\\‘

N

%’ %” ﬁ' \T,- $ AL .’A?r #’ ’\u’” ﬁ?’ 4’14} 4‘ #’ %y(‘ -ﬁ" '?Y’ 4' 4{' LAL'/

%

1
A

96,

1030309090 200 S0 AP0 A0S

|
]
A

-

ASTUDY ON UTILIZING CHEMICAL
INHIBITORS IN NEW REINFORCED
CONCRETE STRUCTURES

PR

NP

,‘
17

BY

}

AHMED ABDULLAH ALAWIAL-NAGHI

|
!

A Thesis Presented to the O
DEANSHIP OF GRADUATE STUDIES

1®

X

i

!

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

~

-

o3

4
|

~

In Partial Fulfillment of the

!

Requirements for the Degree of

MASTER OF SCIENCE

In
CIVIL ENGINEERING

w)
v

N

]

- T.)&T
o/$

TR
AY 2014 %\‘
M R
or.

b))
e

O

,;jr e 3 3 el e 3 e e 8

/

P o P A P A P A R A S P e



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by Ahmed Abdullah Alawi Al-Naghi under the direction of his
thesis advisor and approved by his thesis committee, has been presented and accepted by
the Dean of Graduate Studies, in partial fulfillment of the requirements for the degree of

MASTER OF SCIENCE IN CIVIL ENGINEERING.

Thesis Committee

s »

/ N
Prof. Omar S. Baghabra Al-Amoudi
(Advisor)

Prof. Mohammed Maslehuddin
Prof. Nedal T. Ratrout (Member)

Departmental Chairman \ : ?
v

Dr. Shamshad Ahmad
(Member)

Prof. S?am A. Zummo
Dean of Graduate Studies

gfel 1+

Date






THIS HUMBLE WORK IS DEDICATED TO:
MY MOTHER, MY WIFE, MY CHILDREN,
MY SISTER AND BROTHER



ACKNOWLEDGMENT

Praise and thanks a lot God Almighty, for giving me the health, knowledge and
patience to complete this work. | acknowledge the financial support given by Thamar

University and by KFUPM’s Civil Engineering Department during my graduate studies.

My sincerest gratitude goes to my advisor Prof. Omar Al-Amoudi. I am also
grateful to my Committee Members, Prof. Mohammed Maslehuddin and Dr. Shamshad
Ahmad, for their constructive guidance and support. Thanks are also to the department’s
Chairman and to other staff members of the department especially the lab supervisor, for

their help.

Special thanks and appreciate to the sponsor company, Saudi Basic Industries
Corporation (SABIC), for their financial support with the specimens and corresponding

needed fund during the entire process of this work.

Deep thanks are to the research institute team, the supervisor Prof. Mohammed

Maslehuddin, and the researchers: Shameem, Barry and Ibrahim, for their help.

My heartfelt gratitude is given to my beloved mother, wife, and my children, who
always support me with their love, patience, encouragement and constant prayers. |

would like to thank sister, brother, and all members of my family in Yemen.



TABLE OF CONTENTS

AKNOWLEDGMENT ...ttt ettt iii
TABLE OF CONTENTS ..ottt bbb 1\
LIST OF TABLES ...ttt vii
LIST OF FIGURES .......coooiieiee sttt sttt sttt sttt e e Xi
THESIS ABSTRACT .ttt ettt stesbe e ne e e neens XVi
THESIS ABSTRACT (ARABIC) ..ottt Xviii
CHAPTER ONE ...ttt bbbt e e e 1
1 INTRODUCTION. ... .ottt e et estesaestesneenaeneeneenes 1
00 R €= o T - OSSR 1
1.2 Significance of thiS STUY ..o s 3
1.3 SCOPE ANd ODJECLIVES ....ccveiiiiiieiieiee e 3
1.4 Research Methodology........ccccciiiiiiiiicc s 4
CHAPTER TWO ..ottt sttt sa e et entesteatesneenaanseneenes 7
2 LITERATURE REVIEW ......ooiiiii ettt 7
2.1  Corrosion Mechanisms of Reinforcing Steel in CONCrete ..o, 7
2.2 Corrosion ProteCtion MEASUIES .........coeiuiiiriiiieiieieie ettt 9
2.3 CorroSion INNIDITOIS .....co.veiiee e 10
2.3.1 Evaluation of Crossion INNIDITOIS ........c.cocveiviiiiieece e 12
CHAPTER THREE .......ooii ittt 24
3 EXPERIMENTAL PROGRAM .....ociiiiieee ettt 24
3.1 Commercial INNIDITOIS .....oouveiicic e 24
3.2 Preparation of CONCrete SPECIMENS ........ccoiiiiiieieie et 28

3.2.1 Concrete Beam SPECIMENS ......cccvieiieiiiieiieiiteestieeeesee e re e siee e aeenreens 28

3.2.2 Concrete Cylidrical SPECIMENS.........ciiuiiiie it 33



3.3 Curing of CONCrete SPECIMENS. .......ccviieiieiieieieese e ste e re e sre e sre e e e eneeas 39

3.4 EXxposure of CONCrete SPECIMENS ........cceiiiirieiieieieniesie sttt 39
341 AIMOSPNEIIC ZONE......iiiieiie e 40
342 THOUAI ZONE ..ot 41
3.4.3  SUDMEIGEA ZONE .....veeieeie ettt et 45
3.4.4 BelOW GrouNd ZONE......cc.ciieiieieiiesieeie ettt sbe e e neas 47
3.4.5 Capillary ZONE ......cooiiiie e 49

3.5 TESES PrOCEAUIE .....ovvieeieciecieee ettt bbb 51
3.5.1 Corrosion “Half Cell” Potential (ECOTT) ......ceeiviiiiiiiiiicciiie e 51
3.5.2 Corrosion Current Density (ICOIT) .....ooieieiiiiieiesireeiee e 58
3.5.3  Accelerated COrroSioN TeSL......ccvuiueiieriiieiiereeie e et neas 64

CHAPTER FOUR.......coii ittt bbbttt sb ettt 68

4 RESULTS AND DISCUSSIONS ......coiiiiiiiiieienie et 68

4.1 Corrosion POENTIAL ........coeiieiiie e 68
4.1.1  BEAM SPECIMENS ....viiiieiieiieeete ettt sttt sttt b et ebenre s 68
4.1.2  Cylindrical SPECIMENS ......ccuviiiiieiecie et 85

4.2 Corrosion CUrrent DENSITY ........cceiieiieiieiieiee et 105
4.2.1 BEAM SPECIMENS .....uiitiiiiiiieieeie sttt bbb 105
4.2.2  Cylindrical SPECIMENS .......coviiiiiiiiieeeee e 136

4.3  Accelerated Corrosion TeSt RESUIS .........ccvviiieiieieie i 164

CHAPTER FIVE ...ttt bbb 178

5 CONCLUSIONS AND RECOMMENDATIONS.......cccoviieieierese e 178

T8 A @0 o] 111 o] 1SS 179

5.2 RECOMMENUALIONS .....oviiuiiitieitieie sttt sttt sttt be e sreenesnee e 186

REFERENGCES. ... .ottt ettt st sbe st ne e eneeneas 188

APPENDICES ...ttt st te et r et sre e re e e e 193

APPENDIX A CORROSION POTENTIAL TEST DATA ..., 194



Vi



LIST OF TABLES

Table 3.1 Number of Beam Concrete Specimens Prepared for Each Inhibitor ................ 32
Table 3.2 Number of Concrete Cylindrical Specimens Prepared without Chloride
Contamination for Each INhibitor...........ccooviiiiii e, 37
Table 3.3 Number of Concrete Cylindrical Specimens Prepared with Chloride
Contamination for Each INhibitor...........ccooviiiiii e 38
Table 4.1 Average Corrosion Potentials for Beam Specimens Exposed to the
ATMOSPNEIIC ZONE ...t 70
Table 4.2 Average Corrosion Potentials for Beam Specimens Exposed to the Tidal Zone
SRRSO 73
Table 4.3 Average Corrosion Potentials for Beam Specimens Exposed to the Below
GIOUNG ZONE....cueiieieiieeiestee sttt e et esteete s e sbe e teaneesreeseeeneesbeenseanennrens 76

Table 4.4 Average Corrosion Potentials for Beam Specimens Exposed to the Capillary

Table 4.6 Summary of the Time to Initiation of Reinforcement Corrosion for Each
Inhibitor in the Five EXPOSUIE ZONES .........ccoiiviiiiiiiiiiicee s 84
Table 4.7 Average Corrosion Potentials for Cylinders Exposed to Wet and Dry Cycles
ettt eeteeteeeueiteitereeteeteteteetesteseiheeteteheateatetete et et ereehe et et ereebe et eneebe st et eneebeste e ereares 87

Table 4.8 Average Corrosion Potentials for Cylinders with a Chloride Contamination of

vii



Table 4.9 Average Corrosion Potentials for Cylinders with a Chloride Contamination of

Table 4.12 Average Corrosion Potentials for Cylinders with Various Chloride
Contaminations at the End of the Exposure Period............ccocoevvvninineniienen, 104
Table 4.13 Average Corrosion Current Density Values for Beam Specimens Exposed to
the AMOSPNEIIC ZONE ... 106
Table 4.14 Time to Cracking of Concrete for Specimens in the Atmospheric Zone......111
Table 4.15 Extension in Service Life of the Reinforced Concrete Structure in the
Atmospheric Zone by Using Each INhibitor...........ccocooviiiiiiien, 112
Table 4.16 Average Corrosion Current Density Values for Beam Specimens Exposed to
the TIdal ZONE ... 114
Table 4.17 Time to Cracking of Concrete for Specimens in the Tidal Zone. ................. 116
Table 4.18 Extension in Service Life of the Reinforced Concrete Structure in the Tidal
Zone by Using Each INNIDITOT. ..........cooiiiiiiiiice e, 117
Table 4.19 Average Corrosion Current Density Values for Beam Specimens Exposed to
the BelOW Ground ZONE .........ccoviieiieiecie e 120
Table 4.20 Time to Cracking of Concrete for Specimens in the Below Ground Zone...122
Table 4.21 Extension in Service Life of the Reinforced Concrete Structure in the Below

Ground Zone by Using Each Inhibitor. ..., 123

viii



Table 4.22 Average Corrosion Current Density Values for Beam Specimens Exposed to
the Capillary ZONE ........cc.ooiiiiii s 125
Table 4.23 Time to Cracking of Concrete for Specimens in the Capillary Zone............ 127
Table 4.24 Extension in Service Life of the Reinforced Concrete Structure in the
Capillary Zone by Using Each INhibitor. ..., 128
Table 4.25 Average Corrosion Current Density Values for Beam Specimens Exposed to
the SUDMErged ZONE........cc.ooiiiiiiee s 131
Table 4.26 Time to Cracking of Concrete for Specimens in the Submerged Zone. ....... 133
Table 4.27 Extension in Service Life of the Reinforced Concrete Structure in the
Submerged Zone by Using Each Inhibitor. ..., 134
Table 4.28 Summary of Time to Cracking of Concrete for Specimens with Inhibitors in
EACN ZONE.... .o e 135
Table 4.29 Average Corrosion Current Density Values for Cylinders Exposed to Wet and
DY CYCIES ... bbb 138
Table 4.30 Time to Cracking of Concrete for Cylindrical Specimens.............cccccoveneene. 140
Table 4.31 Extension in Service Life of the Reinforced Concrete Structure by Using
EACh INNIDITON. ..o 141

Table 4.32 Average Corrosion Current Density Values for Cylinders with 0.2% Chloride



Table 4.35 Average Corrosion Current Density Values for Cylinders with 0.4% Chloride



LIST OF FIGURES

Figure 2.1 Schematic Repersentation of the Mmechanisms of Corrosion.............cc.cc..... 8
Figure 3.1 The Seven Commercial Inhibitors Used in This Investigation........................ 27
Figure 3.2 Electrodes in the Concrete Beam SPeCIMENS .........ccooveiveiieriinenesenineeeeeees 30

Figure 3.3 Schematic Diagram of the Beam Concrete Specimens, [(a) Elevation;

(D) CroSS-SECION]. ..vveeieieeiie ettt 31
Figure 3.4 Photographic Documentation of the Concrete Beam Specimens.................... 32
Figure 3.5 Schematic Diagram of the Concrete Cylindrical Specimens ...........c.cccccvvvuene, 36
Figure 3.6 Concrete Cylindrical SPECIMENS ........c.coiiiiiiiiiiiieee e 37
Figure 3.7 Curing Using Wetted BUIIap .........cccoveieiiiiiiiiiiseseeeee e 39
Figure 3.8 Concrete Beam Specimens in the Atmospheric ZoNne ............ccocvevvvrvevenenn. 40

Figure 3.9 Schematic Diagram of Concrete Beam Specimens for the Tidal Exposure....42
Figure 3.10 Concrete Beam Specimens in the Tidal Zone .........cccccooiiiiiiiiiicicen, 43
Figure 3.11 Concrete Cylindrical Specimens without Chloride Contamination in the Wet
AN DIY CONAITION ... 44
Figure 3.12 Concrete Cylindrical Specimens with Chloride Contamination in the Wet
AN DIY CONAITION ... 45
Figure 3.13 schematic Diagram of the Concrete Beam Specimens for Exposure to the
SUDMEIGEA ZONE......ociiiiie i 46
Figure 3.14 Concrete Beam Specimens in the Submerged Zone...........c.ccocvvviiiiiiennn, 47
Figure 3.15 Schematic Diagram of the Concrete Beam Specimens for Exposure to the

BeloW GroUNA ZONE .. ..o 48



Figure 3.16 Concrete Beam Specimens in the Below Ground Zone .............ccocceevevenenne. 49

Figure 3.17 Schematic Diagram of the Concrete Beam Specimens for Exposure to the

CaAPIHIAIY ZONE ... s 50
Figure 3.18 Concrete Beam Specimens Placed in the Capillary Zone ...........c.cccoeevennne. 51
Figure 3.19 Position of Steel Bars Measured with the Help of Cover Meter ................... 52

Figure 3.20 Methodology to Measure the Corrosion Potential on Concrete Beam
Specimens in the Atmospheric and Tidal ZONes.........cccccvvveviieveiiciienieeeinn 53
Figure 3.21 Methodology to Measure the Corrosion Potential on Concrete Beam
Specimens in the Below Ground and Capillary Zones ...........ccccoovvviivnininne, 55
Figure 3.22 Methodology to Measure the Corrosion Potential on Concrete Beam
Specimens in SUBMerged ZONe ... 56
Figure 3.23 Methodology to Measure the Corrosion Potential on Concrete Cylindrical
SPECIMENS ..ttt bbbt 57
Figure 3.24 Methodology to Measure the Corrosion Current Density on Concrete Beam
Specimens in the Atmospheric and Tidal ZONesS.........cccccveveviievviieneseeenn 60
Figure 3.25 Methodology to Measure the Corrosion Current Density on Concrete Beam
Specimens in the Below Ground and Capillary Zones............ccccoovvviivniennnnn, 61
Figure 3.26 Methodology to Measure the Corrosion Current Density on Concrete Beam
Specimens in the SUDMErged ZONE ........cccoveiiiiiiiieieee e 62
Figure 3.27 Methodology to Measure the Corrosion Current Density on Concrete
Cylindrical SPECIMENS. .........oiiiiiiiieiee s 63

Figure 3.28 The Accelerated Corrosion Test Set-Up.........cccovvrireiinineiiineneseeees 65

xii



Figure 3.29 Schmatic Diagram for the Accelerated Corrosion Test Set Up.................... 66

Figure 3.30 Concrete Beam Specimens under Test for the Accelerated Corrosion ......... 67

Figure 4.1 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the
ATMOSPNEIIC ZONE ...t 71

Figure 4.2 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the Tidal

Figure 4.3 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the
BelOW GrOUNG ZONE .....coviiiieiiieie ettt 77

Figure 4.4 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the
CaAPIHIAIY ZONE ... s 80

Figure 4.5 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the
SUDMEIGEA ZONE ... 83

Figure 4.6 Corrosion Potentials—Time Curves for Cylinders Exposed to Wet and Dry

Figure 4.7 Corrosion Potentials—Time Curves for Cylinders Contaminated with 0.2%
(011 1] Lo L= OSSPSR 92
Figure 4.8 Corrosion Potentials—Time Curves for Cylinders Contaminated with 0.4%
(011 1] Lo L= OSSPSR 95
Figure 4.9 Corrosion Potentials—Time Curves for Cylinders Contaminated with 0.8%
(011 1] Lo L= SR STSSUSPSSSSSR 99
Figure 4.10 Corrosion Potentials—Time Curves for Cylinders Contaminated with 1.5%

(01 ] [ ¢ [0 - ET T T T TR T T TR P RSP P PP PPRPPPPRPPPRPIN 103



Figure 4.11 Corrosion Current Density Values—Time Curves for Beam Specimens
Exposed to the AtMOSPhEriC ZONE .........cooiviiiiiiiiiiieee e 107

Figure 4.12 Slope of lcorr— Time Curve for the Control Specimens in the Atmospheric

Figure 4.13 Corrosion Current Density Values—Time Curves for Beam Specimens
Exposed to the Tidal ZONe...........cooiiiiiii s 115
Figure 4.14 Corrosion Current Density Values—Time Curves for Beam Specimens
Exposed to the Below Ground ZONE ...........cccceviiiiiiiniienieie e 121
Figure 4.15 Corrosion Current Density Values—Time Curves for Beam Specimens
Exposed to the Capillary ZONne ...t 126
Figure 4.16 Corrosion Current Density Values—Time Curves for Beam Specimens
Exposed to the Submerged ZOone..........ccoovieiiiiiiiiiieeee e 132
Figure 4.17 Corrosion Current Density Values—Time Curves for Cylinders Exposed to
Wet and Dry CYCIES ......cuoiiiiiiecee s 139
Figure 4.18 Corrosion Current Density Values—Time Curves for Cylinders with 0.2%
(O 01 (0] T L= SRR 144
Figure 4.19 Corrosion Current Density Values—Time Curves for Cylinders with 0.4%
[0 01 (0] Lo L= SRS 150
Figure 4.20 Corrosion Current Density Values—Time Curves for Cylinders with 0.8%
(0101 (0] Lo L= USSR 155
Figure 4.21 Corrosion Current Density Values—Time Curves for Cylinders with 1.5%

CNIOTTUE ettt et e et e et e e ee e e eeeeeeeeeeeeeeeeeeeenennnnnens 160

Xiv



Figure 4.22 Current versus Time Plot for Specimen with Cemetec Inhibitor (Specimen

Figure 4.28 Current versus Time Plot for Specimen with Calcium Nitrate Inhibitor
(SPECIMEN L) ...ttt e e esneesne e e nnes 171

Figure 4.29 Current versus Time Plot for Specimen with Calcium Nitrate Inhibitor
(SPECIMEN H2) ...ttt ettt este e e sneenre e e nnes 172

Figure 4.30 Current versus Time Plot for Specimen with Sika903 Inhibitor (Specimen

XV



THESIS ABSTRACT

NAME: AHMED ABDULLAH ALAWI AL-NAGHI

TITLE: A STUDY ON UTILIZING CHEMICAL INHIBITORS IN NEW
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Deterioration of reinforced concrete in many industrial and non-industrial
structures in the coastal areas of the Kingdom of Saudi Arabia is principally attributed to
reinforcement corrosion. Corrosion of reinforcement in this environment is mainly due
to the presence of chloride ions. Chloride ions may diffuse from the surrounding
environment or may be contributed by concrete constituents, such as aggregates, mixing

water, or admixtures.

