 

reduced ductility. 

Table 6-5: Summary of beam tests. 

Ultimate Load, Relative Capacity Initial Crack, Deflection Capacity Total Mass 
Specimen p (kN) (%) P (kN)* (mm) Loss (%) 

8S01 140.25 100.00% 35 4.39 0.00% 
8S07 117.40 83.70% 30 3.72 2.45% 
8S08 115.86 82.61% 30 3.50 0.89% 
8S09 100.81 71.88% 30 3.17 7.14% 
8S10 101.27 72.21% 30 3.15 5.15% 
8S11 96.47 68.78% 40 3.07 11.56% 
8S12 96.08 68.51% 40 3.08 10.25% 

* = Approximate Value 

As expected, the beam tests show a reduction in both the load-carrying capacity and the 

deflection capacity with this increase in corrosion level. TIlls is due to the known effects of 

reductions in steel-concrete bond, reinforcing steel cross-sectional area, and concrete 

contribution. 

6.5.2 Load-Deflection Behaviour 

Load-deflection curves (IDG) reveal much information concerning the behaviour of RC 

beams and they are notably altered with the progression of corrosion. As predicted, results 

show that a higher corrosion level results in decreased stiffness, increased deflection and 

reduced ultimate load The ultimate deflections, however, were reduced with increasing 

corrosion. These phenomena are a result of the combination of the deteriorated bond 

between the steel and the concrete, the reduction in the cross-sectional area of the 

reinforcing steel, and the cracking and delamination of the concrete. 
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The load-deflection curves for BS01 and BS07 to BS12 are depicted in Figure 6-14. These 

load-deflection plots are generalized, showing the linear trend until the yielding of the tensile 

steel in the case for BS01 or failure for all of the corroded bearns. 

The slope of the IDC before failure or the yielding of the reinforcing steel can indicate the 

stiffness of RC bearns, -while the area under the IDC can indicate the toughness or absorbed 

energy. The calculated slopes and areas of the above IDa are summarized in Table 6-6. 

The slope of a line is given by m, when the equation of a line is in the slope-intercept form 

(y = mx + b). The slope of the IDa was detennined by m of the equation of the straight­

line portion of each IDe, in the section of the curve before the yielding of the reinforcing 

steel or the collapse of the beam, whichever came first. The area under the IDC was 

obtained by finding the definite integral of the best fitting trend line(s) of the IDG Appendix 

D shows the trend lines of the IDa for beam specimens BS01 and BS07 to BS12. These 

plots also give the equations of the trend lines and the deflection values used to calculate the 

area under the curve. 

The slope of the IDe, the area under the IDC and the deflection capacity all decrease with 

increased corrosion intensity, implying a reduction in the stiffness, toughness and ductility. 

These reductions suggest a rise in brittleness, which is precisely what was observed during 

the beam tests perlonned for this study. 
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Figure 6-14: Load-deflection behaviour for series II beam specimens. 
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Table 6-6: Slopes and areas of the load-deflection cwves. 

Relative Slope of AULDC Relative AU LDC Total Mass 
Specimen Slope of LDC 

LDC (%) (kN·mm) (%) Loss (%) 

8S01 47.07 100.00% 402.74 100.00% 0.00% 
8S07 33.26 70.66% 229.06 56.88% 2.45% 
8S08 33.62 71.42% 205.69 51.07% 0.89% 
8S09 31.83 67.62% 159.99 39.73% 7.14% 
8S10 31.82 67.60% 158.00 39.23% 5.15% 
8S11 31.36 66.63% 148.21 36.80% 11.56% 
8S12 31.35 66.60% 149.01 37.00% 10.25% 

AU :: Area Under 
LDC:: Load-Deflection Curve 

.As corrosion increased, the failure mode of the beams shifted from predictable ductile 

flexure failures at mid-span, to more brittle bond-shear failures near the suppon. Severely 

corroded beams displayed extremely briule failures at the suppon, with no forewarning and 

only one primary fracture line. 

Photographs of the failure zone of each beam specimen were taken immediately after the 

beam tests and are shown in Appendix E. Figure E-1 depicts the failure zone for the control 

beam BS01, v.hich experienced a balanced flexural failure with yielding of the reinforcement 

and crushing of the concrete. Figure E-2 illustrates the failure zone for the control beam 

BS02, v.hich experienced an unexpected shear failure due to a faulty test frame that 

transferred a disproportionate load to one side of the beam. 

The pictures in Figure E-3 to Figure E-6 ponray the failure zones for series I beam 

specimens BS03 to BS06. Although these beams were all tested in the faulty test frame and 

thus their results have been excluded, the photographs are still presented since they show an 

evolution of the failure mode. Series II beam specimens BS07 to BS 12, on the other hand, 

experienced no such complications during beam testing and their results are discussed in the 

analysis section. The failure zones for these beams are pictured in Figure E-7 to Figure E-12. 
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6.6 Post-Test Examinations 

Following the completion of the beam tests, a second crack survey was conducted and the 

actual mass loss of the reinforcing steel due to corrosion was detennined 

6.6.1 Flexural Crack Survey 

'While the first crack survey documented corrosion cracks that resulted from the accelerated 

corrosion stage, this second survey recorded flexural cracks that developed due to the 

mechanical testing. These flexural crack maps are provided iIi Appendix F, and Figure 6-16 is 

an example. The faces illustrated in these crack maps (staning from the top) are right, 

bottom, and left. Therefore, according to the convention outlined in Figure 5-2, the edge on 

the left hand side of the representations is the front face; this is \\here the electrical 

connection was made. The numbers on the right face indicate the maximum width of each 

flexural crack before failure. Figure F-1 is a legend distinguishing each crack type . 
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Figure 6-16: Example flexural c1'c1ck survey. 
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6.6.2 Flexure Crack Development 

The crack survey discussed above -was used to study flexural crack development. Specifically, 

the average number and the average spacing of transverse flexural cracks \\ere both 

considered For example, in Figure 6-17 showing the right face of BS 11, there are four 

flexural cracks and the average crack spacing in millimetres is equal to: (132+89+140)/3. 

This procedure -was carried out for both the left and right faces of each beam, referencing the 

cracks from the bottom edge of these faces bet\\een the supports. Table 6-7 summarizes the 

average number and the average spacing of these cracks for beam specimens BS01 and BS07 

to BS12. 

Specimen 

8S01 
8S07 
8S08 
8S09 
8S10 
8S11 
8S12 

Avg. No. of 
Cracks 

10.0 
5.5 
5.5 
4.5 
5.0 
4.0 
3.5 

Avg. - Average 
ReI. = Relative 
No. = Number 

Figure 6-17: Typical flexural crack study. 

Table 6-7: Flexural crack patterns. 

Rei. No. of Avg. Crack ReI. Crack 
Cracks ('Yo) Spacing (mm) Spacing ('Yo) 

100% 72.4 100% 
55% 137.6 190% 
55% 134.7 186% 
45% 159.4 220% 
50% 167.8 232% 
40% 138.7 191% 
35% 169.4 234% 

87 

." .. ' 

Total Mass Loss 
('Yo) 

0.00% 
2.45% 
0.89% 
7.14% 
5.15% 
11.56% 
10.25% 



6.6.3 Mass Loss Detennination 

Follo'N'ing the mechanical testing, the beams Vlere pulverised -with a jackhammer to retrieve 

the reinforcing steel Once obtained, the tensile bars Vlere trimmed to a standard length of 1 

metre, cleaned to remove all corrosion products and concrete, and then Vleighed The mass 

loss was then calculated relative to a predetermined benchmark called the control mass. 

Table 6-8: Samples used to calculate the control mass. 

Bar 

S/:ihlpli:!1 
Sample 2 
SampleS 
Sample 4 
Sample 5 
Sample 6 

A"erag", 

Mass (g) 

1542.93 
1548.05 
1540.11 
1540.95 
1540015 
1548.31 

.... 1543.42 

Table 6-9: Mass loss calculation for each corroded bar. 

Bar Mass Mass Loss (g) % Mass Loss 
BS03 .. R 1545.0$ 0.00 0.00% 
BS03-L 1548.88 0.00 0.00% 
BS04"F{ 
BS04-L 1553.75 0.00 0.00% 

BS05-L 1538.23 5.19 0.34% 

BS06-L 1502.93 40.49 2.62% 

BS07-L 1535.20 8.22 0.53% 
BS08"R 
BS08-L 1536.84 6.58 0.43% 
BS09-R 1488.94 
BS09-L 1487.68 55.74 3.61% 
BS10"R 3.77% 
BS10-L 1522.10 21.32 1.38% 
BSl1-H 4.47% 
BS11-L 1433.98 109.44 7.09% 
BSt2~R 

BS12-L 1453.49 89.93 5.83% 
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The control mass Vv'aS calculated by taking the average of six illl-corroded (1 metre) sample 

bars, as shown in Table 6-8. Table 6-9 lists the mass for each corroded tensile bar and its 

corresponding relative mass loss. Next, the average and the total mass losses of the left and 

right bars v.ere calculated for each beam specimen These values are found in Table 6-10. 

Table 6-10: Average and total mass loss for beam specimens. 

Specimen Average Mass Loss (%) Total Mass Loss (%) 

8S08 0.44% 0.89% 

8S10 2.57% 5.15% 

8S12 5.12% 10.25% 

6.6.4 Corrosion Damage to Tensile Reinforcement 

The type of corrosion fOillld in the more severely corroded bars can be classified as 

generalized It Vv'aS observed that corrosion of the steel typically started with the fonnation of 

pits that increased in number and expanded illltil they eventually connected, resulting in 

generalized corrosion. This progression of rebar deterioration is depicted in Figure 6-18. 

According to Broomfield (1997), this sequence is characteristic of reinforcing bars exposed 

to carbonation or chlorides. 
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Figure 6-18: Diagram of the progression of rebar deterioration. 
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6.7 Pullout Study 

As mentioned previously, twelve pullout specimens (PS) -were constructed, corroded, and 

tested in order to determine the relationship between bond strength and the capacity of 

corroded RC beams. 

6.7.1 Half-cell potentials 

After the pullout specimens -were corroded, the half-cell potentials -were measured in t\VO 

locations and averaged These averages are shown in Table 6-11 along with the category of 

each specimen (as prescribed in Table 6-2) and the corrosion condition (according to ASTM 

876's criteria provided in Table 5-5). 

Table 6-11: Average half-cell potentials and categories for pullout specimens (mV = millivolts). 

Specimen 
Avg. HCP Reading 

Category Corrosion Condition 
Total Mass 

{mV} Loss {%} 
PS01 -0.158 E Low: 10% Risk of Corrosion 0.00% 
PS02 -0.144 E Low: 10% Risk of Corrosion 0.00% 
PS03 -0.279 D Intermediate Corrosion Risk 0.00% 
PS04 -0.256 D Intermediate Corrosion Risk 0.25% 
PS05 -0.261 D Intermediate Corrosion Risk 1.13% 
PS06 -0.278 D Intermediate Corrosion Risk 3.03% 
PS07 -0.178 E Intermediate Corrosion Risk 2.45% 
PS08 -0.151 E Intermediate Corrosion Risk 0.89% 
PS09 -0.298 C Intermediate Corrosion Risk 7.14% 
PS10 -0.301 C High: 90% Risk of Corrosion 5.15% 
PS11 -0.354 B High: 90% Risk of Corrosion 11.56% 
PS12 -0.394 B High: 90% Risk of Corrosion 10.25% 

Avg. = Average 
HCP. = Half-Cell Potential 

6.7.2 Average Bond Stress 

The results of the pullout tests are provided in Table 6-12. The rnaxirmun load that each 

specimen was able to withstand before the pulling out of the reinforcing steel was used in 

91 



Equation 5-1 to calculate the ultimate bond stress developed. The relative bond stress VIaS 

then calculated using the average bond stress between PS01 and PS02. 

Table 6-12: Results of the pullout test. 

