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- TH£SlS REPORT 

ABSTRACT 

The Arabian Gulf  is considered to be one of the world's most aggressive 

environments for reinforced concrete. Trad itional methods of corrosion 

protection may not be enough to provide the req uired level of corrosion 

control for the design l i fe of concrete structures in such environments. 

Cathod ic protection has been found as a viable technique of inhibi ting 

chloride induced corrosion of steel i n  concrete structures. As an a l ternative to 

im pressed current cathodic protection lCCP a remarkable developments 

recently have been made i n  the appl ication of sacrificial anode cathodic 

protection as a means of enhancing the performance of patch repair. 

The main objective of this thesis is to study the effectiveness of appl ication of 

sacrificia l  anode cathodic protection (SACP) i n  preventing or red ucing 

corrosion of steel reinforcement i n  the reinforced concrete i n  aggressive 

environments. 

Various experimental settings are considered to account for the effectiveness 

of the sacrificial  anodes (SA) local ly  and global ly, i m mersed and 

a tmospherical ly exposed, in rela tively smal l  and large patch repairs and in 

both old and new construction. 

The experiment program was d ivided into two parts; i n-situ and laboratory. 

In the i n-situ program, three columns with significant corrosion were selected, 

evaluated, repaired and monitored for about one year. Local and globa l  

sacrificia l  anodes were used . In the laboratory part, s ix  slabs were cast; they 
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- THESIS REPORT 

were designed to s imu late old repaired concrete with relatively smal l  and 

large area of repairs, and new construction. 

The results of in-si tu program demonstrated that sacrificia l  a nodes were 

working. Protection from corrosion i n  the col um ns that were treated by 

means of local SA was apparent relative to the control .  The global SA effect 

was not eq ual ly apparent in  such a short period . The resu l ts of SACP in  new 

constructed slab showed positive effect in  preventi ng steel from corrosion. 

Even though the average current density recorded in  the slabs was 

appropriate for CP, the mean depolarsation potentials considerably short of 

the required level .  It should be stated, however, that the intention was not to 

insta l l  sacrificial  CP system but to study the performance of the sacrificial 

anodes in conditions where corrosion of steel reinforcement may be occurring 

nearby. This reflects the fact that electrochemical equ i l ibration u nder 

polarizing conditions requires a considerable period of time to be established, 

particularly i n  the case of passive steel 

The use of SACP i n  patch repairs has been proved to give cathodic protection 

to concrete. An electrochemical cel l  was formed in  which SA was anode and 

surroundi ng steel was cathode as was seen from the potentia l  resul ts .  This 

was clearer in the 20-year-old colu m n  than in newly cast laboratory slabs. 

Throughout the tests to date, the anodes have been found to be an effective 

method for contro l l ing the problems associated wi th i ncipient anode 

generation and the premature fai lure of areas surrounding repairs i n  concrete, 

which are suffering from chloride, related corrosion. 

PAGE 2 



- THFSIS REPORT 

TABLE OF CONTENTS 

ABSTRACT ........................................................................................... . ............. . .... 1 

TABLE OF CONTENTS . . . .................. ...... .................................................. ............. 3 

TABLE OF TABLES ..................... . . .. . . ............ . . ....................... . . . .......... . ......... . . . ...... 6 

TABLE OF FIGURES ............ ...................... . . . . ........................................................ .'7 

1 INTRODUCTION ................................................. . ...................................... 1 1  

1 . 1  Corrosion and Corrosion cost . .  ......................... ................................. 1 1  

1 .2 Catilodic protection .......................................... ...... . ........................... 1 2  

1 .3 Local experiences i n  cathodic protection .......................................... 13  

1 .4 Objectives of tile thesis ........... .............. .............................................. 14  

1 .5 Thesis outl ine .................... ........... . . ..................................................... 15  

2 LITERATURE REVIEW ................................................................... ............ 1 6  

2 . 1  Introd uction ......................................................................................... 16 

2.2 Corrosion of steel in concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  17  

2.2. 1 The Corrosion Process . ........ ................ . ..... ............. ................. 18  

2.2.2 The Chloride Ion ........................................................... ..... ...... 1 9  

2.3 Passive Methods of Protec tion ........................................................... 20 

2.3. 1 Low Permeabi l i ty Concrete and Increased Cover ....... ......... 21 

2.3.2 Penetrating Sealers .................................................................. 21 

2.3.3 Waterproof Membranes .......................................................... 22 

2.3.4 Epoxy Coated Rebar ............. ........... .................... .................... 22 

2.3.5 Galvanized Rebar .................................................................... 23 

2.3.6 Corrosion i nhibitors ... ............................................................. 23 

PAGE3 



THESIS REPORT 

2.4 Genera l considerations and definitions ............................ ............. ... 24 

2.4. 1 Im munity, activity and passivi ty cond itions ............. ........... 24 

2.4.2 Hyd rogen evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  25 

2.4.3 Corrosion potential, driving force, reaction resistance and 

corrosion rate ........... . . . . ........ .................................. ........... ............. . . . ... 25 

2.4.4 Beneficial effects i nd uced by CP .................................... . . . ..... 26 

2.4.5 Negative effects ind uced by CP ........... . . . . . . . . ............. ............. 28 

2.4.6 Criteria for prevention and protection ........................... ....... 29 

2.4.7 Operating cond i tions on the cathod ic side ............................ 31 

2.5 Sacrificia l  Anodes Cathodic Protection .................... ......................... 33 

2.5. 1 Laboratory eval uation experiments . . .. . ............ ...................... 33 

2.5.2 Long Term Performance field tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

2 .6 E lectrochem ical chloride extraction (ECE) ......... ............................. . 48 

2.7 E lectrochem ical Realkal isation (ERA) ........................ ...................... . 49 

2.8 ADCO experience in well cas ing cathodic protection . .................... 51 

3 M ETHODOLOGY AND EXPERIMENTAL SETTING ............................. 54 

3 .1  Materials .......... .................................................................................... 54 

3. 1 . 1  Cement ... ........ ............................ .............................................. 54 

3. 1 .2 Aggregates: .................................... . . . .... .................. . . ............. . .  55 

3. 1 .3 Repair  m ixture ........................................ . . . . ............ . ............ . . . .  57 

3 . 1 .4 Sacrificial embedded a node: . ...... . . . . ................... .......... . . ......... 59 

3.2 In-si tu field testing (Car park sheds) ..... ...................................... . . .... 62 

3.2. 1 Visual i nspection ................................. ........... ......................... 63 

3.2.2 Investigation & testing ...... . . . . . ............................ ..................... 66 

__________________________________________________ PAGE 4 



THESIS REPORT 

3.2.3 Repair procedure ........................ ............................................. 69 

3.3 Laboratory trials ........................ ................ ...... ........... .............. ....... . . .. 75 

3.3.1 Set-up proced ure ..................................................................... 79 

3.4 Monitoring proced ure ........................... ............................................. 81 

4 RESULTS AND DISCUSSION .................................................................... 83 

4.1 Introd uction ................... ... . .... ............ ................... ...... . ...... . ................. 83 

4.2 In-situ results ..... ................. . ....... ................................ ......................... 84 

4.2. 1 Half-cel l  potential survey ........................................ ............... 84 

4.2.2 Output measurements (Potentia l  & Current) ....................... 90 

4.2.3 The effect of using global anodes in addi tion to loca l ones . 94 

4.3 Laboratory testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 

4.3. 1 Hal f-cel l  potential su rvey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  98 

4.3.2 Potentia l  & Current measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 04 

4.3.3 Effect of relative size of repair on SA performance . . . . . . . . . . . .  1 09 

4.3.4 Effect of using SACP anodes in new construction . . . . . . . . . . . . .  1 1 1  

4.4 Effect of SACP on protecting steel from corrosion ........ . ................ 1 13 

5 CONCLUSIONS, RECOMMENDATIONS FOR FURTHER STUDIES. 1 22 

5. 1 Conc lusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 22 

5.2 Recommendations for further studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 23 

REFERENCES .......................................................................... ............................ 1 25 

APPENDIX A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 27 

PAGES 



- THESIS REPORT 

TABLE OF TABLES 

Table 2-1 : applied wel l casing CP designs and costs ......................................... 52 

Table 2-2: current performance of im pressed current W IC CP system ........... 52 

Table 2-3: wel l casing CP - end 1997 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

Table 3-1 : Type of Cement: OPC, Al-Ain. Test Method: BS 4550 . . . . . . . . . . . . . .. . . . . . . .  54 

Table 3-2: Chemical com position of the OPC used i n  this work as tested 

accord ing to ASTM Cl 14  ................................... . . ......... . . . . ............................. 55 

Table 3-3: Coarse Aggregate: Crushed .Test Method: BS 812 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 

Table 3-4: Fine Aggregate: Crushed .Test Method : BS 812 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 

Table 3-5: Properties of repair mixture ................................................................ 58 

Table 3-6: Chloride Content (% by weight of oven dried concrete) Test 

Specification:  BS 1 88 1  Part 1 24 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66 

Table 3-7 Half-cell potentia l  and output measurements sched ule ................... 82 

________________________________________________ PAGE 6 



- THESIS REPORT 

TABLE OF FIGURES 

Figure 2-1 a) acti e b) active-passive anodic behavior of meta ls  . . . . . . . . . . . . . . . . . . . . . .  25 

Figure 2-2 Cp i n  the case of a) active b) active-passive behavior . .  . . . . . . . . . . . . . . . . . . . .  27 

Figure 2-3 variation of the a) anodic b) cathod ic behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  28 

Figure 2-4 anodic behavior of steel in  presence of chlorides . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

Figure 2-5 steel behavior in  concrete as a function of chloride content.. . . . . . . . . . .  31 

Figure 2-6 1 month after application of SA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

Figure 2-7 control slab 2 months after repair. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

Figure 2-8 test plates i nsta l led at a square-based device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

Figure 2-9 potentia l  and current vs. time for protection with SA . . . . . . . . . . . . . . . . . . . . .  39 

Figure 2-1 0  cathodically protected footer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  41 

Figure 2-1 1 a) local ized corrosion b) i ncipient anode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 43 

Figure 2-1 2  protection of steel i n  patch repair from SA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  43 

Figure 2-1 3  A50 crossbeam detai ls  and tria l  layout  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  46 

Figure 2-14  plan of car park site tria l . .  ........................................................... . .... . 47 

Figure 2-1 5 total current and current density results from car park . . . . . . . . . . . . . . .  . 47 

Figure 2-1 6  schematic i llustration of chloride extraction process . . . . . . . . . . . . . . . . . . . . .  49 

Figure 2-1 7  schematic i ll ustration of realka lisation process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 

Figure 2-18  well i nventory casing repairs and cathodical ly protected wells  . . .  53 

Figure 3-1 sacrificia l  a nodes types a) local patch repair b) global . . . . . . . . . . . . . . . . . . . .  61  

Figure 3-2: Works department car park sheds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 

Figure 3-3 Delamination survey of C1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  64 

Figure 3-4 Ini tia l  sta te of column C1 before repair . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65 

__________________________ PAGE 7 



- THESIS REPORT 

Figure 3-5 Half-cell  potentia l  su rvey of col um n C1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 

Figure 3-6 Cu mulative freq uency curve-more negati ve than -350 mV . . . . . . . . . . . .  69 

Figure 3-7 the colu m ns were chosen for testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  70 

Figure 3-8 Breaking out deteriorated concrete using penumatic ham mer . . . . . . .  71 

Figure 3-9 Concrete sand blasti ng with shotcreting equi pment . . . . . . . . . . . . . . . . . . . . . . . .  72 

Figure 3-1 0 Sacrificial anodes i nsta l lation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  73 

Figure 3-1 1 Formworks erecting prior repair materia l  placing . . . . . . . . . . . . . . . . . . . . . . . . .  74 

Figure 3-1 2  Locations SA i n  smal l  repaired area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 

Figure 3-13 Locations of SA i n  large repaired area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76 

Figure 3-14 Locations of SA i n  new concrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

Figure 3-15 Location of smal l  repaired area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 

Figure 3-1 6 Location of large repaired area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  78 

Figure 3-1 7  New slab before casti ng ................................................................ . . . .  78 

Figure 3-18 Slabs curing wi th wet sheets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  80 

Figure 4-1 half-cell  potential readi ngs of column C1 before repair . . . . . . . . . . . . . . . . . .  85 

Figure 4-2 half-cell  potential readings of column C1 at the age of 1 year . . . . . . . .  85 

Figure 4-3 half-cel l  potentia l  readings of C2 befre repair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  87 

Figure 4-4 half-cel l  potentia l  readi ngs of C2 after 1 year of repair . . . . . . . . . . . . . . . . . . .  87 

Figure 4-5 half-cell  potential readings of C3 before repair . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 

Figure 4-6 half-cel l potentia l  readi ngs of C3 after 1 year of repair . . . . . . . . . . . . . . . . . . .  89 

Figure 4-7 potential ou tput  of SA i n  C2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 

Figure 4-8 current  outp u t  of SA i n  C2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 

Figure 4-9 potential output of SA i n  C3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 

Figure 4-10 current output of SA i n  C3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  93 

PAGE 8 



- THESIS REPORT 

Figure 4-1 1 trend of current output of aeriated loca l SA in  C2 and C3 . . . . . . . . . . . .  96 

Figure 4-1 2 trend of current output of immersed loca l SA in  C2 and C3 . . . . . . . . .  96 

Figu re 4-1 3 trend of potentia l  output of aeriated local SA i n  C2 and C3 . . . . . . . . .  97 

Figure 4-14 trend of potentia l  output of immersed local SA in  C2 and C3 . . . . . .  97 

Figure 4-15 half-cel l potentia l  mapping of slab 1C at age 1 year . . . . . . . . . . . . . . . . . . . .  1 00 

Figure 4-1 6 half-cel l potentia l  mapping of slab 1 at age 1 year .  . . . . . . . . . . . . . . . . . . . . . .  1 00 

Figure 4-1 7 half-cel l  potentia l  mapping of slab 2C at age 1 year . . . . . . . . . . . . . . . . . . . .  101  

Figure 4-18 half-cell potential mapping of  slab 2 at  age 1 year .  . . . . . . . . . . . . . . . . . . . . . .  101  

Figure 4-19 half-cell  potential mapping of s lab 3C at age 1 year . . . . . . . . . . . . . . . . . . . .  1 02 

Figure 4-20 half-cel l  potentia l  mapping of slab 3 at age 1 year . . . . . . . . . . . . . . . . . . . . . . .  1 02 

Figure 4-21 Cumu lative freq uency of slabs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 03 

Figure 4-22 current ou tput of slab 1 ......... . . . . . . .. . . . . . . . . . . . . . . ....... . . . . . . . . . . . . . . .. . . . . . . . . . . . .  1 05 

Figure 4-23 potentia l  output of slab 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 05 

Figure 4-24 potentia l  output of slab 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 06 

Figure 4-25 current  output of slab 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 06 

Figure 4-26 current output of slab 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 08 

Figure 4-27 potentia l  output  of slab 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 08 

Figure 4-28 trend of potentia l  output of slab 1 and slab 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 0  

Figure 4-29 trend o f  current output  o f  slab 1 and slab 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 10 

Figure 4-30 trend of potentia l  output of slab 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2  

Figure 4-31 trend o f  current output  o f  slab 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 1 2  

Figure 4-32 maximum half-cell  readings in  and around SA zones . . . . . . . . . . . . . . . . .  1 1 8  

Figure 4-33 trend o f  maximum half-cell  readings i n  and around SA zones . .  1 18 

Figure 4-34 maxim u m  half-cel l  readings around SA zones . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 19 

PAGE 9 



- THESIS REPORT 

Figure 4-35 trend of maxim um half-cell readings around SA zones ....... . .. . . . . 1 1 9 

Figure 4-36 cumulative frequency before and after repair of the columns . . .. 1 20 

Figure 4-37 half-cel l potential shift in  C2 ......................... . . ........... .................... 121 

Figure 4-38 hal f cel l-potentia l  shift in  C3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 21 

PAGE 10 -



Chapter One 

Introduction 

-- - --



- THESIS REPORT 

1 INTRODUCTION 

1.1 Corrosion and Corrosion cost 

Many countries (U.K., U.s.A, Austra l ia, and others) have estimated the cost of 

corrosion and a l l  have got same resu l ts. The annual corrosion cost estimates in 

the United States is in  the range of $8 bil l ion to $1 26 bi l l ion. National Beureau 

of Sta ndards (NBS) and Battel le Memorial Insti tute carried out  a study of 

a nnual  cost of meta l l ic corrosion, the resu l ts was $70 bi l l ion [ 1 ] .  

In  Seou l, Sou th Korea, October 1 994, 32  persons were ki l led as  a result  of 

col lapsing of a bridge into San River in rush hour time; the cause was 

breaking corroded extension hinges [2] . 