The use of corrosion inhibitors in concrete was evaluated in this study. The
effectiveness of seven types of corrosion inhibitors (Calcium Nitrate, Sika Ferrograd 901,
Sika Ferrograd 903, Conplast-CN, Cemetec-CCI-S, Rheocrete-CNI, Cortec) in
minimizing reinforcement corrosion was assessed. Beam concrete specimens were
prepared and exposed to five commonly chloride and/or sulfate occurring zones. Further,
cylindrical concrete specimens with and without chloride contamination were prepared

and exposed to dry and wet cycles.
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The effectiveness of inhibitors in minimizing reinforcement corrosion was

assessed by measuring the corrosion potentials and corrosion current density. Moreover,

accelerated corrosion test was carried out to assess the resistivity of concrete.

The results of this investigation indicated that all corrosion inhibitors were
effective in minimizing reinforcement corrosion and in extending the service life of
structures. However, the effectiveness of the inhibitors varied from one to another in each
exposure zone. Calcium Nitrate was found to be the most effective inhibitor in all the
exposure zones. Recommendations on the type of inhibitor to be used for each exposure

zone are provided as an outcome of this study.
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CHAPTER ONE

INTRODUCTION

1.1 General

Most of the industrial and non-industrial structures in the coastal areas of the
Kingdom of Saudi Arabia are constructed of reinforced concrete. These coastal areas of
Saudi Arabia are known for their aggressive environment to promote chloride-induced
corrosion of steel. Sabkha soil that contains of over 15.7% CI" and 0.5% SO4~ is one of
the common soils in eastern and western Saudi Arabia [45]. The aggressivity of soil and
the environment compounded by the hot and humid environment demand outmost

consideration of durability of concrete construction.

Reinforced concrete in these coastal areas is exposed to this aggressive
environmental conditions. Consequently, reinforcement corrosion is the primary cause
that leads to the reduction in the useful service life of reinforced concrete structures in
these regions. Reinforcement corrosion is principally attributed to the chloride ions that
diffuse into the hardened concrete from the service environment or they may be

contributed by the mix ingredients.

There are several corrosion protection measures that are taken at the design stage
to minimize the effect of severe exposure conditions and to utilize the designed service

life of the structures. These precautions include: coating the reinforcing steel with fusion-

1



bonded epoxy, use of dense concrete, increased concrete cover and the use of corrosion

inhibitors in the concrete.

Recently, chemical inhibitors are being utilized to minimize corrosion in new
concrete structures. They are added to concrete in structures because the epoxy coating
on the steel bars may be damaged during the construction work. The corrosion inhibitors
prevent the electrochemical reactions associated with reinforcement corrosion. They can
inhibit either anodic or cathodic reactions or both. However, the performance of
corrosion inhibitors in structures exposed to real life conditions is not adequately

evaluated, particularly in the aggressive exposure conditions of the Arabian Gulf.

This research was planned to assess the performance of several types of
inhibitors in minimizing reinforcement corrosion in new reinforced concrete structures
exposed to five different service conditions. This assessment was based on using different
types of specimens; beam and cylinders. These concrete specimens were exposed to five
commonly occurring exposure conditions. Reinforcement corrosion was evaluated by
measuring corrosion potentials and corrosion current density. Also, accelerated corrosion

test was carried out to evaluated the effectiveness of these inhibitors to retard corrosion.

The information gathered from the above tests was used for the assessment of the

effectiveness of corrosion inhibitors in the selected environments.



1.2 Significance of this Study

From literature review, there are some studies that have been carried out on the
use of chemical inhibitors both in the Arabian Gulf and in other countries. However,
there is a need for a more detailed study to evaluate the effectiveness of inhibitors in new
reinforced concrete structures, especially when exposed to local conditions. In this
research, concrete specimens prepared with different types of corrosion inhibitors were
exposed to five commonly occurring exposure conditions to get more detailed results.
The results of this research will also be useful to update the local and international

building codes.

1.3 Scope and Objectives

The overall objective of this study was to assess the benefits of using corrosion
inhibitors in concrete in mitigating reinforcement corrosion in reinforced concrete
structures exposed to aggressive environments. The specific objectives of this work were

as follows:

1- To evaluate the corrosion protection provided by selected proprietary and
generic corrosion inhibitors in minimizing chloride-induced reinforcement
corrosion in concrete exposed to five commonly occurring exposure

conditions;

2- To develop performance criteria for the usage of chemical inhibitors in

aggressive exposure conditions; and
3



3- To provide recommendations for avenues of utilizing chemical inhibitors based

on the data developed in this study.

1.4 Research Methodology

In order to fulfill the above objectives of this investigation, this thesis report
encompassed the following phases:

1. Literature Review (Chapter 2)

I.  Corrosion Mechanisms of Reinforcing Steel in Concrete.
Il.  Corrosion Protection Measures.
IIl.  Corrosion Inhibitors.

V. Evaluation of Corrosion Inhibitors.

2. Experimental Program (Chapter 3)
I.  Commercial Inhibitors
Il.  Preparation of Concrete Specimens
e Beam specimens.
e Cylindrical specimens.
[1l.  Curing of Concrete Specimens.
IV.  Exposure of Concrete Specimens:
e Atmospheric zone.
e Tidal zone (wet and dry cycles).

e Submerged zone.



e Below ground zone.

e Capillary zone.

e Accelerated corrosion.

V. Assessing the Effectiveness of Chemical Inhibitors:
e Corrosion Potential (Ecorr).
e Corrosion current density (lcorr).
e Accelerated Corrosion.
3. Results and Discussions (Chapter 4)
e Corrosion Potential (Ecorr) Results

a) Test results on beam concrete specimens:
e Atmospheric zone test results.
e Tidal zone test results.
e Submerged zone test results.
e Below ground test results.
e Capillary zone test results.

b) Test results on cylindrical concrete specimens without chloride

contamination in tidal zone.
c) Test results on cylindrical concrete specimens with chloride
contamination in tidal zone
e Corrosion Current Density (lcorr) Results:
a) Test results on beam concrete specimens:

e Atmospheric zone test results.
5



e Tidal zone test results.
e Submerged zone test results.
e Below ground test results.
e Capillary zone test results.
b) Test results on cylindrical concrete specimens without chloride
contamination in tidal zone.
c) Test results on cylindrical concrete specimens with chloride
contamination in tidal zone.
e Accelerated corrosion test results.
4. Conclusions and Recommendations (Chapter 5)
I. Conclusions.
Il. Recommendations.

5. References.



CHAPTER TWO
LITERATURE REVIEW

2.1 Corrosion Mechanisms of Reinforcing Steel in Concrete

Corrosion of reinforcement in concrete is mainly due to the presence of chloride
ions or the reduction of pH in concrete due to the carbonation. Chloride ions may be
contained in the concrete constituents, from aggregate, mixing water or admixtures;
otherwise, chloride ions may diffuse from the surrounding environment [3]. In this
research, these two sources for chloride ions either by surrounding environment or
concrete constituents were investigated. Dissolved chloride ions in concrete destroy the
passivity of the reinforcement and raise the active corrosion rate of steel. When the
passive layer is destroyed, parts of the steel act as an anode and start to corrode. Ferrous
ions, Fe?*, are lost into the solution, which frees up electrons in the steel and raise the
difference in potential. The difference between cathodic and anodic sites within the steel
bar causes the current to flow in the concrete and through the metal reinforcement. The

oxidation and reduction reactions at the steel-concrete interface are shown below [3]:

2+ -
Oxidation Reaction: 2Fe — 2Fe +4e (2-1)

Reduction Reaction: O2 + ZHZO +4e — 40H (2-2)

At the anode, electrons are released [Eq. (2-1)] and they flow towards the higher potential
(cathodic) sites, where they combine with mositure and oxygen to form hydroxyl ions. The

corrosion reaction continues only if there is a cathodic reaction to accept the released

7



electrons, so these corrosion reactions will be stopped if oxygen and water are not
available at the cathodic sites on the steel. Rust is formed according to the following

reactions [3]:

Fe?* + 20H — Fe(OH), (2-3)
4Fe(OH)2 + 2H20 + Oz — 4Fe(OH)s3 (2-4)
2Fe(OH)3 — Fe203 + 3H20 (2-5)

When ferrous ions react with the hydroxyl ions, they react to form ferrous hydroxide,

Fe(OH)Z, [Eq. (2-3)]. If oxygen and moisture are present, ferrous hydroxide is then further

oxidized to form ferric oxide, or rust [Egs. (2-4) and (2-5)]. Figure 2.1 shows the

mechanisms of corrosion.

- - Concrete -

electr-onic

- Curren\ - TS
—~ 1/202+H20+2e-—20H-

| Fe——~Fe?2*+2e"

current

Figure 2.1 Schematic Repersentation of the Mmechanisms of Corrosion [3].

The volume of rust product due to corrosion tends to increase to much higher than that of
its original steel. Therefore, tensile stresses will be developed in concrete thereby leading
to cracking of concrete [3]. Also, corrosion of steel rebar decreases the cross-sectional

steel area and causes local discontinuities of steel surface. The tensile strength of the steel



is decreased due to the loss of steel area [50]. Furthermore, the loss of steel surface leads

to a loss of bond between the steel and surrounded concrete [50].

All the effects mentioned above due to reinforcement corrosion lead to deteriorate
concrete structures. Repair and maintenance of concrete structures against reinforcement

corrosion will cost a lot of money and will waste time.

2.2 Corrosion Protection Measures

A number of corrosion protection measures are often utilized to extend the
service life of reinforced concrete. These measures include: coating the reinforcing steel
with fusion-bonded epoxy coating (FBEC), usage of dense concrete, increasing the
concrete cover, usage of supplementary cementations materials, cathodic protection, and

the usage of corrosion inhibitors in the concrete [1-3,51-52].

FBEC acts as a barrier between the steel and the corrosive species (i.e. chlorides,
carbon dioxide, oxygen and moisture) in the surrounding concrete pore solution.
However, FBEC may be damaged during construction work thereby leading to pitting

corrosion [1-3].

The use of dense concrete and increasing the concrete cover will slow the ingress
of chloride ions to the level of the reinforcing steel, thereby increasing the time to

corrosion initiation [1-3].

The use of supplementary cementitious materials like silica fume, fly ash, ground

granulated blast furnace slag (GGBFS), and natural pozzolans reduces the permeability of



concrete. Therefore, they reduce the penetration of water and chlorides ions and, hence,

mitigate reinforcement corrosion [51].

Cathodic protection is a recent technique used to minimize reinforcement
corrosion of steel. In this technique, the steel is electrically polarized by -200 mV, and the
current is forced through the interface. Therefore, the cathodic conjugate reaction will be
decelerated thereby reducing reinforcement corrosion. Cathodic protection is very
effective technique to reduce reinforcement corrosion if the -200 mV polarization is
achieved uniformly all along the interface. Otherwise, where the interface is under
polarized, the steel will continue to corrode. Cathodic protection is very expensive
compared with other protection measures, where the cost of it may reach to 15% cost of

the structure [52].

Currently, there is an increasing trend towards the usage of chemical inhibitors

due to the drawbacks with other protection measures [1-3].

2.3 Corrosion Inhibitors

Corrosion inhibitors are chemical admixtures that hinder the corrosion of
reinforcing steel. They are typically added to concrete matrix, but have also been shown
to have an effect when applied to the surface of hardened concrete. The advantages of
using inhibitors to provide corrosion protection are that they are uniformly distributed
throughout the concrete matrix, protecting the entire steel surface; and that the concrete’s
low permeability prevents the inhibitor from leaching out [4]. There are many types of

corrosion inhibitors that are used to minimize reinforcement corrosion. Each of these

10



corrosion inhibitor groups may include materials which mitigate reinforcement corrosion

by one of the following mechanisms:

(a) Formation of layers: Corrosion inhibitors coat the embedded steel with monocular

layer which keeps the chlorides ions away from the embedded rebar [53].

(b) Oxidation by passivation of the surface: Corrosion inhibitors oxidize the ferrous
oxide sites within the protective passive oxide layer into ferric oxide (+3 oxidation state),
which is more stable and less reactive than the +2 oxidation state. Therefore, no reaction

will occur when the chloride ions reach this ferric oxide layer [53].

(c) Inhibiting the environment in contact with the metal: Corrosion inhibitors reduce
the rate of ingress of chloride ions by raising the rate of chemical binding of chlorides

and/or increasing the chloride threshold value for corrosion initiation [4].

Corrosion inhibitors can be divided into the following three main types:

1) Anodic inhibitors: These materials have the ability to accept electrons. Anodic
inhibitors usually act by forming a protective oxide layer on the surface of the steel
causing a large anodic shift of the corrosion potential. This shift forces the metallic
surface into the passivation region. They are sometimes referred as passivators.
Sodium chromate, calcium nitrate and sodium nitrate are some examples of anodic
inhibitors [4].

2) Cathodic inhibitors: These materials have the ability to accept protons and their
actions. Cathodic inhibitors act either by slowing the cathodic reaction itself or

selectively precipitating on cathodic areas to limit the diffusion of reducing species
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to the surface. NaOH, NHsOHM, and Na,COs are some examples of cathodic
inhibitors which raise the pH of the concrete thereby reducing the solubility of the
ferrous ions [4]

3) Mixed inhibitors: These inhibitors act by decreasing both the cathodic and anodic
reactions. They are typically film-forming compounds which lead to form
precipitates on the surface blocking both anodic and cathodic sites indirectly.
Silicates and phosphates are the most common inhibitors used of this category [4].

Furthermore, there are chemical materials that are used to rehabilitate the damaged

structure like migratory corrosion inhibitors (MCI). MCI are applied on concrete surface

or mixed with concrete. MCI molecules diffuse through concrete pores to reach rebars

and protect them from corrosion [24].

2.3.1 Evaluation of Corrosion Inhibitors

The effectiveness of chemical admixtures in inhibiting reinforcement corrosion
has been reported by many studies [5-10]. Sodium nitrite, potassium chromate, sodium

benzoate, stannous chloride and calcium nitrite were evaluated in these studies.

Performance of calcium nitrate exposed to aggressive environments was
investigated by El-Jazairi et al. [11]. They subjected concrete specimens admixed with
calcium nitrate to high chloride environments in the field and laboratory. They concluded
that the use of good quality concrete is essential to get effective performance of calcium
nitrate exposed to these environments. The use of adequate dosage of the corrosion

inhibiting admixture based on calcium nitrate in good quality concrete is recommended to

12



provide additional safe guard and protection to reinforcing steel in concrete exposed to
aggressive environments. They mentioned that calcium nitrate-based admixture has no
detrimental effect on the durability of reinforced concrete even at reduced levels [11]. It
enhances the early strength development of concrete and provides long-term protection to

reinforcement.

Montes et al. [12] studied the effect of calcium nitrate-based corrosion inhibitor
and crack width on reinforcement corrosion in high performance concrete. They
mentioned that the inhibitor alone cannot protect the reinforcing steel in the concrete
from corrosion. The inhibitor failed to protect the reinforcing steel even in uncracked
concrete. However, the inhibitor in good quality concrete, incorporating fly ash, was

effective in reducing the effect of chloride-induced reinforcement corrosion.

Berke and Hicks [13] published long-term data to show the levels of chloride,
3.6,5.9, 7.7, 8.9, and 9.5 kg/m?® of concrete, that a given level of calcium nitrate, 10, 15,
20, 25, and 30 I/m3, respectively, can protect. They also indicated that once corrosion is

initiated, the rates are lower with the addition of calcium nitrate.

Justnes and Hygaard [14] used calcium nitrate as a corrosion inhibitor in their
research work. The scope of their work was to determine the effect of calcium nitrate on
both the chloride-binding and chloride-induced reinforcement corrosion. They concluded
that the addition of 3.85% calcium nitrate to 1:3 mortars, with and without silica fume,

tends to reduce the 1-day strength, but increases the compressive strength from 8 until 56
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days of curing. The corrosion rate of embedded steel was, however, five times lower than

that in an identical mortar without calcium nitrate.

The effectiveness of some mixed types of organic inhibitors in inhibiting
reinforcement corrosion was investigated by Maeder [15]. These inhibitors were amines
and alkanolamines and their salts were organic and inorganic acids. They reported that
the unique feature of these inhibitors is their ability to diffuse a considerable distance
through concrete because of their high vapor pressure [15]. The setting time of concrete
is not delayed when these inhibitors are added to concrete. They diffuse to both the
anodic and cathodic sites and provide protection to reinforcing steel. Moreover, it is

reported that these inhibitors are preferable over nitrites as they are non-toxic [15].

Nmai [16] studied the multi-functional benefits of a water-based organic
corrosion inhibitor. The organic inhibitor investigated consisted of amines of fatty acid
esters. The time to corrosion data indicated that the inhibitor is effective in both the
moderate (w/c: 0.5) and high (w/c: 0.4) quality concretes. The permeability-reducing
characteristic of the inhibitor was also helpful in reducing the deterioration due to the

ingress of other aggressive species, such as sulfates and sulfuric acid.

Wombacher et al. [17] investigated the effectiveness of amino-alcohol-based
mixed corrosion inhibitors in reducing the rate of reinforcement corrosion. They assessed
the inhibiting properties in concrete and in an alkaline electrolyte. From results, the onset
of reinforcement corrosion is retarded and its rate is decreased. Also, it is reported that

the inhibitor can be applied on the surface of existing concrete structures, in repair mortar
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or in grouts for rock bolts and anchors [17].

Jamil et al. [18] studied the corrosion behavior of reinforcing steel in the
presence of a penetrating amino-alcohol corrosion inhibitor by conducting
electrochemical impedance measurements. To evaluate the penetration of the inhibitor
into mortar, two different electrochemical cells were used. The first consisted of two
cylindrical containers separated by a disk of mortar. The second electrochemical cell
consisted of only one container filled with the cement extract solution. The investigation
was performed in solutions contaminated with chlorides, in the presence of the inhibitor.
The electrochemical results showed that the inhibitor is able to penetrate through mortar,

thereby minimizing steel corrosion.