Pullout Specimen Load (kN) Bond Stress (Mpa) Relative Bond Sress 
P801 58.83 5.85 •.... ···100.00% 
PS02 55.64 5.53 100.00% 

PS08 64.00 8.06 141.54% 

30.55 3.04 53.41% 

6.7.3 Mass Loss 

Mass Loss (%) 
0;00% 
0.00% 

0.38% 

7.27% 

Once the mechanical testing of the pullout specimens VIaS completed, the bars were cleaned 

of any remaining concrete and corrosion products, trimmed to a standard length and 

weighed. The percent mass loss for each of the 12 bars VIaS then calculated using Equation 

5-6, the results of vJllch are given in Table 6-13. The average weight of the PS01 and PS02 

bars provided the control mass. 

Table 6-13: Total mass loss for pullout specimens. 

Pullout Specimen Mass (g) Mass Loss (%) 
8801 ········3Q$:01< 0.00% 
PS02 303.62 0.00% 

P804 300.11 1.06% 

PS06 288.49 4.89% 

PS08 302.15 0.38% 

P810 292.67 3.51% 

PS12 281.26 7.27% 
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6.8 Summary of Results 

The results of the experimental program employed for this study are summarized in Table 

6-14. The upper portion of this table is dedicated to the beam specimens, while the lower 

portion pertains to the pullout specimens. As previously indicated, beam test results for 

specimens BS02 to BS06 have been excluded due to a faulty test frame. 
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Table 6-14: Results of the experimental program 

Avg = Average 
LDC = Load Deflection Curve 

UL = Ultimate Load 
AU = Area Under 

= Approximate Value 
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Chapter 7 

ANALYSIS OF RESULTS 

7.1 Introduction 

This chapter qualitatively and quantitatively discusses the results from the experimental 

program and focuses on the manner in which progressive corrosion affects reinforced 

concrete (RQ beams. Specifically, the changes in flexural crack development, mode of 

failure, stiffness, ductility, toughness, and load-carrying capacity of RC beams are examined 

7.2 Analysis of Half-Cell Potentials 

As the half-cell potential test is a qualitative test that indicates the probability of corrosion of 

the reinforcing steel embedded within the concrete, caution must be exercised when using 

absolute potential values quantitatively. In fact, several studies have shown that numerous 

variables can alter absolute half-cell potential values, while keeping the degree of corrosion at 

the steel sutface constant and thus quantitative interpretation based on absolute potential 

values can be misleading (RILEM TC 154-EMC 2003; Grimaldi et al., 1986). 

Nevertheless, Sarveswaran et al. (2000) used half-cell potentials to develop an empirical 

relationship for the prediction of section loss in RC beams due to the corrosion of both the 

main reinforcement bars and the shear links. This empirical relationship 'WaS used as part of a 

methodology to assess the reliabilityof deteriorated RC beams. 

95 



In light of this, -MUle the half-cell potential measurements obtained in this study are not given 

undue emphasis, they are included in this discussion due to the remarkable correlations 

found That is, the average half-cell potentials of the beam specimens related vety -well to 

both the total mass loss and the relative beam capacity. 
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Figure 7-1: The relationship between total mass loss and the average half-cell potentials. 

Figure 7-1 plots the average measured half-cell potentials against the total mass loss for the 

beam specimens, as -well as an exponential correlation representing the best-fit line through 

all the data. Equation 7-1 is the numerical relationship of this line, -Mlere ML is the mass loss 

of the tensile steeL Pa<-g is the average half-cell potential of the beam, and f2 is the coefficient 

of determination. 

Equation 7-1 ML = 4.24 ·10-0.5 . e -13.25·p"", (r2 = 0.97) 
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Figure 7-2: The relationship between the relative beam capacity and average half-cell potentials. 

The average half-cell potentials were also ploned against the relative capacities of the beam 

specimens, along with a linear correlation representing the best-fit line through all the data, as 

shown in Figure 7-2. Equation 7-2 is the numerical relationship of the linear regression, 

\\here B is the relative capacity of the beam, Pa<g is the average half-cell potential of the beam, 

and r' is the coefficient of detennination. 

Equation 7-2 B = 0.61Pavg + 1.06 (r2 = 0.97) 

Adminedly, Equation 7-1 and Equation 7-2 are quantitative interpretations based on 

qualitative results. As mentioned previously, half-cell potential readings may be misleading 

and an over-reliance on them to make anysolt of predictions can be risky. However, half-cell 
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potentials can be used in conjllllction with other tests and data as part of a systematic 

probabilistic assessment program. 

7.3 Effect of Corrosion on Initial Cracking Load 

In the literature reviewed, the effect of corrosion on the initial cracking load is not frequently 

addressed However, tv.u recent papers did arrive at contrasting conclusions concerning this 

effect. While Maaddawy et al (2005) argued that corrosion has almost no effect on the 

cracking load, Fan et al. (2004) proposed that the cracking load decreased sharply with 
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Figure 7-3: Effect of cOl1'Osion on the initial cracking load 

The findings of the present study do not support either of the above ideas; it was observed 

that the initial cracking load decreased at low levels of corrosion and remained constant, v;ith 
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a final increase at a mass loss of approximately 10%. Figure 7-3 shows the observed initial 

cracking loads and the corresponrung total mass loss for each beam 

The initial cracking load for the control beam was recorded at P = 35 kN. The lowest stage 

of corrosion yielded a mass loss of 0.89% and at this leveL the initial cracking load decreased 

slightly to P = 30 kN. The first cracking load remained constant at 30 kN until the mass loss 

reached 10.25%, ~ere it exceeded the original cracking load at P = 40 kN. 

The decrease in the initial cracking load at lower levels of corrosion is likely due to internal 

corrosion cracks and micro-cracks that have weakened the concrete matrix, thus lowering the 

initial cracking load Although the occurrence and severity of these internal cracks increases 

as corrosion progresses, the initial cracking load does not decrease due to the loss in 

concrete-steel bond strength. As bond strength is reduced and internal cracking is increased, 

the forces transferred from the reinforcement to the encircling concrete are diminished and 

thus the initial cracking load is increased at higher levels of corrosion. 

7.4 Effect of Corrosion on Crack Development 

A key characteristic of bond performance is its influence on crack development. The tensile 

concrete between the flexural cracks is largely responsible for the balancing of tensile stresses 

within the beam (Castel et ai, 2000b). This phenomenon is known as tension stiffening. As 

corrosion propagates, there are reductions in bond strength and tension stiffening due to 

cover cracking and delamination (Coronelli and Garnbrova, 2004). 
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Amleh and Mirza (1999) fOlllld that the association bet--ween a decrease in the tension 

stiffening and an increase in the corrosion level signifies the initiation of bond breakdown, 

which is highly influenced by the surlace conditions of the bar and the level of its adhesion 

and cohesion to the surrollllding concrete. 

In tenns of flexure or transverse cracks, it is evident that with higher levels of corrosion, 

there is an increase in crack spacing and a decrease in the average number of cracks, as 

shown in Figure 7-4. These observations of decreased crack numbers are consistent with the 

findings of Amleh (2000), who studied tension specimens7• The author attributed the fe--wer 

transverse cracks in corroded specimens relative to the control specimens to the effect of loss 

of bond strength and! or internal cracking of the concrete Surrollllding the steel bars. As 

7 Concrete cylindrical specimens, 1000 mm long by 125 mm diameter and reinforced with a single 20M 
deformed bar. 
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bond strength is reduced and intemal cracking is increased, the forces transferred from the 

reinforcement to the encircling concrete are diminished (Amleh, 2000). It was also noted 

that, "In order to form a new crack between tv.o existing cracks, the tensile force which 

causes cracking of the concrete should be introduced into the concrete by this bond at the 

steel-concrete interface" (Amleh, 2000). 

On the other hand, while Amleh (2000) observed an increase in maximum crack -widths as 

corrosion progresses, this was not exhibited by the specimens tested for this study. Granted, 

the testing of tension specimens is an excellent method of studying both bond behaviour and 

the mechanics that occur in the tension face of RC beams experiencing pure flexure. 

However, at high leve1s of corrosion, their behaviour can only be applied to RC beams that 

can produce like steel stresses in the reinforcing steel 

Conditions that support the transfer of stresses from the concrete to the steel include the 

state of the SurrOlUlding concrete, adequate anchorage, and sufficient development length. It 

is likely that for the beam specimens tested for this study, these conditions were lost due to 

the corrosion of the tensile steel The reason that corroded tension specimens produce -wider 

cracks at high leve1s of corrosion is that the embedded rebar is mechanically tensioned, thus 

directly stressing the steel Conversely, in the case for loaded beams, the forces must be 

transferred to the tensile steel in order to produce these stresses. 

After testing RC beams -with un-bonded tensile bars at the shear span having adequate 

anchoring at their ends, Nokhasteh and Eyre (1992) observed fewer, but wider flexural 

cracks. This behaviour was also exhibited by the severely corroded beams tested by 

Rodriguez et al (1997), particularly beam type 11. This beam had a cross-section of 150 x 

200 mm, which is similar to those tested for this study, but -with t"Wice the development 
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length. The former case had adequate anchorage, mereas the latter had sufficient 

development length, both of mich are required for the transfer of stresses to the steel, as 

stated above. 

Therefore, the fact that the beams tested in this study did not experience wider flexural 

cracks at severe corrosion levels suggests a loss of anchorage, mich prevented the transfer of 

the forces required to introduce and widen cracks. In tenns of bond mechanics, the 

interlocking that occurs betv.een the bar ribs and concrete keys was deteriorated as corrosion 

levels increased and slippage of the rebar occurred 

7.5 Widening of Flexural Cracks 

Coronelli and Gambarova (2004) modelled beam type 11 from the above-mentioned study 

by Rodriguez et aL (1997), and proposed that arch action (mich is indicative of wider 

flexural cracks) was activated men the tensile steel suffered complete bond loss along the 

mid-span mile being well anchored at the ends by tv.o mechanisms. The first of these 

mechanisms was support-induced confinement and the second was the compression of the 

concrete in the tension face near the support. The notion of the latter mechanism was taken 

from Cairns and Zhao (1993), who observed this phenomenon men studying RC beams 

-with anchored ends but exposed tensile steel in the mid-span. 

The following data analysis is provided in an attempt to make a comparison between beam 

type 11 and those in this study, with respect to support-induced confinement. The most 

corroded type 11 beam (# 116) suffered a mass loss of roughly 26% and the reaction at each 

support was 11.9 kN, mereas the most deteriorated beam in this study (BS11) had a mass 

loss of 11.56% and the reaction at each support was 48.2 kN. These numbers indicate that 
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beam # 116 had roughly 2.2 times the corrosion, while BS 11 had reactions that were 4 times 

larger. 

As the width of the beams is comparable8 and the compressive strength of the concrete is 

si.rnilar, the other factor to consider when comparing confinement pressure is bar size. Beam 

type 11 had nvo 10 mm bars and the beams tested for this study had nvo 16 mm bars, giving 

a size ratio of 1.6 and an area ratio of 2.56 (ie. 1.6~. 1his means that for every kN at the 

support, 10 mm bars experience 2.56 times the confinement pressure as 16 mm bars. 

Assuming that the reactions at the support are directly proportional to the confining pressure 

(1:1), BS11 experienced 1.58 times (ie. 48.2/[2.56>(°11.9] the pressure of beam # 116. 

Considering all of the above, the question arises as to why the beams tested by Rodriguez et 

al. (1997) produced wider flexural cracks as corrosion progressed, while those tested for this 

study did not. In other "'WOrds, why did beam BS11, which had half the corrosion and 1.58 

times the confining pressure of # 116, fail to experience wider flexural cracks? 

One possible explanation is that this failure is due to the difference in reinforcement ratio, 

since beam # 116 had a ratio of 0.52%, while BS11 had a ratio of 1.46%. However, 

Rodriguez et al. (1997) tested beams with reinforcement ratios ranging from 0.52 % to 1.51 

% and observed wider cracks in all cases. Since the reinforcement ratio of the beams tested in 

this study was less than 1.51%, and they did not produce wider flexural cracks, it is clear that 

it is not the determining factor in this case. 

The difference in beam span is another possible reason for the lack of wider flexural cracks 

in the beams tested for this study, as it was half that of the beams tested by Rodriguez et al. 