Crude oi l  spi l led out  from burst p ipel ines and contamina tion of u nderground 

water due to leakage of u nderground storage tanks cou ld cause a big 

environmenta l  problem. (3/8) of a ton of C02 - largely responsible for global 

warming - is released into air due to production of a ton of steel from ore i ron 

to replace one lost to corrosion, this comes from the fact that 1 tonne of steel is 

transformed total ly i nto rust every 90 seconds. Separately from metal  

wastage, the energy needed to produce one ton ne of steel from iron ore is 

enough energy for 3 months  provided to an average fam ily home [3] . 

Now an emerging m id to long term solution to reinforcement corrosion is 

cathodic protection (CP) of reinforced concrete. It saves extensively in  in i tial  
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capita l  cost when com pared with chloride contaminated concrete removal or 

reconstruction. It has showed high success and rel iabil ity in  well designed 

and execu ted systems. Costs of applying cathodic protection in UK has been 

i ncreased from £1 00,000 in  1986 to £20 mi l l ion in  1 991 for cost savings with 

confi rmed performance [4] .  Savings in capita l  cost by CP over the other long 

term a l ternati es wi l l  be a lmost a factor of 2; while this factor in highways 

structures wi l l  reach about a factor of 10 [4] .  Savings of some £140 mi l l ion can 

be obtained from spending about £615  mi l l ion on using CP in highways 

structures in the next 1 0  years as estimated by the Department of Transport in  

the U.s [4] .  

1.2 Cathodic protection 

More than 600 000 m2 of  corroding reinforced concrete structures i n  North 

America have been protected by CP [5] . CP has been applied to 500 bridges, i n  

Europe (mainly i n  UK, Norway and Italy), i n  Asia (Middle East, Korea, and 

Japan) a nd Australia [5] .  In Italy CP has been applied to a lmost all prestressed 

concrete structures a nd about 1 50,000 m2 of new concrete structures in  the 

early 1990s [5] . 

There are two types of CP: sacrificia l  CP, w hich is considered a passive 

method, a nd impressed current CP, which is an active method of protection. 

Sacrificia l  CP is based on the principle of dissim i lar metal corrosion and the 

relati ve position of specific metals i n  the galvanic series. Sacrificial CP systems 
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have the advantage of no au i l iary power supply; however, the anode is 

soluble and is therefore consumed .  

CP by impressed current uses a power supply and rectifier with an i nert 

anode to protect the metal structure as a cathode. A low-vol tage d i rect current 

is d riven from the anode through the concrete to the surface of the steel .  The 

system has the advantage of control l ing the amount of current being received 

at the reinforcing steel through adjustment of the power supply. 

1.3 Local experiences in cathodic protection 

In the United Arab Emirates, cathodic prevention has been applied to the 

rei nforced concrete frame of the Juma Bin Usayan AI-Mansouri bui ldi ng in  

Abu Dhabi (3,700 m2), and the replacement coping to the quayside of Port 

Rashid i n  Duba i  ( 10,800 m2) [6] . Also it was used in mina  zayed i n  Abu Dhabi 

as ti tanium mesh anode overlaid by sprayed concrete appl ied to 1 1,000 m2 of 

beam sides and soffits. A total of less than 1 0  m2 of delam i nation were located 

and repaired at a 1 00% i nspection 3 months after p lacement. Further 1 00 % 

i nspections 1 2-18 months after placement confi rmed no new delami nations 

and no growth of those, which had been repaired [6] . 

Cathodic protection (CP) systems of 15  fixed offshore platforms were 

monitored by measur ing anode and p latform potentia ls  and sacrificial anode 

depletion, these steel tem plate structu res off the coast of the United Arab 

Emira tes, are in water depths between 1 25 and 1 85 ft ( 1 15  and 1 70 m).  
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Measured steel potentials < -900 m V show that a l l  structures were very wel l 

polarized and functional providing protective potentials [7]. 

1.4 Objectives of the thesis 

The main objec tive of this thesis is to study the effectiveness of appl ication of 

sacrificial  anode cathodic protection in preventing or reducing corrosion of 

steel rei nforcement in the reinforced concrete in aggressive environments. 

This research will i nvestigate the effectiveness of electrochem ical repairs of 

reinforced concrete structures in terms of durabi l i ty, l i fetime cost and the 

abi l i ty to extend concrete protection beyond the boundaries of localized patch 

repair. In addition to developing an effective repair s trategy and specification 

of a deteriorati ng rei nforced structu re, which take into account the cause of 

deterioration and the risk of unsuitable materials and techniques bei ng 

specified. To fulfill this objective, the fol lowing i tems are considered: 

• Com pare the sacrific ia l  anodes used i n  atmospherical ly exposed concrete 

and the ones i mmersed i n  soil i n  undergrou nd concrete. 

• Eval uate the performance of sacrificial anodes located i n  the patch repair 

i n  conjunction with ones located global ly in  the structure, 

• Study the effect of relative s ize of repair a nd the cathode a node ratio 

between the repair area and the surrou nding concrete, 

• Study the performance of sacrificia l  anodes used i n  new constructions as a 

prevention measure to corrosion i n  concrete. 
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1.5 Thesis outline 

This thesis is divided into fi e chapters. Defini tion of the problem with the 

suggested solu tion and the objective of this thesis are i ntroduced i n  chapter 1 .  

The fol lowing chapters are ordered as fol lows: 

Chapter 2 i l l ustrates the basic principles of corrosion process and cathodic 

protection. This review detai ls  some technical advances i n  the use of galvanic 

technology for protec ting reinforced concrete structu res, wi th examples of 

actua l  i nsta l lations and supporting data obtained. 

Chapter 3 describes the i nvestigation stage of the colu m ns i nc luding the 

visual exam i nation of site and the established repair procedures to achieve the 

required goals that i m plemented i n  this study, supported by photographic 

documentation for the work steps. The set-up procedures of the slabs are 

disc ussed i n  this chapter. In addition, this chapter describes the monitoring 

procedure for potential a nd current output  of the sacrificia l  anodes. 

Chapter 4 discusses the obtained results from the half-cel l  potentia l  

measurements and the potentia l  and current output  by making comparisons 

between the samp les u nder the study with the corresponding control 

sam ples. Chapter 5 addresses some of com parison a nd appraisal of 

electrochemical techniques wi th general conclusions and requirements for 

future developments. 
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2 LITERATURE REVIEW 

2.1 Introduction 

Although concrete/ steel com posite i s  inherently i nhomogeneous, the most of 

reinforced concrete structures do not exhibit rebar corrosion. The high 

alkal in i ty of concrete results in the formation of a passive oxide layer on the 

surface of the reinforcing steel that reduces corrosion to extremely low levels. 

However, the i ngress of chemical agents lead to a breakdown in the protective 

passive layer and subsequent corrosion of rei nforcing steel can occurs, this is 

because of the fin i te permeabil i ty of concrete. 

The two most commonly causes of rebar corrosion are (a) carbonation in 

w hich carbon dioxide causes a pH reduction in  the concrete pore solution and 

(b) chloride a ttack. These processes lead to breakdown of the passive oxide 

layer and subseq uent formation of expansive corrosion products, which can 

lead to cracking and spa l l ing of the concrete surface [8] .  

Several solutions to the problem of reinforcement corrosion are ava i lable and 

can be used to treat structures i n  the i ni tiation/propagation phases or 

fol lowing fai lure. Recently, i m proved u nderstanding of the corrosion process 

has permi tted development of elec trochemical techniques, which try to 

modify the i nvolving chemistry. "These types of repairs are thus considered 

by a number of experts to be the 'next generation' of concrete repair  

techniques" . 
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In the 1 9th century a technique cal led cathodic protection was developed and 

used extensively for protecting pipel ines and more recently offshore 

structu res. In the 1 970's, im pressed current cathodic protection (leep) was 

applied to reinforced concrete structures and has s ince been applied to a 

number of structures suffering from chloride induced corrosion problems, in 

USA and Europe. An a l ternative to leep uses a galvanic anode to supply the 

protection current to the steel and this technique has been used i n  pipeli ne 

projects where the absence of an external power source is required. Unti l  

recently, only reinforced concrete structures in  marine environments have 

been protected using sacrificia l  anodes. This review detai ls  some technical 

advances in the use of galvanic technology for protecti ng reinforced concrete 

structures, with examples of actua l  i nsta l la tions and supporting data 

obta ined. 

2.2 Corrosion of steel in concrete 

W hy does steel corrode in concrete? A more sensible question is why steel 

does not corrode i n  concrete. It is known that m ild steel and high strength 

reinforC ing steel bars corrode (rust) with the presence of air and water. As 

concrete is porous and conta ins moisture why does steel i n  concrete not 

usual ly corrode? The answer is that concrete is a lkal ine. In other words it is 

not acid. Acids lead to meta ls  corrosion, but a lka l is often protect them. This 

means that i t  conta ins m icroscopic pores with high concentrations of soluble 

calcium, sodiu m  and potass ium oxides. These oxides form hydroxides, which 
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are er a lka l ine, when water is added. This creates a very a lkal ine condition 

(pH 12-13) .  The a lka l ine condition leads to a formation of a 'passive' layer on 

the steel surface. Beca use the passive layer is a dense, im penetrable film it 

prevents further corrosion of the steel. Part of the layer formed on steel in 

concrete is metal oxide/ hydroxide and part mineral from the cement [9] . 

2.2.1 The Corrosion Process 

As a result  of the passive layer break down areas of rust wi l l  start appearing 

on the steel surface. The chemical reactions are s imi lar between chloride 

attack and carbonation. Corrosion of steel i n  concrete resul ts i n  steel ions 

dissolving in the pore water and giving up electrons [ 10] :  

The anodic reaction: Fe� Fe2+ + 2e-

The two elec trons (2e-) generated In the anodic reaction m ust be taken 

elsewhere on the steel surface to keep elec trical neutrality. This means that 

another chemical reaction m ust take place consuming the electrons. This is a 

reaction that consumes water and oxygen [ 10] :  

The cathodic reaction: 2e- + H20 + � 02 �20H-
2 

You wi l l  notice the generation of hydroxyl ions (20H-) i n  the cathodic 

reaction. These ions i ncrease the local alkal in i ty and wi l l  therefore strengthen 

the passive l ayer, preventing the effects of carbonation a nd chloride ions at 

the cathode. Water a nd oxygen are needed at the cathode for corrosion to 

occur. Several more stages are required for 'rust' to form. As shown below 

where ferrous hydroxide becomes ferric hydroxide and then hydrated ferric 

oxide or rust [ 10 ] :  
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Fe2+ + 20H----+ Fe(0H)2 Ferrous hydroxide 

4Fe(OH)2 + 02 + 2H20 ---+ 4Fe(OH)3 Ferric hydroxide 

2Fe(0H)3---+ F€203.H20 Hydrated ferric oxide (rust) + 2H20 

The volume of unhydrated ferric oxide Fe203 is about twice that of the steel it 

replaces when fu l ly dense. Thydrated ferric oxide is even bigger in  vol ume 

and porous. In other words the volume i ncrease at the steel/concrete interface 

two to ten times. Consequently the cracking and spa l l ing occurs and the 

red/ brown brittle, f laky rust on the bar and the rust sta ins observed at cracks 

in the concrete. 

2.2.2 The Chloride Ion 

Chloride a ttack is the major mechanism of deterioration of concrete structures 

i n  aggressive environments. These ions m igrate through the concrete mix 

until  they reach the steel reinforcement. The rate of penetrating is dependent 

on several factors, i ncluding the concrete cover and permeabi l i ty, drainage, 

wetting and drying cycles, tem perature, degree of cracking, and effectiveness 

of other protec tion methods. Chlorides a lso can be in troduced by the use of 

contaminated aggregates, the addition of chlorides as set accelerators, and the 

use of seawater in the m i x  or for curing. In aggressive environments, it is not 

unusual for chloride ion levels to exceed 0.3 wt % of concrete at a depth of 75 

m m  (3 in . )  below the concrete surface after only 1 0  years. Visible signs of 

deterioration have been reported to develop i n  <7 years. The levels of chloride 

needed for corrosion i ni tiation are very low [ 11 ] .  
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There have been many recom mendations for maximum chloride 

concentrations. The American Concrete Insti tute (AC!) Committee 222 

recom mends the fol lowing chloride limits i n  concrete for new construction, 

expressed as a wt% of cement (acid-soluble test method): 

· Prestressed concrete- 0.08% 

· Reinforced concrete in  wet conditions-0 . 10% 

· Reinforced concrete in  dry conditions-0.20% 

A chloride threshold for corrosion also can be expressed in terms of the 

chloride/ hydroxyl ratio. The [CI-]! [OH-] ratio is directly proportional to 

corrosion rate. Corrosion is observed when the chloride concentration exceeds 

0.6 of the hydroxyl concentration. This approximates to a concentration of 

0.4 % chloride by weight of cement if chlorides are cast into the concrete and 

0.2% i f  they diffuse i nto the hardened matrix [4] .  

2.3 Passive Methods of Protection 

Tradi tionally, corrosion protection systems for new reinforced concrete 

structures have used passive methods of protection.  The effective period 

before i nitiation of corrosion for each of the fol lowing methods is dependent 

on various factors (i.e., exposure condi tions, system effectiveness, and degree 

of maintenance). No one system is typica l ly used, and more commonly a 

combination of systems is  required. The methodes) of corrosion protection are 

general ly selected on the basis of cost effectiveness, the most common being 

as indicated by [12] :  
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2.3.1 Low Permeability Concrete and Increased Cover 

For durable concrete we have to take these factors i nto account, because 

adeq uate cover and low water/cement ratios i ncrease the time needed for 

chlorides to reach rei nforcing steel .  ACI provides nom inal  cover req uirements 

for different environments and concrete grades. However, high cover can lead 

to shrinkage cracking, which may need to be control led by the addition of 

fiber additives. Concrete additives and cement replacement materials, such as 

fly ash, slag, s i l ica fume, and other materia ls can enhance durabil ity by 

reducing the pore size and blocking pores. However, i t  i s  very necessary to 

make proper curing to get required performance from these materials. Fly 

ash, slag, a nd si l ica fume additives are general ly com pati ble with CPo 

However, if s i l ica fume concentration exceeds 1 0  wt % of cement, the 

resistivity of concrete may become high [ 12] .  

2.3.2 Penetrating Sealers 

Penetrating sealers such as s i lane resist the i ngress of water that conta in 

chlorides. They are relatively i nexpensive. But they cannot elongate to bridge 

cracks. And i t  is difficu l t  to insure adequate appl ication. Sealers are typica l ly 

reapplied every 2 to 5 years. Applying CP through penetrating sealers is 

possible [12] .  
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2.3.3 Waterproof Membranes 

Waterproof mem branes are available in  many form ulations. They comprise 

combinations of up to four consti tuents: a binder (i .e., chlorinated rubber, 

epo y resi ns, and polyurethane resins), i nert fil lers, or pigments, l iquid 

solvents/ d ispersants, and additives to enhance particular properties. 

Mem branes m ust be applied without defects. Carefu l deta i l ing is required to 

avoid water and chlorides getting under the edges. It is d i fficu l t  to locate the 

location of leakage if membranes fai l, because i t  can occur  i n  many areas. 

Waterproofing membranes m ust be replaced after service l ife of -15 years. 

Membranes can be applied with CP [12 ] .  

2.3.4 Epoxy Coated Rebar 

The first appl ication to fusion bonded epoxy coated reinforcement (FBECR) in  

bridge i n  1 973, s ince that date i t  has been used on more than 1 00,000 

structures i n  the U.s. and Canada. However, serious corrosion problems have 

been noticed i n  the substructure of bridges i n  the Florida Keys, bui l t  in the 

late 1 970s wi th FBECR. Also i n  Saud i  Arabia a seawater intake structure 

constructed using FBECR was deteriorated prematurely (after 4 years). Loss 

of adhesion is one of concerns with coated steel .  Because of the i nsulating 

properties associated wi th the coating, the application of CP to existing 

FBECR s tructu res is expensive [1 2] .  
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2.3.5 Galvanized Rebar 

Galvanizing is considered by North American research as an i nferior option 

to epoxy coated rebar. However, galvanized bar wi l l  accept damage in 

hand l ing, s ince the zinc wi l l  sacri fice i tsel f and defects are not as im portant as 

with FBECR. Ga lvanized bars will consume rabid ly  i f  they are mixed with 

bare steel .  Its estimated design l i fe is 1 5-year i n  good-quali ty concrete. It 

works with CPt despite levels of protection should be higher [1 2] .  

2.3.6 Corrosion inhibitors 

Com pound groups of corrosion i nhibitors such as chromates, phosphates, 

hypophosphates, a lka lies, n i trites, and fluorides have been investigated . 

Many have been concluded that they are effective. Recently, calcium nitrite 

has been used i n  concrete structures as a corrosion inhibitor. The dosage of 

calciu m  nitrate depends on anticipated chloride ion content of the concrete 

d uring the design l i fe of the structu re. The recommended range is from 1 0  Lj 

m3 to 30 L/ m3 (2 galjyd3 to 6 galjyd3) of concrete and the level of protection 

i ncreases i n  proportion to the dosage. The long-term effectiveness calc ium 

nitrate is still not ful ly u nderstood .  No great effect for calc ium nitrite on 

concrete resistivi ty .  So i t  can be used with CP [ 12] .  
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2.4 General considerations and definitions 

Before describi ng the general aspect of  CP i t  is convenient to give a few 

general considerations and defini tions on corrosion and protection of metals 

particu larly to steel in  concrete. 