Scott et al. [19] investigated the effectiveness of calcium nitrate, silica fume, fly
ash, ground granulated blast furnace slag, and disodium tetrapropenyl succinte (DSS) in
minimizing corrosion of reinforcing steel in concrete by conducting a long-term
corrosion study. Mixture proportions included: single, double, and triple combinations of
these admixtures. Visual inspection, macrocell readings, half-cell potentials, and
destructive evaluations (autopsies) were used to evaluate non-cracked and pre-cracked
slab specimens. Triple combinations of calcium nitrate, silica fume, and either fly ash or
ground granulated blast furnace slag, as well as a double combination of calcium nitrate
and ground granulated blast furnace slag, performed very well and were recommended in
concrete mixtures exposed to severe corrosive environments. DSS outperformed the other
admixtures in corrosion prevention. However, it resulted in somewhat lower compressive

strength and was not fully tested for the effects on other concrete properties.
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According to Qian and Cusson [20], conclusions from previous studies on the
effectiveness and field performance of inhibitors on corrosion of reinforcing steel are
controversial. Eight commercial corrosion-inhibiting systems were investigated by using
them in a newly reconstructed barrier wall of a highway bridge. A 5-year field survey and
laboratory electro-chemical study was conducted. The results showed that the anodic and
cathodic reactions were reduced significantly in the presence of organic inhibitors.
However, in the presence of inorganic inhibitor, these current were increased to enhance
the passive film of steel. Most inhibitors presented in saturated Ca(OH). solution
(pH=12.6) can delay corrosion process on steel. Also, laboratory tests showed that
coating with cementitious inhibitors applied on the steel rebar can reduce corrosion
compared with the cement-coated specimens at equivalent NaCl concentration in a

saturated Ca(OH). solution.

Berke et al. [21] recommended the use of calcium nitrate corrosion inhibitor to
improve the durability of reinforced concrete in the Arabian Gulf. According to them,
calcium nitrate is a well tested and proven corrosion inhibitor that can provide significant
improvement in corrosion-resistance if used with good quality concrete. They stated that
good quality concrete alone is not enough to provide a maintenance free service-life of

structures in the severe Gulf environment.

According to Matta and Berke [22], more than 100,000 m® of concrete
incorporating calcium nitrate has been used in the United Arab Emirates to build sea

walls, swimming pools, power stations, and other residential structures.
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A number of studies were also conducted at King Fahd University of Petroleum
and Minerals (KFUPM) to evaluate the usefulness of chemical inhibitors in the
aggressive environments of the Arabian Gulf. In the earliest study conducted at KFUPM
[23], the effectiveness of selected inhibitors in reducing reinforcement corrosion in
concrete incorporating unwashed aggregates, brackish water or seawater was evaluated.
In that study, the results showed that calcium nitrate was effective in delaying the onset
of reinforcement corrosion in the concrete specimens incorporating seawater, chloride
solution or chloride plus sulfate solution. In the concrete specimens prepared with
brackish water or unwashed aggregates, all the inhibitors were generally effective in
delaying the onset of reinforcement corrosion [23]. The time to initiation of
reinforcement corrosion was also calculated by measuring the corrosion current density
(lcorr).  Corrosion was assumed to have been initiated when lcorr Was more than 0.3
HA/cm?2. Corrosion initiation was indicated only in the control concrete specimens
incorporating chloride, chloride plus sulfate or seawater, as a contamination. All the
inhibitors were effective in delaying the onset of reinforcement corrosion, even in the
presence of chloride or chloride plus sulfate contamination for a period of six months

[23].

The performance of dimethyl ethanol amine-based and triethanol amine-based
migratory corrosion inhibitors when applied on the surface of concrete was investigated
by Malik et al. [24]. Reinforced concrete specimens coated with migratory inhibitors
were exposed to 5% NaCl solution and to the Arabian Gulf seawater for up to 12 months.

Physical examination and electrochemical measurements were used to evaluate the
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condition of the steel bars. From the obtained results, the corrosion inhibitors utilized
were generally able to decrease the corrosion rate of steel in concrete. However, the
effect of inhibitors on reinforcement corrosion was not significantly noticeable due to the

small period, i.e., 12 months, of exposure.

Al-Mehthel et al. [25] studied the improvement in the corrosion resistance of
chloride-contaminated silica fume cement concrete due to the use of corrosion inhibitors.
They evaluated three proprietary inhibitors and one generic corrosion inhibitor for their
performance in inhibiting reinforcement corrosion in the silica fume cement concrete
specimens contaminated with 0.4%, 1% and 2% chloride concentration, by weight of
cement. Some of the specimens were subjected to wetting and drying cycles and
reinforcement corrosion was monitored by measuring the corrosion potentials and
corrosion current density. Another batch of concrete specimens was partially immersed
in the chloride solution and reinforcement corrosion was accelerated by impressing an
anodic potential of 2V. The extent of corrosion increased with increasing the chloride
contamination in the concrete specimens. Incorporation of inhibitor generally reduced the
rate of reinforcement corrosion. The rate of reinforcement corrosion in the concrete
specimens incorporating an organic inhibitor that was added to the concrete during
mixing was lower than that in the concrete specimens without inhibitors. Further, it was
noted that the accelerated impressed current technique is suitable for quickly screening

the performance of corrosion inhibitors.

Pereira et al. [26] conducted a study to evaluate the efficiency of two organic

corrosion inhibitors, a migratory and an admixed inhibtor, by electrochemical techniques
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in solutions simulating the interstitial electrolyte of concrete and on concrete slabs
exposed to natural environmental conditions over a five-year period. The results indicated
that organic inhibitors were effective in minimizing corrosion rates and they have some
advantages, such as versatility and cost, when compared to other corrosion protection
methods. However, the results of this work showed that more research is needed on the
parameters influencing effectiveness of some migrating corrosion inhibitors in order to

support their use.

The inhibitive action of organic substances on carbon steel in alkaline
environment was studied by Ormellese et al. [27]. They investigated the effect of aminic
and carboxylic groups through electrochemical potentiodynamic polarisation tests in
simulated concrete pore solution in the presence of chlorides. The results showed that
amines provided poor inhibition effect, with very scattered results when their volatility
increased. They reported that aminoacids showed some inhibition effect, but not
sufficient for industrial applications. Carboxylate substances, especially poly-
carboxylates, showed very good inhibition effectiveness, making them the most
promising candidates among the tested substances. However, the authors recommend
confirmation tests on concrete to check the compatibility of studied inhibitors with

concrete and long-term effectiveness of the organic inhibitors.

Benzotriazole (BTAH), a well known corrosion inhibitor for copper, was
evaluated as a possible corrosion inhibitor of carbon steel (CA-50) in concrete by
Mennucci et al. [28]. They added BTAH to a simulated pore solution of an aged concrete

with addition of 3.5 wt% NaCl to imitate marine environments. The effect of BTAH in a
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concentration of 1.5 wt% on the corrosion resistance of CA-50 carbon steel was
evaluated by electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization tests. The improvement of the corrosion resistance due to BTAH addition
was superior to that associated with nitrite in similar concentration, suggesting that
BTAH is a potentially attractive alternative to nitrites for inhibiting corrosion of

reinforcement steel in concrete.

The role of salt contamination and corrosion inhibiting admixtures on
reinforcement corrosion was evaluated by Nguyen and Shi [29]. Cement mortar
specimens were prepared with NaCl and one of the three admixed corrosion inhibitors,
sodium nitrite, disodium B-glycerophosphate, or N,N’-dimethylethanolamine. After 28
days of curing, all steel-mortar samples were ponded with 3% NaCl solution and
electrochemical impedance spectroscopy (EIS) measurements were conducted
periodically during the first 48 days. After 60 days of ponding by the 3% NaCl solution,
field-emission scanning electron microscopy (FESEM) analysis was conducted on the
fractured surface of the steel-mortar sample. They reported that admixed chlorides and
inhibitors in fresh mortar changed the morphology and cement hydration product of
hardened mortar at the steel-mortar interface [29]. The EIS data indicated that all
inhibitors increased the polarization resistance of steel, implying reduced corrosion rate
of the steel over the 48-day exposure to salt ponding. 0.05 M N,N'-dimethylethanolamine
was reported to be the most effective corrosion inhibitor, followed by 0.5 M sodium
nitrite; whereas 0.05 M disodium B-glycerophosphate was a slower and less capable

corrosion inhibitor.
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Song et al. [30] evaluated the influence of alkaline nitrites on the inhibition of
corrosion of steel in binary and ternary cement environments. pH measurements carried
out for binary and ternary cement extracts were reported to show that the alkalinity of the
cement was not affected by making use of binary and ternary cements. Gravimetric
measurements showed that the decrease in the corrosion rate of steel in different systems
follows the order: Ternary > (Ordinary Portland cement + Portland salg cement) >
(Ordinary Portland cement + Portland pozzalona cement) > (Portland pozzalona cement +
Portland salg cement). Potential-time studies indicated that the ability to maintain the
passivity of steel in different systems also follows the order above. Potentiodynamic
polarization studies for steel in binary and ternary cement environments showed the
favorable influence of the presence of higher amounts of chlorides. The authors reported
that nitrites of sodium, potassium and calcium act as anodic inhibitors and they compete
with chloride ions for the ferrous ions at the steel to form a film of ferric oxide [30]. An
efficiency, as high as 91%, was reported for the ternary system containing 1% chloride
and 0.5% nitrite. The degree of surface coverage showed a maximum value for the
ternary system (>0.9) even in the presence of a higher amount of chlorides thereby

indicating the better performance of the system.

The effective modes of use of an amino-alcohol based mixed corrosion inhibitor
was studied by Benzina Mechmeche et al. [31]. The inhibitor was tested in fresh pore
concrete simulating solutions. The effectiveness of the corrosion inhibitor was
investigated through corrosion potential measurements, polarization curves and

microscopic observations. The results indicated that the best inhibiting capacity was
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noted when the inhibitor was introduced in the solution before the contamination with
chlorides [31]. The efficiency of the inhibitor was demonstrated even in the case of

chloride presence.

Ann and Buenfeld [32] conducted laboratory studies to assess the effect of
calcium nitrite-based corrosion inhibitors in raising the chloride threshold level (CTL) for
the corrosion of steel embedded in concrete and ,hence , the time to corrosion initiation.
Concrete specimens with a centrally located steel rebar were cast with 0, 1, 2, 2.5 and
5.0% nitrite by weight of cement and were cured for 4 weeks. They were then immersed
in 4M sodium chloride solution and the galvanic current between the embedded steel and
an external cathode was monitored. The CTL of nitrite-free specimens was reported to be
typically doubled and trebled by 2.5% nitrite and 5% nitrite, respectively. It was reported
that the time to corrosion depended on the cement content. Use of low cement content
(282 kg/m?®) increased the CTL as the dosage of nitrite in concrete increased, but did not
extend the time to corrosion because it accelerated chloride penetration. For a richer mix
(350 kg/m?®), the time to corrosion increased with the dosage of calcium nitrite. After
corrosion initiation, the corrosion rate for specimens containing calcium nitrite was

typically two to three times higher than for nitrite-free specimens.

The effectiveness of seven corrosion inhibitors to prevent or delay the onset of
corrosion in concrete made with basalt aggregate was investigated by Robertson and
Newtson [46]. These inhibiting admixtures were categorized to two types. Type 1
admixtures attempt to minimize the concrete permeability: Xypex Admix C-2000, latex

modifier, Kryton KIM, fly ash, and silica fume. Type 2 admixtures attempt to raise the
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chloride concentration threshold: Darex Corrosion Inhibitor (DCI), Rheocrete CNI,
Rheocrete 222+, and FerroGard 901. After five years of half-cell potential measurements,
they concluded that the control panel with lower water-cementitious materials ratio
performed better than higher water-cementitious materials ratio. They also concluded that
panels with Type 1 admixtures recorded lower half-cell potentials than panels with Type

2 admixtures.

Paredes et al [47] conducted a long term study to assess the effectiveness of three
commercially available corrosion inhibitors for steel in concrete, Calcium nitrite, Sika
FerroGard 901, and Rheocrete 222+. They concluded that calcium nitrite was the most
effective of the three inhibitors in mitigating corrosion. FerroGard 901 and Rheocrete
222+ were ineffective regardless of concrete quality. None of the inhibitors were as
effective as silica fume and/or fly ash in improving long term corrosion performance of
embedded reinforcement in concrete. It also was concluded that these inhibitors don’t
affect strength, the chloride penetration, or sulfate resistance in concrete. The presence of

calcium nitrite did reduce the resistivity of the concretes by about 1/3.

Both laboratory and field studies were conducted to evaluate the performance of
four commercially available corrosion inhibitors, Ferrogard 901, DCI-S, Rheocrete 222+,
and XYPEX C1000 [48]. All the concrete specimens were prepared according to ASTM
G 109. The results showed that XYPEX C1000 provides a denser concrete, while the
other corrosion inhibitors reduce the effect of the chlorides. Also, the effectiveness of
these inhibitors to minimize corrosion of steel in reinforced concrete was ranked from

best to worst as follows: XYPEX C1000, Rheocrete 222+, DCI-S, and Ferrogard 901.
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CHAPTER THREE

EXPERIMENTAL PROGRAM

In this study, the experimental program that was planned basically aimed to
assess the effectiveness of seven types of chemical inhibitors in minimizing
reinforcement corrosion in new reinforced concrete structures. This assessment was
based on corrosion measurements in concrete specimens exposed to five commonly
occurring exposure zones in eastern Saudi Arabia. The following were the major

operational tasks to achieve the objectives of this investigation:

1. Preparing two different types of concrete specimens; beam concrete specimens
and cylindrical concrete specimens. Both types of concrete specimens were
prepared with five corrosion inhibitors but without any dose of chlorides. In
addition, cylindrical concrete specimens were prepared with the seven corrosion
inhibitors and chloride contamination.

2. Placing the beam concrete specimens in the following five commonly occurring
exposure zones: (i) tidal zone (wet and dry cycles), (ii) atmospheric zone, (iii)
below ground zone, (iv) capillary zone and (v) submerged zone, for a duration of
six months.

3. Exposing the cylindrical concrete specimens without chloride contamination to
alternate dying and wetting cycles. Specimens were wetted for one day in 5%
NaCl solution and dried for two days, while cylindrical concrete specimens with

chloride contamination were sprayed with water once every three days.
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4. Subjecting twelve beam specimens to accelerated corrosion by impressing a
constant voltage of 1.5 volts for a duration of one month.

5. Periodically measuring the potential of the beam and cylindrical specimens
exposed to the five commonly occurring exposure zones.

6. Periodically measuring the corrosion current density on steel in the beam and
cylindrical concrete specimens exposed to five commonly occurring zones using
the linear polarization resistance method (LPRM).

7. Evaluating the time to cracking of concrete by conducting accelerated corrosion

test.

The details of all the above-mentioned tasks and all information about the
specimen’s designations and sizes, preparation, tests procedures, and the tests set ups are

discussed in the following sections.

3.1 Commercial Inhibitors

There are a number of corrosion inhibitors that have different effects on the steel
or the concrete to enhance the alkalinity, block the chloride and reduce the corrosion rate.
In this study, seven commercially available corrosion inhibitors were assessed. The
details of these inhibitors are as follows:

Q) Sika FerroGard 901 “is a liquid concrete admixture based on modified
amino-alcohol FerroGrad technology” [37]. According to the manufacturer,
Sika FerroGard 901 protects the embedded reinforcing steel from corrosion

and provides a cost effective means to extend the service life of structures.
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(i)

(iii)

(iv)

(v)

(vi)

The recommended dosage rate is in the range of 3 to 4% by wt. of cement
[37].

Sika Ferrogard 903 “is a corrosion inhibiting impregnation coating for
hardened concrete surfaces” [38]. According to the manufacturer, Sika
FerroGard 903 is a combination of amino-alcohols, organic and inorganic
inhibitors that prevents the corrosion cell in the anodic and cathodic parts. A
minimum of two coats is always recommended to achieve good protection for
steel [38].

Rheocrete-CNI is a liquid concrete admixture based on calcium nitrite [39].
According to the manufacturer, Rheocrete-CNI protects the steel in reinforced
concrete from corrosion. The recommended dosage ranges between 10 to 30
I/m® depending the corrosion environment severity [39].

Conplast-CN is a liquid concrete admixture based on calcium nitrite [40].
According to the manufacturer, Conplast-CN inhibits corrosion in steel
embedded in concrete structures. The recommended dosage ranges between
7.5t0 22.5 I/m3[40].

Cortec is a liquid concrete admixture based on hydroxyalkyl-amine type.
According to the manufacturer, Cortec inhibits corrosion in all types of steel
induced by chloride. The recommended dosage is 0.6 1/m3[41].
Cemetec-CCI-S is a liquid concrete admixture based on calcium nitrite.
According to the manufacturer, Cemetec-CCI-S provides an effective barrier

for chloride-induced corrosion on reinforcing steel, especially in marine
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concrete structures. The recommended dosage ranges between 10 to 38 I/m3
depending upon the chloride rate [42].

(vii) Calcium Nitrate (CN) is a powder material that is mixed with concrete.
According to literature review, calcium nitrate (CN) provides a good
protection for steel from corrosion. The recommended dosage ranges between
2 t0 4% by weight of cement [23].

Figure 3.1 shows the seven commercial corrosion inhibitors that were assessed in this

study.

Sika901 Sika903 Rheocrete Conplast

Cortec Cemetec Calcium Nitrate

Figure 3.1 The Seven Commercial Inhibitors Used in This Investigation.
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3.2 Preparation of Concrete Specimens
Two types of concrete specimens were prepared.
3.2.1 Concrete Beam Specimens

Beam concrete specimens, measuring 150 x 150 x 300 mm, with 12 mm diameter
steel bars both at top and bottom, were prepared. Steel bars at top and stirrups were
coated with fusion-bonded epoxy and one stainless steel bar was placed between steel
bars at bottom as a counter electrode, as shown in Figure 3.2. The geometry and details of
the steel for the concrete beam specimens are shown in Figure 3.3. These specimens were
prepared with one dosage of the one generic inhibitor (Calcium Nitrate) and one dosage
of the four proprietary inhibitors (Cemetec-CCI-S, Sika FerroGard 901, Sika Ferrogard
903 and Conplast-CN). The dosage of the proprietary inhibitors was that recommended
by their manufacturers while the dosage for the generic inhibitor was ascertained from

the literature. One batch of concrete specimens without any inhibitor was also prepared.
All the specimens were prepared with the following mixture composition:

- Cement content = 370 kg/m®

- Coarse aggregate = 1112.6 kg/m®
1/2 in (12.5 mm) = 445 kg/m3
3/8 in (9.5 mm) = 445 kg/m?
3/16 in (4.7 mm) = 111.3 kg/m®
3/32 in (2.35 mm) =111.3 kg/m®

- Dune sand = 741 kg/m?
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- Silica fume = 20 kg/m?