8 150 mm for type 11 and 156 mm for this study 
9 34 MPa for type 11 and 39 MPa for this study 
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(1997). A longer span causes three main effects. The first is that a beam with a longer span 

deflects more than one with a shoner span and a greater deflection means wider cracks. The 

second effect is a longer development length, which increases the area in which the transfer 

of stresses from the concrete to the steel takes place. The problem with these two factors is 

that in both cases, sufficient bond is required to cause the widening of cracks, and yet 

Coronelli and Garnbarova (2004) claimed a complete loss of bond between the supports of 

beam type 11. 

The third effect and most plausible explanation for these cracks is that the greater shear span 

of beam type 11 allowed for a longer length of concrete in the tension face to shift into 

compression, as in the research byCaims and Zhao (1993). When the concrete surrounding 

the bars in the shear span is in compression, the confinement of the bars is enhanced and the 

bond stress is improved 

F rom this reasoning, it can be concluded that for the beams tested by Rodriguez et al (1997), 

the widening of flexural cracks has more to do with the length of the shear span than with 

suppon-induced confinement and reinforcement ratio. Moreover, the (1.58 times) greater 

confining pressure and the considerably less corrosion of the beams tested in this study 

implies that the bar ends were well anchored allowing for arch action, albeit flexural cracks 

never widened. 

7.6 Evolution of Failure Mode 

The failure mode of undamaged RC beams depends upon the reinforcing ratio. Lightly 

reinforced beams fail in a ductile manner by the yielding of the reinforcement prior to the 

crushing of concrete, while moderately reinforced beams may fail by the crushing of concrete 
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"With adequate ductility. The failure of over-reinforced RC beams is by the crushing of 

concrete, which precedes the yielding of the reinforcement. 

It is clear from the literature that the failure mode of RC beams tends to change after 

corrosion due to the loss of both concrete and steel sections and the decay of the concrete­

steel bond For instance, Rodriguez et al (1997) found that un-corroded beams that are 

designed to fail by bending actua1lytend to fail by shear when corroded In addition, Wang et 

al (2000) reported that as corrosion increased, the failure mode shifted from shear to bond 

splitting, "With the longitudinal reinforcement pulled out. 

In contrast, Capozucca and Cerri (2003) investigated the influence of corrosion on the 

compressive zone and found that while un-corroded beams failed by the yielding of the 

tensile reinforcement, corroded beams failed by the crushing of the concrete and had "Wider 

flexural cracks. These researchers also concluded that corrosion damage to reinforcement in 

the compressive zone results in a reduction in the compressive strength of the concrete in 

the direction along the bar. 

In the case for simply supported beams "With high bond deterioration, Coronelli and 

Gambarova (2004) proposed tw) possible failure scenarios. The first failure mode is a bond 

failure located close to flexural cracks that is accompanied by excessive slip and high­

localized bond stresses. Plizzari et al. (1996) suggested that these bond stresses may cause 

concrete splitting along the bar, where the radial splitting cracks propagate throughout the 

cover until bond failure occurs. The second mode is an anchorage failure of the tensile 

reinforcing steel Using their reliability theory, Sarveswaran et al (2000) demonstrated that 

this type of failure is the most critical 
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Although the beams tested for the present study were simply supported and were deemed in 

section 7.4 to have high bond deterioration, the failure modes did not confonn to either of 

the tv.o scenarios mentioned above. Specifically, after the onset of corrosion, there was a 

shift from predictable and ductile flexure failures at mid-span, to more brittle bond-shear 

failures near the support -with the failure crack inclined at approximately 45 degrees (from the 

horizontal). As corrosion progressed, both the brittleness and the angle of the failure crack 

increased Severely corroded beams displayed extremely brittle failures at the support, "With 

no forewarning and only one primary failure crack, v.hich was nearly vertical (Figure 7-5). 

BS07 (2.45% ML) BS09 (7.14% ML) BS12 (10.25% ML) 

Figure 7-5: Evolutionoffailure mode. 

This shift in the type of failure is also illustrated by the crack surveys of beam specimens 

BS01, BS07, and BSll in Figure 7-6, Figure 7-7, and Figure 7-8 respectively. The right and 

left beam faces are illustrated on the top and the bottom of these three figures. 
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- FAILURE CRACK ......... FLEXURE CRACK """"." CORROSION CRACK 

Figure 7-8: Illustration showing crack survey of BS12 (ML = 10.25%). 

Figure 7-6 shows the crack sunrey for BS01, a control specimen that was not exposed to any 

accelerated corrosion. 1bis beam had an ultimate capacity of 140.25 kN and its failure was as 

expected: balanced with the yielding of the tensile steel and the crushing of concrete. The 

average number of flexural cracks and their spacing was measured at 10 and 72.4 nnn 

res pectively. 

1bis predicted type of failure was considerably altered vAlen the RC beam specimens \\'ere 

even slightly corroded, as seen in Figure 7-7 showing the crack sunrey for BS07. 1bis beam 

suffered a total mass loss (ML) of 2.45% and consequently, the ductile flexure failure of the 

control beam shifted from the centre towards a more brittle bond-shear failure near the 

support and was ultimately only able to carry 83.7% of the average control load. 

Flirthennore, the flexural cracking pattern changed so that the average number of cracks 

dropped 45% and the average crack spacing increased bya factor of 1.90. 
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As corrosion increased, this shift in behaviour became more pronOlUlced For instance, the 

failure of BS 12 V1clS extremely brittle and occurred abruptly at the support, with only one 

primary fracture line. This beam had the second highest level of corrosion with a total :ML of 

10.25% and was able to carry 68.5% of the control load The cracking pattern for BS 12 also 

changed dramatically, as sho\VJl in Figure 7-8, with the number of flexure cracks decreasing 

by 65% and the average crack space increasing by a factor of 2.34. 

The res ults of this experiment as 'Well as the literature revie'Wed clearly indicate a dramatic 

shift in the nature of the failure of corroded RC beams. HO'Wever, due to the many inbuilt 

differences in beams (e.g. the layout and ratio of reinforcement, size and placement of 

stirrups, intensity and location of corrosion, slenderness, and span), predicting the nature of 

the failure that a corroded beam will experience is an area that requires further research. 

7.7 Effect of Stimtp Corrosion 

The purpose of the stirrups in the present study is to ensure that the shear strength of a 

beam equals or exceeds its flexural strength. Likewise, the beam specimens had extra shear 

reinforcement, which ensured a flexural failure of the control beam and prevented a shear 

failure of any of the corroded ones. 

Although the stirrups did fulfil their function, they corroded in spite of the precautions taken. 

The effects of stirrup corrosion include the 'Weakening of the surrounding concrete by micro­

cracking, and the cracking and delamination of the concrete cover, both of which 'Were 

observed in this study. The latter effect lessened the effective depth and width of the 

concrete in the shear span of the beams. 
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Figure 7-9 displays the failure zone of BS07, a beam with a corrosion level of 2.45%, and 

demonstrates how the concrete split into separate layers. The photo on the left show-> the 

complete failure zone and provides the context for the enlargement photo on the right. The 

white arrow in this photo points to one of the stirrups that was exposed after the beam 

collapsed and the areas darkened by corrosion products signify corrosion. In addition, the 

rust staining on the concrete between the stirrups confinns that the concrete between each 

of the stirrups was cracked in the plane of the stirrups belowthe cover. 

Figure 7-9: (Left) Photognph of the failure zone of BS07 - 2.45% ML, 
(Right) Enlargement of exposed stim.1ps. 

Although the crack survey of BS12 (Figure 7-8) recorded two vertical flexural cracks at the 

supports, the failure crack coincided with a vertical corrosion crack that was likely caused by 

the corrosion of the end stirrup. This indicates that the corrosion of the stirrups may have 

determined the location of the failure. Figure 7-10 is a photograph of this area, illustrating 

that the failure crack coincided with the rust stained corrosion crack 
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Figure 7-10: Photograph of the failure zone of BS12 (10.25% ML). 

7.8 Effect of Corrosion on Deflection Ratio 

Many researchers, including Dekoster et al. (2003) and Maaddawy et al. (2005), concur that 

there is a significant increase in mid-span deflections with increasing corrosion. Similarly, 

Ballim et ai (2001) found that for beams simultaneously subjected to load and accelerated 

corrosion, time-dependant deflections increase with greater corrosion. 

The rise in mid-span deflections can be explained by a loss of bond between the tensile steel 

and the surrounding concrete. When bond strength is reduced, tensile stresses in the re-bars 

are significantly increased (Castel et ai, 2000b). Indeed, Castel et al. (2000b) and Cabrera 
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(1996) both attributed the mcrease of in-semce mid-span deflections to loss in bond 

strength. 

Cabrera (1996), who developed a numerical relationship between deflection ratidO and 

corrosion, reponed that -Mien the corrosion level reached 9%, beam deflections increased by 

1.5 times that of the non-corroded beam Similarly, the present study fOlllld that at a 

corrosion level of 10.25%, beam deflections increased by a factor of 1.54 times. 

The distribution of the results obtained by this study, however, was quite different. As shown 

in Figure 7-11 the deflection ratio that was attained from the findings of the present study is 

a logarithmic increase in the deflection ratio, while the deflection ratio that was observed by 

Cabrera (1996) is a simple linear relationship. The trend fOlllld in this study is very similar to 

that observed by Ballim and Reid (2003), -Mio reponed that deflections increased as 

corrosion propagated, with the largest increase near the early stages of corrosion. 

Equation 7-3 is the numerical expression established by way of logarithmic regressIon 

analysis1\ -Miere Dr is the deflection ratio, ML is the total percent mass loss, and 1" is the 

coefficient of determination. 

Equation 7-3 Dr = O.076lnML + 1.72 (r2 = 0.97) 

10 calculated by dividing the average deflections of corroded beams with those of the control beams 
11 Since InCa) is not possible, the regression analysis was conducted with the ML of the control beam 
taken as O. 000 1. 
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Figure 7-11: The deflection atio versus total pen.:ent mass loss. 

7.9 Effect of Corrosion on Ductility 

The rise in corrosion intensity not only causes mid-span deflections to increase, but also 

causes deflection capacities12 to decrease significantly. This notion of the reduction in 

deflection capacity is substantiated by a number of researchers, including Dekoster et al 

(2003) and Maaddawy et al (2005). In this study, deflection capacity is regarded as an 

indication of ductility or flexibility. 

Coronelli and Garnbrova (2004) stated that changes in the ductility of concrete beams are 

caused by the notch effect of pitting corrosion of the tensile steel bars. As the cross-section 

of the steel bars is diminished, ductility is reduced Castel et al (2000b) postulated that this 

12 Deflection capacity is the deflection corresponding to the ultimate load. 
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loss in ductility appears to be controlled by the mere presence of the notch rather than its 

depth. 

Castel et at (2000b) concluded that as corrosion increases, the ductility of RC beams 

decreases exponentially and then stabilizes at a loss of approximately 75% of the original. 

The results from the present study are consistent Vv'ith this finding, shoVJ.ing a very similar 

trend Vv'ith an exponential decrease and stabilization at around 70% of the original ductility. 

Figure 7-12 graphs the observed relationship between steel mass loss and the relative 

deflection capacity and Equation 7-4 is the numerical relationship obtained by power 

regression analysis 13 , where Dc is the relative ductility, ML is the total percent mass loss, and 

r' is the coefficient of determination. 
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Figure 7-12: Relative ductility versus total percent mass loss. 

13 Since zero raised to the power of a negative number is not possible, the regression analysis was 
conducted with the ML of the control beam taken as 0.0001. 
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Equation 7-4 Dc = O.64ML-O·05 (r = 0.89) 

7.10 Effect of Corrosion on Stiffness 

Corrosion also has an effect on stiffness, which is related to deflection In fact, several 

researchers have reported a marked reduction in the stiffness of corroded beams (Perno et 

al., 2005; Dekoster et al., 2003; Castel et al., 2000b). On the other hand, Maaddawy et al. 

(2005) found that the stiffness of beams that are corroded under sustained loading is higher 

than that of virgin beams when loaded to failure. 