2.4.1 Immunity, activity and passivity conditions 

Metal cannot corrode (i .e. ' immuni ty' cond i tion) if the potentia l  of the metal  i n  

the elec trolyte contacting i ts surface (E) i s  lower than the equi l ibrium 

potentia l  for the oxidation process (Eeq) which given by Nernst's law. 

Corrosion can take p lace only if E> Eeq. In most of situations (e.g. steel in soil  

or in  sea water but a lso in carbonated concrete) the corrosion rate (ia) exhibits 

the behavior cal led 'active' in  which i t  i ncreases with the potentia l  (Figure 2-

1 a) .  In some cases (e.g. steel i n  concrete and, more general ly, i n  a lka li ne 

environments but  a lso sta inless steels i n  neutral media), the behavior, cal led 

'active-passive', and ia i ncreases above Eeq i n  the (activity zone), then 

decreases to very smal l  val ues i n  the (passivity zone) because of fi lm 

formation on the metal surface, and finally when this fi l m  is destroyed, i t  

i ncreases again at  high potentia ls  (Figure 2-1 b) [13] .  
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Figure 2-1 a) active b) active-passive anodic behavior of metals 

2.4.2 Hydrogen evolution 

When the potential  of the metal (E) becomes lower than the equi l ibrium 

potential of the hydrogen evo lution (Eeq, H), hydrogen evol u tion can take 

place [ 13] .  

2.4.3 Corrosion potential, driving force, reaction resistance 

and corrosion rate 

Corrosion potentia l, Eeer for metals i n  aggressive environments is higher than 

their equ il ibriu m  potential, The driving force (L) of the anodic reaction is 

given by the d i fference between (Eeor) and (Eeq): L = Eeer - Eeq' The oxidation 

reaction is resisted by an anodic resista nce (R), general ly cal led a nodic 
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overvol tages, which can be very high in passive cond itions. Thus corrosion 

rate (ia) eq ual  the ratio of L to R: ia = Lj R [13] .  

2.4.4 Beneficial effects induced by CP 

Primary effects 

The negative shift of the potentia l  can results in  beneficial  effects i n  two ways: 

First the thermodynam ic CP effects (Le. in which steel structures in soil or in  

seawater operate) are prod uced when CP makes the potentia l  of the cathodic 

structure (E) � (Eeq) so that the driving force (L) becomes zero or negative (i .e. 

imm unity); or near to Eeq to make L and thus the corrosion rate (ia) very smal l  

( i .e. quasi-i m m unity) (Figure 2-2a). Second the kinetic CP effects which 

uti l ized by CP in concrete - i ncrease or mainta in  the resista nce of anodic 

process R high - w hich occur because of a passivity condition setting up or 

mainta ini ng it in a wider environmenta l  aggressiveness range (e.g. at higher 

chloride content) caused by the red uction of the driving force L. Figure 2-2 

[13] .  

Secondary effects 

The cathodic processes (usual ly oxygen red uction, and also hydrogen 

evol ution) consume oxygen and produce alkal inity on the reinforcement 

surface. These effects are beneficial because they widen the passive region 

(Figure 2-3a) a nd depolarize the cathodic process (Figure 2-3b) to stop or 

prevent corrosion. In corroding steel, they stop local acid i fication and also 
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prevent pi tti ng in i tiation ( ,buffer effect'). On the other hand, in  chloride 

contaminated concrete, d ue to the current circulation chlorides move from the 

cathode to the anode, which results i n  a red uction of the chloride content on 

the rebar surface or in  a red uction of the ingress of chlorides i nto concrete and 

make it im pervious -increase with the current i tself- ('chloride barrier effect') 

[13] .  

E 

hydrogen 

� 
7tion 

Eeq.H 
Eeq 1; = Ie £.q 

� • log L. ' . log ia 
11 b 

Figure 2-2 Cp in the case of a) active b) active-passive behavior 
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Figure 2-3 variation of the a) anodic b) cathodic behavior 

Beneficial effects are produced d irectly by lowering potential, and stop by the 

current interruption, w hile the last two effects may not have so im mediate 

resu l ts but they may provide more persistent protection. (The techniques 

known as electrochem ical  realkalization and chloride removal are based on 

these last two effects. )  

2.4.5 Negative effects induced by CP 

Concrete degradation 
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In theor concrete that contains a lkali-reactive aggregates are subjected to 

damage if a lkal i nity around the reinforcement is increased . In short run 

experiments a lka l i-si l ica reaction (ASR) in concrete containing potentia l ly 

reacti e s i l iceous aggregates have been found only for current densities 

higher than those normal ly used for CPo In long term run experiments the 

s i tuation could be d i fferent in high current densities [13] . 

Adhesion loss 

Loss of ad hesion between rebar and concrete is possible at very negative 

potentials ( i .e. at high current densities). -1 . 1  V (vs. SCE) can be ind icated as 

the lower l imi ti ng potentia l  for long-term polarization ( l ike in the case of 

CP) [13] . 

Hydrogen embrittlement 

High strength steels used in prestressed construc tions (but not the ord inary 

steels for reinforced concrete constructions) can be subjected to hydrogen 

embrittlement if their potentia l  is brought to values at which hyd rogen 

evolution can take place [13] . 

2.4.6 Criteria for prevention and protection 

The criteria for obta ining protection in  chloride-contaminated structures to 

control corrosion and prevention to non-corrodi ng ones are d ifferent. 
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Initiation of corrosion and its prevention 

Cathod ic prevention of steel reinforcement corrosion is based on the influence 

of the acti ve-passive behavior of steel in concrete, which is greatly affected by 

the chlorides presence. As is shown in Figure 2-4. The highest chloride 

content com patible with passive condi tions for each potentia l  is the critica l 

chloride content at  that potential [5] .  

E 
(mY vs SeE) 

500 
Pitting potential --....---+1 

·500 -

No cr 

I increasing 

I chloride 
content 

'" 

- 1 000 .....1.-----------------... 
log ia 

Figure 2-4 anodic behavior of steel in presence of chlorides 

Propagation of corrosion and its control 

If, for a given chloride content, the rebar potentia l  (E) becomes more positive 

than Epit or, for a given potentiat the chloride content is higher than the 

critical val ue, the protective fi lm can be local ly destroyed and consequently a 

localized attack can take place. Once the attack is in itiated, i t  can also 
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propagate at  potentials more negative than EpH• To stop i t, i t  is necessary to 

reach a lower potentia l  (Epro) below which steel repassivates [5] .  

2.4.7 
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Figure 2-5 steel behavior in concrete as a function of chloride content 

Potential 

Figure 2-5 shows the behavior of steel in a range of potentials and chloride 

contents at  a 20°C. Different zones can be described : A (corrosion zone) where 

corrosion can i nitiate and propagate; B ( imperfect passivity zone) where 

corrosion does not in i tiate but can propagate at  a lower rate as the potential  

moves from Epit to Epro; lower part of zone B (im perfect passivity zone) where 

the corrosion rate of active zones becomes greatly red uced; C (perfect 

passivity zone) w here corrosion does not in i tiate or propagate; D and E 
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(hyd rogen evolu tion zone) where hydrogen embrittlement of the 

reinforcement in the presence of high strength steel can take place; E zone 

where loss of ad hesion between concrete and the rei nforcement can occur. On 

aerial  structu res rebar potentials in zone C and in the lower part of zone B are 

compatible with the 1 00 m V depolarization criterion [5] . 

Current 

In aerial constructions there is no restriction for oxygen avai labi l i ty at the steel 

surface, therefore the range of potential in  which CP works is far from 

d iffusion l i m i ting currents .  Contrari ly, in  oxygen-restricted concrete, the 

oxygen transport l imiting currents are very low (indicatively in  the range 0.2-

2 mA/ m2 of rebar area for im mersed structu res), and cathod ic curve depends 

mainly  on the value of the oxygen diffusion l imi ting current density .  The 

current densities needed to prevent (i .e. to increase the critical chloride 

content by at  least of one order of magnitu de) corrosion in aeria l  constructions 

can be between 0.5 and 2 mA/ m2 (with respect to reinforcement area), up to 

15  mA/ m2 to reduce the corrosion rate so that the 1 00 mV criterion is verified 

(the highest values for high chloride contents); up to 20 mA/ m2 or even more 

to repassivate a corrodi ng rebars (the requested current density increases with 

the chloride content) [5] . 
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2.5 Sacrificial Anodes Cathodic Protection 

2.5.1 Laboratory evaluation experiments 

Sacrificial anode materials evaluation 

Laboratory e periments were conducted on a group of anode materials (i.e. 

incl uding Al, Mg, and Zn a l loys) that could be used in sacrificial  cathodic 

protection of reinforced concrete. Anodes were prepared in a coupon form 

and coupled to short steel bars. Then they placed in  s imu lated concrete 

environments consisting of sea led conta iners fil led with s i lica sand which 

d ried to get resistivi ties of 23 Q-m, 1 00 Q-m, 260 Q-m with a mixed alkal i  

sol u tion conta in ing 6 kg/ m3 of chloride ion (Cl-) by volume of sand . 

Measurements of current flow, circui t  resistance, potential, and depolarization 

were taken over 18 months period. Current between anode and steel is 

inversely proportional to environment resistivity .  For resistivties similar to 

concrete exposed to a tm osphere (� 1 00n-m) measured c urrent flows < 1 0  

mAl ft2. Currents outputs from Al a l loy anodes were the biggest. M g  anodes 

worked badly near 1 00n-m resistivities. NACE 1 00 criterion was verified by 4 

h depolarisation measured after interruption of current. Largest values of 

driving force were obtained for Al anodes group and smal lest for both penny 

scrap Zn and Mg anodes. This means that penny scrap Zn and Mg anodes 

may not give enough potentia l  to protect steel in high resistivities [14] .  

Investigation of magnes ium anodes was cond ucted by measuring 

electrochemical im pedance as specified by ASTM Test Method G 97-89 and 
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OM K 1 09- 77. It was found that, between the two standards of magnesium 

anodes testing, the presence of Mg(OH)2 film can be proved only under 

cond i tions of the ASTM method (an aerated 5 gi l CaS04 + 0.1 gi l Mg(OH)2 

sol u tion) throughou t the test [ 15] .  

Using A l  for sacrificia l cathod ic protection o f  reinforced concrete was 

eva l uated in laboratory. The AI-steel couples were placed in s imulated 

concrete environments consisted of sea led conta iners fi l led wi th s i l ica sand 

which d ried to get resistivities of 1 600, 4190 and 7500 O-cm and treated with a 

chloride solu tion. Every day and for two weeks current flow, potentia l  and 

EIS were measured. It could be concluded from the resu l ts obtai ned that Al 

could be used as galvanic anode in reinforced concrete in  a wide range of 

resistivities [ 16] .  

Effect o f  oxidation products 

The effect of oxidation products of a luminum sacrificia l  anodes has been 

stu died us ing d i fferent mortar designs and anode geometries, to eval uate the 

effectiveness of d ifferent mortars designs in  preventing cracking of concrete 

by oxidation products of a luminu m  sacrificial anodes. T. de Rinc6n et al .  

found that we cannot use ei ther magnesiu m  or zinc as sacrificia l  anodes 

embedded in concrete. Concrete cracks d ue to the vol ume of oxidation 

prod ucts of magnesiu m  shortly, and in  case of zinc, steel does not polarize 

adequately, but with a luminum and good design, oxidation prod ucts have 

m uch smal ler vol ume and better d iffusion properties than those of 
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magnesium thus concrete does not crack and reinforcing steel is protected . 

The resu l ts showed that i t  is feasi ble to use a lum inum sacrificia l  anodes 

em bedded in  mortar to control the corrosion of reinforcing bars in concrete, 

but i t  is not recom mended to use impressed current to accelerate the corrosion 

rate of a luminum in eva luating the effect of the a lum inum corrosion prod ucts 

on cathodic protection in mortar. Also i t  was observed that the corrosion rate 

of a luminum anodes i ncreases with increasing chloride concentration and 

porosity of the mortar. Mortars with porosity of 1 6.5 to 23.5 % and 0.1 % CI- did 

not crack, while cracking was observed in the laboratory with higher chloride 

contents [1 7] .  

Sprayed zinc sacrificial anodes 

Laboratories experiments were cond ucted on sprayed zinc sacrificia l  anodes, 

i t  is observed that i n  marine substructure conditions, after 2 years of testing 

the active anodes i n  the laboratory delivered current density in the order of 

1 . 1 �A/cm2. Steel polariza tion decay exceeded 1 00 mV within 4 h in high 

expected corrosion area. Decrease i n  current density was observed i n  medium 

(near 60% )  and low (near 25% )  RH environments d uring tim e  and the dryer 

the environment, more pronounced the decrease. However potentia l  decay 

reached to significant values may be because not m uch corrosion rate in dry 

concrete. A significant decrease in  current delivery with time was shown by 

85 % RH laboratory s labs specimens and a corresponding red uction in  steel 

protection indicated by polarization decay findings concrete resistivity was 

not an essentia l  l im i ting factor in galvanic anodes performance [18] .  
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New and previously aged thermal-sprayed Zn anodes on steel-reinforced 

concrete were treated with aqueous sol u tions of the hu mectants (i.e. 

substances promote the retention of moisture) l i thi um nitrate (LiNO) and 

l i thium bromide (LiBr). LiBr was the most beneficial hum ectant increasing 

the average galvanic current density of new thermal-sprayed Zn anodes by as 

m uch as a factor of six improving the performance of galvaniC cathodic 

protection systems [19] .  

Patch sacrificial anodes 

The performance of the sacrificial  zinc anode has been eva l uated in laboratory 

specimens, w hich comprise two regions of concrete conta ining 0.8% and 4% 

w / c chloride, within w hich steel bars are encased . Prior to repair, the 

specimens were stored within an environment of 80% RH at room 

tem perature for 350 days, in which time corrosion was visibly observed and 

detected electrochemical ly .  A control specimen was repaired with standard 

repair mortar and a test sample repaired incorporating a sacrificial zinc 

anode. Two months after repair the control shows clear evidence for the 

formation of i ncipient anodes at the periphery of the repair (see Figure 2-6). 

The test sample, however, c learly demonstrates the presence of the sacrificial 

anode unit as shown in Figure 2-7. Disconnection of the anode for 24 hours 

confi rmed that the steel had been cathod ica l ly polarized by the zinc anode as 

the potentia l  of the steel exhibited substantial  depolarization shifts, after 18 

months of operation . The sacrificial  anode is offering a level of cathodic 

protection to the whole of the steel within the test specimen [20] . 
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Repair Patch 

O% CI -

-300mV 

0.8% CI -

Figure 2-6 1 month after application of SA 

0.8% C) -

Figure 2-7 control slab 2 months after repair 

-25OmV 
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2.5.2 Long Term Performance field tests 

In situ assessment in aggressive environments 

Protection of bare steel specimens in  seawater and two types of marine soil by 

a lum inum sacrificial  anodes of four manufacturers' was investigated for 6 

months to determine their relative electrochem ical efficiencies (see Figure 2-

8). As shown in Figure 2-9 a l l  a luminum anodes used in the si l ted-up 

cond i tion, as well as exposed to seawater, showed capacity to protect CS 

i tems, a l though with varying efficiencies. A current capaci ty of 1 ,440 Ah/ kg 

with average current density 60 mA/ m2 for a luminum anodes, and 740 

Ah/ kg with 88 m A/ m2 for zinc anodes may be considered as a reference 

value for CP in  s i tes s i l ted l ip  with argil laceous marine soil, and 1 ,850 Ah/ kg 

for a lum inum anodes of i tems exposed to seawater. Mixed cathodic systems 

with zinc and a luminum anodes should not be used because paSSivation of 

the zinc anodes reduces working l i fe when exposed to seawater or under 

s i l ted-up conditions [21 ] .  

Figure 2-8 test plates installed a t  a square-based device 

PAGE 38 -



THESIS REPORT 

-700 , 
G "" 

... = . . ��; ... .. 
:s.on.� 

.•.. 0')'1,[ 
- >«e.  

4� 
: 35 

.w 

+ ��5 
� 

ZO E 
� �oo l---------------------------------------------------� 
<. 
� .:; 
:> 

..:: 
ti S 

w -1,01)13 

: 5  
-1,ZOO � _____________ ---l-=:::=�---__ !) 

e � � � � $ � g � � g � � � � g � � � � g � � � � e � � � � o � g � � � �  _ w � � ¢ _ � e _ " . _ � � � � _ � . � � _ � � K �  • • - � � � M " � Z 
� � � � � � : � � � � � � � � � � � � � � � � � � � � � �  

.. . '" -1 .000 ; 

� 3S  
' li?!  