- w/cm=04

- Superplasticizer = 4.5 I/m3 (It was used in the control mix, the mix for applying
Sika FerroGard 903 and the mix with powder inhibitor (i.e., calcium nitrate)).

- Inhibitors that were added to mixtures are as follows:
Liquid inhibitors (Sika FerroGard 901, Conplast-CN and Cemetec-CCI-S) = 15
I/m3,
Powder inhibitor (calcium nitrate) = 2.278% by weight of cementitious materials.

- Inhibitor that was applied as coating on beam specimens after casting is Sika
FerroGard 903. Two layers of Sika FerroGard 903 were applied on surface of

beam specimens. The second layer was applied after drying of the first layer.

Figure 3.4 shows a photographic documentation of the beam concrete specimens.

Details of the number of concrete beam specimens with each inhibitor are summarized in

Table 3.1.
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Working electrodes

Counter electrode

'

Figure 3.2 Electrodes in the Concrete Beam Specimens.
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300 mm

25 mm —3 k— 2@ 12 mm FBEC steel bars
150 mm
Wire connections
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2@ 12 mm mild steel bars and
1 @ 12 stainless steel bar

(a)

150 mm

20 12 mm FBEC <
steel bars LN\

2 legged @ 8 mm
__FBEC stirrups @

Wire ——— 150 mm c/c
connections —

1@ 12 stainless 2@ 12 mm mild steel bars and
steel bar 1 @ 12 stainless steel bar

(a)

Figure 3.3: Schematic Diagram of the Beam Concrete Specimens, [(a) Elevation;

(b) Cross-section].
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Figure 3.4 Photographic Documentation of the Concrete Beam Specimens.

Table 3.1 Number of Beam Concrete Specimens Prepared for Each Inhibitor

Inhibitor Type No. of Specimens
None 12
Sika FerroGard 901 12
Sika FerroGard 903 12
= Conplast-CN 12
Cemetec-CCI-S 12
Calcium Nitrate (CN) 12
Total 72
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3.2.2 Concrete Cylindrical Specimens

Cylindrical concrete specimens, 75 mm in diameter and 150 mm high, with 12
mm diameter central steel bar, were prepared. The geometry and details of steel for the
cylindrical concrete specimens are shown in Figure 3.5. These specimens were prepared
with generic and proprietary inhibitors. The dosage of the proprietary inhibitors was that
recommended by their manufacturers, while the dosage of the generic inhibitors was
ascertained from the literature. Further, one batch of concrete specimens without any

inhibitor was prepared.
All the specimens were prepared with the following mixture composition:

- Cement content = 370 kg/m?®
- Coarse aggregate = 1112.6 kg/m®
1/2 in (12.5 mm) = 445 kg/m3
3/8 in (9.5 mm) = 445 kg/m?®
3/16 in (4.7 mm) = 111.3 kg/m®
3/32in (2.35 mm) =111.3 kg/m®
- Dune sand = 741 kg/m?®
- Silica fume = 20 kg/m®
- wicm=04
- Superplasticizer = 4.5 I/m3 (It was used in the control mix, the mix for applying
Sika FerroGard 903 and the mix with powder inhibitor (i.e., calcium nitrate)).
- Inhibitors that were either added to mixtures or applied on the surface are as

follows:
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- Concrete Cylindrical Specimens without Chloride Contamination
These specimens were prepared with the following five inhibitors:

- Liquid inhibitors (Sika FerroGard 901, Conplast-CN and Cemetec-CCI-S) = 15
I/m?3,

- Powder inhibitor (Calcium Nitrate) = 2.278% by weight of cementitious
materials.

- Inhibitor that was applied as coating on cylindrical specimens without chloride
content specimens after casting was Sika FerroGard 903. Two layers of Sika

FerroGard 903 were applied on surface of beam specimens. The second layer was

applied after drying of the first layer.

- Concrete Cylindrical Specimens with Chloride Contamination
These specimens were prepared with the following seven inhibitors:

- Liquid inhibitors (Sika FerroGrade 901, Rheocrete-CNI, Conplast-CN and
Cemetec-CCI-S) = 15 I/m®,
Liquid inhibitor (Cortec) = 0.6 I/m®.

Powder inhibitors (Calcium Nitrate) = 2.278% weight of cementitious materials.

Inhibitor that was applied as coating on concrete cylindrical specimens with
chloride Content specimens after casting is Sika FerroGard 903. Two layers of

Sika FerroGard 903 were applied on surface of beam specimens. The second layer
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was applied after drying the first layer.

Figure 3.5 depicts the schematic diagram of the concrete cylindrical specimens, while

Figure 3.6 shows the concrete cylindrical specimens.

Details on the number of concrete cylindrical specimens with each inhibitor and without
chloride contamination are summarized in Table 3.2, while the details on the number of
concrete cylindrical specimens with each inhibitor and chloride contamination are

summarized in Table 3.3.
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Figure 3.5 Schematic Diagram of the Concrete Cylindrical Specimens.
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Figure 3.6 Concrete Cylindrical Specimens.

Table 3.2 Number of Concrete Cylindrical Specimens Prepared without Chloride

Contamination for Each Inhibitor

Inhibitor Type No. of Specimens
None 6
Sika FerroGard 901 6
Sika FerroGard 903 6
Conplast-CN 6
Cemetec-CCI-S 6
Calcium Nitrate (CN) 6
Total 36
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Table 3.3 Number of Concrete Cylindrical Specimens Prepared with Chloride

Contamination for Each Inhibitor

No. of Specimens

Innibitor Type No. of Chloride Content,
Specimens % by Weight of Binder Content

0.2 0.4 0.8 1.5

None 12 3 3 3 3

Sika FerroGard 901 12 3 3 3 3
Sika FerroGard 903 12 3 3 3 3
Conplast-CN 12 3 3 3 3
Cemetec-CCI-S 12 3 3 3 3
Calcium Nitrate (CN) 12 3 3 3 3
Rheocrete-CNI 12 3 3 3 3
Cortec 12 3 3 3 3

Total 96 24 24 24 24
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3.3 Curing of Concrete Specimens

After casting, all beam and cylindrical concrete specimens were cured by
covering them with wet burlap for 14 days at the laboratory temperature (with a 22 +
3°C). After that, they were dried in the laboratory for 14 days. Figure 3.7 shows the

curing of concrete specimens.

Figure 3.7 Curing Using Wetted Burlap.

3.4 Exposure of Concrete Specimens

After curing, the concrete specimens were exposed to the following five

commonly occurring exposure zones:
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3.4.1 Atmospheric Zone

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were placed in conditions representing the atmospheric zone in eastern Saudi Arabia.
They were placed outside the laboratory on some bases (so as not to be in contact with
the ground) and they were sprayed with 5% NaCl solution once a week to simulate

humidity and weather in the marine environment. Figure 3.8 shows the concrete beam

specimens in the atmospheric zone.

Figure 3.8 Concrete Beam Specimens in the Atmospheric Zone.
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3.4.2 Tidal Zone (Wet and Dry Cycles)

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were placed in a tank with a sabkha solution (15.7% CI" + 0.55% SO4~) [45]. The
specimens were wetted for one day and dried for two days to simulate the tidal zone in
eastern Saudi sabkha exposures. Figure 3.9 shows a schematic diagram of the tidal zone
for concrete beam specimens, while Figure 3.10 is a pictorial view of the concrete beam

specimens placed in the tidal zone with the sabkha solution.
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Wetting

Figure 3.10 Concrete Beam Specimens in the Tidal Zone.

Concrete cylindrical specimens, without chloride contamination and inhibitors,
were exposed to wet and dry cycles with 5% NaCl solution. The specimens were
immersed in 5% NaCl solution for one day and dried for two days to simulate
tidal zone in a marine environment. Figure 3.11 shows the concrete cylindrical

specimens without chloride contamination in the wet and dry condition.
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Wetting Drying

Figure 3.11 Concrete Cylindrical Specimens without Chloride Contamination in

the Wet and Dry Condition.

Concrete cylindrical specimens, with chloride contamination and inhibitors, were
exposed to wet and dry cycles with water. The specimens were sprayed with
water once every three days because the specimens were already contaminated
with chloride. Therefore, if the specimens were immersed in water for long time,
chloride might leach out from the specimens. Figure 3.12 shows the concrete

cylindrical specimens with chloride contamination in the wet and dry condition.
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Wetting Drying

Figure 3.12 Concrete Cylindrical Specimens with Chloride Contamination in the

Wet and Dry Condition.

3.4.3 Submerged Zone

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were submerged in a tank with a sabkha solution (15.7% CI" + 2.1% SO4™) to simulate
submerged zone in eastern Saudi Arabia [45]. Figure 3.13 shows the schematic diagram
of the concrete beam specimens for exposure to submerged zone, while Figure 3.14 is a

pictorial view of these specimens in the submerged zone.
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Figure 3.13 Schematic Diagram of the Concrete Beam Specimens for Exposure to the Submerged Zone.
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Figure 3.14 Concrete Beam Specimens in the Submerged Zone.

3.4.4 Below Ground Zone

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were buried fully in soil mixed with a sabkha solution (15.7% CI" + 2.1% SO4") to
simulate the below ground zone in eastern Saudi Arabia [45]. Figure 3.15 shows the
schematic diagram of the below ground zone for concrete beam specimens, while Figure

3.16 is a pictorial view of these specimens in the below ground zone.
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Figure 3.16 Concrete Beam Specimens in the Below Ground Zone.

3.4.5 Capillary Zone

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were half buried in soil mixed with sabkha solution (15.7% CI° + 2.1% SO47) to
simulate the capillary zone in sabkha environment [45]. Figure 3.17 shows the schematic
diagram of the concrete beam specimens for exposure to capillary zone, while Figure

3.18 is a pictorial view of these specimens in the capillary zone.
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Figure 3.18 Concrete Beam Specimens Placed in the Capillary Zone.

3.5 Tests Procedure

3.5.1 Corrosion “Half Cell” Potential (Ecorr)

Measuring the corrosion potential is the easiest electrochemical technique for
monitoring corrosion of reinforcing steel in a structure. The corrosion potential (Ecorr) is
the potential at which the anodic and cathodic reactions are in balance (the currents for
the reactions are equal). The current at Ecorr is defined as the corrosion current (lcorr). The
most common method to determine the corrosion potential of steel in reinforced concrete
without having to damage the structure or the specimen is to measure corrosion potential

[33]. Half-cell measurements compare the potential of the reinforcement with that of a
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reference electrode exposed to the same environment. Reference electrodes are made out

of materials with behavior that is basically independent of the surrounding environment

According to the half-cell potential method [33], the corrosion potential for all
the concrete specimens was measured every two weeks by using copper-copper sulfate
reference electrode. The procedure of measurement for beam and cylindrical concrete

specimens in each case of exposure was as follows [33]:

e Beam Specimens:

- Atmospheric and tidal zones:

Before measuring the corrosion potential in these zones, the position of steel bar
at the bottom of the concrete beam specimens was measured using cover meter because
the position of steel bars might have been be changed during casting and compacting.
Figure 3.19 shows the concrete beam specimens with the position of steel bars

measured on them.

Figure 3.19 Position of Steel Bars Measured with the Help of Cover Meter.
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After that, two points on surface of concrete beams for each steel bar were determined to
measure the corrosion potential at these points and take the average. The procedure to

measure potential in each point was as follows [33]:

1. Put a cotton piece on the reference electrode and hold it with rubber.

2. Moist the cotton piece and surface of concrete in each point with some water.

3. Put the reference electrode (copper-copper sulfate) connected to the positive
terminal of the multimeter on the beam specimen at the measuring point.

4. Connect the wire lead from the steel bar to the negative terminal of the
multimeter.

5. Take the measurement of the corrosion potential.

Figure 3.20 shows the methodology to measure the corrosion potential on concrete beam

specimens in the atmospheric and tidal zones.

Figure 3.20 Methodology to Measure the Corrosion Potential on Concrete Beam

Specimens in the Atmospheric and Tidal Zones.
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- Below ground and capillary zones:

One reading for each working electrode inside the concrete beams in these zones
was taken by using copper-copper sulfate reference electrode and multimeter. The

procedure to measure potential in each beam was as follows [33]:

1. Bury half of the reference electrode in the sabkha soil beside the specimen.

2. In the capillary zone, the reference electrode was buried beside the bottom face
of the specimen. In the below ground zone, the reference electrode was buried
parallel to the specimen from the top.

3. Connect the reference electrode (copper-copper sulfate) to the positive terminal
of the multimeter and connect the wire lead from the steel bar to the negative
terminal of the multimeter.

4. Take the measurement of the corrosion potential.

Figure 3.21 shows how to measure the corrosion potential on concrete beam specimens in

the below ground and capillary zones.
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Below ground zone Capillary zone

Figure 3.21 Methodology to Measure the Corrosion Potential on Concrete Beam

Specimens in the Below Ground and Capillary Zones.

- Submerged zone:

One reading for each working electrode inside the concrete beams in these zones
was taken using the copper-copper sulfate reference electrode and multimeter. The

procedure to measure potential in each beam was as follows [33]:

1. Immerse half of the reference electrode in the sabkha solution beside the

specimen.
2. Connect the reference electrode (copper-copper sulfate) to the positive terminal

of the multimeter and connect the wire lead from the steel bar to the negative
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terminal of the multimeter.

3. Take the measurement of the corrosion potential.

Figure 3.22 shows how to measure the corrosion potential on concrete beam specimens

exposed to the submerged zone.

Figure 3.22 Methodology to Measure the Corrosion Potential on Concrete Beam

Specimens in Submerged Zone.

e Cylindrical Specimens:

Six readings for each concrete cylindrical specimen were taken by using the copper-
copper sulfate reference electrode and the multimeter. Two faces in each specimen were
determined and three readings on each face were taken. The reported corrosion potential
for each specimen is the average of six readings. The procedure to measure the corrosion

potential in each cylinder was as follows [33]:
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1. Puta cotton piece on the reference electrode and hold it with rubber.

2. Moist the cotton piece and surface of concrete in each point with some water.

3. Put the reference electrode (copper-copper sulfate) connected to the positive
terminal of the multimeter on the cylindrical specimen at the measuring point.

4. Connect the steel bar to the negative terminal of the multimeter.

5. Take the measurement of the corrosion potential.

Figure 3.23 shows the methodology to measure the corrosion potential on concrete

cylindrical specimens.

Figure 3.23 Methodology to Measure the Corrosion Potential on Concrete Cylindrical

Specimens.
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3.5.2 Corrosion Current Density (lcorr)

The linear polarization resistance technique is the most common method that is
used to get a rapid non-destructive measurement of the corrosion rate of reinforced steel.
This method was used to measure the corrosion current density (lcorr). In this technique,
the reinforcing steel bar was polarized to 10 mV of the open circuit potential (Ecor), the
potential within which the current varies linearly with the applied potential.

The linear polarization resistance (Rp) can be determined from the slope of the plot of
applied potential against measured current [34]. By using Stern-Geary relationship [34],

the corrosion current density (lcorr) can be determined as follows:

B
Icorr - — (3.1)
Rp

Where:
lcorr is the corrosion current density (nA/cm?),

Rp is the polarization resistance (kQ2.cm?),

AE
Rp = e AE is the change in the measured potential and Al is the change in the

applied current per unit area of electrode.

B is Tafel constant,

_ 2.3%(PaxPc)

3.2
(Ba+ pc) 42
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Where:

Pa is the anodic Tafel constant,

P is the cathodic Tafel constant.

The values of Pa and PBc are determined from the Tafel plot. However, in the case of
insufficient data on PBa and Bc for steel in concrete, a value of B equal to 52 mV for steel
in passive condition and a value equal to 26 mV for steel in active condition are normally

used [34].

According to the linear polarization method, the corrosion current density (lcorr)
for all the concrete specimens was measured every month by using the copper-copper
sulfate reference electrode. The procedure of measurement for beam and cylindrical

concrete specimens in each case of exposure was as follows:

e Beam Specimens:
- Atmospheric and tidal zones:
1. Put a cotton piece on the surface of concrete along the working electrode.
2. Moist the cotton piece with some water.
3. Put stainless steel plate on the cotton piece to hold the reference electrode.
4. Connect the reference electrode (copper-copper sulfate), working electrode and
counter electrode (embedded stainless steel bar) to the potentiostat machine.

5. Take the measurement of the corrosion current density.

Figure 3.24 shows the methodology to measure the corrosion current density on concrete

beam specimens in the atmospheric and tidal zones.
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Figure 3.24 Methodology to Measure the Corrosion Current Density on Concrete Beam

Specimens in the Atmospheric and Tidal Zones.

- Below ground and capillary zones:
1. Bury half of the reference electrode in the sabkha soil beside the
specimen.
2. In the capillary zone, the reference electrode was buried beside the bottom
face of the specimen. In the below ground zone, the reference electrode

was buried parallel to the specimen from the top.
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3. Connect the reference electrode (copper-copper sulfate), working
electrode and counter electrode (embedded stainless steel bar) to the
potentiostat machine.

4. Take the measurement of the corrosion current density.

Figure 3.25 shows the methodology to measure the corrosion current density on concrete

beam specimens in the below ground and capillary zones.

Below ground Zone Capillary zone

Figure 3.25 Methodology to Measure the Corrosion Current Density on

Concrete Beam Specimens in the Below Ground and Capillary Zones.
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- Submerged zone:
1. Immerse half of the reference electrode in the sabkha solution beside the
specimen.
2. Connect the reference electrode (copper-copper sulfate), working
electrode and counter electrode (embedded stainless steel bar) to the
potentiostat machine.

3. Take the measurement of the corrosion current density.

Figure 3.26 shows the methodology to measure the corrosion current density on concrete

beam specimens in the submerged zone.

Figure 3.26 Methodology to Measure the Corrosion Current Density on

Concrete Beam Specimens in the Submerged Zone.
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e Cylindrical Specimens:
1. Put a cotton piece on the surface of concrete along the working electrode.
2. Moist the cotton piece with some water.
3. Put stainless steel plate on the cotton piece as the counter electrode and to
hold the reference electrode.
4. Connect the reference electrode (copper-copper sulfate), working electrode
and counter electrode (stainless steel plate) to the potentiostat machine.

5. Take the measurement of the corrosion current density.

Figure 3.27 shows the methodology to measure the corrosion current density on concrete

cylindrical specimens.