Castel et al. (2000a) found that the loss of beam stiffness is attributed to a decrease in 

strengths of both the rebar cross-sectional area and the local steel-concrete bond of the 

tensile bars. A reduction in the stiffness of a beam is also caused by the formation of cracks, 

as reported byOlung et al. (2004) and Yoon et al. (2000). 

As mentioned earlier, bond breakdown is related to concrete cracking, both of which cause a 

decrease in tension stiffening. Considering this, it follows that stiffness decay is due to 

impaired tension stiffening (Coronelli and Gambarova, 2004). Based·on the findings of the 

research discussed, it can be concluded that changes in stiffness occur whenever there is a 

redistribution of internal stresses. 

The slope of the load-deflection curve (IDq can be used to indicate the stiffness of an 

element, as in the W)rk by Huang and Yang (1997). In the present study, a relationship 

between the stiffness and the total percent mass loss (ML) of RC beams -was derived from 

the findings of the experimental program, as shown in Figure 7-13. This figure demonstrates 

that as corrosion increases, stiffness decreases exponentially and then stabilizes at a loss of 
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approximately 70% of the original stiffness (much like ducti1it0. Equation 7-5 provides the 

numerical relationship obtained by po"Wer regression analysis1\ where k is the relative 

stiffness, ML is the total percent mass loss, and r1 is the coefficient of determination. 

Equation 7-5 k = 0.57 ML-O·058 (r2 = 0.96) 
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Figure 7-13: The relationship between stiffness and mass loss. 

7.11 Effect of Corrosion on Toughness 

Toughness, which is related to stiffness and ductility, is another measurable characteristic of 

RC beams. The toughness of a material is defined as the energy absorbed per unit volume, 

and is measured by the area lUlder the stress-strain curve up to fracture. A ductile fracture 

occurs when a material experiences appreciable plastic defonnation and energy absorption 

14 Since zero raised to the power of a negative number is not possible, the regression analysis was 
conducted with the ML of the control beam taken as 0.0001. 
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prior to fracture. Q)llversely, a brittle fracture results when a material experiences little or no 

energyabsotption prior to fracture ~llston and Domone, 2001). 

The area tmder the IDC up to failure has been used to assess the absorbed energy of RC 

beams (ie. toughness), as in the research by Uomoto and Misra (1988) and Azher (2005). 

Although the literature reviewed contains limited infonnation concerning the manner in 

which corrosion affects the area tmder the IDC of RC beams, it is established that toughness 

is typically reduced with increasing corrosion (Azher, 2005). 

Using data from the experiment conducted for the purpose of this study, a relationship 

between toughness and the level of corrosion was established, as seen in Figure 7-14. The 

data acquired reveals a trend similar to that of the reduction in stiffness and ductility. 

Specifically, as corrosion increased, the energy absorbed by the beams decreased 

exponentially followed bya levelling off. 
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Figure 7-14: The relationship between the area under the LDC and ML. 
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The difference in this case, however, is that the stabilization occurred at the lower value of 

approximately 40% of the original. Equation 7-6 sho\VS the numerical relationship obtained 

by power regression analysis 15, -where T is the relative toughness, ML is the total percent 

mass loss, and i is the coefficient of detennination. 

Equation 7-6 T = 0.28ML-D·14 (r2 = 0.94) 

The absorption of energy by RC beams causes visible and measurable external responses, 

such as more frequent cracking of the tensile concrete and greater deflections, both of -which 

intensify as the applied load increases. When this load is applied to the beam, it is primarily 

supponed by internal moments and shears, and its effects are shear forces and bending 

moments that can be detennined using the la\VS of statics. 

At any section in the beam, the internal resisting shear and moment are necessary to 

equilibrate the applied shear force and bending moment. This internal resisting moment 

induces compressive and tensile forces "W.ithin the beam Cracking occurs -when these tensile 

forces cause the stresses at the bottom of the beam to exceed the tensile strength of the 

concrete (MacGregor and Bartlett, 2000). 

Ganges in the cracking pattern are indicative of an altered absorbed energy. Indeed, the 

results of the beam tests revealed that a reduction in the absorbed energy due to increasing 

corrosion intensity was proponional to the number of flexural cracks and inversely 

proponional to the spacing of the flexural cracks. This relationship between toughness and 

flexural crack development is sho'Wll in Figure 7-15. 

15 Since zero raised to the power of a negative number is not possible, the regression analysis was 
conducted with the ML of the control beam taken as 0.000l. 
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Figure 7-15: The relationship between the area lUlder the LOC and flexural crack development. 

After cracking, the internal tensile forces of a beam are redistributed into the reinforcing 

steeL resulting in reduced stiffness and! or increased deflections. These changes in stiffness 

and ductility also suggest an altered absorbed energy. Since stiffness is measured using the 

slope of the IDe and ductility is indicated by the maximum deflection, their reductions 

imply a decrease in the area under the curve (ie. toughness) as 'Well In fact, it \VaS observed 

from the results of the beam tests that a reduction in the absorbed energy \VaS proportional 

to both the stiffness and ductility of corroded RC beams, as seen in Figure 7-16. 
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Figure 7-16: The relationship between the area under the LOCand beam deflections. 

7.12 Ductility, Stiffness, and Toughness Compared 

As mentioned previously, ductility is indicated by the deflection capacity, stiffness by the 

slope of the IDe and toughness by the area under the IDC (up to failure). All three of 

these properties are related, in that they are revealed by the load-deflection behaviour. 

Toughness is the most connected, since the area under the IDC is greatly influenced by both 

the slope of the curve (i.e. stiffness) and the deflection that corresponds to the ultimate load 

(i.e. ductilitJ1. 

Interestingly, the data obtained from the experimental study for all three of these properties 

was best numerically modelled (i.e. yielding the highest coefficient of determination) by 
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pov.er regression analysis. These equations are provided in Equation 7-4 for ductility [Dc], 

Equation 7-5 for stiffness [k 1 and Equation 7-6 for toughness [7]. 

When these numerical relationships are compared, it is clear that for the beams tested, the 

relative stiffness is approximately equal to the relative ductility, which are both roughly twice 

the relative toughness. 

That is, O.57ML-O·058 ~ O.64ML-O·05 ~ 2x0.28Mro.14 

Which is roughly, O.6ML-O·058 ~ O.6ML-O,050 ~ O.6ML-O· 141 

Or, k ~ Dc ~ 2T 

7.13 Effect of Corrosion on Beam Capacity 

The effect of corrosion on the ultimate load-carrying capacity is the final behavioural 

phenomenon of beams investigated in this study. Figure 7-17 is a plot of the relative beam 

capacity versus the total mass loss of each beam tested The capacities of the beam specimens 

rapidly decreased and tapered off at approximately 75% of the control strength. Equation 7-7 

is the numerical expression developed to find the relative beam capacity (.8) that "WclS 

obtained by logarithmic regression analysis16, "Where ML is the total percent mass loss and i 

is the coefficient of detennination. 

16 Since 1n(0) is not possible, the regression analysis was conducted with the ML of the control beam 
taken as 0.0001. 
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Figure 7-17: Relationship between mass loss and the relative beam capacity. 

Equation 7-7 B = -O.044lnML+O.61 (r2 = 0.93) 

For the purpose of this study, the results of over 100 corroded-beam tests conducted by 

other researchers -were revie-wed. When the results of the present study are compared to 

those found in the literature, the reduction in capacity proves to have a more rapid loss that 

occurs sooner, as shown in Figure 7-18. In this figure, the results of the current tests are 

denoted by dark circular points, vJllle the previous test results are represented by grey 
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diamonds. The sources and some peninent details concerning the data used to generate this 

graph are provided in Appendix G. 
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Figure 7-18: Comparison between the relative capacities of previous beam tests 
and those of the present study. 

The earlier and quicker strength loss exhibited by the beams tested here can be attributed to 

the 3 mAl cm2 rate of corrosion used on these specimens, while the average rate for the other 

beams in Figure 7-18 is 1.35 mAl cm2• This idea is supponed by the findings of Mangat and 

Elgarl (1999a), --M10 studied the effect of corrosion rates on the flexural load capacity of 

beams. These researchers found that beam capacity decreases with increasing corrosion rates 

and this effect is enlarged with higher degrees of corrosion. 

The data collected from the beam tests in the literature encapsulates a wide range of factors, 

including beam sizes, reinforcement detailing, levels and rates of corrosion, and material 
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properties. For instance, the spans of these beams range from 900 to 3000 mm and steel bar 

sizes range from 8 to 19 mm. 
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Figure 7-19: Generalized trend of capacity loss of RC beams. 

Due to this diversity in the sample population, a generalized trend for the capacity loss of RC 

beams with increasing corrosion is generated by means of logarithmic regression analysis. 

Figure 7-19 is a plot containing all of the current and previous data with the logarithmic trend 

line and Equation 7-8 is the numerical expression of the trend, vm.ere B is the relative beam 

capacity, ML is the total percent mass loss, and r' is the coefficient of determination. 

Equation 7-8 B = -0.089ln(ML) + 0.56 (r2 = 0.41) 
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Granted, the coefficient of determination in this case is quite low (i' = 0.41), but a large 

scanering of data is expected in a general case such as this. In order to gain a clearer and 

more specific picture, the sample size must be enlarged and categorized according to 

different parameters, such a bar diameter, tensile and compressive reinforcement ratio, cover 

thickness, bar yield strength, and concrete compressive strength. 

7.14 Importance of Bond Strength 

The load-carrying capacity of RC beams -with corroded reinforcement has been studied by 

many researchers and those consulted for this study have all concluded that ultimate strength 

decreases -with increasing corrosion (Higgins and Farrow, 2006; Maadda-wy et ai, 200Sb; 

Perno et al., 2005; Dekoster et al., 2003). However, there has been much speculation 

regarding the causes of this effect and the general consensus appears to have shifted While 

earlier studies neglected to consider reductions in bond strength as a factor, recent -works 

have focused on the importance of bond strength when considering ultimate capacity. 

Uomoto and Misra (1988) anributed a decrease in the load-carrying capacity of corroded RC 

beams to both the reduction in the reinforcement area and the cracking of the concrete. In 

contrast, Al-Sulaimani et ai (1990) concluded that the decrease was primarily caused by the 

reduced area of the reinforcing steeL stressing that it was ra due to a reduction in bond 

stress. Meanwhile, Rodriguez et ai (1997) surmised that pining of the reinforcing steel had 

the greatest impact on load-carrying capacity. Despite their differing view;, these researchers 

all recognized the deterioration of the concrete cover as being relevant but did not consider 

bond strength to be a factor. 
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On the contrary, Mangat and Elgarf (1999a) more recently proposed that, " ... the reduction 

in reinforcing bar section due to corrosion has an insi?J1iji.aut effect on the residual flexu.ral 

strength of beams." In fact, they hypothesized that a reduction in flexu.ral strength is mainly 

related to the deterioration of the bond at the steel-concrete interlace. Furthermore, Mangat 

and Elgarf (1999b) observed in another study that when a bond failure occurs, the tensile 

stress in the reinforcement is less than its yield stress. This indicates that bond strength plays 

a key role in reducing ultimate capacity. 

Moreover, Castel et al (2000a; 2000b) carried out a two-pan study in order to investigate the 

mechanical behaviour of corroded RC beams, wherein the effect of bond strength was only 

considered in the latter half. The results of this study demonstrate that if the influence of 

bond strength is acknowledged, it will have a positive correlation with ultimate strength. If 

bond strength is ignored, on the other hand, the loss of rebar cross-sectional area will be the 

only factor determining residual strength. Thus, these researchers argued that bond strength 

should be taken into aCCOl.Ult when studying the residual capacity of RC beams. 

For this reason, the present study was designed to include pullout tests in an attempt to find 

the relative bond strength of the tensile steel at different levels of corrosion and relate this to 

relative beam capacities. 