--i lS < - E 
: :<0 .<= 

� 
_ . ,  . . . . __ . . . . . . . . .  . 
� '<AI'N y« tt 

�<d»>; .... ""v 
_ <ttA 

:)!) 

30 
·· �5 

� � 
1 5  

� . to .,�- .---.,. ........ ....-..-.. -... ,' .... -.--- ....... ,.....-� .. , --...._-.. _._ ......... _ . __ .. ......., 

; 5  

$ 
" -

Figure 2-9 potential and current vs. time for protection with SA 

PAGE 39 



- THfS REPORT 

Prestressed concrete pipelines 

Corrosion of both 5 new and 3 old corroding prestressed non-cylinder 

concrete pipeli nes, which have been protected by sacrificial  anodes over 1 8  

ears was prevented and the increasing rate of pipe bursts stopped . In al l  

cases potential d i fference criteria were verified with current densities in the 

range 0.2 to 1 .8 mA/ m2. So in any pipel ine design i t  is necessary to specify an 

ini tia l  cost between 2 to 5 % of tota l pipelines costs for cathod ic protection 

[22] . 

Underground concrete 

Part of a three-footer support foundation for a 68.8-m (226-ft) ta l l  m icrowave 

antenna tower of the Interstate Highway 95 Motorist Aid Cal l  System was 

cathodical ly protected by the Florida Department of Transportation because 

of comp lications from construction as shown in Figure 2-10 .  The CP system 

consisted of four  m agnes ium anodes buried around a 1 .8-m (6-ft) d iameter 

reinforced concrete c irc ular footer that extended = 1 2.2 m (40 ft) below ground 

level .  Resu l ts of the open-circui t  voltage potentia l  measurements and the 

polarization decay test showed that the system meets established CP criteria 

[23] . 
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Figure 2-10 cathodically protected footer 

Lifejcketing 

Zinc Mesh Systems which consist of encapsu lating internal ly placed zinc 

mesh anodes within a stay-in-place fiberglass form fi l led with a sand-cement 

mortar first introd uced in 1 994 by The Florida Department of Transportation 

(FDOT), on two substructure pi l ings of the 1 949 Broward River Bridge on SR 

1 05 in  Jacksonvil le, Florida. Since this more than 1 ,500 jackets have been 

insta lled at more than 75 locations in  the U.s. and worldwide. The 1 00 m V 

polarization criterion (NACE Standard RP0290-90) was verified . Accelerated 

tests were cond ucted by FDOT at the Corrosion Research Laboratory 

(Gainesvil le, Florida) to evaluate the long-term effect of zinc consumption 

(self-corrosion by-prod ucts) on the surrounding concrete, which is largely 

unknown. Resu l ts obtained have showed that there are not any harmful 

consequences on the zinc activity or adhesion loss of the concrete in and 

PAGE 41 -



- THESIS REPORT 

around the anode su rface caused by diffusion of the zinc corrosion prod ucts 

into the concrete pores and onto the nearby concrete surface [24 ] .  

Discrete Galvanic Anodes (DGA) 

A very com mon method of repairing concrete spa l l ing on structures due to 

chloride ind uced rebar corrosion, is reinstatement with a low permeabil i ty 

repair- mortar. This involves removal of loose concrete and further breakout 

to c lean steel, prior to mortar appl ication. As the corrosion previously 

occurring in the repair  patch has been el iminated, i ts infl uence in effectively 

cathodical ly protecting the surrounding steel is also lost. However, this  repair 

technique does not guarantee removal of chloride bearing concrete, which 

may remain in areas adjacent to the repair. Thus, new electrochemical 

corrosion cel ls  m ay be set up between steel in the fresh repair (0% chloride) 

and the adjacent chloride contaminated concrete, which can ultimately lead to 

fai l u re at the periphery of a repair. This is commonly referred to as the 

' incipient anode effect '(or 'ring anode') (see Figure 2-1 1) .  
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In order to avoid triggering this problem of ' incipient anode' formation 

around the repair zones, i t  is desirable to incorporate some form of intentional 

'cathod ic prevention', which can be accomplished by incorporating sacrificial 

anodes at  the peri phery of repair patches. One sacrificial  anode design 

com prises a sacrificia l zinc al loy, surrounded by a specifica l ly form ulated 

mortar to optimize l i fetime. The mortar faci l i tates zinc dissolu tion by 

preventing the formation of an interfering passive layer, which a l lows the less 

noble zinc to corrode and sacrificially protect reinforCing steel to which it is 

attached, thus countering the formation of anod ic sites outside the periphery 

of the patch repair (see Figure 2-1 2) .  This eval uation was carried out on a 

reinforced concrete structu ral  crossbeam on a bridge supporting the A50 at 

Groby in  Leicester (see Figure 2-1 3) .  The bridge was suffering from 

considerable reinforcement corrosion caused by chloride contamination from 

de-icing salts used on the A50 d irectly above. The area selected had 

experienced concrete cracking and spall ing, chloride levels were assessed and 

fou nd to be in the range of 0.8 to 2.2% B.W.C. All the insta l led sacrificia l  units 

are sti l l  functioning correctly producing s imilar current to their early age 

values dependi ng u pon the tem perature and moistu re levels they are exposed 

to. The total currents being generated by the sacrificia l  anodes wi thin tlle 

repair provide a current density compatible with levels reported for cathod ic 

prevention i n  the repaired area i ncluding a sphere of infl uence of around the 

perimeter of the tria l  area [25] . 
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As an extension of the d iscrete anode discussed previously, further 

developments based on simi lar galvanic technology al low protection of 

structures prior to the requirement for patch repairs. In this case, the 

sacrificia l  anode corel active mortar  composite is formed into a geometry, 

which fac i l i tates insta l lation onto a reinforced steel concrete structure, to 

al low galvanic protection outside the region of patch repairs. This system has 

been instal led on a number of structu res, suffering from chloride-ind uced 

reinforced concrete. A globa l  sacrificia l  anode system consisting of Twenty 

sacrificial  units a long wi th six embedded Agj Agel reference electrodes was 

used on the deck of a reinforced concrete mu l ti story car park, which had 

been suffering from spal l ing as a result  of chloride-ind uced corrosion in 

conjunction wi th the previously d iscussed patch repair system (see Figure 2-

14) .  This i s  because of the chlorides found globa l ly throughout the deck, 

w hich requ i re more than just patch repair to extend i ts working l i fe. Averaged 

resu l ts indicate that these units provide significantly h igher currents than the 

sacrificia l  u ni ts used in patch repairs. As shown in Figure 2-1 5  current 

densities achieved using this global system a lso fa l l  well within val ues 

reported for cathodic prevention levels as ind icated in .  Al l  4-hour 

depolarization resu l ts are positive (more noble) showing that the steel is 

polarized by the sacrificia l  anodes to a significant level which is a lso ties in  

wi th seasonal tem perature changes as  i t  a long with current outputs increase 

with rises in  tem perature when a greater level of protection is required [26] .  
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2.6 Electrochemical chloride extraction (EeE) 

Electrochem ical chloride extraction is a process of lowering the level of 

chloride ions from around the reinforcing steel in contami nated concrete 

down to a level below the corrosion threshold . 

This method works s imi larly to impressed current CP, in  which a temporary 

external ly mounted meta l l ic anode is embed ded into an alkal ine, electrolyte 

reservoir and a current (typically in the range of 1 A/ m2 of concrete) is 

appl ied to the reinforcing steel, which becomes the cathode ( see Figure 2-1 6). 

Repulsion between the (negatively) charged reinforc ing steel and the 

(negatively) charged chloride ions, which i n  turn m igrate towards the 

(posi ti vely) charged anodic mesh. Sim ul taneously, the elec trolytic prod uction 

of hydroxyl ions at the steel surface resu l ts also in the d isplacement of 

chloride ions and subseq uent re-passivasion of the steel with an effective 

buffer zone. 

Once the requ i red no. of Amp/ hours has been delivered (as previously 

determined through treatment to tria l  or previous areas), and the chloride 

content red uced to the required level, as evidenced by chemical chloride 

analysis (to BS1881 :part 124 or AASHTO T260), the current is switched off, 

and the externa l  anode, with i ts elec trolyte reservoir is removed and 

d iscarded [28] . 

Steel tensi le properties are inversely proportional to the impressed current 

density used in  elec trochemical chloride extraction. Up to 50% reduction in 

the tensi le parameters tested is associated with changes in  impressed cathodic 
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cu rrent densi ties. Conseq uent! a high risk of hydrogen absorption by the 

steel during the process makes the feasibi l i ty of an ECE appl ication to 

prestressed concrete structures dangerous [29]. 
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Figure 2-16 schematic illustration of chloride extraction process 

2.7 Electrochemical Realkalisation (ERA) 

Although not relevant  in  the context of structures affected by chloride attack, 

i t  is useful to understand the principle of this treatment when looking at 

electrochemical solu tions for other forms of reinforced concrete deterioration. 

ERA (see Figure 2-17) works on the basis of electro-osmosis and is used to 

real ka lise carbonated concrete by creating the existing reinforcement as the 

negative electrode, or cathode. As with ECE, a tem porary external meta l l ic 

anode mesh is insta l led and embedded i n  a d isposable electrolytic mass 

conta ining a molar Potass ium carbonate based sol u tion. On applying a 
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voltage between these electrodes, the electrolyte is drawn towards the 

reinforcement The movement resu l ts in ionic migration under the i nfluence 

of the appl ied current and electro- osmosis. This action pul ls the ERA 

electrol te from the elec trolytic mass into the concrete pores. Over time 

(typica l ly 7 to 10 days), the concrete is saturated to beyond the cover zone 

with the a lkal ine solution reinsta ting the pH level of the concrete to an i ni tia l  

level in excess of 1 1 .5, thereafter equal izing to around 1 0.5. When the entire 

cover is impregnated, as evidenced by phenolphtha lein indication, the current 

is switched off, and the external anode, with i ts electrolytic mass, is removed 

and d iscarded [30] .  
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Figure 2-17 schematic illustration of realkalisation process 
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2.8 ADeO experience in well casing cathodic protection 

Serious casing external  corrosion problems associated with several fai lures 

have been experienced since 1 980's :  3 wel ls abandoned from 1982 to 1986, 2 

wel lheads collapsed in 1982 & 1997, 2 wel ls top casing cracks and rupture in 

1989 & 1992, 1 wel l  had a gas leak at wel lhead in 1987, and 2 wel ls showed 

severe surface casing corrosion in 1 997. ADCO operates 1 300 wells of 

d i fferent types. 425 wel ls are provided with wel l  casing cathodic protection. 

In house development and im plementa tion of wel l  casing cathodic protection 

was taken as a remedia l  action. The wel l  casing current demand was 5-15  

Amps (based on E log  I test results), with system design l i fe of  1 5-20 years. 

The protection criteria were -950 m V c lose off potentia l  and -1000 m V remote 

off potential [31 ] .  

ADCO appl ied two types o f  well casing designs. Type I which i s  a m u l tip le 

wel l  cathodic protection wi th a transformer recti fier 2-3 wells  system using 

flowl ines as negative return with 50 AI 48 V output and type II w hich is a 

single wel l  cathodic protection solar energized (1 05 watt u ni t  of 2-1 2  V and 0-

20 Amps. max.  output) or cathodic protection sacrificial  anode (group of 

20X42 kg magnesiu m  anodes in  Subkha area) systems. Tables below 

summarize the number, types, and d istribution of repaired and protected 

wel ls  [31 ] .  
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Table 2-1 : appl ied well  casing CP designs and costs 

CP System Number of Design life Estimated Costs, $ 
protected (Year) Per Per 

wells System Well/ Year 
Transfonner rectifier 2-4 20 40,000 1000 
Multiple well protection 
Solar energized (single 1 20 50,000 2500 

well protection) 
Sacrific ial anode (SA) 1 5 5000 1000 
(single well protection) 

Table 2-2: current performance of im pressed current W IC CP system 

Field No. of Protected Wells, 
Remote On (-mV) 

Type N um ber Drain No. % A %  > 950 > 1000 > 1050 
Amps. 

Asab TR 23 858 1 00  75 52 39 35 
Bu TR 45 1 253 100 56 1 12  82 62 
hasa 
Bab SE 30 357 100 60 30 29* 24 
tham 
'C' 
Bab SE 60 907 100 80 56 48** 35 
tharn If' 
Number of  Wells above - 1000 mV Off: 
* 25 (83% ); 12 Amps in average ** 40 (71 % ); 16 Amps in average 

Table 2-3: well casing CP - end 1997 

Field Type and number of CP stations Well covered by CP 

CPTR CPSE CPSA Total Oil Gas Water Other Total 

Asab 42 14 0 56 0 14 125 1 140 

Sahil 4 4 a 8 0 4 8 0 12 

Shah 6 0 0 6 19 0 0 1 20 

Bu hasa 45 0 0 45 0 0 84 0 84 

Bab 1 3  90 64 167 20 93 40 4 157 

a. Dh. N. 3 0 9 1 2  12  0 0 12  

East 
Total 1 1 3  108 73 294* 51 1 1 1  257 6 425 

. . . 

CPTR: Transformer Rectifier; CPSE: Solar Eneqpzed; CPSA: SacrificIal Mg Anodes 

* Including 51 Nos. Being Instal led/ Modified. 
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Figure 2-18 well inventory casing repairs and cathodically protected wells 
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3 METHODOLOGY AND EXPERIMENTAL 

SETTING 

The experi menta l part of this work is d ivided into two parts; in-situ testing as 

wel l as la boratory testing. In the in-si tu program, a structure with some 

degree of deterioration sha l l  be eva l uated, repaired using sacri ficial anode, 

and monitored for 1 year to check the efficiency of the system. The laboratory 

part sha l l  consist of laboratory controlled mixing, curing and testing. 

3.1 Materials 

3.1.1 Cement 

Ordinary Portland Cement (OPC) manufactured in Al-Ain Cement Factory 

was used . This type of cement is mostly used in  construction in  the UAE. The 

cement used has the characteristics shown i n  the below tables (3-1 and 3-2): 

Table 3-1: Type of Cement: OPC, AI-Ain. Test Method: BS 4550 

No. Aspects of Testing Unit 

1 Standard Consist % 
2 I ni tial Setting Time M inute 
3 F inal  Setting Time M inute 
4 Soundness (as-received) mm 
5 Fineness (constant vol.) m2/ kg 

6 Mortar Strength (3day) N/mm2 

Result 

27.0 
145 
195 
2 
372 
39.0 

Specified Standard Limits / 
BS12-0PC 
--

�45 
�600 
�10 
�275 
�25 
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Table 3-2: Chemical composition of the OPC used in this work as tested 
according to ASTM Cl14 

No. constituents 
1 Silicon Dioxide (Si02) 
2 Aluminium Oxide (AL203) 
3 Ferric Oxide (Fe203) 
4 Calcium Oxide (CaO) 
5 Magnesium Oxide (N gO) 
6 Sulphur Trioxide (S03) 
7 Sodium Oxide (Na2O) 
8 Potassium Oxide (K2O) 
9 Alkalies (Na20+O.658 K20) 
10 Insoluble Residue 
1 1  Loss on Ignition 
1 2  Tricalcium Aluminate (C3A) 
1 3  (C4AF+2C3A) 

3.1.2 Aggregates: 

(% by weight) 
23.70 
5 .10 
4 .61 
66.00 
1 .41 
2.56 
0. 10 
0.22 
0 .24 
0.07 
1 .03 
5.71 
25.44 

The coarse aggregate used i n  our experiments was crushed Lime Stone from 

Ras Alkhaima.  The fine aggregate is a lso from Ras Alkhaima.  