Figure 3.27 Methodology to Measure the Corrosion Current Density on

Concrete Cylindrical Specimens.
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3.5.3 Accelerated Corrosion Test

Twelve concrete beam specimens, each two specimens with a selected inhibitor,
were subjected to a constant voltage of 1.5 volts using a power supply for a period of one
month. The current was impressed through the main longitudinal rebars, which acted as
the anode, while the stainless steel plate on the surface of each specimen acted as the
cathode [36]. In this set-up, a wet cotton padding was inserted between the stainless steel
plate and surface of beam specimen. The cotton pad was wetted with 200 ml 5% NaCl
solution at the first time and with 100 ml every day. The drop in the potential was
recorded by a data-logger during the entire period of the accelerated corrosion testing.
Then, the corresponding currents were calculated using Ohm’s law, using the constant

basic resistance of the system as 10 Q.

(3.3)

~
I
ol B!

Where:

I is the current ( mA)

E is the potential (mV)

R is the resistance (Q)

R=10 Q Then | =0.1* E]
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The plots of the current (mA) versus the corresponding time (hours) were developed.
Time of cracking for all specimens was determined from the current plots and it was

compared with visual inspection for specimens daily.

The accelerated corrosion test set-up and the specimens during the test are depicted in

Figures 3.28, 3.29 and 3.30.

o~ ! A — Electrical
; panel

Power supply

AS _ Data
. . Logger

Figures 3.28 The Accelerated Corrosion Test Set-Up.
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Figures 3.29 Schmatic Diagram for the Accelerated Corrosion Test Set Up.
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Figures 3.30 Concrete Beam Specimens under Test for the Accelerated

Corrosion.

67



CHAPTER FOUR

RESULTS AND DISCUSSIONS

As mentioned earlier, the effectiveness of corrosion inhibitors was evaluated by
measuring the corrosion potentials, corrosion current density and resistance to accelerated
corrosion. The results of these measurements are presented and discussed in the

following sub-sections.

4.1 Corrosion Potentials

The corrosion potentials were measured every two weeks for a total period of

about six months.

4.1.1Beam Specimens

As reported in Section 3.4, the beam specimens were exposed to five commonly
occurring exposure zones. Therefore, the results of corrosion potentials of these
specimens are presented and discussed as follows:

% Atmospheric Zone:

In this zone, a total of 12 beam specimens, two specimens with each inhibitor,
were sprayed with 5% NaCl once a week. In each specimen, there were two working
electrodes (two steel bars). The corrosion potentials were measured at two points for each
working electrode, as reported in Section 3.5.1.

The average of the corrosion potentials for each working electrode and then for

each specimen was calculated, as shown in Appendix A.
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The average values of the corrosion potentials for each inhibitor are given in
Table 4.1. Figure 4.1 shows the corrosion potentials on steel in the beam concrete

specimens exposed to the atmospheric zone for each inhibitor.

According to ASTM 876 [33], the corrosion potentials more negative than -350
mV, with respect to copper-copper sulfate electrode (CSE), indicate the probability of
corrosion activation. All the potentials in Figure 4.1 did not exceed -350 mV CSE up to
six months of exposure and this indicates that the severity of this zone was low.
Therefore, corrosion initiation in atmospheric zone may start after long time depending
on the severity of this zone. In the concrete specimens without inhibitor, the potentials
were less than those in the concrete specimens with inhibitors. This indicates that all the
corrosion inhibitors were effective in delaying reinforcement corrosion. The effectiveness
of the investigated inhibitors in minimizing corrosion of steel in reinforced concrete in
this zone was ranked from highest to lowest as follows: Cemetec, Calcium Nitrate,

Sika901, Sika903 and Conplast.
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Table 4.1 Average Corrosion Potentials for Beam Specimens Exposed to the Atmospheric Zone.

Date of Exposure: 10/02/2013

Average Corrosion Potentials, mV CSE

Control Cemetec Conplast Sika901 Na; tcl’;ut? Sika903
25/02/2103 15 -39 -20 -29 -30 -17 -19
13/03/2103 33 -57 -51 -76 -71 -86 -82
30/03/2013 50 -91 -22 -36 -54 -59 -84
15/04/2013 65 -106 -92 -98 -97 -89 -96
30/04/2013 80 -129 -93 -103 -106 -99 -104
14/05/2013 94 -114 -113 -120 -130 -117 -105
01/06/2013 110 -128 -119 -108 -123 -116 -111
15/06/2013 125 -147 -114 -129 -126 -126 -119
30/06/2013 140 -152 -134 -155 -120 -113 -109
25/07/2013 165 -140 -120 -105 -113 -105 -135
12/08/2013 182 -198 -150 -213 -191 -181 -193
22/08/2013 192 -249 -176 -231 -212 -205 -214
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Figure 4.1 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the Atmospheric Zone.
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« Tidal Zone:

In this zone, a total of 12 beam specimens, two specimens with each inhibitor,
were subjected to wet and dry cycles. Sabkha solution was used to wet the specimens.
The specimens were wetted for one day and dried for two days. In each specimen, there
were two working electrodes (two steel bars). The corrosion potentials were measured at
two points for each working electrode every two weeks, as reported in Section 3.5.1. The
average of the corrosion potentials for each working electrode and then for each

specimen was calculated, as shown in Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.2 and schematically presented in Figure 4.2.

The corrosion potential values were more negative than the threshold value of
-350 mV CSE after about 45 to 60 days of exposure. The corrosion potentials in the
concrete specimens without inhibitor were less than those in the concrete specimens with
the inhibitors. This indicates that the corrosion inhibitors were effective in delaying
reinforcement corrosion by slowing anodic. The most effective inhibitor to retard
reinforcement corrosion was Calcium Nitrate, while Cemetec, Sika901, Sika903, and
Conplast have almost the same effect of retarding corrosion. This prove the efficiency of

Calcium nitrate to slow the anodic reaction and protect steel against corrosion.
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Table 4.2 Average Corrosion Potentials for Beam Specimens Exposed to the Tidal Zone.

Date of Exposure: 10/02/2013

. Average Corrosion Potentials, mV CSE
Date [zggifgfn Calcium
Control Cemetec Conplast Sika901 Nitrate Sika903
26/02/2103 15 -234 -229 -257 -265 -252 -226
16/03/2103 35 -265 -297 -289 -314 -269 -269
01/04/2103 50 -306 -306 -304 -344 -298 -280
16/04/2103 65 -417 -427 -413 -413 -378 -387
01/05/2103 80 -461 -472 -475 -461 -434 -429
15/05/2103 95 -443 -452 -475 -438 -394 -438
30/05/2013 110 -481 -516 -516 -502 -439 -494
16/06/2013 126 -517 -545 -543 -547 -479 -529
02/07/2013 140 -522 -534 -526 -536 -451 -515
25/07/2013 163 -531 -557 -557 -563 -513 -557
12/08/2013 180 -542 -541 -528 -549 -460 -523
23/08/2013 192 -562 -562 -544 -571 -479 -546
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Figure 4.2 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the Tidal Zone.
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% Below Ground Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were buried
fully in soil mixed with sabkha solution. The corrosion potentials were measured at one
point from the top for each working electrode every two weeks, as reported in Section
3.5.1. Thereafter, the average of the corrosion potentials for each specimen was
calculated, as shown in Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.3 and plotted in Figure 4.3.

The corrosion potentials of all the reinforcing steels crossed the threshold value
of -350 mV CSE [33] after about 45 days of exposure indicating corrosion initiation.
After 180 days of exposure to the below ground zone, the corrosion potential values were
more negative in the concrete specimens without inhibitor than those in the concrete
specimens with the inhibitors. This proves that corrosion inhibitors were effective in
delaying reinforcement corrosion. Calcium Nitrate was the most effective inhibitor to
retard corrosion. The effectiveness of the selected inhibitors is ranked from highest to
lowest as follows: Calcium Nitrate, Conplast, Sika903, Cemetec and Sika901. The
corrosion potentials in these specimens, after 180 days, were -486, -546, -573, -598, -
63land -636 mV CSE, respectively, as compared with -636 mV CSE for the control

specimens.
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Table 4.3 Average Corrosion Potentials for Beam Specimens Exposed to the Below Ground Zone.

Date of Exposure: 01/03/2013

_ Average Corrosion Potentials, mV CSE
Date [zggifg)m Calcium
Control | Cemetec Conplast Sika901 Nitrate Sika903
21/03/2013 21 -232 -228 -220 -227 -215 -254
10/04/2013 40 =277 -276 -260 -245 -235 -295
21/04/2013 52 -378 -360 -346 -362 -347 -372
05/05/2013 66 -452 -483 -499 -434 -368 -458
19/05/2013 80 -555 -553 -567 -510 -472 -553
31/05/2013 92 -598 -573 -581 -524 -480 -574
17/06/2013 109 -602 -528 -483 -499 -402 -544
03/07/2013 125 -621 -566 -508 -572 -422 -561
17/07/2013 139 -626 -556 -512 -576 -406 -536
29/07/2013 151 -651 -559 -557 -580 -447 -586
13/08/2013 165 -629 -585 -533 -593 -428 -550
28/08/2013 180 -636 -598 -546 -631 -486 -573
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Figure 4.3 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the Below Ground Zone.
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% Capillary Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were half
buried in soil mixed with sabkha solution. The corrosion potentials were measured at one
point for each working electrode every two weeks, as reported in Section 3.5.1.
Thereafter, the average of the corrosion potentials for each specimen was calculated, as
shown in Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.4 and plotted in Figure 4.4.

The corrosion potentials in the control specimens and with four inhibitors
exceeded the threshold value of -350 mV CSE [33] after three months of exposure
indicating corrosion initiation. The corrosion potentials in the specimens with calcium
nitrate were below the threshold potential even after 180 days of exposure. The corrosion
potentials in the control specimens and those with Conplast, Cemetec, Sik901 and
Sika903 were almost the same, i.e., -500 mV CSE, after 180 days, while the corrosion
potential in the concrete specimen with Calcium Nitrate was -325 mV CSE. This
indicates that Calcium Nitrate was the most effective to protect the embedded steel bars

by slowing the anodic reaction in the capillary zone.
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Table 4.4 Average Corrosion Potentials for Beam Specimens Exposed to the Capillary Zone.

Date of Exposure: 01/03/2013

Average Corrosion Potentials, mV CSE

Date Duration
(Days) c . Calcium .
ontrol Cemetec Conplast Sika901 . Sika903
Nitrate
21/03/2013 21 -236 -207 -209 -206 -183 -215
10/04/2013 40 -283 -235 -227 -232 -114 -232
21/04/2013 51 -322 =277 -281 -251 -184 -291
05/05/2013 65 -327 -260 -271 -204 -110 -268
19/05/2013 79 -471 -389 -369 -468 -250 -442
29/05/2013 89 -475 -403 -369 -467 -235 -427
18/06/2013 108 -450 -424 -393 -373 -233 -416
03/07/2013 123 -463 -431 -437 -392 -245 -436
17/07/2013 137 -485 -446 -453 -415 -259 -464
28/07/2013 148 -504 -490 -488 -450 -294 -497
13/08/2013 165 -458 -470 -473 -430 -284 -478
28/08/2013 180 -511 -489 -493 -500 -332 -507
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% Submerged Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were
submerged in sabkha solution. The corrosion potentials were measured at one point for
each working electrode every two weeks, as reported in Section 3.5.1. The average of the
corrosion potentials for each specimen was calculated, as shown in Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.5 and plotted in Figure 4.5.

The corrosion potentials were less than the threshold value of -350 mV CSE after
30 to 45 days of exposure [33]. After 6 months of exposure to the submerged zone, the
corrosion potentials in the concrete specimens without inhibitor were more negative than
those in the concrete specimens with the selected inhibitors. This indicates that the
corrosion inhibitors were effective in delaying reinforcement corrosion. The most
effective inhibitor to retard corrosion was Calcium Nitrate. The effectiveness of the
investigated inhibitors in this zone is ranked from highest to lowest as follows: Calcium
Nitrate, Conplast, Sika903, Sika901, and Cemetec. The corrosion potentials after about
180 days in these specimens were -455, -516, -542, -543 and -594 mV CSE, respectively,

as compared with -601 mV CSE for the control specimens.
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Table 4.5 Average Corrosion Potentials for Beam Specimens Exposed to the Submerged Zone.

Date of Exposure: 01/03/2013

_ Average Corrosion Potentials, mV CSE
Date Duration :
(Days) Control Cemetec Conplast Sika901 qucmm Sika903
Nitrate

21/03/2013 21 -336 -260 -274 -292 -236 -270
10/04/2013 40 -335 -306 -333 -287 -243 -293
21/04/2013 51 -414 -373 -353 -375 -336 -450
05/05/2013 65 -536 -532 -491 -453 -425 -483
19/05/2013 79 -606 -626 -561 -512 -482 -510
29/05/2013 89 -618 -656 -552 -496 -490 -528
18/06/2013 108 -559 -540 -468 -441 -387 -536
03/07/2013 123 -573 -562 -497 -462 -412 -598
17/07/2013 137 -585 -576 -520 -486 -444 -573
28/07/2013 148 -607 -544 -577 -509 -489 -561
13/08/2013 165 -585 -573 -501 -456 -422 -531
28/08/2013 180 -601 -594 -516 -543 -455 -542
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Figure 4.5 Corrosion Potentials—Time Curves for Beam Specimens Exposed to the Submerged Zone.
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The time to initiation of reinforcement corrosion was also determined from the

corrosion potentials—time curves plots (i.e., crossing the -350 mV CSE). Table 4.6

summarizes the time to initiation of reinforcement corrosion for each inhibitor in each of

the five exposure zones.

Table 4.6 Summary of the Time to Initiation of Reinforcement Corrosion for Each

Inhibitor in the Five Exposure Zones.

Time to Initiation of Reinforcement Corrosion (Days)
Zon .
one Calcium
Control | Cemetec | Conplast | Sika901 Sika903
Nitrate
) No No No No No No
Atmospheric
Corrosion | Corrosion Corrosion | Corrosion | Corrosion | Corrosion
Tidal 50 50 55 50 60 60
Below ground 50 58 55 53 55 50
No
Capillary 67 75 78 72 72
Corrosion
Submerged 43 49 51 48 55 45
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From the results tabulated in Table 4.6, it can be observed that the time to
initiation of reinforcement corrosion in the atmospheric zone exhibited the lowest
severity as compared with the other zones because there was no initiation of
reinforcement corrosion after 6 months of exposure. However, it should be noted that the
time to initiation of reinforcement corrosion in other zones were less as compared with
atmospheric zone because the presence of solution in these zones [49]. In the specimens
with inhibitors, the time to initiation of corrosion was more than those in the control
specimens. This indicates that the inhibitors were effective in minimizing reinforcement
corrosion by retarding anodic, cathodic reactions. Calcium Nitrate was the most effective
inhibitor to retard reinforcement corrosion, as the time to initiation of corrosion was more

in the specimens with Calcium Nitrate in most of exposure zones.

4.1.2Cylindrical Specimens

As reported in Section 3.4, the cylindrical specimens were exposed to wet and dry
cycles. Therefore, the results of corrosion potentials of these specimens are presented and

discussed as follows:

% Cylinders without Chloride Content:

A total of 36 cylindrical specimens, six specimens with each inhibitor, were
exposed to wet and dry cycles. The specimens were immersed in 5% NaCl solution for
one day and dried for four days. The corrosion potentials were measured at six points on
each specimen. The average of the corrosion potentials for each specimen was calculated,

as shown in Appendix A.
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The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.7 and schematically plotted in Figure 4.6.

The data in Figure 4.6 indicate that the corrosion potentials exceeded the
threshold value of -350 mV CSE after about 45 to 75 days. After 6 months of exposure to
the wet and dry cycles, the corrosion potentials in the concrete specimens without
inhibitor were more negative than those in the concrete specimens with the five
inhibitors. This supports the fact that corrosion inhibitors were effective in minimizing
reinforcement corrosion. The most effective inhibitor to retard corrosion was Calcium
Nitrate. The corrosion potentials in the specimens with other inhibitors were almost

similar to those in the control specimens after about 180 days of exposure.
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Table 4.7 Average Corrosion Potentials for Cylinders Exposed to Wet and Dry Cycles.

Date of Exposure: 06/02/2013

Average Corrosion Potentials, mV CSE
Date [zggg)on Calcium
Control Cemetec Conplast Sika901 Nitrate Sika903
26/02/2013 20 -182 -164 -150 -165 -152 -175
19/03/2013 43 -228 -264 -240 -258 -259 -257
03/04/2013 57 -310 -315 -339 -356 -347 -336
17/04/2013 71 -358 -333 -366 -398 -296 -365
01/05/2013 85 -369 -369 -420 -443 -373 -429
16/05/2013 100 -468 -452 -467 -514 -418 -487
01/06/2013 115 -519 -431 -508 -530 -410 -485
16/06/2013 130 -460 -434 -472 -499 -363 -453
01/07/2013 145 -469 -448 -483 -512 -373 -463
17/07/2013 161 -476 -463 -506 -528 -390 -488
03/08/2013 177 -515 -455 -493 -513 -368 -468
19/08/2013 193 -565 -545 -540 -564 -417 -527
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Figure 4.6 Corrosion Potentials—Time Curves for Cylinders Exposed to Wet and Dry Cycles.
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% Cylinders with Chloride Content:

A total of 96 cylindrical concrete specimens, twelve specimens with each

inhibitor, were sprayed with water once every three days for a period of five months.

- CI(0.2%0):

A total of 24 cylindrical specimens, three specimens with each inhibitor, were cast
with a chloride contamination of 0.2% by weight of the cementitious materials. They
were sprayed with water once every three days to induce reinforcement corrosion. The
corrosion potentials were measured at six points on each specimen. Thereafter, the
average of the corrosion potentials for each specimen was calculated, as shown in
Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.8 and schematically plotted in Figure 4.7.

The corrosion potentials in all specimens did not exceed the threshold value of
-350 mV CSE [33] up to six months probably due to the fact that 0.2% chloride
contamination was relatively small to activate corrosion within this period. After 5
months of exposure to the wet and dry cycles, the corrosion potential values in the
concrete specimens without inhibitors were more negative than concrete specimens with
the selected inhibitors. This indicates that the corrosion inhibitors were effective in
delaying reinforcement corrosion. The effectiveness of the selected inhibitors to
minimize corrosion of steel in reinforced concrete is ranked from highest to lowest as

follows: Calcium Nitrate, Cemetec, Sika903, Rheocrete, Sika901, Cortec and Conplast.
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The corrosion potentials after about 150 days in these specimens were -201, -214, -216,
-223, -226, -229 and -245 mV CSE, respectively, as compared with -268 mV CSE for the

concrete specimens without inhibitors.
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Table 4.8 Average Corrosion Potentials for Cylinders with a Chloride Contamination of 0.2%.