7.15 Effect of Corrosion on Bond Strength 

Previous research "\\Urk has found that as corrosion progresses, there is generally an initial 

increase in bond strength prior to a decrease. While Arnleh (2000) reported this decrease as 

gradual, Olung et al (2004) described it as rapid The latter characterization is consistent with 

the results observed in the present study, where there was an initial increase in bond strength 
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follo-wed by a rapid decrease. The relationship bet-ween the losses in relative bond strength 

and bar mass (ignoring the initial increase) is portrayed in Figure 7-20, which plots the 

findings of the pullout study. 
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Figure 7-20: Relative bond strength versus mass loss. 
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A numerical relationship to calculate the reduction in bond strength in tenns of bar mass loss 

was obtained byperfonning logarithmic regression analysis17 on instances showing a decrease 

in the relative bond strength. Equation 7-9 gives this correlation, where 'ret is the relative 

bond strength, ML is the total percent mass loss (in decimal fonn), and r' is the coefficient of 

detennination. This nonlinear relationship bet-ween bond stress and corrosion supports the 

findings of CJllmg et al. (2004). 

17 Since In(O) is not possible, the regression analysis was conducted with the ML ofthe control beam 
taken as 0.0001. 
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Equation 7-9 Ire! = - 0.08In ML + 0.29 (r2 = 0.88) 

Using Equation 7-9 as a reduction factor and multiplying it with Equation 4-2 yields 

Equation 7-10, where Ires is the average residual bond strength, Rc is measured from the 

centre of the bar to the closest surface, db is the diameter of the bar, and f: is the 

compressive strength of concrete. 

Equation 7-10 

However, Equation 7-9 is only able to provide a close estimate of the bond strength at the 

rebar surface in the beam specimens tested for this study. The actual bond strength cannot 

be calculated using this equation for t\\{) main reasons. Firstly, the cover of the tensile bars in 

the beam was 36 rum, while the cover in the pullout specimens was 42 mm Secondly, the 

bars in the beam specimens had the benefit of the confinement provided by the stirrups, 

whereas pullout specimens did not. 

7.16 Relationships with Beam Capacity 

Some researchers have proposed models for predicting the residual strength of corroded RC 

beams, claiming good correlation with their o"WIl and! or other available experimental data 

(Azher, 2005; Mangat and Elgart, 1999a; Rodriquez, 1997; Eyre and Nokhasteh, 1992; and 

Cairns and Zhao, 1993). While these models may provide greatly needed insight into beam 

capacity reductions, many have been criticized by Maadda\\y et al. (2005) for 

oversimplification since they fail to take into account the coupled effects of the reductions in 

both the steel cross-sectional area and bond strength. 
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Improved ultimate strength models can be developed with further study, as well as a beuer 

llllderstanding of the holistic nature and behaviour of RC beams suffering from corrosion. A 

cliscussion of the relationships between beam capacity and a variety of phenomena, as 

established in the present study is essential. Figure 7-21 is a diagram illustrating these 

relationships. 

Figure 7-21: Phenonrna that related well to the relative beam capacity. 
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Specifically, relative beam capacity was fOlllld to have good correlations \\lith the total mass 

loss (see section 7.12 ), bond strength of the tensile stee~ maximum corrosion crack width, 

number and spacing of flexural cracks, deflection ratio, ductility, stiffness, and toughness. 

7.16.1 Beam Capacity and Bond Strength 

As corrosion increased, the reduction in bond strength was fOlllld to exceed the reduction in 

beam capacity. This is evident in Figure 7-22, which graphs Equation 7-9 (for bond strength) 

and Equation 7-7 (for beam capaci~. Adding these equations together yields the numerical 

relationship (see Equation 7-11) between bond strength and beam capacity, vmere 'rei is the 

relative bond strength, B is the relative beam capacity, and i is the coefficient of 

determination. This new relationship is plotted in Figure 7-23. 
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Figure 7-22: Comparison between the reductions in beam capacity and bond strength. 
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Equation 7-11 B = 0.55rrel + 0.45 
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Figure 7-23: Relationship between beam capacity and bond strength. 

Traditional flexure theory (as described in 3.2 ) relies on the composite action of the tensile 

steel and concrete and presupposes complete bond ber'Ween the t'M), implying that the 

resisting moment is proportional to the bond strength bet'V.'een them However, this 

proportionality can only occur when the applied loads are equilibrated exclusively by beam 

actIon. 

Yet, it has been proven that after the de-bonding of the tensile steel in the shear span, arch 

action is initiated and the forces are transferred to the supports via an inclined compressive 

strut (as discussed in 7.4 ). In the present study, beam action cannot be used to reconcile the 

I capacities observed, due to the relatively low residual bond strength. It can therefore be 
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argued that in this case, beam action v.ras replaced -with an alternative force equilibrating 
r 

mechanism such as arch action. 

7.16.2 Beam Capacity and Maximum Corrosion Crack Width 

Corrosion cracks, which are induced by expanding rust products, contnbute to a reduction in 

both bond strength and beam capacity. Accordingly, the data obtained from the present 

study reveals that the capacity of the beam specimens tested is related to the maximum 

corrosion crack -width of the concrete surrOtlllding the tensile reinforcing steel 

Figure 7-24 plots this relationship and Equation 7-12 is its numerical expression, obtained by 

power regression analysis, "Where Wrorr is the largest corrosion crack -width in mm, B is the 

relative beam capacity, and i' is the coefficient of detennination. 
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Figure 7-24: Relationship between beam capacity and maximum corrosion crack width. 
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Equation 7- U B = 0 64w-O·16 
• corr (r2 = 0.87) 

7.16.3 Beam Capacity and Number of Flexural Cracks 

The manner in which RC beams develop flexural cracks is gready affected by their level of 

corrosion. In addition, the results of the present laboratory study indicate a definite 

relationship between flexural crack development and beam capacity. Specifically, the average 

number of flexural cracks was found to decrease linearly with capacity, as graphed in Figure 

7-25. 
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Figure 7-25: The relationship between the nwnber of flexu.r.tl ct'c1cks and beam capacity. 

Equation 7-13 munerically expresses this relationship, which was obtained using regression 

analysis, where Oz is the relative number of flexural cracks, B is the relative beam capacity, 

and i is the coefficient of detennination 
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Equation 7-13 B =O.51Cn+0.51 (r2 = 0.92) 

7.16.4 Beam Capacity and Flexural Crack Spacing 

The reduction in beam capacity not only related to the ntunber of flexural cracks, but also to 

their spacing. Figure 7-26 graphs this relationship between beam capacity and the spacing of 

flexural cracks. The Equation 7-14 of the best-fit line through the data is the numerical 

expression obtained using regression analysis, ~ere Op is the relative spacing of flexural 

cracks, B is the relative beam capacity, and i is the coefficient of detennination. 

95% 

90% 

~ 
'u 
III 85% CL 
III 
0 
E 
III 80% 
CD co 
~ ;: 75% III 

CD 
~ 

70% 

65% 

60% 

100% 120% 140% 160% 180% 200% 220% 240% 

Relative Flexural Crack Spacing 

Figure 7-26: The relationship between the relative flexurnl capacity and the relative crack spacing. 

Equation 7-14 B = -O.23Csp + 1.22 (r2 = 0.83) 
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7.16.5 Beam Capacity and Deflection Ratio 

In this study, beam capacity -was also f01.llld to have a relationship 'With deflection ratio, as 

seen in Figure 7-23. This relationship -was derived by adding Equation 7-7 (for beam 

capaci~ to Equation 7-3 (for deflection ratio), which yields Equation 7-15, v.nere B is the 

relative beam capacity, Dr is the deflection ratio, and i is the coefficient of determination. 

Equation 7-15 
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Figure 7-27: Relationship between beam capacity and deflection tatio. 

7.16.6 Beam Capacity and Ductility 

1.6 

As mentioned previously, corrosion increases deflections while simultaneously reducing 

ductility. Data collected from the beam tests performed revealed that the reduction in 

ductility -was nearly at par 'With the reduction in beam capacity, as illustrated in Figure 7-28. 
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Equation 7-16 provides the numerical expression of this relationship that was obtained by 

regression analysis, where Dc is the relative ductility, B is the relative beam capacity, and (1 is 

the coefficient of detennination. 
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Figure 7-28: The relationship between the beam capacity and ductility. 

Equation 7-16 B = 1.03Dc - 0.022 (r2 = 0.98) 

7.16.7 Beam Capacity and Stiffness 

The stiffness of the beams tested was also related to a reduction in beam capacity. Equation 

7-17 is the numerical expression of this relationship that was obtained by regression analysis, 

where k is the relative stiffness, B is the relative beam capacity, and (1 is the coefficient of 

detennination. Figure 7-29 graphs the data obtained from the beam tests and plots Equation 

7-17, which is represented by the continuous line. 
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Equation7-17. 
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Figure 7-29: The relationship between beam capacity and stiffness. 

100% 

The data in this figure suggests t\W distinct linear trends (represented by dashed lines in 

Figure 7-30), vvhich intersect at (71.1%, 83.2%). The different slopes of these t\W lines imply 

that a considerable change in the behaviour of the beams occurred Specifically, as the 

capacity of the beam was reduced to 83.2% of the contro~ the stiffness' rate of change 

decreased, as indicated by the sharp increase in the slope. 

It is estimated that this change occurs at a corrosion level (mass loss) of 1.67%, vvhich is the 

average mass loss berneen the t\W beam specimens that are located near the intersection of 

the proposed linear trend lines. Given this, it can be argued that the beam specimens were 

stiffened after their capacity fell below 83.2%, or the corrosion level passed 1.67%. 
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.As previously discussed, the stiffness of RC beams tends to change v.h.enever a redistribution 

of internal stresses occurs. Since redistributions of internal stresses accompany changes in the 

internal equilibrating mechanism, it can be hypothesized that in this study, beam action -was 

replaced once the level of capacity fell below 83.2%. It can also be postulated that this 

replacement -was due to a shift towards arch action, as this is permitted by both the support-

induced confinement (as discussed in section 7.4 ) and the relatively short span. Moreover, 

according to Equation 7-11, a beam capacity of 83.2% corresponds to 54.5% bond strength. 

Thus, it can be inferred that this arch action -was initiated v.h.en the bars lost 45.5% of their 

bond 
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7.16.8 Beam Capacity and Toughness 

Toughness is another beam property that relates -well to the capacity loss of the beams tested 

TIlls relationship -was fOlmd to have a remarkable correlation, as shown in Figure 7-31. 

Equation 7-18 is the numerical expression of the relationship bet-ween toughness and beam 

capacity that -was obtained by logarithmic regression analysis18, where B is the relative beam 

capacity, T is the relative toughness, and r is the coefficient of detennination. 

100% 

95% 

90% 

~ ·u 
as 85% c.. 
as 
0 
E as 80% 
CD 

co 

.~ 
75% .. 

as 
Gi a: 

70% 

65% 

60% 

30% 40% 50% 60% 70% 80% 90% 100% 

Relative Toughness 

Figure 7-31: The relationship between beam capacity and toughness. 

Equation 7-18 B = 0.31lnT + 1.01 (r2 =0.99) 

18 Since In(O) is not possible, the regression analysis was conducted with the ML of the control beam 
taken as 0.000l. 
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Chapter 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Summary 

In this experimental study, twelve reinforced concrete (Rq beams were constructed, 

corroded and tested using four-point loading. The results of these tests were used to examine 

the beams' various responses to corrosion, with respect to the initial cracking load, flexural 

crack development, evolution of the failure mode, deflection ratio, ductility, stiffness, 

toughness, and beam capacity. The data collected from the experimental \VOrk in this study 

enabled the proposal of several numerical relationships that describe the altered behaviour of 

corroded RC beams. 

8.2 Conc1us ions 

Based on the results of this research program, the following conclusions can be dra-wn: 

The overall behaviour of the beam specimens tested conforms to that reponed in the 

literature, with reductions in the ultimate capacity, deflection capacity and stiffness upon 

. . . 
mcreasmg corroSIon. 

The initial cracking load of the beams \VaS observed to decrease at the onset of corrosion and 

remain constant until a mass loss of about 10%, with a final increase to above the original 

initial cracking load 
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The beam tests revealed a change in flexural crack development with rising corrosion levels, 

in that there "'WclS a simultaneous increase in the average spacing and a decrease in the average 

number. 