The fol lowing properties of the aggregates were determi ned. Tables (3-3 and 

3-4):  
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Table 3-3: Coarse Aggregate: Crushed.Test Method: BS 812 

No. Aspects of Testing Unit Value 
A Shape Pro2erties: 
Al Material finer than 0.075mrn BS 412 Test % 0.4 

Sieve 
A2 Flakiness Index -- I S  
A3 Elongation I ndex -- 18 
B Physical Properties: 
B1 Particle Oens!ty - Oven Dry Kg/ m3 2.68 
B2 Particle Density - Saturated Surface Dry Kg/ m3 2.70 
B3 Particle Density - Apparent Kg/ m3 2.72 
B4 Water Absorption - Percentage of Dry % 0.5 

Mass 
C Mechanical ProQerties: 
C1 Aggregate Crushin g  Value (14-10mm % 22 

Fraction) 
C2 Aggregate I mpact Value (14-10mm % 22 

Faction) 
0 Particle Size Distribution Size Value 

Sieve Analysis mm % 
01 Material Passing BS Test Sieve 37.5 100 
D2 Material Passing BS Test Sieve 20.0 98 
03 Material Passing BS Test Sieve 14.0 35 
04 Material Passing BS Test Sieve 10.0 2 
D5 Material Passing BS Test Sieve 5.0 0.3 
06 Material Passin� BS Test Sieve 2.36 --
07 Material Passin� BS Test Sieve 1 . 18 --

08 Material Passing BS Test Sieve 0.60 --

09 Material Passing BS Test Sieve 0.30 --

010 Material Passing BS Test Sieve 0. 15  --

Dll Material Passinz BS Test Sieve 0.075 --
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Table 3-4: Fine Aggregate: Crushed.Test Method: BS 812 

No. Aspects of Testing Unit Value 
A Shape Properties: 
A1 Material finer than 0.075nun BS 41 2 Test % 0.6 

Sieve 
A2 Flakiness Index -- 35 
A3 Elongation Index -- 27 
B Physical Properties: 
B1 Particle Density - Oven Dry Kg/ rn3 2.68 
B2 Particle Density - Saturated Surface Dry Kg/rn3 2.70 
B3 Particle Density - Apparent Kg/ rn3 2.74 
B4 Water Absorption - Percentage of Dry % 0.8 

Mass 
C Mechanical Properties: 
C1 Aggregate Crushing Value (10-6.3rnrn % 22 

Fraction) 
C2 Aggregate I mpact Value (10-6.3rnrn % 19 

Faction) 
0 Particle Size Distribution Size Value 

Sieve Ana lysis rnrn % 
01 Material Passing BS Test Sieve 37.5 --
02 Material Passing BS Test Sieve 20.0 - -

03 Material Passing BS Test Sieve 14.0 100 
04 Material Passing BS Test Sieve 10.0 95 
05 Material Passing BS Test Sieve 5.0 6 
06 Material Passing BS Test Sieve 2.36 0.3 
07 Material Passing BS Test Sieve 1 . 18 --

08 Material Passing BS Test Sieve 0.60 --

09 Material Passing BS Test Sieve 0.30 --

010 Material Passing BS Test Sieve 0. 15  - -

D11 Material Passing BS Test Sieve 0.075 --

3.1.3 Repair mixture 

The cementi tious free flowing micro concrete used for the purposes of 

structural repair of the col umns in  the test is Renderoc LAXtra supplied by 

Fosroc. It has the fol lowing characteristics: 

1 .  Shrinkage-compensated i n  both l iquid and cured states. 

2. Conta ins no meta l l ic expansion system . 

3. Pre-packed and factory quali ty control led to ISO 9002 accred i tion. 
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4. Maxim um eq uivalent sodium oxide content of 3 kg/ m3 (UK 

Department of Transport Specification for Highway Works 1986, 

Clause 1 704.6), 

5. Free flowing cementitious material that has a coefficient of thermal  

expansion fu l ly com patible with the host concrete and which com pl ies 

with the fol lowing requirements Table (3-5): 

Table 3-5: Properties of repair mixture 

Property Test method Resu lts 

Drying shrinkage ASTM C157-93 < 300 mierostrains @ 7days 
<500 mierostrains @ 28days 

Permeability D IN 1048 Part 5 < 10 mm 

Flextural s trength BS 6319 Pt. 3 >9 N/ mm2 @ 28 days 

Typical Compressive 
strength - N / mm2 BS 1881 Pt. 1 1 6  39 @ 3  days 

45 @ 7 days 
60 @ 28 days 

Tensile strength 

Water absorption BS 6319 Pt. 7 > 5 N/ mm2 @ 28 days 

BS 1881 Pt. 121 < 2 %  
Resistivity 

DRAM system 8200-16000 ohms-em 

The m icro-concrete was mixed and placed in  accordance with the 

manufactu rer's recommendations, particularly with regard to water content, 

m ixing equ ipment and placing time. 
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3.1.4 Sacrificial embedded anode: 

Two types of sacrificial  em bedded anodes shall be used as fol lows: 

1. The galvanic anode unit used to prevent the ' inci pient anode' effect and 

provide galvanic corrosion prevention withi n & adjacent to the repair zone is 

cal led Galvashield XP, see Figure (3-1a) .  It may be described as fol lows: -

a) An am photeric zinc based anode encapsulated by a highly a lkal ine mortar 

surrounding block, and provided with fixing wires to permit  direct 

attachment to exposed steel reinforcing within the repair zone. 

b) The morta r  surround has a pore sol ution pH, which is sufficiently high for 

corrosion of the anode to occur and for passive fi lm formation on the anode to 

be avoided as described i n  patent number PCTjGB94j 01224. 

c) The com plete anode unit  is so designed that no expansive stresses are 

exerted onto the repair mortar or concrete within which the units are placed . 

The Galvashield XP units are designed for appl ication in  repairs performed in 

chloride contaminated steel reinforced concrete structures. To prevent the 

onset of corrosion, each Galvashield XP anode unit  wi l l  provide galvanic 

protection wi thin i ts sphere of influence subject to continu i ty of steel 

rei nforcement. 

2. The 'Dri l l  & Fix' d iscrete galvaniC anode unit  used to provide galvanic 

corrosion prevention in areas not requiring breakout  of concrete is 

Galvashield CC, see Figure (3-2b). It may be described as fol lows: -
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a) An amphoteric zinc based anode encapsulated by a highly a lkal ine mortar 

su rrounding c l inder, designed to be inserted into predril led holes located in 

a grid pattern of spacing determined by rebar configuration. 

b) The mortar surround has a pore solution pH, which is suffic iently high for 

corrosion of the anode to occur and for passive fi lm formation on the anode to 

be avoided as described in patent num ber PCT/GB94j01224. 

c) The com plete anode u nit  is so designed that no expansive stresses are 

exerted onto the concrete within which the units are p laced . 

The Galvashield CC units are designed for appl ication in  chloride 

contam inated steel reinforced concrete structures, in situa tions where 

delamination has not yet occurred . To prevent the onset of corrosion, each 

Galvashield CC anode unit  wi l l  provide galvaniC protection within i ts sphere 

of i nfluence subject to continui ty of steel reinforcement. 
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(a) 

(b) 

Figure 3-1 sacrificial anodes types a) local patch repair b) global 
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3.2 In-situ field testing (Car park sheds) 

The structure used in  this study for in-s i tu testi ng was a reinforced concrete 

car park shed, see Figure 3-2. Such structure has been exhibiting signs of 

corrosion resu l ti ng in a degree of spal l ing for the last few years. The sheds 

were constructed in 1980 for Public Works Department in Abu Dhabi, V.A.E. 

There are 200 shed s. Each shed consists of octagonal column and six 

canti lever beams covered by a slab. Because of inadequate repair system 

carried out  i n  the past in these sheds, corrosion of the reinforcement keeps 

appearing. 

Figure 3-2: Works department car park sheds 
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3.2.1 Visual inspection 

A visual inspection of the sheds was carried out to explore the extent of the 

damage. The survey ind icated that the damage was seen at the lower part of 

the columns extend ing u pwards. The damage was concentrated in areas 

adjacent to ground level Figure 3-3. Heavy deposits of salts, rust stains, 

cracks, and spaUs in  concrete cover were observed, see Figure 3-4. The extent 

of corrosion of the colu m ns varied from negligible at a d istance of 1 .5 m from 

the ground surface to very severe at ground level. 
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Figure 3-3 Delamination survey of Cl 
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Figure 3-4 Initial state of column Cl before repair 
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3.2.2 Investigation & testing 

Chloride content 

Testing for chloride content was carried out by independent laboratory as per 

BS specification BS1 881 Part1 24. Samples over depth ranges 0 -20 m m, 25-40 

m m  and 40-60mm were taken from different locations as ind icated in Figs. 3-3 

and 3-4. The resu l ts recorded were the average of two tests. The concentration 

of acid-sol uble CI- at  the level of steel bars varied from 0.06% (by weight of 

concrete) in areas of moderate deterioration to 0.28% in areas of severe 

deterioration. Table (3-6) sum marizes the results. 

Table 3-6: Chloride Content (% by weight of oven dried concrete) Test 
;pec cation: S iii . B S  1881 Part 124 

Column Location Dust Level 
Sample Location 
No, 

800nnr.n From the 
01 Ground 

Column A 1  North Level 
Side 1000mm From the 

02 Ground 
Level 

650nnr.n From the 
01 Ground 

Column A2 North Level 
Side 850nLrn From the 

02 Ground 
Level 

750mm From the 
01 Ground 

Column A3 North Level 
Side 950mm From the 

D2 Ground 
Level 

Depth 
mm 

0 - 20 
20 - 40 
40 - 60 
0 - 20 
20 - 40 
40 - 60 
0 - 20 
20 - 40 
40 - 60 
0 - 20 
20 - 40 
40 - 60 
0 - 20 
20 - 40 
40 - 60 
0 - 20 
20 - 40 
40 - 60 

Chloride as Cl 
By Wt % 

0.26 
0.25 
0.19 
0.05 
0.06 
0.08 
0.28 
0.24 
0. 16 
0.06 
0.07 
0.07 
0.14 
0. 1 1  
0. 1 1  
0.07 
0.09 
0.07 
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Concrete cover 

Thickness of concrete cover was determ ined using electronica l ly sensored 

device. The resul ts obta ined showed that cover varied from 1 5  m m  to 36 mm.  

The specified concrete cover was 30m m.  The depth of  carbonation was ni l .  

The mean com pressive strength of concrete was 36 MPa as hammer test 

ind icated . The resu l ts also showed that the amount of sulphates in  the 

concrete mass was not significant. 

Electrical Potentials 

Measurements of electrical potentia l  in the study areas were taken according 

to ASTM C - 876 in a grid pattern at  spacing of 250 mm by 1 20 m m, see Figure 

3-5. Figure 3-6 shows the percent of potentials more negative than -0.35 V 

varied from 35% to 50% and concentrated i n  the lower part of the column 

(with in  1 meter above the ground level) as  evidenced also by del imination test 

results Figure 3-3. 
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Figure 3-5 Half-cell potential survey of column Cl 
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Figure 3-6 Cumulative frequency curve-more negative than -350 m V 

3.2.3 Repair procedure 

Three col u m ns were chosen for testing Figure 3-7. The first column was 

labeled (Cl) and was repaired using conventional repair system. This column 

sha l l  be considered the control .  The second column which was labeled (C2) 

was repaired using conventional patch repair with sacrificial  em bedded 

anodes to investigate the effect of sacrificial  anode in preventi ng the incipient 

anode phenomenon. The third col um n which was labeled (C3) was repaired 

in  the same manner as column C2 with the add itional of globa l  sacrificial 

anode system.  The effects of sacrificial  embedded anodes as wel l  as the 

combination of both sacrificial embedded anodes and global sacrificial anode 

sha l l  be compared to the control (Cl). 
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Figure 3-7 the columns were chosen for testing 

All  deteriorated concrete and corroded steel was removed using l ight 

pneumatic hammer til l  sound concrete and non-corroded steel was reached . 

The Deteriorated concrete that was removed, reached 3cm beyond the 

rei nforcement, and was measured to be 1 0cm thick. This deterioration 

appeared in the region between SOcm above the ground level a nd SOcm under 

the ground level . The areas was marked out in the works and adjusted as 

work proceeds accord ing to the condi tion found.  Figure 3-8. 
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Figure 3-8 Breaking out deteriorated concrete using penumatic hammer 

Special care was exercised to ensure that any reinforcement exposed was not 

cut or damaged. The depth of breakout  on the edge of a ny repair area shall be 

a min imum of 1 0  m m  and feather edges were not be accepted . To achieve this 

the perimeter of the area to be repaired shall first be cut to a depth of 1 0mm 

using a suita ble tool .  The preparation was such as to leave a sound exposed 

concrete surface free from d ust, loose particles and a ny deleterious matter. 

The fol lowing points were observed: -

• Heavily corroded reinforcement bars which have significant loss of 

section (more tha n  -25% ) were replaced. 

• Reinforcement bars were c leaned by successive sand blasti ng and air 

blasti ng performed with the shotcreting equ ipment. Figure 3-9. 
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• 

Figure 3-9 Concrete sandblasting with shotcreting equipment 

5 sacrificia l  a nodes u ni ts were i nsta l led in the repaired patch in both 

col u m ns (C2 and C3). They were distributed around the perimeter of 

the col u m n. Detai ls of the distribution of the sacrificial anodes are 

presented i n  Fig 3-1 0. Individual  wires were fed i nto an external 

junction box where they were connected to the reinforcement via 

additional wires to faci l i ta te current moni toring. 
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• 

Figure 3-10 Sacrificial anodes installation 

In column C3 an extra 5 global sacrificial anodes were inserted with 

wires fed into a junction box to a l low for current and steel potential 

measurements to be taken. For the purpose of this eval uation an area of 

the colu m n  C3 was selected that had not shown any signs of spal ling 

but had significant levels of chloride conta mination (between 1 .7 and 

2.8 % chloride-by weight of cement-) and according to half  cel l 

potential reading was l ikely to be corroding. 

• 3 em bedded Agj AgCI reference electrodes were insta lled in each of 

the three columns, and a l l  the wiring was connected to a junction box 

to measure the potential  difference. 
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• Form works were erected prior to placing the patch repair materials . 

Materials were mixed for 5 minutes as per manufacturer i nstructions. 

Figure 3-1 1 .  

• Repair materials are placed within the formwork a nd was consol idated 

by conven tional vibration. 

• All  the repaired col umns were cured for 3 days by covering them with 

a wet fabric. 

Figure 3-11 Formworks erecting prior repair material placing 
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3.3 Laboratory trials 

To evaluate the performance of sacrificial  anodes of the type i l lustrated 

previously, a number of 6 reinforced concrete slabs were cast The fol lowing 

parameters were considered : 

The size of the slabs was 0.5X1 .0XO.2 m.  They were reinforced using steel bars 

# 1 0  placed 1 5cm c/ c. Transverse steel was of # 1 0  was placed 1 5cm c/ c. The 

slabs were cast to represent d ifferent schemes as fol lows: 

• The slab should be of d imensions that al lowed ease of handling i n  the 

laboratory and at the same time be large enough to withstand chisel ing 

areas of repair.  

• It is necessary to have depth of concrete cover to steel reinforcement as 

real istic as possible. 

• Moulds were rela ti vely s imple i n  order to i ncorporate steel bars and to 

make slabs either for repair or to be used as controls. 

Slab # 1, see Figure 3-12 (showing locations of SA in smal l  repaired area) 

Slab # 3, see Figure 3-13 (showing locations SA in large repaired area) 

Slab # 2, see Figure 3-14 (showing locations SA i n  new concrete) 

Slab # 4, see Figure 3-15 (showing location of smal l  repaired area) 

Slab # 6, see Figure 3-1 6  (showing location of large repaired area) 

Slab # 5, see Figure 3-17 (showi ng new slab before casti ng) 
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Figure 3-12 Locations SA in small repaired area 

Figure 3-13 Locations of SA in large repaired area 

PAGE 76 -



- THES REPORT 

Figure 3-14 Locations of SA in new concrete 

Figure 3-15 Location of small repaired area 
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Figure 3-16 Location of large repaired area 

Figure 3-17 New slab before casting 

In slab 1 the notched area s imulates area from which concrete has spal led and 

are large enough to provide a real istic area for repair whereas in slab 2 this 

area s im ulates area, which is not repaired but adjacent to the repair to 

i nvestigate the cathodej anode ratio effect on the system. In slab 3 this area 

did not exist because slab 3 s imulates the new construction concrete. It is 
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formed by placing piece of polyesterene sheet in the upper midd le of the 

mould .  The slabs were reinforced by means of eight steel bars 10  mm 

diameter in two layers at eq ual distances along the whole length of each slab 

and joi ned together by welding through 6 mm diameter stirrups, see Figure 3-

1 7. 

3.3.1 Set-up procedure 

To eva luate the performance of sacrificial anodes of the type i l lustrated above, 

a num ber of 6 reinforced concrete slabs 1 000X500XI00 were made as the 

fol lowing: 

1 )  4 uni ts of sacrificial anodes were insta l led in slab 1 and 4 units were 

insta l led in  slab 2 in large area of repair and 2 units were insta l led in the small  

area of repair i n  s lab 3. 

2) The pre-packed concrete was mixed with the specified water quantity for 1 

m inute and p laced in  large part in slab 1 a nd l C  

3) Mixing the gradients o f  the host concrete for 5 m inutes in  the mixer 

starting firstly with fine aggregate. Afterward the coarse aggregate was 

deposited. Half of the specified quantity of salt water was laid into the mix 

first then the cement bags were d um ped into the mixer fol lowed by the rest 

amount of the salt water. Final ly the whole mix  was p laced in the small  area 

of slab I and lC and the large area of slab 2 and 2C 

4) Pre-packed concrete was mixed in  the same way as the previous and 

placed in  small  area in slab 2 and 2C Curing of all the slabs was achieved by 

covering them with wet sheets. Figure 3-18. 
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Figure 3-18 Slabs curing with wet sheets 

In slab 1 the smal l  area of repaired concrete had 0 % of chloride content and 

the large area was conta minated with 0.4 % of chloride content. Two units of 

sacrificial anodes were insta l led into the repaired area, all the wiring was then 

chased back to a junction box to a llow for current and steel potential  

measurements to be taken. 

To the opposite of slab I, in  slab 2 the small area of concrete was 

contaminated with 0.4 % of chloride content and repair material was p laced in 

the large area. Four units of sacrificial anodes were i nsta l led in the repair area. 