Date of Exposure: 09/04/2013

Average Corrosion Potentials, mV CSE
Duration
Date ]
( Days) . Calcium .
Control | Rheocrete | Conplast | Cemetec | Sika901 Nitrate Cortec Sika903

24/04/2013 15 -138 -146 -168 -92 -131 -138 -120 -139
09/05/2013 30 -106 -90 -120 -58 -133 -90 -136 -139
24/05/2013 45 -175 -129 -98 -89 -82 -117 -73 -85
13/06/2013 64 -149 -174 -165 -119 -186 -132 -137 -110
28/06/2013 79 -179 -209 -183 -129 -201 -143 -143 -133
13/07/2013 94 -180 -191 -194 -142 -203 -158 -149 -143
23/07/2013 104 -233 -210 -214 -178 -210 -187 -179 -175
08/08/2013 119 -224 -200 -203 -151 -203 -166 -156 -168
20/08/2013 131 -243 -213 -227 -187 -214 -183 -176 -204
05/09/2013 147 -268 -223 -245 -214 -226 -201 -229 -216
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- CI(0.4%):

A total of 24 cylindrical specimens, three specimens with each inhibitor, were cast
with a chloride contamination of 0.4% by weight of the cementitious materials. Water
was sprayed once every three days to facilitate reinforcement corrosion. The corrosion
potentials were measured at six points on each specimen. After that, the average of the
corrosion potentials for each specimen was calculated, as shown in Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.9 and schematically plotted in Figure 4.8.

The corrosion potentials in all the specimens were less than the threshold value of
-350 mV CSE [33] within the period of five months probably due to the fact that 0.4%
chloride contamination was small to activate corrosion in this period. However, the
corrosion potentials were more negative than those with 0.2% chloride contamination.
After 5 months of exposure to the wet and dry cycles, the corrosion potential values in
the concrete specimens without inhibitors were more negative than concrete specimens
with the selected inhibitors. This proves that corrosion inhibitors were effective in
retarding reinforcement corrosion. The most effective inhibitor to retard corrosion was
Calcium Nitrate. The effectiveness of the investigated inhibitors in minimizing corrosion
of steel in reinforced concrete is ranked from highest to lowest as follows: Calcium
Nitrate, Cemetec, Sika903, Cortec, Sika901, Rheocrete, and Conplast. The corrosion
potentials after about 150 days in these specimens were -205, -229, -234, -243, -254, -265
and -272 mV CSE, respectively, as compared with -272 mV CSE for the concrete

specimens without inhibitors.
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Table 4.9 Average Corrosion Potentials for Cylinders with a Chloride Contamination of 0.4%.

Date of Exposure: 09/04/2013

Average Corrosion Potentials, mV CSE

Date Duration
( Days) . Calcium .
Control | Rheocrete | Conplast | Cemetec | Sika901 Nitrate Cortec | Sika903
24/04/2013 15 -177 -146 -185 -135 -128 -185 -231 -181
09/05/2013 30 -127 -127 -95 -96 -160 -127 -153 -147
24/05/2013 45 -145 -148 -140 -128 -150 -167 -140 -152
13/06/2013 64 -161 -157 -160 -176 -180 -140 -170 -163
28/06/2013 79 -186 -182 -159 -157 -185 -151 -174 -170
13/07/2013 94 -174 -206 -171 -173 -195 -156 -185 -179
23/07/2013 104 -202 -221 -205 -206 -224 -183 -221 -209
08/08/2013 119 -188 -230 -181 -184 -206 -167 -195 -189
20/08/2013 131 -244 -259 -224 -209 -242 -198 -237 -226
05/09/2013 147 -272 -265 -271 -229 -254 -205 -243 -234
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- CI (0.8%):

A total of 24 cylindrical specimens, three specimens with each inhibitor, were cast
with a chloride contamination of 0.8% by weight of the cementitious materials. They
were sprayed with water once every three days to facilitate reinforcement corrosion. The
corrosion potentials were measured at six points on each specimen. After that, the
average of the corrosion potentials for each specimen was calculated, as shown in

Appendix A.

The average values of the corrosion potential for each inhibitor are summarized

in Table 4.10 and schematically plotted in Figure 4.9.

In all the specimens, the corrosion potentials did not exceed the threshold value
of -350 mV CSE [33] even after five months of exposure. Corrosion has not been
initiated after this period. However, the corrosion potentials were more negative with
0.8% chloride contamination than those with 0.2% and 0.4% chloride contamination.
After 5 months of exposure to the wet and dry cycles, the corrosion potential values in
the concrete specimens without inhibitors were more negative than those in the concrete
specimens with inhibitors. This indicates that corrosion inhibitors are effective in
minimizing reinforcement corrosion. The effectiveness of the inhibitors in minimizing
corrosion of steel in reinforced concrete is ranked from highest to lowest as follows:
Cemetec, Calcium Nitrate, Rheocrete, Conplast, Sika901, Cortec and Sika903. The

corrosion potentials after about 150 days in these specimens were -244, -275, -276, -285,
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-286, -291 and -321 mV CSE, respectively, as compared with -329 mV CSE for the

concrete specimens without inhibitors.
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Table 4.10 Average Corrosion Potentials for Cylinders with a Chloride Contamination of 0.8%.

Date of Exposure: 09/04/2013

Average Corrosion Potentials, mV CSE

Date Duration
(Days) Control | Rheocrete | Conplast | Cemet Sika901 qucium Cort Sika903
plas emetec | Sika Nitrate ortec ika
24/04/2013 15 -219 -220 -231 -211 -223 -193 -272 -236
09/05/2013 30 -218 -164 -164 -148 -176 -196 -201 -169
24/05/2013 45 -221 -218 -193 -233 -215 -204 -216 -223
13/06/2013 64 -224 -195 -186 -202 -210 -225 -211 -201
28/06/2013 79 -237 -226 -197 -183 -223 -221 -225 -213
13/07/2013 94 -230 -245 -205 -191 -232 -233 -233 -221
23/07/2013 104 -257 -278 -229 -219 -275 -249 -262 -249
08/08/2013 119 -242 -258 -216 -201 -243 -250 -242 -233
20/08/2013 131 -333 -285 -244 -230 -260 -265 -283 -281
05/09/2013 147 -329 -276 -285 -244 -286 -275 -291 -321
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- CI (1.5%):

A total of 24 cylindrical concrete specimens, three specimens with each inhibitor,
were cast with a chloride contamination of 1.5% by weight of the cementitious materials.
They were sprayed with water once every three days to induce reinforcement corrosion.
The corrosion potentials were measured at six points on each specimen. After that, the
average of the corrosion potentials for each specimen was calculated, as shown in

Appendix A.

The average values of the corrosion potentials for each inhibitor are summarized

in Table 4.11 and schematically plotted in Figure 4.10.

The corrosion potential values in the control mix and that with Sika903 and
Cortex inhibitors exceeded the threshold value of -350 mV CSE after about four months
of exposure. The corrosion potentials for the mixes with other inhibitors did not exceed
-350 mV CSE even after 150 days of exposure. It can observed that with the increase
chloride contamination to 1.5%, accelerated the activation of corrosion more than the
previous dosages (See Figures 4.7 to 4.10). In the concrete specimens without inhibitor,
the corrosion potential values were more negative than those in the concrete specimens
with inhibitors after 150 days of exposure to the wet and dry cycles. This indicates that
corrosion inhibitors were effective in delaying reinforcement corrosion. The most
effective inhibitor to retard corrosion was Calcium Nitrate. The effectiveness of these
inhibitors in minimizing corrosion of steel in reinforced concrete is ranked from highest

to lowest as follows: Calcium Nitrate, Rheocrete, Sika901, Cemetec, Cortec, Conplast
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and Sika903. The corrosion potentials after about 150 days in these specimens were -315,
-332, -329, -357, -356, -356 and -376 mV CSE, respectively, as compared with  -403

mV CSE for the concrete specimens without inhibitors.
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Table 4.11 Average Corrosion Potentials for Cylinders with a Chloride Contamination of 1.5%.

Date of Exposure: 09/04/2013

Average Corrosion Potentials, mV CSE
Duration
Date .
( Days) . Calcium .
Control | Rheocrete | Conplast | Cemetec | Sika901 Nitrate Cortec Sika903

24/04/2013 15 -256 -294 -293 -270 -290 -237 -337 -334
09/05/2013 30 -287 -265 -258 -214 -222 -225 -297 -305
24/05/2013 45 -389 -337 -306 -265 -226 -287 -293 -365
13/06/2013 64 -356 -272 -283 -271 -237 -266 -290 -312
28/06/2013 79 -350 -283 -284 =277 -239 -272 -314 -322
13/07/2013 94 -335 -300 -292 -288 -251 -284 -325 -332
23/07/2013 104 -364 -330 -326 -317 -273 -310 -355 -360
08/08/2013 119 -347 -309 -306 -304 -256 -296 -337 -341
20/08/2013 131 -413 -345 -346 -344 -330 -326 -416 -413
05/09/2013 147 -403 -332 -356 -357 -329 -315 -356 -376
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Figure 4.10 Corrosion Potentials—Time Curves for Cylinders Contaminated with 1.5% Chloride.
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Table 4.12 summarizes the corrosion potentials for each inhibitor in cylinders

with chloride contamination of 0.2, 0.4, 0.8 and 1.5% at the end of the exposure period.

Table 4.12 Average Corrosion Potentials for Cylinders with Various Chloride

Contaminations at the End of the Exposure Period.

Average Corrosion Potentials, mV CSE

Chloride
Concentration
(%) Calcium
Control | Cemetec | Conplast | Sika901 Nitrate Sika903 | Cortec | Rheocrete
0.2 -268 -223 -245 -214 -226 -201 -229 -216
0.4 -212 -265 -271 -229 -254 -205 -243 -234
0.8 -329 -276 -285 -244 -286 -275 -291 -321
1.5 -403 -332 -356 -357 -329 -315 -356 -376

From the results tabulated above (Table 4.12), it is clear that the increase of

chloride contamination increased the corrosion potential and accelerated the activation of

reinforcement corrosion. Therefore, 1.5% chloride contamination was more aggressive

and critical in activation of reinforcement corrosion as compared with the other chloride

contaminations. In the control specimens, the corrosion potentials were more negative

than those in the specimens with inhibitors. This proves the efficiency of inhibitors in

delaying reinforcement corrosion. In all the chloride contamination percentages, the most

effective inhibitor to retard corrosion was Calcium Nitrate.
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4.2 Corrosion Current Density

The corrosion current density was measured for all concrete specimens, beam

and cylinders, every month for a period of about six months.

4.2.1Beam Specimens
% Atmospheric Zone:

In this zone, a total of 12 beam specimens, two specimens with each inhibitor,
were sprayed with 5% NaCl once a week. In each specimen, there were two working
electrodes (two steel bars). The corrosion current density was measured for each working
electrode every one month, and the average of the corrosion current density for each
specimen was calculated, as shown in Appendix B.

The average values of the corrosion current density for each group of specimens

are summarized in Table 4.13 and schematically plotted in Figure 4.11.
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Table 4.13 Average Corrosion Current Density Values for Beam Specimens Exposed to the Atmospheric Zone

Date of Exposure: 10/02/2013

Average Corrosion Current Density lcorr ( HA/CM?2)

Duration
Date D
( Days) . Calcium .
Control Cemetec Conplast Sika901 . Sika903
Nitrate
13/03/2103 33 0.01088 0.01065 0.01463 0.00984 0.011245 0.010452
15/04/2013 65 0.01606 0.01280 0.02578 0.01573 0.017900 0.014715
14/05/2013 94 0.03014 0.02197 0.03635 0.02265 0.018575 0.017453
15/06/2013 125 0.047543 0.03943 0.05198 0.02915 0.020005 0.018913
25/07/2013 165 0.07560 0.06379 0.06227 0.03704 0.021685 0.022914
22/08/2013 192 0.09759 0.07819 0.08336 0.04944 0.026235 0.043510
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Figure 4.11 Corrosion Current Density Values—Time Curves for Beam Specimens Exposed to the Atmospheric Zone.
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The data in Figure 4.11 indicate that the corrosion current density (lcorr) increased
with time in all the specimens. Since a corrosion current density value of more than 0.3
HA/cm? indicates corrosion activation [34], it is evident that the corrosion current density
values did not exceed 0.3 pA/cm? during the period of six months. However, after about
200 days of exposure, the lcorr Values in the control specimens were more than those in the
specimens with the inhibitors. In the concrete specimens without inhibitor, the corrosion
current density value was more than that in the concrete specimens with inhibitors. This
proves the efficiency of all corrosion inhibitors in delaying reinforcement corrosion. The
effectiveness of these inhibitors in retarding corrosion of steel in reinforced concrete in
this zone is ranked from highest to lowest as follows: Calcium Nitrate, Sika903, Sika901,
Cemetec and Conplast. The corrosion current density in this specimen after about 200
days was 0.026235, 0.043510, 0.04944, 0.07819 and 0.08336 pA/cm?, respectively, as

compared with 0.09759 pA/cm? for the concrete specimens without inhibitors.

The time—corrosion current density plot in Figure 4.11 was extrapolated to
determine the time to cracking of concrete. This time was calculated as the point at which
lcorr reaches 1.00 pA/cm? because this leor Value is the practical value that indicates

cracking of concrete [56].

To elucidate the extrapolation methodology, Figure 4.12 shows the time-
corrosion current density plot for the control specimens in the atmospheric zone (just a
typical example). The "linear" best-fit model is plotted with the genuine data for these

specimens. This linear model has been extrapolated to an lcorr Value of 1.00 pA/cm2.
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Figure 4.12 Slope of lcor— Time Curve for the Control Specimens in the Atmospheric Zone.

The time to cracking of concrete x (days) was calculated by substituting the

corrosion current density y = 1.00 pA/cm2 in the following best-fit model:
y = 0.000561x - 0.016716
Where: x = Exposure time, days.

Y = leorr, HA/CMZ,

Now, when the best-fit model is extrapolated to an lcorr value of 1.00 pA/cm? (y = 1.00

HA/cm?), the time to cracking of concrete was noted to be an exposure period of 1812
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days (or 5.03 years), which is the x value at y = 1.00 pA/cmz,

The time to cracking of concrete in the specimens placed in the atmospheric zone (shown

in Figure 4.12) is summarized in Table 4.14.

The data in Table 4.14 indicate that the time to cracking of concrete in the control
specimens was 5 years as compared with 35.7 years in the specimens with Calcium
Nitrate. This proves that Calcium Nitrated was very effective to slow the anodic reaction
and minimize reinforcement corrosion in this exposure zone. Sika903 was effective to
retard anodic and cathodic reactions by slowing the penetration of oxygen and moisture
to steel bars. Also, it should be noted that the time to cracking of concrete in the

specimens with other inhibitors was more than that in the control specimens.

The extension in service life of reinforced concrete structures due to the use of
the selected inhibitors was also calculated by dividing the time to cracking of concrete for
each inhibitor with the time to cracking of concrete of the control mix. As determined
before, the time to cracking of concrete for the control specimens in the atmospheric zone
was 5.03 years. Similarly, the time to cracking of concrete for the specimens with
Cemetec inhibitor in the atmospheric zone was 6.2 years.

Therefore, the extension in service life of reinforced concrete structures due to the use of

6. .03
Cemetec inhibitor = W *100 = 23.2%
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Table 4.15 shows the extension in service life (%) of reinforced concrete

structures due to the use of the selected inhibitors. There is almost 25 to 600%

improvement in the service life due to the use of inhibitors in the atmospheric zone.

Table 4.14 Time to Cracking of Concrete for Specimens in the Atmospheric Zone.

Inhibitor Type Best-fit I_Equation of R? Time to Cracking of
lcorr— Time Curve Concrete (Years)
None y = 0.000561x - 0.016716 0.96 5.03
Cemetec y = 0.000454x - 0.013157 0.95 6.2
Conplast y = 0.000415x - 0.000886 0.98 6.7
Sika901 y = 0.000238x + 0.000584 0.98 11.66
Calcium Nitrate | y =0.000077x + 0.010575 0.89 35.69
Sika903 y =0.000169x + 0.002345 0.86 16.4

In statistical models, the relation between the variables is considered reliable if

the correlation coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in

the best-fit equations tabulated above (Table 4.14) can be considered reliable since the

value of the correlation coefficient (R?) is 0.96, 0.95, 0.982, 0.98, 0.89 and 0.86,

respectively.
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Table 4.15 Extension in Service Life of the Reinforced Concrete Structure in the

Atmospheric Zone by Using Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec 23.26
Conplast 33.2
Sika901 131.81
Calcium Nitrate 609.54
Sika903 226.04

In the atmospheric zone, calcium nitrate was noted to be the most effective
inhibitor to minimize reinforcement corrosion. It can extend the service life of reinforced
concrete structures up to six times than that of the control specimens. Protection of
reinforcing steel by using the other inhibitors is evident from the results. However, the
effectiveness of these inhibitors is less than that of Calcium Nitrate. Sika903 was
effective in slowing anodic and cathodic reactions and minimizing reinforcement
corrosion by preventing chloride ions, oxygen, and moisture from penetrating concrete in

this zone [38].
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« Tidal Zone:

In this zone, a total of 12 beam specimens, two specimens with each inhibitor,
were subjected to wet and dry cycles. The corrosion current density was measured for
each working electrode every month. After that, the average of the corrosion current

density for each specimen was calculated, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.16 and plotted in Figure 4.13.

In all the specimens, the corrosion current density values did not exceed 0.3
MA/cm?2  [34] after six months of exposure. The corrosion current density values
increased with time. However, the lcorr Values in the specimens with inhibitors were less
than those in the specimens without inhibitor. This proves the efficiency of inhibitors in
minimizing reinforcement corrosion. The effectiveness of the inhibitors in retarding
corrosion of steel in reinforced concrete in this zone is ranked from highest to lowest as
follows: Calcium Nitrate, Sika903, Sika901, Conplast, and Cemetec. The corrosion
current density in these specimens after 180 days was 0.165930, 0.221225, 0.2368,
0.2461 and 0.2683 pA/cm?, respectively, as compared with 0.2922 pA/cm? for the

concrete specimens without inhibitors.
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Table 4.16 Average Corrosion Current Density Values for Beam Specimens Exposed to the Tidal Zone

Date of Exposure: 10/02/2013

Average Corrosion Current Density lcorr ( HA/CM?2)

Duration

Date ( Days) Calcium
Control Cemetec Conplast Sika901 . Sika903

Nitrate
17/03/2103 37 0.06135 0.09726 0.08615 0.09539 0.052035 0.053790
16/04/2013 66 0.1073 0.1236 0.1320 0.1084 0.064265 0.090010
15/05/2013 95 0.1445 0.14861 0.1684 0.17995 0.116593 0.122815
17/06/2103 127 0.1921 0.1924 0.1862 0.1917 0.122491 0.168183
19/07/2103 159 0.24618 0.22600 0.20318 0.21662 0.128985 0.188545
22/08/2103 192 0.2922 0.2683 0.2461 0.2368 0.165930 0.221225
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Figure 4.13 Corrosion Current Density Values—Time Curves for Beam Specimens Exposed to the Tidal Zone.
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The time—corrosion current density plot in Figure 4.13 was extrapolated to
determine the time to cracking of concrete as discussed above. The time to cracking of
concrete in the specimens placed in the tidal zone is summarized in Table 4.17. The time
to cracking of concrete in the specimens with inhibitor was more than that in the control
specimens. This indicates the efficiency of corrosion inhibitors in retarding anodic and

cathodic reactions and minimizing reinforcement corrosion.