The results of this experiment clearly indicated a dramatic shift in the nature of the failure of 

corroded RC beams, vvbich is confinned by the literaurre reviewed Specifically, it "'WclS 

observed in the present study that as corrosion increased, the failure mode of the beams 

shifted from predictable ductile flexure failures at mid-span, to more brittle failures near the 

suppon. In addition, severely corroded beams displayed sudden and extremely brittle failures 

at the suppon, having only one primaryfailure crack 

The results of this study indicate that there is a shift in the failure type of corroded beams, 

vvbich is substantiated in the literature reviewed This shift begins with the onset of corrosion 

and continues as corrosion propagates. Predicting the type of failure a corroded beam will 

experience at any given level of corrosion is clearly a topic that requires further resear<;h. This 

is imponant because knowing how a beam will likely fail can be used to direct measures 

taken to strengthen damaged beams and possibly prevent an impending failure. 

In spite of precautionary measures taken, the accelerated corrosion intended for the tensile 

steel in the beams tested resulted in the corrosion of the stirrups as well This caused cracking 

and delamination of the surrounding concrete, vvbich contributed to the lowering of the 

residual strength and influenced the location of failure in at least one instance. 

Based on the data collected, several new corrosion-dependant empirical relationships were 

established to model the altered responses of RC beams, including ones with beam stiffness, 

deflection ratio, ductility, and toughness. 
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It was found in this study that at a corrosion level of 10.25%, beam deflections increased bya 

factor of 1.54. Similarly, Cabrera (1996) reponed that when the corrosion level reached 9%, 

beam deflections increased by a factor of 1.5. What distinguishes the present study from 

Cabrera's is the distribution of the results, indicating a logarithmic relationship rather than a 

simple linear one. 

The data obtained in the current study testifies that ductility is reduced with increasing 

corrosion, with an exponential decrease follo-wed by stabilization at approximately 75% of 

the original ductility. This observation is similar to the trend found by Castel et al. (2000b), 

who reponed this stabilization as occurring at approximately 70% of the original ductility. 

In this study, the slope of the load-deflection curve (IDG was used to indicate the stiffness 

of the RC beams tested As corrosion increased, their stiffness decreased exponentially and 

then stabilized at approximately 70% of the original, much like ductility loss. 

The area under the LDC up to failure WclS used to determine the toughness of the RC beams 

tested The data acquired sho"'Wed a similar trend to that of the reduction in stiffness and 

ductility. Specifically, as corrosion increased, the energy absorbed decreased exponentially, 

follo"'Wed by a levelling off. The difference in this case, hO"'Wever, is that the stabilization 

occurred at a lO"'Wer value of approximately 40% of the original toughness. 

The res ults obtained from the experimental study for relative ductility, stiffness, and 

toughness "'Were all best numerically modelled (i.e. yielding the highest coefficient of 

determination) by po"'Wer regression analysis. When these numerical relationships are 

compared, the relative stiffness is approximately equal to the relative ductility, which are both 

roughly twice the relative toughness. 
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For the purpose of this study, the results of over 100 corroded-beam tests conducted by 

other researchers 'Were revie'Wed and a generalized equation for the capacity loss of RC beams 

in terms of steel mass loss was generated by-wayof logarithmic regression analysis. 

Numerical relationships 'Were identified bet'Ween a reduced beam capacity and various 

phenomena. Namely, the total mass loss, maximum corrosion crack width, number and 

spacing of flexural cracks, touglmess, deflection ratio, ductility, stiffness, and bond strength 

of the tensile steel 'Were examined These relationships are valuable in their potential for 

aiding in the development of an accurate prediction model of beam capacity. 

The results of the beam tests indicated a redistribution of internal stresses and a shift in the 

manner in .wich the applied load was transferred to the supports. It is hypothesised that 

when the level of corrosion reached 1.67%, beam action was replaced with arch action, due 

to the following: 

The capacity loss was relatively minor when compared to the bond loss. Since beam action 

cannot account for the capacities observed given such low bond strengths, it can be deduced 

that as corrosion progressed, beam action was replaced with an alternative such as arch 

actioIL 

After considering the work of Coronelli and Gambarova (2004), Cairns and Zhao (1993), and 

Rodriguez et al (1997), it can be concluded that the support-induced confinement of the 

beams tested was sufficient to allow for arch action. 

The data acquired from the present experimental study sho'Wed that after the capacity 

dropped below 83.2%, the beams stiffened dramatically, indicating a redistribution of internal 

stresses. A distribution such as this can be explained by a change from beam to arch actioIL 
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TIlls capacity of 83.2% corresponds to the corrosion level of 1.67% mentioned above, \\hich 

was established using numerical relationships derived from the beam tests performed 

In sum, the results of this laboratory study have led to a beuer understanding, both 

qualitatively and quantitatively, of the impact of corrosion on various phenomena of 

reinforced concrete beams with corroded reinforcing steel Moreover, several relationships 

involving the ultimate capacity and the level of corrosion were developed 

8.3 Recommendations for Future Research 

Further research is required in order to gain a beuer understanding of the behavioural 

changes of RC beams due to corrosion. The following studies are recommended: 

It is evident from the tests conducted that corrosion of the stirrups occurred To investigate 

the effect that the corrosion of the stirrups had on the results of this experiment, similar 

beams should be tested without stirrups or with external stirrups. Such tests vvould also aid in 

the understanding of how the confinement of the concrete surrounding tensile bars affects 

the behaviour of corroded RC beams, particularly load-carrying capacity. 

The results of the beam tests point to both the slipping and anchoring of the tensile bars; the 

lack of the widening of flexural cracks is symptomatic of the loss of anchorage, whereas the 

forces at the bearn-ends suggest sufficient support-induced confinement to anchor the bars 

and allow for arch action. In order to learn more about this apparent contradiction, 

examining the anchorage of the bars of similar beams is recommended This may be 

achieved through the measurement of bar slippage at the ends of the beams and the strains 

of both the tensile steel and concrete. This recommendation may also validate or refute the 

notion of the onset of arch action at the estimated corrosion level of 1.67%. 
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The measurement of the steel and concrete strains may also identify the manner in which the 

stresses -were redistributed after the degradation of bond, and shed light on the unexpected 

failure modes of the corroded beams tested in this study. 

Forcing anchorage of the tensile steel may affect the -way in which the beams react to 

corrosion. This can be achieved by testing beams similar to those in this experiment, but with 

-well-anchored bars (ie. bars having hooks or bends at the bearn-ends). A study of this nature 

can then be contrasted with the current findings in order to investigate the effects of 

anchorage on both the initiation of arch action and the evolution of the failure mode. 

In closing, a great deal of testing is required before the nature and behaviour of corroded RC 

beams can be comprehended, as there are numerous variables to consider. These variables 

include the concrete cover thickness, bar size, reinforcement ratio, moment ann length, beam 

depth, and concrete permeability and compressive strength. A holistic understanding of RC 

beams with corroded reinforcing steel can only be achieved once each factor is understood 

individually. Moreover, the identification of cause and effect relationships be~en the 

variables and corroded RC beams is required to accurately model these elements and predict 

their residual strength and service life. 

Finally, the development of practice-oriented equations for the evaluation of RC beams that 

consider the loss of both bond and steel cross-sectional area vvould contribute to the 

structural engineering community. Hov.ever, the detennination of the input parameters could 

pose a major limitation to these equations, which must be overcome before they can be used 

to facilitate the assessment of structures in the field For instance, there are currently no 

methods available to conveniently detennine either the cross-section reduction (location and 

distribution of pits) or the residual bond strength of corroded reinforcing steel The 
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development of these methods VvOuld make the practice-oriented equations viable, \\bich 

would undoubtedly prove to be a great asset to engineers in the field 
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APPENDIX A: CURRENT AND VOLTAGE 

READINGS FROM THE ACCELERATED 

CORROSION PROGRAM 

N.B. Current was constant at 1.5 amp, unless otherwise shovm. 
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Figure A-I: Voltage readings for BS03-Rand BS03-L. 
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Figure A· 2: Voltage readings for BS04· Rand BS04· L. 
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Figure A·3: Voltage readings for BS05· Rand BS05· L. 
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Figure A-4: Voltage readings for BS06-R and BS06-L. 
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Figure A-5: Voltage readings for BS07-R and BS07-L. 
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Figure A-6: Voltage readings for BS08-R and BS08-L. 
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Figure A-7: Voltage readings for BS09-Rand BS09-L. 
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Figure A-8: Voltage readings for BSI0-R and BSIO-L. 
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Figure A·tO: Voltage and Cu.tl'ent readings for BSll·L. 
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Figure A·14: Voltage readings for PS05 and PS06. 
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Figure A-16: Voltage readings for PS09 and PSI0. 
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APPENDIX B: CORROSION CRACK MAPS 
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Figure B-4: Corrosion crack map for BS07 
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Figure B-5: Conusioncrackmap for BS08 
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Figure B-8: Corrosion crack map forBSll 
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RIGHT 

BOTTOM 

LEFT 

APPENDIX C: HALF-CELL POTENTIAL 

READINGS FOR BEAM SPECIMENS 

-0092 
-0.085 
-0.076 
-0.078 

Table G 1: Categories used to analyze the half-cell potential readings. 

-0.095 -0.091 
-0.084 -0.097 
-0.086 -0.084 
-0.082 -0.076 

Desi 
A 
B 
C 
o 
E 
F 
G 

-0.089 
-0.078 
-0.081 
-0.088 

-0.092 
-0.078 
-0.080 
-0.089 

Less Than 
-0.42 mV 
-0.35 mV 
-0.28 mV 
-0.21 mV 
-0.14 mV 
-0.07 mV 
0.00 mV 

-0.077 -0.079 -0.088 -0.082 -0.081 
-0.080 -0.079 -0.083 -0.079 -0.088 
-0.093 -0.073 -0.080 -0.084 -0.077 
-0.090 -0.088 -0.088 -0.075 -0.085 

-0.076 
-0.087 
-0.074 
-0.076 

Figure G 1: Half-cell potential readings (mV) and their categories for BS01 
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1 
I , 
I 

RIGHT 
-0.120 -0.133 -0.135 -0.130 -0.132 -0.130 -0.134 -0.127 -0.133 -0.121 -0.119 

RIGHT 

-0.108 -0.112 -0.116 -0.122 -0.121 -0.119 -0.114 -0.109 -0.125 -0.112 -0.115 

-0.107 -0.117 -0.117 -0.129 -0.119 -0.117 -0.107 -0.114 -0.123 -0.110 -0.123 BOTTOM BOTTOM 

-0.116 -0.114 -0.116 -0.112 -0.102 -0.115 -0.117 -0.120 -0.121 -0.131 -0.127 
LEFT LEFT 

Figure G2: Half-cell potential readings (mV) and their categories for BS02 

RIGHT 
-0.256 -0.275 -0.285 -0.288 -0.285 -0.278 -0.277 -0.277 -0.282 -0.270 -0.252 

RIGHT 

-0.251 -0.260 -0.263 -0.260 -0.262 -0.257 -0.262 -0.255 -0.258 -0.252 -0.251 
-0.341 -0.347 -0.344 -0.344 -0.341 -0.366 -0.335 -0.332 -0.331 -0.330 -0.329 

BOTTOM BOTTOM 

LEFT -0.342 -0.375 -0.369 -0.375 -0.361 -0.351 -0.350 -0.344 -0.341 -0.336 -0.330 LEFT 

RIGHT RIGHT 

BOTTOM BOTTOM 

LEFT LEFT 

Figure G3: Half-cell potential readings (mV) and their categories forBS03 

RIGHT 
-0.297 -0.300 -0.289 -0.288 -0.268 -0.281 -0.301 -0.303 -0.297 -0.311 -0.335 

RIGHT 

-0.276 -0.291 -0.277 -0.287 -0.286 -0.289 -0.295 -0.297 -0.305 -0.311 -0.354 
-0.136 -0.151 -0.133 -0.148 -0.149 -0.148 -0.153 -0.153 -0.165 -0.177 -0.204 