Slab 3 represents the new construction concrete with normal chloride content 

applying sacrificial anodes as a prevention measure. Each slab had equ ivalent 

slab as a control for the p urpose of comparison between them. 
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3.4 Monitoring procedure 

Potentia ls  of the steel taken at pre-marked locations on the surface of the 

concrete using a copper/copper sulphate reference electrode were mapped 

[32] . The wetting proced ure prior to the measurement of potentials was 

standard ized in order to remove errors in the values of potentia l  related to 

variabi l i ty i n  internal moisture of the concrete. This i nvolved wetting of the 

reference elec trode prior to the measurements. An in i tia l  potentia l  mapping 

surve was carried out  for a l l  the columns a few days before any concrete 

removal was u ndertaken. This in i tia l  survey was necessary for provid ing 

benchmark readings that could determi ne the early effect of the embedded 

sacrificial anodes. Soon after the i nsta l lation of the sacrificia l  anodes, the 

d iscrete anode cathodic protection system was switched on. 

In each subsequent visit potentia l  mapping was carried out after which the 

potential d i fference and current between anode and the steel reinforcement 

were recorded as table 3-7 below. A delay of five seconds after the i ni tial  

connection to the steel was al lowed prior to the record i ng of the values. This 

delay was necessary because of the d ifficu l ty in reading the i nstant-on current 

owing to i ts rapid early drop. Five seconds were sufficient to a l low a degree 

of stabi l ization of the readings and at  the same time ensure a standardized 

proced ure for com parison of results .  
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Table 3-7 Half-cell potential and output measruements schedule 

DATE DATE 
Potential & 

current 
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4 RESULTS AND DISCUSSION 

4.1 Introduction 

The primary objective of  this work i s  to evaluate the effectiveness of  the 

sacrificial  anode cathodic protection (SACP) i n  preventi ng the i ncipient anode 

phenomena. The results of the field and laboratory testi ng are being presented 

and d iscussed i n  this chapter. The concl usion on the sacrificia l  anodes 

performance can be made by studying the potential  and current output 

measurements. Com parison of the half-cel l potential values of the control 

specimens wi th those protected using sacrificial anodes wi l l  be used to assess 

the abi l i ty of these anodes to prevent the formation of " incipient anode" 

problem around repair zone. This chapter is d ivided into four sections. 

Section 4.2 summarizes all the i n-situ tests resu l ts in graphica l forms. Section 

4.3 summarizes a l l  the laboratory tests results in gTaphical forms. The effect of 

SACP i n  protecting rei nforced concrete from corrosion and preventi ng 

i nc ipient a node phenomenon is d iscussed i n  section 4.4. Section 4.2 focuses on 

the effect of using global a nodes i n  conj unction wi th local ones as i n  i n-situ 

test of colu m n  3. The effect of relative size of repair is addressed in section 4.3 

as in slab 1 and 3 in laboratory trials .  Section 4.3 d iscusses the effect of SACP 

i n  new construction as i n  laboratory test of slab 2. 
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4.2 In-situ results 

4.2.1 Half-cell potential survey 

Column 1 

This column is considered to be the control col umn that could be used to 

assess the effectiveness of the sacrificial anodes in  protecting reinforced 

concrete. It is c lear from Figure 3-1 that the degree of the deterioration in 

colu m n  1 before repair d ue to corrosion of steel is significant. The resu l ts of 

half-cel l  potential survey for this column carried out j ust before repair  process 

are shown i n  Figure 4-1 . The resul ts indicated that maximu m  corrosion was 

concentrated at that part of the colu m n  adjacent to ground level . Corrosion 

decreased u pwards which was confi rmed by visual i nspection in Figure 3-1 

and delam i nation test in Figure 3-2. The results ranged from (-800�-600) mV 

in high corrosion areas close to ground level to (-200�0) mV in low corrosion 

areas u pwards (about 1 .5 m from the ground level). 

Figure 4-2 shows the results of half-cel l  potentia l  survey for column 1 at the 

age of one year from the date of repairs. The results show the start of i ncipient 

anode forma tion around the repair zone. Half cel l  potential  ranged from (-

500- -300) mV at the location of formation of i ncipient anode to (-1 00- 1 00) mV 

at about  1 .5 m above ground level) .  Com parison of the half cel l potential  

values i n  Figure 4-2 of this column together wi th those of column 2 and 

colu m n  3 wi l l  be used to assess the effects of sacrificia l  a nodes in  preventing 

i nc ipient anode phenomena, as wi l l  be d iscussed in  Section 4.4. 
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Col umn 2 

This column was repaired using conventional patch repair with sacrificial 

em bedded anodes to study the effect of the sacrificial anodes in  preventi ng 

the i nc ipient anode phenomenon. The results of half-cel l  potentia l  survey for 

this co lumn carried out  just before repair process are shown i n  Figure 4-3. As 

was the case with col umn 1, the results ind icated that maxim um corrosion is 

concentrated at  that part of the colum n adjacent to ground level . Corrosion 

decrease u pward, which is confirmed by visual i nspection i n  Figure 3-1 and 

delamination test i n  Figure 3-2. The results ranged from (-800�-600) mV in  

high corrosion areas close to ground level to (-200�0) m V in  low corrosion 

areas u pwards (about 1 .5 m from the ground level) . 

Com parison of half-cel l  potentia l  values before repair (Figure 4-3) with those 

recorded after 1 year of repair  (Figure 4-4) show the effect of conventional 

patch repair wi th embedded sacrificia l  a nodes on steel corrosion. Corrosion 

activities were red uced significantly. The results ranged from (-500- -300) mV 

i n  sacrificia l  a nodes location ( lower right side of Figure 4-4) to (-1 00-100) mV 

i n  protected areas (upper right side of Fig 4-4). Com parison of the half cel l  

potentia l  val ues i n  Figure 4-3 o f  this colu m n  with those o f  column 3 wi l l  be 

used to assess the effect of us ing sacrificia l  anodes em bedded i n  patch repair 

in conjunction wi th global sacrificial a nodes. 

Colu m n  3 

This colu m n  was repaired using conventional patch repair wi th sacrificia l  

em bedded a nodes in  conjunction wi th global sacrificia l  anodes (GSA). The 

purpose of this to s tudy the effect of the combination of both local and global 
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Figure 4-4 half-cell potential readings of C2 after 1 year of repair 
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sacrificial  anodes in  protecting steel from corrosion by preventi ng the 

forma tion of inci pient anodes. The results of half-cel l  potential  survey for this 

col umn carried out  just before repair process are shown in Figure 4-5. The 

resu l ts ind icated that maximum corrosion is concentrated at that part of the 

column adjacent to ground level .  Corrosion decreased u pwards which was 

confirmed by delamination test presented in Figure 3-2 and visual i nspection 

(Figure 3-1 ) .  The resu l ts ranged from (-800�-600) mV in high corrosion areas 

c lose to ground level to (-200�0) m V in low corrosion areas upwards (about 

1 .5 m from the ground level). 

Comparison of half-cel l  potentia l  values in  Figure 4-5 together with those i n  

Figure 4-6 show the effect o f  conventional patch repair wi th embedded 

sacrificia l  anodes i n  conjunction wi th global anodes on steel corrosion. Figure 

4-6 shows the resu l ts of half-cel l potentia l  survey for column 3 at  the age of 

one year from the date of repairs .  The resu l ts ranged from (-500- -300) mV in  

the location of sacrific ia l  anodes (50 cm from G.L.)  to (-1 00-100) mV in  a l l  

protected zones. No signs of activity i n  the global  sacrificial  anodes zones. 

Immediately after repair, half-cel l  potentia l  resul ts, ranged from a minimum 

of to a maximum of as i l l ustrated in  Appendix  A. The developments of half-

cell potentia l  values were recorded i n  different time i ntervals as shown in  

Appendix A. The resul ts showed high levels of corrosion before repair. The 

resu l ts dropped significantly after repair. As time passes, the resul ts started to 

i ncrease i n  colu m n  1 which i nd icates that corrosion reactions are taking place, 
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while the resu l ts of columns 2 and 3 stabi l ized . Li ttle changes appeared in the 

potentials in  short periods (i .e. weeks) but significant changes were more 

apparent in relatively long periods ( i .e. months). 

4.2.2 Output measurements (Potential & Current) 

Col u m n  2 

Figure 4-7 shows the potentia l  d ifference output of the aeriated sacrifi tia l  

anode (placed 500 mm above ground) (XPl) and soil- immersed sacrifi tial 

anode (placed 500 mm below ground) (XP2) in column 2. The in i tia l  output of 

XP1 anode was relati vely high at about 250 mY. In the fol lowing three months 

the potenti a l  d i fference reading dropped 1 00 mY. To the contrary of this, 

potentia l  d i fference of XP2 started with relatively low values at about 120 m V 

and i ncreased sl ightly to about 150 mY. The resul ts of both sacrificial anodes 

stabi lized at about 120 mV from the age of 3 months onwards. The results of 

the potential  output were confirmed with the current  readings as shown in  

Figure 4-8. The aeriated anode reading startd at  about 700 }lA immediately 

after repair. At the end of the first month a significant i ncrease was recorded 

at about  1 300 pA. The resul ts started to decrease rapid ly and reached 500 pA 

at the end of 3 months from repair. The reading conti nued to drop, but with a 

m uch lower rate, see Figure 4-8. The immersed anodes current output was 

400 }lA in i ti a l ly then i ncreased to 500 pA at the age of 1 month. The reading 

started to decrease and reached 200 }lA at the age of 11 months. 
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Column 3 

Figure 4-9 shows the potential difference results for the local ( im mersed and 

aeriated) anodes as wel l as the global anodes. Rapid decreasing results was 

observed in the fi rst three months from about 320 mV to 220 mV in the 

aeriated anodes and from 220 mV to about 1 00 mV i n  the im mersed ones. 

Afterwards the aeriated and immersed anodes continue to decrease and 

reached 1 25 mV and 90 mV respectively. The in i tial  read i ngs of global anodes 

were rela tively high at  about 400 m V i n  the first three months. Rapid 

decreasing occurred afterwards to about 50 mV at the end of 3 months. The 

curve continued to drop with extremely lower rate. 

The current readings as shown i n  Figure 4-10 showed very s imi lar trend to 

those of potential d i fference. The aeriated anode reading startd at about 700 

pA immediately after repair. At the end of the first month a significant 

i ncrease was recorded at  about 1 000 JIA. The results started to decrease 

rapid ly and reached 400 pA at the end of 3 months from repair. The reading 

continued to drop, but with a lower rate. Finally readings stabi l ized at about 

50 pA at the age of 1 year from start of repairs .  The current output of 

immersed a nodes was 600 JIA i ni tia lly .  It increased to 900 pA at the age of 1 

month .  The reading started to decrease and reached 200 JIA at the age of 1 1  

months. 
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4.2.3 The effect of using global anodes in addition to local 

ones 

Figure 4-1 1 i l l ustrated the comparison between the current output of the 

aeriated sacrificial anodes in columns 2 and 3 in addition to the globa l 

sacri ficia l  anodes. The two curves approximately have the same trend. At last 

the current output  stabi l ized at about 50 pA. 

The current output  for the immersed sacrificial anodes of columns 2 and 3 are 

shown i n  Figure 4-1 2. The same behavior occured for both types of anodes. 

Both curves have stabi l ized lastly at about 200 p.A as shown in Figure 4-1 1 

and Figure 4-12. 

The d ifference between the aeriated and immersed anodes could be caused 

by the changes i n  capi l lary action and moisture content i n  this zone. 

The global u ni ts current output decreased in the first three months rapidly 

then started to vanish i n  the last 9 months. 

The potentia l  output resul ts for the aeriated SA units in  colu m ns 2 & 3 are 

shown i n  Figure 4-13. Sim ilar trends were observed for the two curves, rapid 

decreasing at  the first three months fol lowed by stabi lization at about 150 m V. 

The s i tuation is d i fferent with the immersed units. The unit  in  column 3 

started wi th rela tively higher readings, dropped sharply to lower than ones i n  

colu m n  2 and stabi l ized a t  about 1 00 mY. Whi le in  colu m n  2 there was s l ight 
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increasing i n  the fi rst three months fol lowed by slight decreasing i n  the 

remaining months and the readings stabi l ized at  about 120 mY. This is 

confi rmed with the current output in  Figure 4-1 1 and Figure 4-1 2. 

The global uni ts started with very high readings in average 400 mV in the first 

three months fol lowed by rapid decreasing in the remaining months and 

stabi l ization at  about 11 mY. 

From the above d isc ussion it cou ld be concluded that there is no extra or 

significant effect on the passivation state of steel and in turn the protection 

from corrosion d ue to using of the global anodes in conjunction with the local 

ones specifical ly  in this cases. This could be attributed to the intense and quite 

widespread area of infl uences created by the embedded anodes that prevai l  

over the global anodes zones. So that the globa l  anodes sti l l  not yet needed i n  

this stage. Emphasis should be on the studying d uring the design stage to 

such systems. Also the dry condi tion existed u pwards in  the column 

participate negatively on the effectiveness of  this type which need a dry-wet 

cycle for better performance, the case found i n  the capi l lary zone in the 

colu m n. 
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Figure 4-7 shows the potential difference between the steel and SA whereas 

Figure 4-8 shows the current results .  Although areiated sam ple showed 

significant d rop in both potential  d i fference and current, the resul ts leveled 

out from 3 months onwards. Potentia l  d i fference read ings varied from 1 20-

140 m V throughout thi s  period . This means that both cathode and anode were 

form ulated and this is the purpose of SA. The current read ings showed that 

steel is made cathode whereas SA is anode. Therefore corrosion wil l  take 

p lace i n  SA and reinforcing steel wi l l  be preserved as long as current exists. It 

is expected however that the current wi l l  d isappear once SA is ful ly u ti l ized . 

The same can be said a bou t  immersed SA. 

The resul ts of col u m n  3 demonstrated very s imi lar effect to those recorded for 

column 2. The steel i n  both colu m ns is therefore protected cathodical ly. 

4.3 Laboratory testing 

4.3.1 Half-cell potential survey 

Slab 1 & l C  

The half-cel l  potential readings o f  slab lC and slab 1 after one year of 

monitoring period are shown in Figure 4-15 and Figure 4-1 6 respectively. 

Area of rela tively high potentia l  readings is concentrated almost at repair 

zone and extended around in slab 1 .  The relatively high potential  readings in 
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thi s  area are as a resul t  of sacrificial anodes acting in  this location. In slab 1e 

the relatively high potentia l  read ings area is outside the repair zone, far near 

the right edge of the slab. This could be a ttributed to the formation of 

inc ipient anode. Figure 4-27 shows that 50 % of tota l area is in the range -200 

to -350 mV 

Slab 2 & 2C 

The ha lf-cel l  potentia l  read ings mapping of slab 2C and slab 2 are shown in 

Figure 4-1 7  and Figu re 4-18 respectively. Only a relatively smal l  area at the far 

right of s lab 2C about 1 0  % of the total area of the slab where readings 

exceeded -200 mV as shown i n  Figure 4-27. This location could be considered 

as an i ncipient anode zone. The half-cell  potentia l  readings more than -200 

m V were about 70 % of the total area of slab2 see Figure 4-27. This could be 

attributed to the acti vation of the sacrificia l  anodes in  the slab. 

Slab 3 & 3C 

The half-cel l  potential readings of slab 3C and 3 are shown i n  Figure 4-

1 9  and Figure 4-20 respectively. The relative high readi ngs are l imi ted only in  

the zone of contam inated concrete in  slab 3C. The area of these high readings 

is about 20 % of total area of the slab as shown i n  Figure 4-21 . The half-cell  

potential readi ngs of slab 3 more than -200 mV appeared in the contaminated 

concrete area and extended downwards. Figure 4-21 i l l ustrate that such area 

represents 50 % of the total area of the slab. This could be attributed to large 

cathode anode ratio and because of the current delivered is not yet enough to 

protect the steel .  
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Figure 4-19 half-cell potential mapping of slab 3C at age 1 year 
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Figure 4-20 half-cell potential mapping of slab 3 at age 1 year 
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4.3.2 Potential & Current measurements 

Slab 1 

Figure 4-23 shows the potentia l  output of the sacri ficial  anode of slab 1 .  The 

ini tia l  output of anodes was relatively high at about 350 m V. In the first 

month the potential d ifference reading dropped 50 mY. After one month the 

readings i ncreased 1 00 mV, then dropped again to about 1 75 mV in the sixth 

month. The readings started i ncreasi ng in the next month and decreased in  

the last four months to about 1 50 mY. The results of the potential output were 

confirmed with the current readings as shown i n  Figure 4-22. The sacrificial  

anodes reading startd at about 300 pA immediately after repair. At the end of 

the first month a significant i ncrease was recorded at about 1 300 pA. The 

results started to decrease rapidly and reached 100 pA at the end of 

monitoring period . 