Table 4.17 Time to Cracking of Concrete for Specimens in the Tidal Zone.

Inhibitor Type Best-fit I_Equation of R Time to Cracking of
lcorr— Time Curve Concrete (Years)

None y = 0.001491x + 0.005943 1 1.85
Cemetec y =0.001113x + 0.050677 0.99 2.37
Conplast y = 0.000946x + 0.063728 0.97 2.75
Sika901 y = 0.000956x + 0.063759 0.93 2.72
Calcium Nitrate | y=0.000706x + 0.028870 0.92 3.82
Sika903 y =0.001083x + 0.018771 0.99 2.52

The relations reported in the equations tabulated above (Table 4.17) can be
considered reliable [54] since the value of the correlation coefficient (R?) is 1, 0.99, 0.97,

0.93, 0.92 and 0.99, respectively.
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Table 4.18 shows the extension in service life (%) of reinforced concrete
structure due to the use of inhibitors. There is about 28 to 106% extension in the service

life due to the use of inhibitors.

Table 4.18 Extension in Service Life of the Reinforced Concrete Structure in the Tidal

Zone by Using Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec 28.11
Conplast 48.65
Sika901 47.03
Calcium Nitrate 106.49
Sika903 36.22

Calcium nitrate can retard reinforcement corrosion and increase the service life of
the structure by more than 100% in the structure without inhibitor. Conplast and Sika901
inhibitors increase the service life of the structure by about 50%, while Sika903 inhibitor
may extend the service life of the structure by about 36%. Cemetec was the lowest

effective inhibitor in this zone by increasing the service life of the structure by 28%.
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«+ Below Ground Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were buried
fully in soil mixed with sabkha solution. The corrosion current density was taken for each
working electrode every month. Then, the average of the corrosion current density for

each specimen was calculated, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.19 and plotted in Figure 4.14.

The availability of oxygen in this zone was very low because all the specimens
were placed under sabkha soil. Consequently, corrosion activation was not observed after
six months of exposure as the corrosion current density values in all the specimens did
not exceed 0.3 pA/cm? [34]. In the concrete specimens without inhibitor, the corrosion
current density increased with time and it is more than that in concrete specimens with
inhibitors. This proves the efficiency of all corrosion inhibitors in delaying reinforcement
corrosion. The most effective inhibitor was Calcium Nitrate. The effectiveness of the
selected inhibitors in minimizing corrosion of steel in this zone is ranked from highest to
lowest as follows: Calcium Nitrate, Sika903, Conplast, Sika901, Cemetec. The corrosion
current density in these specimens after 180 days was 0.036673, 0.076278, 0.1088,
0.1338 and 0.1554 pA/cm?, respectively, as compared with 0.16910 pA/cm?2 for the

concrete specimens without inhibitors.

The time—corrosion current density plot in Figure 4.14 was extrapolated to

determine the time to cracking of concrete as discussed above. The time to cracking of
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concrete in the specimens placed in the below ground zone is summarized in Table 4.20.
The time to cracking of concrete in the control specimens was 4.38 years, while it was
15.27 years in the specimens with Calcium Nitrate. Also, it should be noted that the time
to cracking of concrete in the specimens with Cemetec and Sika901 inhibitors was less
than that in the control specimens, which means that their performance was inferior to the

control concrete specimens.
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Table 4.19 Average Corrosion Current Density Values for Beam Specimens Exposed to the Below Ground Zone.

Date of Exposure: 01/03/2013

Average Corrosion Current Density lcorr ( LA/CM?2)
Duration
oA (Days) Control | Cemetec | Conplast Sika901 qucium Sika903
Nitrate
10/04/2103 40 0.0745 0.0352 0.0198 0.03287 0.013659 0.043390
05/05/2013 66 0.1250 0.04346 0.02338 0.0361 0.015825 0.049303
31/05/2013 92 0.13935 | 0.06875 0.02716 0.0414 0.020090 0.054182
03/07/2013 125 0.14753 | 0.1133 0.0459 0.0555 0.028055 0.063585
29/07/2013 151 0.1601 | 0.14368 0.07252 0.0811 0.034193 0.072195
28/08/2013 180 0.16910 | 0.1554 0.1088 0.1338 0.036673 0.076278
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Figure 4.14 Corrosion Current Density Values—Time Curves for Beam Specimens Exposed to the Below Ground Zone.
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Table 4.20 Time to Cracking of Concrete for Specimens in the Below Ground Zone.

Inhibitor Type Best-fit I_Equation of R? Time to Cracking of
lcorr— Time Curve Concrete (Years)

None y = 0.000588x + 0.071883 0.84 4.38
Cemetec y = 0.000961x - 0.011485 0.97 2.93
Conplast y = 0.000622x - 0.018154 0.88 4.55
Sika901 y = 0.000664x - 0.008913 0.82 4.22
Calcium Nitrate | y=0.000181x + 0.005039 0.98 15.27
Sika903 y =0.000246x + 0.033039 0.99 10.92

The relations reported in the equations tabulated above (Table 4.20) can be

considered reliable since the value of the correlation coefficient (R?) is greater than 0.80

[54]. The correlation coefficient (R?) is 0.84, 0.97, 0.88, 0.82, 0.98 and 0.99, respectively.

Table 4.21 shows the extension in service life (%) of reinforced concrete

structures due to the use of inhibitors. There is almost 4 to 250% extension in the service

life due to the use of inhibitors. However, Cemetec and Sika901 were not effective in

extending the service life.

122




Table 4.21 Extension in Service Life of the Reinforced Concrete Structure in the Below

Ground Zone by Using Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec -33.11
Conplast 3.88
Sika901 -3.65
Calcium Nitrate 248.63
Sika903 149.32

The most effective inhibitor was Calcium Nitrate. The protection of steel from
corrosion provided by calcium nitrate can increase the service life of the structure to more
than two and a half times than the structure without inhibitor. Sika903 was also effective
and it can extend the service life of the structure to about one and a half times than the
structure without inhibitor. The positive effect of Conplast inhibitor to minimize
reinforcement corrosion was marginal. The inferior performance of Cemetec and

Sika901 inhibitors may be due to their inefficiency in such exposure condition.
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% Capillary Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were half
buried in soil mixed with sabkha solution. The corrosion current density was measured
for each working electrode every month. After that, the average of the corrosion current

density for each specimen was calculated, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.22 and plotted in Figure 4.15.

The corrosion current density values increase with time. However, in the
specimens with Calcium Nitrate inhibitor, this increment was low. On the contrary, in the
control specimens and with other inhibitors, the Icorr Values increased relatively sharply
with time. The corrosion current density in all the specimens did not exceed 0.3 pA/cm?
after six months of exposure. In the concrete specimens without inhibitor, the corrosion
current density increases more than that in the concrete specimens with inhibitors. This
proves the efficiency of all corrosion inhibitors in retarding reinforcement corrosion. The
effectiveness of the inhibitors in delaying reinforcement corrosion in this zone is ranked
from highest to lowest as follows: Calcium Nitrate, Sika901, Sika903, Conplast and
Cemetec. The corrosion current density in these specimen after 180 days was 0.013814,
0.1206, 0.138503, 0.1531and 0.1720 pA/cm?, respectively, as compared with 0.1985

HA/cm? for the concrete specimens without inhibitors.
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Table 4.22 Average Corrosion Current Density Values for Beam Specimens Exposed to the Capillary Zone.

Date of Exposure: 01/03/2013

Average Corrosion Current Density lcorr ( LA/CM?2)

Duration

Date ( Days) Calcium
Control Cemetec Conplast Sika901 . Sika903

Nitrate
10/04/2013 40 0.0457 0.01017 0.02418 0.02487 0.001628 0.021263
05/05/2013 65 0.05697 0.0314 0.0533 0.0308 0.003826 0.046294
29/05/2013 89 0.0808 0.0723 0.0660 0.0519 0.006664 0.077006
03/07/2013 123 0.1055 0.1033 0.1000 0.0699 0.008121 0.093766
28/07/2013 148 0.1507 0.1535 0.1343 0.0819 0.009621 0.111998
27/08/2013 180 0.1985 0.1720 0.1531 0.1206 0.013814 0.138503
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Figure 4.15 Corrosion Current Density Values—Time Curves for Beam Specimens Exposed to the Capillary Zone.
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The time—corrosion current density plot in Figure 4.15 was extrapolated to
determine the time to cracking of concrete as discussed above. The time to cracking of
concrete in the specimens placed in the capillary zone is summarized in Table 4.23. The
time to cracking of concrete in the control specimens was 2.57 years, while it was 34.34
years in the specimens with Calcium Nitrate. Also, the time to cracking of concrete in the
specimens with other inhibitors was more than that in the control specimens. However, it
should be noted that the time to cracking of concrete in the specimens with Cemetec

inhibitor was less than that in the control specimens.

Table 4.23 Time to Cracking of Concrete for Specimens in the Capillary Zone.

niior e | SETERRtoner | T T e e
None y =0.001093x - 0.011104 0.96 2.57
Cemetec y =0.001223x - 0.041020 0.98 2.36
Conplast y =0.000937x - 0.012275 0.99 3.00
Sika901 y = 0.000664x - 0.008092 0.96 4.22
Calcium Nitrate y =0.000081x - 0.001430 0.98 34.34
Sika903 y = 0.000809x - 0.005539 0.98 3.45

As mentioned earlier, the relation between the variables is considered reliable if

the correlation coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in
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the equations tabulated above (Table 4.23) can be considered reliable since the value of

the correlation coefficient (R?) is 0.96, 0.98, 0.99, 0.96, 0.98 and 0.98, respectively.

Table 4.24 shows the extension in service life (%) of reinforced concrete structure due to

the use of inhibitors.

Table 4.24 Extension in Service Life of the Reinforced Concrete Structure by Using

Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec -8.17
Conplast 16.73
Sika901 64.20
Calcium Nitrate 1237.19
Sika903 34.24

It could be noted from the results above that the use of Calcium Nitrate in
reinforced concrete structures in this zone is very advantageous. Its corrosion protection
can extend the service life of the structures to more than 12 times than the structures
without inhibitor. Other inhibitors also are effective in minimizing reinforcement
corrosion. This confirms the efficiency of inhibitors to retards the anodic and cathodic
reactions. However, Cemetec was not effective in minimizing reinforcement corrosion.
This adverse effect of Cemetec inhibitor may be to the quality of concrete.
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% Submerged Zone:

In this zone, 12 beam specimens, two specimens with each inhibitor, were
submerged in the sabkha solution. The corrosion current density was measured for each
working electrode every month. Then, the average of the corrosion current density for

each specimen was calculated as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.25 and plotted in Figure 4.16.

The corrosion current density for all the specimens increased slowly with time in
this zone because the availability of oxygen was very low. The corrosion current density
values did not exceed 0.3 pA/cm? after six months of exposure [34]. In the concrete
specimens without inhibitor, the corrosion current density increases more than in the
concrete specimens with inhibitors. This indicates that all corrosion inhibitors were
effective in delaying reinforcement corrosion. The effectiveness of the inhibitors in
minimizing corrosion of steel in this zone is ranked from highest to lowest as follows:
Calcium Nitrate, Cemetec, Conplast, Sika901, and Sika903. The corrosion current
density in these specimens after 180 days was 0.039143, 0.0488, 0.0661, 0.07724 and
0.088315 pA/cm?, respectively, as compared with 0.10996 pA/cm? for the concrete

specimens without inhibitors.

The time—corrosion current density plot in Figure 4.16 was extrapolated to
determine the time to cracking of concrete as discussed above. The time to cracking of

concrete in the specimens placed in the submerged zone is summarized in Table 4.26.
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The time to cracking of concrete in the control specimens was less than that in the
specimens with Cemetec, Conplast and Calcium Nitrate. However, it should be noted that
the time to cracking of concrete in the specimens with Sika901 and Sika903 inhibitors
was less than that in the control specimens. The coating layer of Sika903 inhibitor was
not effective to prevent chloride ions and moisture from penetrating concrete. The

adverse effect of Sika901 may be due to the quality of concrete.
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Table 4.25 Average Corrosion Current Density Values for Beam Specimens Exposed to the Submerged Zone.

Date of Exposure: 01/03/2013

Average Corrosion Current Density lcorr ( HA/CM?2)

Date I:()l[J;:’;;[:)m Calcium
Control Cemetec Conplast Sika901 . Sika903

Nitrate
10/04/2013 40 0.0602 0.01652 0.04200 0.01563 0.011542 0.023233
05/05/2013 65 0.0664 0.0207 0.04522 0.0213 0.015947 0.036640
29/05/2013 89 0.0825 0.03094 0.04940 0.0325 0.024311 0.047343
03/07/2013 123 0.08383 0.03743 0.05323 0.04107 0.031086 0.060086
28/07/2013 148 0.08575 0.04251 0.0597 0.04857 0.034426 0.075668
28/08/2013 180 0.10996 0.0488 0.0661 0.07724 0.039143 0.088315
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Figure 4.16 Corrosion Current Density Values—Time Curves for Beam Specimens Exposed to the Submerged Zone.
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Table 4.26 Time to Cracking of Concrete for Specimens in the Submerged Zone.

niior e | SETEmtonar T T e e
None y =0.000313x + 0.047772 0.89 8.45
Cemetec y = 0.000236x + 0.007385 0.98 11.68
Conplast y =0.000171x + 0.034226 0.98 15.69
Sika901 y = 0.000408x - 0.004441 0.94 6.84
Calcium Nitrate | y =0.000203x + 0.004272 0.98 13.63
Sika903 y = 0.000462x + 0.005528 1 5.98

The relation between the variables is considered reliable if the correlation

coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in the equations

tabulated above (Table 4.26) can be considered reliable since the value of the correlation

coefficient (R?) is 0.89, 0.98, 0.98, 0.94, 0.98 and 1, respectively.

Table 4.27 shows the extension in service life (%) of reinforced concrete

structure due to the use of inhibitors.
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Table 4.27 Extension in Service Life of the Reinforced Concrete Structure by Using

Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec 38.22
Conplast 85.68
Sika901 -19.05
Calcium Nitrate 61.30
Sika903 -29.23

Conplast and Calcium Nitrate inhibitors were very effective in minimizing
reinforcement corrosion and increased the service life of the structure by about 60 to
85%, while cemetec inhibitor could increase the service life by about 40%. Other
inhibitors did not have any effect to reduce reinforcement corrosion. The adverse effect

of other inhibitors may be due to the quality of concrete.

The time to cracking of concrete due to use of the inhibitors in all zones

mentioned above is summarized in Table 4.28.
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Table 4.28 Summary of Time to Cracking of Concrete for Specimens with Inhibitors in

Each Zone.
Time to Cracking of Concrete (Years)
Zone . Calcium )
Control | Cemetec | Conplast | Sika901 Nitrate Sika903

Atmospheric 5.03 6.2 6.7 11.66 35.69 16.4
Tidal 1.85 2.37 2.75 2.72 3.82 2.52
Below ground 4.38 2.93 4.55 4.22 15.27 10.92
Capillary 2.57 2.36 3 4.22 34.34 3.45
Submerged 8.45 11.68 15.69 6.84 13.63 5.98

The severity of any exposure zone depends on the presence of chloride ions,
oxygen and moisture. From the results tabulated above (Table 4.28), the severity of the
investigated zones can be ranked from lowest to highest as follows: submerged,
atmospheric, below ground, capillary and tidal. The time to cracking of concrete for
specimens in the submerged zone was the highest. The highest value of time to cracking
of concrete indicates that the submerged zone was the least severity in all zones despite
the high chloride percentage and moisture in this zone that could not accelerate corrosion

in the absence of oxygen. The tidal zone was the highest severity zone because both

oxygen and moisture were available in this zone.
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4.2.2Cylindrical Specimens

% Cylinders without Chloride Content:

A total of 36 cylindrical concrete specimens, six specimens with each inhibitor,
were exposed to wet and dry cycles with 5% NaCl solution. The corrosion current density

was measured for each specimen every month, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are
summarized in Table 4.29 and plotted in Figure 4.17.

In all the specimens, the corrosion current density values increased with time.
However, there was not corrosion activation after six months of exposure because the
corrosion current density values did not exceed 0.3 pA/cm? [34]. After 6 months of
exposure, the corrosion current density in the specimens without inhibitor was more than
that in the concrete specimens with inhibitors. This proves the efficiency of all corrosion
inhibitors in delaying reinforcement corrosion. The most effective inhibitor to retard
corrosion was Calcium Nitrate. The effectiveness of the inhibitors in minimizing
corrosion of steel in this zone is ranked from highest to lowest as follows: Calcium
Nitrate, Cemetec, Sika903, Conplast, and Sika901. The corrosion current density in these
specimens after 180 days was 0.026033, 0.071133, 0.085438, 0.085438 and 0.091224
MA/cm?, respectively, as compared with 0.120558 pA/cm? for the concrete specimens
without inhibitors.

The time—corrosion current density plot in Figure 4.17 was extrapolated to

determine the time to cracking of concrete as discussed above. The time to cracking of
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concrete in the cylindrical specimens placed in the wet and dry cycles is summarized in
Table 4.30. The time to cracking of concrete in the control specimens was 3.83 years,
while in the specimens with Calcium Nitrate it was 18.98 years. Also, it should be noted
that the time to cracking of concrete in the specimens with inhibitors was more than that

in the control specimens.
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Table 4.29 Average Corrosion Current Density Values for Cylinders Exposed to Wet and Dry Cycles.