BOTTOM BOTTOM 

LEFT 
-0.150 -0.157 -0.132 -0.126 -0.146 -0.140 -0.146 -0.151 -0.175 -0.180 -0.209 LEFT 

RIGHT 

BOTTOM 

LEFT 

Figure G4: Half-cell potential readings (mV) and their categories for BS04 
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RIGHT 
-0.390 -0.389 -0.434 -0.400 -0.384 -0.407 -0.411 -0.420 -0.411 -0.412 -0.368 

BOTTOM -0.434 -0.455 -0.445 -0.437 -0.451 -0.452 -0.438 -0.441 -0.433 -0.435 -0.425 
-0.470 -0.481 -0.475 -0.469 -0.479 -0.461 -0.448 -0.461 -0.434 -0.418 -0.407 

LEFT 
-0.484 -0.478 -0.495 -0.478 -0.485 -0.470 -0.463 -0.426 -0.434 -0.421 -0.379 

RIGHT B B M B B B B A B B B 

BOTTOM 
A A, fA G, f-. ' >-"\ --\ ;:. ;-. A 
A A ~ 6 ~ ., ~ u ~ B B 

LEFT 
A A A A A ~ A ~ ~ A B 

Figure G5: Half-cell potential readings (mV) and their categories for BS05 

RIGHT 
-0.373 -0.393 -0.412 -0.393 -0.386 -0.407 -0.430 -0.447 -0.445 -0.430 -0.389 

BOTTOM 
-0.404 -0.419 -0.441 -0.445 -0.426 -0.420 -0.433 -0.441 -0.447 -0.452 -0.410 
-0.400 -0.425 -0.414 -0.411 -0.409 -0.393 -0.409 -0.410 -0.403 -0.417 -0.395 

LEFT -0.375 -0.374 -0.338 -0.361 -0.385 -0.392 -0.433 -0.428 -0.416 -0.398 -0.368 

RIGHT I I BIB I ~ M ~ A B 
BOTTOM 

8 B A 6 ., • A A A A 13 
13 A BIB I BIB I B 

LEFT ,8 B BIB K ~ I B I 

Figure G6: Half-cell potential readings (mV) and their categories forBS06 

RIGHT 
-0.398 -0.436 -0.434 -0.425 -0.434 -0.434 -0.478 -0.467 -0.457 -0.453 -0.392 

BOTTOM -0.375 -0.415 -0.417 -0.435 -0.420 -0.409 -0.430 -0.421 -0.428 -0.420 -0.367 
-0.391 -0.419 -0.406 -0.409 -0.410 -0.440 -0.442 -0.439 -0.442 -0.420 -0.359 

LEFT -0.378 -0.417 -0.428 -0.436 -0.441 -0.448 -0.456 -0.422 -0.422 -0.404 -0.383 

RIGHT 
B A A ~ 4 f-. M A A B 

BOTTOM 
B B B A A B M M P A B 
B B B B B A Au. ~ B 

LEFT B B ~ pAM A M ~ B B 

Figure G7: Half-cell potential readings (mV) and their categories forBS07 
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RIGHT 
-0.415 -0.450 -0.431 -0.431 -0.421 -0.420 -0.423 -0.434 -0.460 -0.449 -0.400 

RIGHT 

BOTTOM 
-0.396 -0.442 -0.431 -0.433 -0.434 -0.423 -0.416 -0.428 -0.439 -0.419 -0.382 

-0.407 -0.422 -0.438 -0.450 -0.439 -0.401 -0.422 -0.408 -0.430 -0.397 -0.374 
BOTTOM 

LEFT -0.371 -0.415 -0.448 -0.453 -0.432 -0.388 -0.411 -0.422 -0.439 -0.426 -0.379 LEFT 

RIGHT B t '-I \ r~ >--' ~ ~ ~ t:. B 
RIGHT 

BOTTOM 
8 "' ~ L , ~ B 0 r B B 
8 ~ ~ c ~ B . 8 ~ 8 8 

BOTTOM 

LEFT 
8 8 ~ , ~ B B • ~ L 8 LEFT 

Figure G8: Half-cell potential readings (mV) and tbeircategories forBS08 

RIGHT 
-0.517 -0.535 -0.537 -0.521 -0.547 -0.517 -0.547 -0.522 -0.548 -0.556 -0.496 

RIGHT 

BOTTOM -0.556 -0.558 -0.545 -0.544 -0.554 -0.578 -0.550 -0.547 -0.553 -0.555 -0.519 
-0.529 -0.535 -0.551 -0.573 -0.565 -0.570 -0.548 -0.543 -0.538 -0.542 -0.524 

BOTTOM 

LEFT -0.495 -0.532 -0.533 -0.560 -0.549 -0.524 -0.539 -0.539 -0.521 -0.541 -0.486 LEFT 

RIGHT 
:.., :... ...... :... - ;. - I' :. :... '-I 

RIGHT 

BOTTOM 
:... ~ !.." !- ,. -' ~ '-I - ~ 

j..I. A. H. ~ ...", '-\ ::. >-' I-- '-\ ~ 
BOTTOM 

LEFT 
;::. !... L. ~ ~ • ~ ~ .; / :... 

LEFT 

Figure G9: Half-cell potential readings (mV) and tbeircategories forBS09 

RIGHT 
-0.524 -0.550 -0.556 -0.552 -0.552 -0.531 -0.564 -0.545 -0.558 -0.539 -0.522 

RIGHT 

BOTTOM 
-0.514 -0.546 -0.555 -0.546 -0.529 -0.502 -0.529 -0.556 -0.526 -0.536 -0.538 
-0.501 -0.530 -0.550 -0.533 -0.512 -0.560 -0.532 -0.519 -0.531 -0.538 -0.537 

BOTTOM 

LEFT -0.516 -0.485 -0.536 -0.525 -0.518 -0.515 -0.545 -0.515 -0.506 -0.521 -0.515 LEFT 

RIGHT 
;::. ;;. b. :.. '-' '-' .; ,~ A. ~ :... RIGHT 

BOTTOM 
~ t ~!... :... '-\ .., ~ ~ ~ 

A ~ ;::. :... ~ ~ ~ ~ ~ 4 ~ 
BOTTOM 

LEFT 2. P M A :... ,--' 4 '-\ A A A LEFT 

Figure G 10: Half-cell potential readings (mV) and their categories for BS10 
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RIGHT 
-0.672 -0.675 -0.695 -0.690 -0.691 -0.683 -0.673 -0.672 -0.655 -0.624 -0.602 

RIGHT 

BOTTOM 
-0.628 -0.637 -0.636 -0.638 -0.633 -0.616 -0.628 -0.628 -0.626 -0.599 -0.604 

-0.602 -0.604 -0.605 -0.594 -0.584 -0.593 -0.580 -0.590 -0.620 -0.597 -0.596 
BOTTOM 

LEFT 
-0.606 -0.628 -0.633 -0.629 -0.607 -0.596 -0.613 -0.636 -0.640 -0.607 -0.591 LEFT 

RIGHT A A A A A A A A A A A 
RIGHT 

BOTTOM 
A A A A A A A A A A A 
A A A A A A A A A A A 

BOTTOM 

LEFT 
A A A A A A A A A A A LEFT 

Figure G 11: Half-cell potential readings (mV) and their categories for BSll 

RIGHT 
-0.592 -0.561 -0.579 -0.604 -0.621 -0.610 -0.624 -0.619 -0.630 -0.641 -0.634 

RIGHT 

BOTTOM -0.609 -0.594 -0.586 -D.597 -D.616 -0.633 -0.618 -0.601 -0.610 -D.626 -D.624 
-D.585 -D.558 -0.580 -D.592 -D.604 -0.630 -0.611 -D.592 -0.590 -D.585 -D.607 

BOTTOM 

LEFT -0.591 -D.598 -0.596 -D.614 -D.614 -0.622 -0.628 -0.609 -0.608 -D.608 -D.603 LEFT 

RIGHT 
A A A A A A A A A A A 

RIGHT 

BOTTOM 

LEFT 

A A A A A A A A A A A 
A A A A A ~ A A A A A 
A A A A A A A A A A A 

BOTTOM I LEFT 

Figure G U: Half-cell potential readings (mV) and their categories for BSU. 
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APPENDIX D: LOAD-DEFLECTION CURVE 

ANALYSIS 
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Figure 0..1: LOC trend lines for BS01 

Equation 0..1 

0.97 2.74 

ABS01 = f (49.103x)dx+ f (47.073x+1.9728)dx 
0.00 0.00 

2.82 4.39 

+ f (-39.947x 2 +241.73x-231.44)dx+ f (4.7968x + 119.04)dx 
2N 2~ 
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Figure D-2: LDC trend line for BS07 

\ 

I 
EquationD-2 

3.33 3.72 

ASS07 = j(33.26x)dx+ j(-25.446x2 +196.53x-261.52)dx 
0.00 3.33 

:. ABs07 = 229.06 _ kN . mm 
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Figure 0.3: LOC trend line for BS08 

Equation 0.3 

3.39 3.50 

ABS08 = S (33.62x)dx+ S (-209.74x2 + 1460.4x-2426.4)dx 
0.00 3.39 

:. ABS08 = 205.69 _kN ·mm 
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Figure 1).4: LOC trend line for BS09 

Equation 1).4 

3.17 

ABS09 = J (31.833x)dx 
0.00 

:. ABS09 = 159.99 _kN ·mm 
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Figure 0.5: LOCtrend1ine forBSlO 

Equation 0.5 

3.15 

ABSIO = f (31.82x )dx 
0.00 
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Figure D-6: LOC trend line for BSll 
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ABSll = j (31.363x)dx 
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Figure 1).7: LOC trend line for BS12 

Equation 1).7 

3.08 

ABS12 = f (31.35x)dx 
0.00 
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APPENDIX E: FAILURE ZONE PICTURES 

Figure E-1: Photograph showing the failure zone of BS01 

Figure E-2: Photograph showing the failure zone of BS02 
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Figure E-3: Photograph showing the failure zone of BS03 

Figure E-4: Photograph showing the failure zone of BS04 
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Figure E-5: Photograph showing the failure zone of BS05 

I 
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I 

Figure E-6: Photograph showing the failure zone of BS06 
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Figure E-7: Photograph showing the failure zone of BS07 

Figure E-8: Photograph showing the failure zone of BS08 
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Figure E-9: Photograph showing the failure zone of BS09 
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Figure E-10: Photograph showing the failure zone of BS10 I 
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Figure E-11: Photograph showing the failure zone of BSll 

Figure E-12: Photograph showing the failure zone of BS12 
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APPENDIX F: FLEXURAL CRACK SURVEY 

--- FAILURE CRACK ......... FLEXURE CRACK ""." .. CORROSION CRACK 

Figure F-l: Legend for the crack surveys below 
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Figure F-2: Illustration showing the flexural crack development of BSOl 
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Figure F-3: Illustration showing the £Jexurnl crack development of BS02 
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Figure F-4: Illustration showing the flexurnl crack development of BS03 
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Figure F-5: Illustration showing the f1eXUr.l1 cmck development of BS04 
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Figure F-6: Illustration showing the f1eXUr.l1 cmck development of BS05 
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Figure F-7: Illustr.ltion showing the flexural crack development of BS06 
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Figure F-8: Illustr.ltion showing the flexural crack development of BS07 
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Figure F-9: Illusttation showing the fl.exurnl crack development of BS08 
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Figure F-lO: Illusttation showing the flexurnl crack development of BS09 
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Figure F-ll: Illustration shoMng the flexural crack development of BSI0 
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Figure F-12: Illustration showing the flexural crack development of BSll 
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APPENDIX G: PREVIOUS BEAM STUDIES 

Width Height Span 
Bar #of Mass 

Researchers Dia. Capacity 
(mm) (mm) (mm) (mm) Bars Loss 

Perno et aI., 2005, 
100 278 16 2 50.00% 69.00% 

16 mm Bars 
Perno et aI., 2005, 100 278 16 2 30.00% 78.80% 

16 mm Bars 
Perno et aI., 2005, 

100 278 16 2 15.00% 85.80% 
16 mm Bars 

Perno et aI., 2005, 
100 278 16 50.00% 

16 mm Bars 
Perno et aI., 2005, 100 278 16 30.00% 

16 mm Bars 
Perno et aI., 2005, 

100 278 16 2 15.00% 89.20% 
16 mm Bars 

Dekoster et al., 
150 280 2800 12 2003 (Toulouse) 