Slab 2 

Figure 4-24 shows the potentia l  d i fference results for the sacri ficia l  anodes of 

slab 2. Rapid decreasing was observed in the first six months from about 550 

m V to 220 m V Afterwards the readi ngs started to i ncrease and reached 300 

mY. Decreasing occurred afterwards to about 200 mV at the end of 

monitoring period . 

The current readings as shown i n  Figure 4-25 showed very similar trend to 

those of potentia l  d i fference. The anodes readings startd at about 1900 pA 

immed iately after repair. At the first month a significant decrease was 

recorded at about 1 200 pA fol lowed by i ncrease again to 1900 pA. The results 
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started to decrease rapidly and reached 400 ].1A at the end of 3 months from 

repair. The read ing continued to droPf but with a lower rate. Fina l ly readings 

stabi l ized at about 1 00 }lA. 

Slab 3 

Figure 4-27 shows the potential output of the sacrificial anode of slab 3. The 

in i tial  output of anodes was relatively high at  about 450 mY. In the first 

month the potential  d i fference reading dropped 50 mY. After one month the 

readings i ncreased more than 1 00 m V, then dropped again to about 280 m V in  

the sixth month. The readings started increasing in  the next month and 

decreased in the last four  months to about 200 m V. The resu l ts of the potential 

output  were confirmed with the current readings as shown in Figure 4-26. 

The sacrific ia l  a nodes reading startd at about 300 }lA immediately after repair. 

At the end of the first month a significant increase was recorded at  about 700 

pA.. The resu l ts started to decrease rapidly and reached 100 llA at the end of 

monitoring period . 
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4.3.3 Effect of relative size of repair on SA performance 

Figure 4-29 shows that slab 1 and slab 2 have sim ilar behavior of current 

output a l though the d ifference in the relative size of repair between the two 

slabs. Both of slabs a lmost stabi l ized at about 1 mAo The explanation of this 

same stabi l iza tion could be because of slab 1 and slab 2 have the same amount 

of steel reinforcement. This reflects the fact that electrochem ical equi l ibration 

under polarizing conditions requires a considerable period of time to be 

established, particularly i n  the case of passive steel .  Because of this, switch-on 

current density levels for CP tend to be several times higher than the eventual 

operating levels. Clearly, o ther criteria for determin ing the effectiveness of 

cathdic preven tion system needs to be developed. Such systems are required 

to cathodical ly prevent the onset of corrosion of the rei nforcement and not 

necessarily for control l i ng existing corrosion, as is the case for CP systems. As 

such, a m uc h  lower current density is necessary for cathodic prevention, as 

reported by Bertol in i  et. al [33] .  

PAGE 109 -



THESIS REPORT 

600 1 
500 

> 400 
E - - - -
('CJ 300 

- -
:;:; 
r:: 
<11 -0 a.. 200 

1 00 

0 
N N N N N 0 � � q 0 ci a. a. >. >. III III « « « � � 

S I a b 1  

S Ia b3 

• . . . . . ~ . . . . . . 
• . . -.... - -

.
. . . . . . 

.... - .. 
. . . . . . . 

.... .. 
. . . . . . . . . . . . . . .. ... .. .. 

. . . . . . . . . . . . . . .... . . . .. . 
-- -- ..... - -- - -- - -- - -- - -

... _ - -

N N N N N N N N N N N N N N N cry cry cry cry q q q q q 0 0 � 0 q q q q 0 0 0 q 0 0 c c "3 "5 Ol en 6.. t3 t5 t5 > > 0 0 c c ..6 ..6 :::J :::J :::J ...., ...., :::J <II <II 0 0 0 0 0 <II <II III III <II <II ...., ...., « « (j) (j) z z 0 0 ...., ...., u. u. 

Date (months) 

Figure 4-28 trend of potential output of slab 1 and slab 3 

20 
1 8  
1 6  
1 4  

<' 1 2  .;. 
1: 1 0  � � 
:::J 

U 8 
6 
4 
2 
0 

N N N 0 'l q .!. ... a. a. a. « « « 

S I a b 1  

N N N N q q q 0 
>. >. c C ro ro :::J :::J � � ...., ...., 

S Iab3 

N N N N N N N N q q 0 "3 "3 en :::J ...., ...., « 

0 0 0 0 0 en I 6. U U a. 
:::J <II <II 0 0 « (j) (j) 
Date (months) 

Figure 4-29 trend of current output of slab 1 and slab 3 

PACE l lO -



THESIS REPORT 

4.3.4 Effect of using SACP anodes in new construction 

Figure 4-31 shows the trend of the current output delivered form the 

sacrificial anodes to the steel in  slab 2. The readings were sta bi l ized at about 

0.5 rnA through a potential difference at about 1 75 mY. The average current 

density recorded was i n  the region of 4-5 mA/ m2, a level appropriate for CP 

i nsta l lations. It should be stated, however, that the intention was not to i nsta l l  

sacrificia l  CP system but to study the performance of  the sacrificia l  anodes in  

conditions w here corrosion of steel rei nforcement may be occurring nearby. 
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4.4 Effect of SACP on protecting steel from corrosion 

The tests carried out to date, clearly show the effectiveness of the sacrificial 

anodes at  creating an intense and quite widespread area of infl uences. 

Sacri ficial  anodes are designed to protect reinforcing steel from the corrosion. 

SA wi l l  act, as anode whereas the surrounding concrete wi l l  be cathode. Such 

arrangement wi l l  result  in corrosion activities taking p lace in SA and 

preserving steel in concrete from corrosion. 

The resu l ts of this work indicated that such phenomenon is working. The 

resu l ts show that while i n  col umn 1 corrosion activities are taking place in the 

reinforcing steel in  a form of i nCipient a node, SA i n  columns 2 and 3 were 

protecti ng steel from corrosion. 

Repair red uced corrosion activities significantly; see Figures 4-1,4-3,4-5 

(before repair), w hen compared to Figures 4-2,4-4,4-6 (after repair). For 

example, after repair, the area of column which showed half cel l potentia l  

readings more negative than -350 m V,  were red uced from about 35% of  tota l 

area to 5% i n  col u m n  1 ,  from 50% to 3% i n  column 2, and from 40% to 4% in  

colu m n  3, as shown i n  Figure 4-36 (a-c) .  Such red uction i ndicated that 

corrosion activities were red uced greatly after repairs. 

The half-cel l  readings more negative than -350 m V showed in the column 1 

after repair, represent corrosion activities that taking place i n  a location of 

i ncipient a node, whi le these readi ngs in column 2 and 3 represent protection 

activ ities taking place i n  the location of SA. This could be evidenced by the 

half cell potentia l  mapping shown in  Fig 4-5 and Fig 4-6, where a high 
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corrosion zone are c lear near repair area ill Figure 4-5, while these high 

corrosion areas are concentrated in  SA zones in  Figure 4-6. 

SA wil l  be effective only in the presence of corrosion activities. The 

development of the resul ts as shown in appendix A indicated clear maximum 

read ing in  the location of one SA anode only im mediately after repair of 

colu m n 3. At the age of 6 months, another maximum reading was clear at the 

location of second SA. The third SA was also clear at the age of one year (see 

appendix  A). Such progress ind icated that these anodes were activated as 

time goes by, moreover the reading i n  the surrounding concrete were more 

less constant Half-cel l  potential  readings in  column 1 were to the contrary of 

those of colu mn 3. Such readings were very clear. In colu mn t no such 

observation was seen. Corrosion activities were very wide spread throughout 

the column .  

To  c larify the effect of  SA, the maximum half-cel l potentials i n  each mapping 

were recorded i n  the SA surrounding concrete. As the record ing locations 

were equa l ly spaced, the maxim um potential val ue would be expected to be a 

reasonable representa tion of the whole area of the colu m ns. 

Figures 4-34, 4-35 showed that half-cel l  potential of a l l  colu m ns were very 

s imi lar for about  3 months after repairs. After this, the resul t  of column 1 

showed corrosion activities i n  the reinforcing steel as the result  of i ncipient 

anode formation.  For example, result  were approximately -300 mV after 3 

months of repair of colu m n  1 (no SA i nstal led) .  The resul ts were i ncreased 
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negati ely to about -500 mV at the end of sex months. On the contrary, 

col um ns 2 and 3 showed no Significant corrosion activities. Results stay 

a lmost constant throughout the testing age (approximately -300 m V). The SA 

in col umn 2 and 3 are protecting the reinforcing steel in the concrete by 

supplying a stable current to the steel through a suffic ient potential  d ifference 

to keep the steel in  a passivation state. 

These resu l ts confirm with other researchers findings. For example L. Page 

and G. Sergi publ ished data s imi lar i n  trend to this work [21 ] .  

Potentia l  d ifference shift o f  over 1 00 m V  from the in i tia l  am bient were 

observed i n  the tests at age of 1 year as shown in  Figures 4-37, 4-38 The 

potential gradients, which the anodes have set u p, are significant and are 

therefore l ikely to be sufficient to ensure that the corrosion i n  the protected 

area of influence becomes focused on the sacrificia l  anodes. Throughout the 

test period the anodes can be observed to have been protecting the other areas 

within their area of infl uence from becoming suscepti ble to further corrosion. 

As m ight be anticipated, the intensity of the effect can be observed to be 

reducing as tim e  progresses. 

This is commensurate with the observed anode currents, which have declined 

i n  a s imi lar  fashion as the tests have progressed. The recorded current values 

within the monitoring period of one year averaged about 200 pA for each 

individual  anode embedded within the repair and and 50 JlA for sacrificia l  
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anodes immersed i n  soi l .  This translated to current density of about for the 

co lum ns, a value com patible with reported cathodic prevention levels. 

Ini tia l ly, cu rrents of immersed anodes observed to be flowing from the 

anodes and through the repairs were found to be somewhat high by 

comparison wi th aeriated anodes currents. The reason of this could be as a 

resul t  of relatively higher corrosion activity cel ls existed adjacent to ground 

and the moisture content changes d ue to capi l lary action. 

The tests clearly demonstrate that passivation effects, which have stopped 

earl ier attempts the indications, are that anode currents are stabil izing at 

between 50 pA and 200 pA. 

To contrary, CP criteria should apply in the case of the s labs, as some 

corrosion activity of the steel would have been present at 'switch-on' . The 

anode arrangement here should therefore be expected to operate as a CP 

system . Even though the average current density recorded was in the region 

of 4-5 mA/ m2, a level appropriate for CP i nsta l lations, the mean 

depolarsation potentials ranged between 40 and 60 mV, considerably short of 

the requ i red level .  It should be stated, however, tha t the intention was not to 

i nsta l l  sacrificial  CP system but to study the performance of the sacrificia l  

a nodes i n  conditions where corrosion of steel reinforcement may be occurring 

nearby.  

This reflects the fact that electrochemical equ i l ibration under polarizing 

condi tions requires a considerable period of time to be established, 
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particu larly i n  the case of passive steel .  Because of this, switch-on current 

density levels for CP tend to be several times higher than the eventual 

operating levels. Clearly, other criteria for determ ining the effectiveness of 

cathod ic prevention system needs to be developed . Such systems are required 

to ca thod ica l ly prevent the onset of corrosion of the reinforcement and not 

necessarily for control l ing existi ng corrosion, as is the case for CP systems. As 

such, a m uch lower current density is necessary for cathodic prevention, as 

reported by Bertol in i  et. al [33] .  
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5 CONCLUSIONS, RECOMMENDATIONS 

FOR FURTHER STUDIES 

5.1 Conclusions 

Based on the previous results and d iscussion, the fol lowing conclusive 

remarks can be given: 

1 .  The use of SACP in patch repairs has been proved to give cathodic 

protec tion to concrete. An electrochemical cel l  was formed in which 

SACP was anode and surrounding steel was cathode as was seen from 

the potential resul ts. This was c learer in the 20-year-old column than in 

newly cast laboratory slabs. 

2. The resul ts of this work did not show any further benefit from using 

global SACP. The reason could be attributed to the testing durations of 

this work. It may be expected that after longer period, i ts benefit wi l l  be 

apparent. 

3. The resu l ts of SACP in new constructed slab showed positive effect i n  

preventing steel from corrosion. 

4. Throughout the tests to date, the anodes have been found to be an 

effective method for control l ing the problems associated with incipient 

anode generation and the premature fai lure of areas surrounding 

repairs i n  concrete, which are suffering from chloride, related 

corrosion. 
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5.2 Recommendations for further studies 

The developments of cathod ic protection anode systems for above ground 

reinforced concrete structures have enabled the establishment of a significant 

business activity which is im portant in its abi l ity to extend the l i fe of valuable 

structures at a cost lower than alternative techniques. Although the 

achievements of these developments there is an ongoing need for research 

and development in th is field . It is recom mended that the fol lowing areas 

could have further studies: 

• The infl uence of temperature and humid ity on the effectiveness of 

SACP. 

• The performance of such SACP in  marine structures; submerged, 

tidal  zone, and dry areas i n  both new constructions and repairs. 

• Criteria of design and materia l  specifications: 

The number and amount of required sacrificia l  a nodes should receive 

more attention and care. Circle of infl uence of each anode and in turn 

required d istance between each of them is poorly studied over long 

period of time. 

• The inter-relation of repair materials and SACP: 

The characterization of the electrical properties of cementitious 

materials has received a l ittle care over a long period of time, and a 

l ittle consideration has made for the d istribution of current through 

such repairs. 
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• Correlation between accelerated testi ng proced ures and real l ife 

structu res 

• Criteria of protection and methods of assessment: 

The criteria of assessment of cathod ic protection of steel in  concrete sti l l  

yet not wel l established from the theoretical perspective and the 

practice point of view. Potential decay join tly with absolute potential 

measurements are the prom ising technique but a big debate on the 

theoretical basis of these techniques and the most appropriate 

monitoring equ ipment and methods for accurate measurement. 

PAGE 1 24 -



References 



- THESIS REPORT 

REFERENCES 

1 .  Mars G .  Fontana, Corrosion Engi neering, Third Edi tion, 1 986 
2. K R. Trethewey, J. Chamberlain, Corrosion For Science And 

Engineering, Second Edition, 1 995 
3. Sam uel A. Bradford, Practical Self-Study Guide To Corrosion Control, 

1998 
4. B.5. Wyatt, "Cathod ic Protection Of Steel In Concrete", Corrosion 

Science, Vol. 35, Nos. 5-8, pp. 1 601-1615, 1 993 
5. L. Bertol in i, F. Bolzoni, P. Pedeferri, "Cathodic Protection And 

Cathod ic Prevention In Concrete: Principles And Applications", 
Journal Of Applied E lectrochemistry, Vol .  28, pp. 1 321-1331, 1 998 

6. Z.  G.  Metta, " More Deterioration of Reinforced Concrete in the Arabian 
Gu lf', Concrete International, pp 50-51,1993 

7. B. S. Gerwick, "Pressing Needs And Future Opportunities i n  Durabi l i ty 
of Concrete in  The Marine Environment" , International Experience 
wi th Durabi l i ty of Concrete i n  the Marine Environment, pp 1 -5, 1989 

8. c.L. Page KW.J. Treadaway, "Aspects Of Electrochemistry Of Steel In 
Concrete", Natu re, Vol. 297, 13 May 1982 

9. S. Goni, C. Andrade, "Synthetic Concrete Pore Solu tion Chemistry And 
Rebar Corrosion Rate In The Presence Of Chlorides", Cement And 
Concrete Research, Vol. 20, pp. 525-539, 1 990 

1 0. J. P. Broomfield, Corrosion Of Steel In Concrete, 1 997 
1 1 .  P. Castro, L. Maldonado, R. De Coss, "Study Of Chloride Diffusion As 

A Corrosive Agent In Reinforced Concrete For A Tropical Marine 
E nvironment" , Corrosion Science, Vol .  35, Nos. 5-8, pp. 1 557-1562, 1 993 

1 2. Steven F. Dai ly, Kevi n  Kendell, "Cathodic Protection Of New 

Reinforced Concrete Structures In Aggressive Environments", Material  

Performance, pp 1 9-25, Oct. 1 998 
1 3. Pietro Pedeferri, "Cathodic Protection And Cathodic Prevention", 

Construction And Bui ld ing Materials, Vol. 1 0, No. 5, pp. 391-402, 1 996 

14 .  D.A. Whiti ng, M.A. Nagi, J.P. Broomfield, " Laboratory Evaluation Of 

Sacrificial  Anode Materials Of Reinforced Concrete", Corrosion, Vol. 

52, No. 6, June 1996 
1 5. Genesca L. Betancourt, C. Rodriguez, "Electrochem ical Behavior Of A 

Magnesium Galva nic Anode Under ASTM Test Method G 97-89 

Condi tio ns", Corrosion, Vol. 52, No. 7, July 1 996 

1 6. Genesca L. Betancourt, L. Jerade, c. Rodriguez, F.J. Rodriguez, 

" Electrochemical Testing Of Galvanic Anodes", Electrochemical 

Methods In Corrosion Research VI, pp 1 275-1288, 1998 

1 7. O.T. De Rincon, A.R. De Carruyo, D. Romero, E. Cuica, "Eval uation Of 

The Effect Of Oxidation Products Of Aluminum Sacrificial Anodes In 

Reinforced Concrete Structures", Corrosion, Vol. 48, No. I I ,  November 

1 992 

PAGE 125 -



- 1HES1S REPORT 

18.  A.A. Sagues, RG. Powers, "Sprayed S-Zi nc Sacrificial Anodes For 
Reinforced Concrete In Marine Service", Corrosion, Vol. 52, No. 7, July 
1 996 

1 9. B.s. Covino, l. S.l. Bul lard, G.R Holcomb, l .H. Russell, S.D. Cramer, I .E. 
Bennett, H.M. Laylor, "Chem ical ly Modified Therma l  Sprayed Zinc 
Anodes For Galvanic Cathod ic Protection", Material Performance, 
Decem ber 1 999 

20. Christopher L. Page, George Sergi, "Developments In Cathod ic 
Protection Appl ied to Reinforced Concrete", Journal of Materials in 
Civil Engineeri ng, February 2000 

21 . Walmar Baptista, Jose C.M. Da Costa, "Long Term Performance Of 
Aluminum Anodes In Seawater And Marine Soil", Materia l 
Perform ance, pp. 34-39, January 1 999 

22. l.T. Gourley, "The Sacrificial Anode Cathodic Protection Of Prestressed 
Concrete Pipelines", Corrosion/87, No 318, pp. 61-66, March 9-1 3 1987 

23. Rl. Kessler, RG Powers, I .R Lasa, "Sacrificial Anode Protection Of An 
Underground Steel Reinforced Concrete Structure", Material 
Performance, pp 1 0-13, March 1998 

24. RJ. Kessler, RG Powers, LR Lasa, "Zinc Mesh Anodes Cast Into 
Concrete Pile Jackets", Material Performance, pp. 1 1 -1 5, Dee. 1 996, 

25. R. F. Stratfu l l, "Experi menta l  Cathodic Protection Of A Bridge Deck", 
Transportation Research Record, 500, Transportation Research Board, 
Washington DC. 

26. J. A. Bickley, L. Rocco, " Monitoring Parking Structu re Repairs", Cone. 
Int., Jan.  pp. 34-40. 

27. G .K. Glass, N.R Buenfeld, "The Inhibitive Effects Of Electrochem ical 
Treatment Applied to Steel in Concrete", Corrosion Science, Vol. 42, pp 
923-927,2000 

28. B.  E lsener, M. Mol ina, H. Bohni, "The Electochemical Removal Of 

Chlorides From Reinforced Concrete", Corrosion Science, Vol. 35, Nos 

5-8, pp. 1 563-1570, 1 993 
29. N.M .  Thekwaba, B.B.  Hope, " Hydrogen Uptake And Steel Properties 

d ue to E lectrochem ica l Chloride Extraction From Reinforced 

Concrete", Electrochem ical Methods In Corrosion Research VI, pp 29-

44, 1 998 
30. Nustad  G.  E., M i l ler J. B., Kennedy D., "Review Of Chloride Extraction 

And Real kal isation Of Reinforced Concrete", UK Corrosion 93, Oct. 19 

1 993, London, UK 
31 . Al i  Gharra, "ADCO's Experience With Well Casing Corrosion & 

Ca thod ic Protection", Proceedi ngs Of The Second AD CO Corrosion 

Conference, 9-1 0  March 1 998, Abudhabi 

32. Standard Test Method For Half-Cel l  Potentials Of Uncoated 

Rei nforcing Steel In Concrete, ASTM Designation: C 876-91 

(Rea pproved 1 999) 

33. L. Berto l ini, F. Bolzoni, A. Cigada, T. Pastore, P. Pedeferri, "Cathodic 

Protection Of New And Old Reinforced Concrete Structures", 

Corrosion Science, Vol. 35, Nos. 5-8, pp. 1 633-1 639, 1 993 
PAGE 126 -



Append ix A 



0 
0 
T""" 

I 
0 
0 

� 
T""" 

I 
- � <D 

I 0 
� 0 

T""" U I I 
0 
0 
(Y) I 
1m 
0 
0 
(Y) I I 
0 
0 
L[) I 
m 



0 
0 
..--

I 
0 
0 
..--

I 
� 
0 

� 0 
- ..--
� I I 
""" 0 

I 0 
('f) """ I U m 
0 
0 
('f) I I 
0 
0 
L() I 
m 



0 
0 
..-

I 
0 
0 
..-

I 
� 
0 

� 0 
- ..-

I 0 I 
N 0 

I 0 
C'0 -r- I U ml 
0 
0 
C'0 I I 
0 
0 
LC) I 
m 



0 
0 
T""" 

I 
0 
0 
T""" 

I 
� 

0 
� 0 
- ...-
r.... I I 
N 0 

I 0 
C") � I 

U rm 

0 
0 
C") I I 
0 
0 
L() I 
m 



Lt') -.q-
I 

T"" 
U 

(0 
(f) 

Ll) 
(f) 

"It' 
(f) 

0 
0 
..--

I 
0 
0 
...--

I 
� 
0 
0 
...--

I I 
0 
0 
(Y) I 
1m 
0 
0 
(Y) I I 
0 
0 
L() I 
m 



0 
0 
..-

I 
0 
0 
..-

I 
� 
0 

Ll) 0 
..--

I f'- I 
N 0 

I 0 
('r") T"" I U � 
0 
0 
('r") I I 
0 
0 
L[) I 
ru 



C 1 - 1 6/6 

0>' » 77 7777777:O7'}'7 77777" ';0 7777777777" >:077777'"7''' I' V 7777" ';)'7 }'77 717777 7777,.;,.,. 7':0,.'77,. 71);,. 7,., ] S 7 

1UHHflffHfHffffHfJ S6 

flf::::::fJJflf1f:::::::::::::Jf:::;/JJfJfffWfHHHfHHflffffffffJfffff¥ffffffffffffJlf:::fffffff:::J S5 

2 3 4 5 6 

[m -500--300 WJ --300-� 1  00 0 - 1  00-1  00 I 
7 

�ff5#HJ S3 

S2 

S1 
8 



0 
0 
..-

I 
0 
0 
..-

I 
D 
0 
0 

r--.. ..-- I 
� I 

0 I 0 � ('I') 
U I 

� 
0 
0 
('I') I I 
0 
0 
I..{) I 
m 



0 
0 
..-I 
0 
0 
..-

I 
[] 
0 

CO 0 - ..-,..... I I 
N 0 

I 0 
- \0 I U � 

0 
0 
\0 I I 
0 
0 
l!) I 

m 



0 
0 
..-

I 
0 
0 
..-

� I 
- � CD 

I 0 
N 0 

..-
U I I 

0 
0 
('t') I 
ffi'I 
0 
0 
('t') I I 
0 
0 
I.[) I 

rn 





� o 
N I 
N U 

0 
0 
.,.... 

I 
0 
0 
.,.... 

I 

� 

0 0 
0 0 
.,.... C"') I I 
0 0 
0 0 
C"') It( I 

m rJ 



� -..... N I N () 

0 
0 .-
6 
0 .,.... , 
l:1 

0 0 
0 0 .,.... ("") I I 
0 0 
0 0 
("") I.() , , 
a � 



l.t) -� 
I 

N U 

18 ,.... 
I 0 0 

,.... 
I 

� 

0 0 1 0 0 
C") 1 I 0 0 0 0 

C") 1.0 
I I 

m rJ 



II') -,... N 
I N 

U 

0 
0 
C") 

I 
0 
0 

I!J 

0 0 0 
0 0 0 .,.... C") .,.... I I I 
0 0 0 
0 0 0 .,.... C") If) 

I I I 

CSJ m rJ 



CD 
-CD 
� 

I N 
(J 

a 
a 
C") 

I 
a 
a 

fJ 

a 
a 
..-

I 
a 
a 
..-

I 

CSJ 

a a 
a a 
..- C") I I 
a a 
a a f( 1.0 

I 

B CJ 



,... -V I N 
U 

a 
a 
C") a 
a 

r:J 

a 
a ..... a 
a ..... 

I 

lSI 

a a 
a a ..... C") I I 
a a 
a a 
C") L(') 

I I 

f§I � 



co -,.... N 
I N 

U 

0 
0 .,.... 

I 
0 
0 ..-

I 

G 

0 0 
0 0 .,.... ("") I I 
0 0 
0 0 
("") I() 

I I 

[J I!l 



0 
0 
T""" 

I 
0 
0 
T""" 

I 
0 
0 
0 

� T""" - I CD I 
0 I 0 M C'0 

U I 

� 
0 
0 
C'0 I I 
0 
0 
l!) I 
ill 



0 
0 
r-I 
0 
0 
r-

I 
Q 
0 

� 0 
- r-
� I I � 0 

I 0 
M \0 I U � 

0 
0 
\0 I I 
0 
0 
l!) I 
m 



0 
0 ..-

I 
0 
0 ..-

I 
0 
0 

� 0 - ..-0 I I 
N 0 

I 0 
("') M I U � 
0 
0 
("') I I 
0 
0 
L.() I 
ill 



0 
0 ..--

I 
0 
0 ..--

I 
[] 
0 

� 0 - ..--...... I I 
N 0 

I 0 
M C"') I 
U 1m! 

0 
0 
C"') I I 
0 
0 
I..!) I 
m 



0 
0 
-r-

I 
0 
0 
-r-

I 
0 
0 
0 

LO -r-- I 
� I 

0 I 0 
M ('f) 
U I 

� 
0 
0 
('f) I I 
0 
0 
L{) I 
rn 



Lt) -
...... 
N 

, 
M 
U 

to 
CJ) 

L() 
CJ) 

v 
CJ) 

M 
CJ) 

N 
CJ) 

0 
0 
..--I 
0 
0 
..--

I 
� 
0 
0 
..--

I I 
0 
0 
C'0 I 
m 
0 
0 
C'0 I I 
0 
0 
L[) I 
m 



0 
0 
('f) I 
0 
0 
..-

� 
0 

(D 0 
- ..-I (D 0 � 0 

I ..-
I M � U 

0 
0 
..-

I I 
0 
0 
('f) I 
1m 
0 
0 
('f) I I 
0 
0 
l{) I 
� 



r---
� 

I 
M 
U 

(0 
(j) 

I[) 
(j) 

v 
(j) 

0 
0 
('i) I 
0 
0 
...-

ILJ 
0 
0 
...-

I 
0 
0 
...-

I 
� 
0 
0 
...-

I I 
0 
0 
('i) I 
m .,. 

0 
0 
('i) I I 
0 
0 
l.() I 

rn 



0 
0 ..--I 
0 
0 

CO ..--I - � ,..... 
N 

0 I 0 
M ..--() I I 

0 
0 
C'0 I 
lim 
0 
0 
C'0 I I 
0 
0 
L[) I 
m 



,t . 
,t

. n r r � [ . �� 
�. - �" 
�, G" 0 ' 

E:: f � - �� �" 
� � -
�I 

\" 
'ct.. . 

�. E f' 
,e: V V. 
"t � f' � � '

l t.' � 

.( 

t f E 't 'ct... � 'ct... r. [, 
[, � t f � [, ' f r. c �� �' 'f .-- , ' 

'(l. , � .� 
'

_ t. �� 
� 

[, 
� 

[ .� . - - � 

r 1 � ' 1 �' f-[, 1>" () - [ 0  v ' r ,e: l.. 1 
G. '�\ ( -�. 0' t �. " t � � t (. ' 
'f ' l 1 l r � � 'ct.. . l.. 1, r· [ � . . � � 

, 

n/ � t 1 } � ( �� � ' f -[ "

-; -; r 5- / � r � _.
-[ " �" � . � L � -[, 0 � .[ ,e: [ V ' L , _ -\.. . . t' [ ·t: 1- r- , 

,\:, 'I.;, cv.- � �" 1 · r. 
·11 J>.' _ l.. -u �," 0 ' L· V L , <><. r .t { f nr ,�. "', t' 
G. � . "- \:' 1 L 
� t .[ ll'- I t C, � l.. E

'� - � V 
�f · �\ �" � t l.. ' " � . � ,� "� G" -u r II : - 'r.. L , to, [, � "- ,e: r- ' -[ . � -"""t, -\.. . 1 "- l.. n '--n . / 1>" '1 r- ( .f. 

�

( t: '�" 'i �f ' "� �' 

t ,t l 't �  
, _ '" Ir. �, t. I ' � T [ { l, nr � � 

�. �r ,..: ,�. ft.' 
\l !t 1> L 

k �,.� v . 1: 't 
'� [ t t '" 
'ct... � ,� t· t 
� t' � . -
�I 1 - l.. . ,\:, 
_ 'i:, 1/\ - 11 

�, �. 1 � I4, 
1 t t 11� 1 

J � 't � .  � .c: r. 
-"\I ,t . 

. �. 11. �,. ,t.: 
- ,� t ' � �� 

t J>. ' ,t' .-:.... 't l �c- - t 
. , ...c ,L r [ .[ � (. � b . ��, 

11� t. - ,� ,t' 
_ J - ,t' .� V 
[, .C- c. [ l.. <-tv 

,r: ,t' (i\ - . � 
' 1:.... V n 

,
_ 'f,' '� � , � ,t' 

ct.. . � l.. .� � [ 
'. 

�I L[ [ 
'ct... 'ct.. . 
t t �. t.' 

. -[ t 
[, '[ 't 

�[ - c; 
- G. n � .  t .t' 
r - 1 

'ct... �. [, 
� , � ,r: ' t o � , ' 1:.... r- ' t;" -
't � �. 
[, 'l �. 
[. 1 � �' 

.. I _ � l.. 
'{ ); . 's. 

t ,t' L 
� [ �  1 ,t' � � '� r �" Go , F 't 1: 



ulill �1.J�lJ  �)IJ 4 I},ogll � �\...Jc. jA L: 
o)=JI o4=JI J (;�I � � \II  � � h:..Jj 0-0 L: 
'---"<I;'!-'& I �I.:U..oJ J '-? � uc i..?-h:. �i l,)A L: �j 

. o\I...._�J'�11 YJ.J� J �� Ll y,j lA:uS l,)A L: �j 
.11....----"" •• = ... 1 J � .. � � L..u:& � L: �j 

)uJIJ 41...._---,!}-.4J<llolU.JI c.,;;----l"4=__ � 
�("----"I"""'o\ y.JI j�'il Ii-A ,-?.L-.A i �J 



� )  " J\ 4.�\ �\.)L...o�\ La...o� 
�\ ��\.).ll\ � j� 

j\.J J\ ��.J �� �Wy' 

�.a��' ��, �ww �*'fI 
�.a.a �� � ",5, i , , � y' 0" .a��'  to'  ,; 'i I� 

a t 2 en --.�, J ;Wl..�' J t l' I j " 

.a "  s f� • 

��\ fo..J:i � � 

�\ ��\.).ll\ � jL4l �� �.) 
.) J'1!tq.WI 4.)j � J�\ �� � 

j\.J--Al\ ��.J �� � 

• 

'-:? I W.4�\ � �\ . j 
� \ ,,, ,<II - "' s ... ... ( 

��\ � �\¥ . j\ 
�.l.JI ��I � 

o�\ �y.11 wl.JlA), I �� 


	United Arab Emirates University
	Scholarworks@UAEU
	6-2003

	The Effectiveness of SACP in Controlling Of Concrete Steel Reinforcement in Aggressive Environments
	Hassan Ali Abubaker Al Jafri
	Recommended Citation


	0000
	0002
	0003
	0004
	0006
	0008
	0010
	0012
	0014
	0016
	0018
	0020
	0022
	0024
	0026
	0028
	0030
	0032
	0034
	0036
	0038
	0040
	0042
	0044
	0046
	0048
	0050
	0052
	0054
	0056
	0058
	0060
	0062
	0064
	0066
	0068
	0070
	0072
	0074
	0076
	0078
	0080
	0082
	0084
	0086
	0088
	0090
	0092
	0094
	0096
	0098
	0100
	0102
	0104
	0106
	0108
	0110
	0112
	0114
	0116
	0118
	0120
	0122
	0124
	0126
	0128
	0130
	0132
	0134
	0136
	0138
	0140
	0142
	0144
	0146
	0148
	0150
	0152
	0154
	0156
	0158
	0160
	0162
	0164
	0166
	0168
	0170
	0172
	0174
	0176
	0178
	0180
	0182
	0184
	0186
	0188
	0190
	0192
	0194
	0196
	0198
	0200
	0202
	0204
	0206
	0208
	0210
	0212
	0214
	0216
	0218
	0220
	0222
	0224
	0226
	0228
	0230
	0232
	0234
	0236
	0238
	0240
	0242
	0244
	0246
	0248
	0250
	0252
	0254
	0256
	0258
	0260
	0262
	0264
	0266
	0268
	0270
	0272
	0274
	0276
	0278
	0280
	0282
	0284
	0286
	0288
	0290
	0292
	0294
	0296
	0298
	0300
	0302
	0304
	0306
	0308
	0310
	0312
	0314
	0316
	0318
	0320
	0322
	0324
	0327
	0329
	0331