Dekoster et aI., 
200 250 2800 13 2003 (Lee) 

Capozucca and 
100 150 2250 8 3 Cerri,2003 

Higgins and 
Farrow, 2006 254 610 2400 8 5 6.11% 
(Type I) 

Higgins and 
Farrow, 2006 254 610 2400 8 5 14.17% 
(Type I) 

Higgins and 
Farrow, 2006 254 610 2400 8 5 30.31% 
(Type I) 

Maaddawy et aI., 
2005b, 15 mm 

152 254 3000 15 2 8.90% 93.50% 
Bar, 33 mm 
Cover 

Maaddawy et aI., 
2005b, 15 mm 

152 254 3000 15 2 14.20% 89.00% 
Bar, 33 mm 
Cover 

Maaddawy et aI., 
2005b, 15 mm 

152 254 3000 15 2 22.20% 80.00% 
Bar, 33 mm 
Cover 

Maaddawy et aI., 
2005b, 15 mm 

152 254 3000 15 2 31.60% 71.00% 
Bar, 33 mm 
Cover 
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1 
Height Span 

Bar # of Mass 
Researchers 

Width Dia. Loss 
Capacity 

(mm) (mm) (mm) (mm) 
Bars 

Maaddawy et aI., 
2005b, 15 mm 

152 254 3000 
Bar, 33 mm 

15 2 9.70% 88.11% 

Cover 
Maaddawy et aI., 

2005b, 15 mm 152 254 3000 
Bar, 33 mm 

15 2 15.40% 86.12% 

Cover 
Maaddawy et aI., 

2005b, 15 mm 152 254 3000 
Bar, 33 mm 

15 2 22.80% 85.57% 

Cover 
Maaddawy et aI., 

2005b, 15 mm 152 254 3000 15 2 30.00% 75.83% 
Bar, 33 mm 
Cover 

Ballim, Reid and 
Kemp, 2001, 16 

100 160 1450 16 1 6.38% 72.00% 
mm Bar, 20 mm 
Cover 

Ballim, Reid and 
Kemp, 2001,16 

100 160 1450 16 1 5.88% 84.00% 
mm Bar, 20 mm 
Cover 

Ballim, Reid and 
Kemp, 2001,16 

100 160 1450 16 1 5.56% 84.00% 
mm Bar, 20 mm 
Cover 

Ballim, Reid and 
Kemp, 2001,16 

100 160 1450 16 1 8.47% 67.00% 
mm Bar, 20 mm 
Cover 

Ballim, Reid and 
Kemp, 2001,16 

100 160 1450 16 1 5.61% 95.00% 
mm Bar, 20 mm 
Cover 

Ballim, Reid and 
Kemp, 2001, 16 

100 160 1450 16 1 7.98% 68.00% 
mm Bar, 20 mm 
Cover 

Van, Wang and 
100 100 12 2 Zhang, 2004 

Banic, Grandic and 
100 180 650 8 1 Bjegovic, 

Oyado, Hasegawa 
100 200 1800 13 2 and Sato, 2003 

Oyado, Hasegawa 
100 200 1800 16 1 and Sato, 2003 
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Width Height Span 
Bar # of Mass 

Researchers Dia. Capacity 
(mm) (mm) (mm) (mm) 

Bars Loss 

Yoon et al. 2000 & 
Wang et al. 
2000, (L), 19 100 150 1050 19 1 4.00% 90.98% 
mm Bar, 30 mm 
Cover 

Yoon et al. 2000 & 
Wang et al. 
2000, (L), 19 100 150 1050 19 1 6.00% 75.61% 
mm Bar, 30 mm 
Cover 

Yoon et al. 2000 & 
Wang et al. 
2000, (P), 19 100 150 1050 19 1 3.80% 
mm Bar, 30 mm 
Cover 

Yoon et al. 2000 & 
Wang et al. 
2000, (P), 19 100 150 1050 19 1 3.20% 91.95% 
mm Bar, 30 mm 
Cover 

Castel et aI., 2000 
150 280 2800 12 2 

Mangat and Eigarf 
100 150 10 2 

1999b 
Mangat and Eigarf 

100 150 10 2 1999b 
Mangat and Eigarf 

100 150 10 2 1999b 
Mangat and Eigarf 

100 150 10 2 1999b 
Mangat and Eigarf 

100 150 10 2 
1999b 

Mangat and Eigarf 
100 150 10 2 1999b 

AI-Sulaimani et al. 
(1990),12 mm 

150 150 900 12 1 0.17% 99.58% Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990), 12 mm 

150 150 900 12 1 0.72% 100.21% Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990), 12 mm 

150 150 900 12 1 1.50% 99.15% 
Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990), 12 mm 

150 150 900 12 1 1.75% 97.67% Bar, 29 mm 
Cover 
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1 
Width Height Span 

Bar #of Mass 
Dia. Capacity Researchers (mm) (mm) (mm) Bars Loss 

(mm) 

AI-Sulaimani et al. 
(1990), 12 mm 150 150 900 12 1 1.86% 98.09% 
Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990),12 mm 150 150 900 
Bar, 29 mm 

12 1 1.96% 96.61% 

Cover 
AI-Sulaimani et al. 

(1990), 12 mm 150 150 900 12 1 2.75% 93.22% 
Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990), 12 mm 150 150 900 12 1 3.75% 89.19% 
Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990), 12 mm 150 150 900 12 1 3.89% 90.04% 
Bar, 29 mm 
Cover 

AI-Sulaimani et al. 
(1990),12 mm 

150 150 900 12 1 4.10% 89.41% 
Bar, 29 mm 
Cover 

Uomoto and Misra 100 200 16 2 (1988) 
Huang and Yang 150 150 #4 2 (1997) 
Mangat and Elgart 100 150 10 2 (1999a) 
Mangat and Elgart 8 2 (1999a) 
A A Torres-Acosta; 100 150 9.5 1 2004 
Azher (2005), 10 

mm Bar, 25 mm 150 150 900 10 2 5.40% 91.70% 
Cover 

Azher (2005), 10 
mm Bar, 25 mm 150 150 900 10 2 14.20% 87.20% 
Cover 

Azher (2005), 10 
mm Bar, 25 mm 150 150 900 10 2 15.20% 89.88% 
Cover 

Azher (2005), 10 
mm Bar, 25 mm 150 150 900 10 2 21.40% 78.62% 
Cover 

Azher (2005), 10 
mm Bar, 25 mm 150 150 900 10 2 21.50% 67.20% 
Cover 
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Width Height Span 
Bar # of Mass 

Researchers Dia. Capacity 
(mm) (mm) (mm) (mm) 

Bars Loss 

Azher (2005), 10 
mm Bar, 25 mm 150 150 900 10 2 31.00% 55.65% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 5.50% 86.26% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 8.80% 80.89% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 20.10% 70.46% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 14.00% 71.30% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 22.90% 60.04% 
Cover 

Azher (2005), 12 
mm Bar, 25 mm 150 150 900 12 2 25.50% 57.37% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 8.00% 92.89% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 9.10% 86.67% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 10.10% 83.99% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 17.60% 78.94% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 21.40% 77.53% 
Cover 

Azher (2005), 10 
mm Bar, 40 mm 150 150 900 10 2 34.80% 56.10% 
Cover 

Azher (2005), 12 
mm Bar, 40 mm 150 150 900 12 2 7.90% 91.65% 
Cover 

Azher (2005), 12 
mm Bar, 40 mm 150 150 900 12 2 10.90% 83.30% 
Cover 

Azher (2005), 12 
mm Bar, 40 mm 150 150 900 12 2 13.40% 76.35% 
Cover 

Azher (2005), 12 
mm Bar, 40 mm 150 150 900 12 2 18.60% 68.40% 
Cover 
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., 

Width Height Span Bar #of Mass Researchers Dia. Capacity (mm) (mm) (mm) (mm) Bars Loss 

Azher (2005), 12 
mm Bar, 40mm 150 150 900 12 2 18.00% 68.55% 
Cover 

Azher (2005), 12 
mm Bar, 40mm 150 150 900 12 2 20.70% 57.65% 
Cover 

Rodriguez et al. 
(1997),2-10 mm 150 200 2000 10 2 0.00% Bars, 2-8 mm 
Bars, 170 mm 

Rodriguez et al. 
(1997),2-10 mm 
Bars, 2-8 mm 150 200 2000 10 2 0.00% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-10 mm 
Bars, 2-8 mm 150 200 2000 10 2 14.40% 75.32% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-10 mm 
Bars, 2-8 mm 150 200 2000 10 2 18.00% 68.18% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-10 mm 
Bars, 2-8 mm 150 200 2000 10 2 19.60% 65.58% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-10 mm 
Bars, 2-8 mm 150 200 2000 10 2 28.40% 55.84% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 2-8 mm 150 200 2000 12 4 0.00% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 2-8 mm 150 200 2000 12 4 0.00% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 2-8 mm 150 200 2000 12 4 10.67% 77.96% 
Bars, 170 mm 
Stirrup Spacing 
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Width Height Span 
Bar #of Mass 

Researchers Dia. Capacity 
(mm) (mm) (mm) (mm) Bars Loss 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 2-8 mm 150 200 2000 12 4 11.67% 73.12% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 2-8 mm 150 200 2000 12 4 13.67% 54.84% 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 150 200 2000 12 4 13.33% 61.56% 
Bars, 2-8 mm 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 
Bars@ mid- 150 200 2000 12 

2 +2 
0.00% span, 2-8 mm @mid 

Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 

2 +2 Bars@ mid- 150 200 2000 12 0.00% 
span, 2-8 mm @mid 

Bars, 170 mm 
Stirrup SpacinQ 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 

2 +2 Bars@ mid- 150 200 2000 12 @mid 10.67% 67.38% 
span, 2-8 mm 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 

2 +2 Bars@ mid- 150 200 2000 12 11.67% 67.11% 
span, 2-8 mm @mid 

Bars, 170 mm 
Stirrup Spacing 
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Width Height Span 
Bar # of Mass 

Researchers Dia. Capacity 
(mm) (mm) (mm) (mm) 

Bars Loss 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 2 +2 
Bars @ mid- 150 200 2000 12 @mid 

13.33% 56.19% 
span, 2-8 mm 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),2-12 mm 
Bars, 4-12 mm 2 +2 
Bars@ mid- 150 200 2000 12 @mid 

13.00% 65.78% 
span, 2-8 mm 
Bars, 170 mm 
Stirrup Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 200 2000 12 4 0.00% Top Bars, 170 
mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 200 2000 12 4 0.00% Top Bars, 170 
mm Stirrup 
Spacing 

Rod rig uez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 
Top Bars, 170 

150 200 2000 12 4 12.33% 72.49% mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 200 2000 12 4 10.33% 67.87% Top Bars, 170 
mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 
Top Bars, 170 150 200 2000 12 4 14.33% 49.87% 
mm Stirrup 
Spacing 
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Width Height Span 
Bar #of Mass 

Researchers (mm) (mm) (mm) Dia. Bars Loss 
Capacity 

(mm) 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 200 Top Bars, 170 
2000 12 4 17.67% 53.73% 

mm Stirrup 
Spacinq 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 200 
Top Bars, 85 

2000 12 4 0.00% 

mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 Top Bars, 85 200 2000 12 4 0.00% 

mm Stirrup 
Spacinq 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 Top Bars, 85 200 2000 12 4 10.00% 73.34% 

mm Stirrup 
Spacinq 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 Top Bars, 85 200 2000 12 4 16.00% 74.12% 

mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 Top Bars, 85 200 2000 12 4 14.00% 71.52% 

mm Stirrup 
Spacing 

Rodriguez et al. 
(1997),4-12 mm 
Bars, 4-8 mm 

150 Top Bars, 85 200 2000 12 4 17.00% 52.54% 

mm Stirrup 
Spacing 

Cabrera 1996; 
Cabrera and 

125 Ghoddoussi 160 968 12 2 

11992) 
Cabrera 1996; 

Cabrera and 
125 Ghoddoussi 160 968 12 2 

JJ992) 
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