Date of Exposure: 06/02/2013

Average Corrosion Current Density lcorr ( LA/CM?2)

Duration
Date ( Days) Calci
Control Cemetec Conplast Sika901 aicium Sika903
Nitrate

19/03/2013 43 0.003562 | 0.001435 0.004225 0.006790 0.002371 0.006551
17/04/2013 71 0.011755 | 0.012835 0.018636 0.031490 0.007274 0.021949
16/05/2013 100 0.029265 | 0.031898 0.036345 0.042665 0.009355 0.032558
16/06/2013 130 0.048658 | 0.040215 0.041356 0.052632 0.013308 0.042462
16/07/2013 160 0.072196 | 0.047847 0.052525 0.062745 0.017561 0.053407
19/08/2013 193 0.120558 | 0.071133 0.085438 0.091224 0.026033 0.083201
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Figure 4.17 Corrosion Current Density Values-Time Curves for Cylinders Exposed to Wet and Dry Cycles.
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Table 4.30 Time to Cracking of Concrete for Cylindrical Specimens.

niior Type | SOPe RSl T S
None y =0.000755x - 0.040073 0.94 3.83
Cemetec y = 0.000441x - 0.017060 0.98 6.41
Conplast y = 0.000491x - 0.017329 0.95 5.76
Sika901 y = 0.000503x - 0.010479 0.96 5.58
Calcium Nitrate y =0.000147x - 0.004405 0.97 18.98
Sika903 y =0.000467x - 0.014271 0.96 6.03

As mentioned before, the relation between the variables is considered reliable if

the correlation coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in

the equations tabulated above (Table 4.30) can be considered reliable since the value of

the correlation coefficient (R?) is 0.94, 0.98, 0.95, 0.96, 0.97 and 0.96, respectively.

Table 4.31 shows the extension in service life (%) of

reinforced concrete

structures due to the use of inhibitors. There is about 50 to 400% extension in the service

life due to the use of inhibitors because their effectiveness in retarding anodic and catodic

reactions on reinforcement steels and minimizing reinforcement corrosion. The data in

Table 4.31 clearly demonstrates that Calcium Nitrate superseded all the other corrosion
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inhibitors due to the fact that the extension in service life of reinforced concrete structures

(396%) was much higher than those for all the other inhibitors (46 to 67%).

Table 4.31 Extension in Service Life of the Reinforced Concrete Structure by Using

Each Inhibitor.

Inhibitor Type Extension in Service Life (%)
Cemetec 67.36
Conplast 50.39
Sika901 45.69
Calcium Nitrate 395.56
Sika903 57.44

The effectiveness of inhibitors in delaying reinforcement corrosion and the
increase of service life of the structure in this exposure condition is evident from the
results. Calcium nitrate was the most effective by increasing the service life by almost

four times, while the other inhibitors extend the service life of the structure by 45 to 70%.
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% Cylinders with Chloride Content:

A total of 96 cylindrical concrete specimens, twelve specimens with each

inhibitor, were sprayed with water once every three days for a period of five months.

- CI'(0.2%) :

A total of 24 cylindrical concrete specimens, three specimens with each inhibitor,
were cast with a chloride contamination of 0.2% by weight of cementitious materials.
They were sprayed with water once every three days. The corrosion current density was
measured for each specimen, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.32 and plotted in Figure 4.18.

Corrosion activation was not observed even after six months of exposure because
the corrosion current density values in all the specimens did not exceed 0.3 pA/cm? [34].
0.2% chloride contamination was small to activate corrosion during this period. In the
concrete specimens without inhibitor, the corrosion current density increases with time
more than that in the concrete specimens with inhibitors. This indicates the efficiency of
all corrosion inhibitors in delaying reinforcement corrosion. The effectiveness of these
inhibitors to minimize corrosion of steel in reinforced concrete is ranked from highest to
lowest as follows: Calcium Nitrate, Cemetec, Cortex, Sika901, Sika903, Rheocrete and
Conplast. The corrosion current density in these specimens after 130 days was 0.059377,
0.065033, 0.071147, 0.077287, 0.077490, 0.097113, and 0.104567 pA/cm?, respectively,

as compared with 0.1365067 pA/cm? for the concrete specimens without inhibitors.
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Table 4.32 Average Corrosion Current Density Values for Cylinders with 0.2% Chloride

Date of Exposure: 09/04/2013

Average Corrosion Current Density lcorr ( HA/CM?2)

Duration
Date D
( Days) . Calcium .
Control | Rheocrete | Conplast | Cemetec | Sika901 Nitrate Cortec | Sika903
24/04/2013 15 0.0202333 | 0.007015 | 0.008590 | 0.008216 | 0.010206 | 0.007713 | 0.015140 | 0.011887
24/05/2013 45 0.0500367 | 0.031137 | 0.015832 | 0.012685 | 0.021423 | 0.017860 | 0.020453 | 0.030721
28/06/2013 79 0.0564500 | 0.049633 | 0.034500 | 0.025210 | 0.041237 | 0.025887 | 0.039137 | 0.048759
23/07/2013 104 0.0864867 | 0.085567 | 0.063537 | 0.040987 | 0.067713 | 0.040517 | 0.049127 | 0.062407
20/08/2013 131 0.1365067 | 0.097113 | 0.104567 | 0.065033 | 0.077287 | 0.059377 | 0.071147 | 0.077490
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Figure 4.18 Corrosion Current Density Values-Time Curves for Cylinders with 0.2% Chloride.
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The time—corrosion current density plot in Figure 4.17 was extrapolated to
determine the time to cracking of concrete as discussed above. The time to cracking of
concrete in the cylindrical specimens with 0.2% chloride are summarized in Table 4.33.
The time to cracking of concrete in the control specimens was less than that in the
specimens with inhibitors. The time to cracking of concrete in the control specimens was
3.04 years as compared with 6.50 years in the specimens with Calcium Nitrate. This
proves that Calcium Nitrated was very effective to slow the anodic reaction and minimize
reinforcement corrosion in this exposure condition. Also, it should be noted that the time
to cracking of concrete in the specimens with inhibitors was more than that in the control
specimens. This confirms the efficiency of inhibitors in retarding reinforcement corrosion

with the presence of 0.2% chloride in concrete mixture.
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Time 4.33 Time to Cracking of Concrete for Cylindrical Specimens with 0.2% Chloride.

oniior Type | ePCERnel T T k!
None y =0.000911x + 0.001833 0.91 3.04
Cemetec y = 0.0004814x - 0.0055810 0.92 5.80
Conplast y =0.000811x - 0.015290 0.91 3.48
Sika901 y = 0.000618x - 0.002624 0.97 451
Calcium Nitrate | y=0.000560x + 0.004368 1 6.50
Sika903 y = 0.000428x - 0.001747 0.95 4.94
Cortec y = 0.000481x + 0.003045 0.96 5.79
Rheocrete y = 0.000803x - 0.005951 0.98 3.48

The relation between the variables is considered reliable if the correlation
coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in the equations
tabulated above (Table 4.30) can be considered reliable since the value of the correlation

coefficient (R?) is 0.91, 0.92, 0.91, 0.97, 1, 0.95, 0.96 and 0.98, respectively.

Table 4.34 shows the extension in service life (%) of the reinforced concrete
structure due to the use of inhibitors. There is almost 15 to 114% extension in the service

life due to the use of inhibitors. Calcium nitrate was the most effective by increasing the
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service life by about 114%, while Cemetec and Cortec extend the service life of the structure by

about 90%. The other inhibitors increase the service life of the structure by about 15 to 60%.

Table 4.34 Extension in Service Life of Concrete with 0.2% Chloride.

Inhibitor Type Extension in Service Life (%)
Cemetec 90.79
Conplast 14.47
Sika901 48.36
Calcium Nitrate 113.82
Sika903 62.50
Cortec 90.46
Rheocrete 14.47
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- CI (0.4%) :

A total of 24 cylindrical concrete specimens, three specimens with each inhibitor,
were cast with 0.4% chloride. They were sprayed with water once every three days. The
corrosion current density was taken for each specimen, as shown in Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.35 and plotted in Figure 4.19.

In all the specimens, the corrosion current density values increased with time.
However, they did not exceed 0.3 pA/cm? [34] after five months of exposure. In the
concrete specimens without inhibitor, the corrosion current density increases with time
more than concrete specimens with inhibitors. This proves the efficiency of all corrosion
inhibitors in minimizing reinforcement corrosion. The effectiveness of these inhibitors to
minimize corrosion of steel in reinforced concrete in is ranked from highest to lowest as
follows: Calcium Nitrate, Cemetec, Sika901, Cortec, Rheocrete, Conplast, and Sika903.
The corrosion current density in these specimens after 130 days was 0.062367, 0.066497,
0.076037, 0.089347, 0.099877, 0.106033, and 0.132167 pA/cm?, respectively, as

compared with 0.1421667 pA/cm? for the concrete specimens without inhibitors.
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Table 4.35 Average Corrosion Current Density Values for Cylinders with a Chloride Content of 0.4%.

Date of Exposure: 09/04/2013

Average Corrosion Current Density lcorr ( LA/CM?)
Date Duration
(Days) calc
Control | Rheocrete | Conplast Cemetec | Sika901 Na}ti;utr: Cortec Sika903
24/04/2013 15 0.0234500 | 0.007776 | 0.007103 0.008258 | 0.010063 | 0.012209 | 0.016540 | 0.013321
24/05/2013 45 0.0586533 | 0.031381 | 0.021513 0.012823 | 0.020620 | 0.019213 | 0.027260 | 0.032397
28/06/2013 79 0.0773033 | 0.051870 | 0.043197 0.028513 | 0.041203 | 0.030517 | 0.046457 | 0.056027
23/07/2013 104 0.1034133 | 0.086773 | 0.081827 0.043440 | 0.068820 | 0.045910 | 0.062484 | 0.078340
20/08/2013 131 0.1421667 | 0.099877 | 0.106033 0.066497 | 0.076037 | 0.062367 | 0.089347 | 0.132167
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Figure 4.19 Corrosion Current Density Values—Time Curves for Cylinders with a Chloride Content of 0.4%.
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The time—corrosion current density plot in Figure 4.19 was extrapolated to
determine the time to cracking of concrete as discussed above. The time to cracking of
concrete in the cylindrical specimens with 0.4% chloride is summarized in Table 4.36. The
time to cracking of concrete in the control specimens was less than that in the specimens
with inhibitors. The time to cracking of concrete in the control specimens was 2.86 years,
while it was 6.42 years in the specimens with Calcium Nitrate. Also, it should be noted
that the time to cracking of concrete in the specimens with inhibitors was more than that
in the control specimens. This confirms the efficiency of inhibitors in retarding

reinforcement corrosion with the presence of 0.4% chloride in concrete mixture.

Table 4.36 Time to Cracking of Concrete for Cylindrical Specimens with 0.4% Chloride.

niior Type | SOPeEalnel | T e
None y = 0.000964x + 0.008918 0.98 2.86
Cemetec y = 0.000500x - 0.005520 0.94 5.59
Conplast y = 0.000879x - 0.013804 0.96 3.20
Sika901 y =0.000617x - 0.002799 0.97 4.51
Calcium Nitrate |y =0.000432x + 0.001710 0.93 6.42
Sika903 y =0.000964x - 0.009671 0.97 2.91
Cortec y =0.000617x + 0.002271 0.97 4.49
Rheocrete y = 0.000820x - 0.005805 0.98 3.41
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The relation between the variables is considered reliable if the correlation
coefficient (R?) is greater than 0.80 [54]. Hence, the relations reported in Equations
tabulated above (Table 4.30) can be considered reliable since the value of the correlation
coefficient (R?) is 0.98, 0.94, 0.96, 0.97, 0.93 0.97, 0.97 and 0.98, respectively.

Table 4.37 shows the extension in service life (%) of the reinforced concrete
structure due to the use of inhibitors. There is almost 2 to 125% extension in the service

life due to the use of inhibitors.

Table 4.37 Extension in Service Life of Concrete with 0.4% Chloride.

Inhibitor Type Extension in Service Life (%)
Cemetec 95.45
Conplast 11.89
Sika901 57.69
Calcium Nitrate 124.48
Sika903 1.75
Cortec 56.99
Rheocrete 19.23

Calcium Nitrate was the most effective inhibitor in protecting steel from
corrosion in the concrete contaminated with 0.4% chloride. It increased the service life of

structure by about 125% compared with structures without inhibitors. Cemetec was also

152



very effective in increasing the service life by about 95%. Sika901 and Cortec extended
the service life of structure by 60%, while Rheocrete and Conplast increased the service

life of the structure by more than 10%, while Sika903 extended the service life by 2%.

- CI (0.8%):

A total of 24 cylindrical concrete specimens, three specimens with each inhibitor,
were cast with 0.8% chloride. They were sprayed with water once every three days. The
corrosion current density was taken for each specimen, as shown in Appendix B.

The average values of the corrosion potential for each inhibitor are summarized
in Table 4.38 and plotted in Figure 4.20.

It can be observed that the corrosion current density values in all the specimens
with 0.8% chloride contamination were more negative than those with 0.2 and 0.4%.
However, the corrosion current density values in all specimens were less than 0.3 pA/cm?
after five months of exposure. In the concrete specimens without inhibitor, the corrosion
current density increased with time more than the concrete specimens with inhibitors.
This proves the efficiency of all corrosion inhibitors in delaying reinforcement corrosion.
The effectiveness of the inhibitors in minimizing corrosion of steel in reinforced concrete
is ranked from highest to lowest as follows: Calcium Nitrate, Sika901, Rheocrete,
Conplast, Cortec, Sika903, Cemetec. The corrosion current density in these specimens
after 130 days was 0.094567, 0.098310, 0.104133, 0.108213, 0.132200, 0.138367, and
0.143407 pA/cm?, respectively, as compared with 0.1515500 pA/cm? for the concrete

specimens without inhibitors.
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Table 4.38 Average Corrosion Current Density Values for Cylinders with a Chloride Content of 0.8%.

Date of Exposure: 09/04/2013

Average Corrosion Current Density lcorr ( HA/CM?2)

Date Duration
( Days) Calci

Control | Rheocrete | Conplast | Cemetec | Sika901 NEE tCrI:tr: Cortec Sika903
24/04/2013 15 0.0220300 0.016100 0.014783 0.019933 | 0.023863 0.022636 0.028707 | 0.022537
24/05/2013 45 0.0554133 0.032667 0.033117 0.044137 0.031355 0.040937 0.048793 0.052350
28/06/2013 79 0.0784567 0.055193 0.044563 0.069930 0.047843 0.062113 0.062513 0.081930
23/07/2013 104 0.1085800 0.089183 0.091590 0.089570 | 0.073750 0.080157 0.075580 | 0.105577
20/08/2013 131 0.1515500 0.104133 0.108213 0.143407 0.098310 0.094567 0.132200 0.138367
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Figure 4.20 Corrosion Current Density Values—Time Curves for Cylinders with a Chloride Content of 0.8%.
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The time—Ilcor plot in Figure 4.20 was extrapolated to determine the time to
cracking of concrete as discussed above. The time to cracking of concrete in the
cylindrical specimens with 0.8% chloride is summarized in Table 4.39. The time to
cracking of concrete in the control specimens was less than that in the specimens with

inhibitors.

Table 4.39 Time to Cracking of Concrete for Cylindrical Specimens with 0.8% Chloride.

niior Type | SOPeEmatenel | e Creckre st
None y = 0.001065x + 0.003512 0.98 2.60
Cemetec y = 0.000996x - 0.001128 0.95 2.79
Conplast y = 0.000833x - 0.003836 0.93 3.35
Sika901 y = 0.000650x + 0.006424 0.94 4.25
Calcium Nitrate | y=0.000977x + 0.007090 1 4.36
Sika903 y = 0.000629x + 0.013028 1 2.82
Cortec y =0.000792x + 0.010298 0.87 3.47
Rheocrete y =0.000795x - 0.000013 0.98 3.50

The correlation coefficient (R?) is 0.98, 0.95, 0.93, 0.94, 1, 1, 0.87 and 0.98,
respectively. The relation between the variables is considered reliable because (R?) is
greater than 0.80 [54].
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Table 4.40 shows the extension in service life (%) of reinforced concrete
structure due to the use of inhibitors. There is almost 8 to 70% extension in the service

life due to the use of inhibitors.

Table 4.40 Extension in Service Life of Concrete with 0.8% Chloride.

Inhibitor Type Extension in Service Life (%)
Cemetec 7.31
Conplast 28.85
Sika901 63.46
Calcium Nitrate 67.69
Sika903 8.46
Cortec 33.46
Rheocrete 34.62

In the concrete contaminated with 0.8% chloride, Calcium Nitrate and Sika901
were the most effective to protect reinforcement steel from corrosion. They could extend
the service life of the structure by more than 60%. Rheocrete, Cortec and Conplast
increased the service life of the structure by about 30%, while Sika903and Cemetec

extended the service life by about 10%.
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- CI (1.5%):

A total of 24 cylindrical concrete specimens, three specimens with each inhibitor,
were cast with a chloride content of 1.5%. They were sprayed with water once every
three days. The corrosion current density was taken for each specimen, as shown in
Appendix B.

The average values of the corrosion current density for each inhibitor are

summarized in Table 4.41and plotted in Figure 4.21.

In all the specimens, the corrosion current density values increased with time.
However, they did not exceed 0.3 pA/cm? after five months of exposure. In the concrete
specimens without inhibitor, the corrosion current density increased more than in the
concrete specimens with inhibitors. This gives us indication that all corrosion inhibitors
were effective in minimizing reinforcement corrosion. The effectiveness of these
inhibitors in delaying corrosion of steel in reinforced concrete is ranked from highest to
lowest as follows: Calcium Nitrate, Sika901, Rheocrete, Conplast, Cortec, Cemetec and
Sika903. The corrosion current density in these specimens after 130 days was 0.119717,
0.129133, 0.140700, 0.182167, 0.217233, 0.218667 and 0.259700 pA/cm?, respectively, as

compared with 0.284080 uA/cm? for the concrete specimens without inhibitors.
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Table 4.41 Average Corrosion Current Density Values for Cylinders with a Chloride Content of 1.5%.

Date of Exposure: 09/04/2013

Average Corrosion Current Density lcorr ( LA/CM?2)
Duration
Date D
(Days) : Calcium .
Control | Rheocrete | Conplast | Cemetec | Sika901 Nitrate Cortec Sika903
24/04/2013 15 0.115677 0.034323 0.052477 | 0.020073 | 0.038180 0.034823 0.074643 0.079320
24/05/2013 45 0.175700 | 0.058970 | 0.083667 | 0.046407 | 0.078083 0.061313 0.095650 0.103223
28/06/2013 79 0.212800 | 0.071783 | 0.095153 | 0.071830 | 0.082780 0.073000 0.117373 0.137680
23/07/2013 104 0.257000 0.089947 0.123500 | 0.122760 | 0.095683 0.098297 0.151900 0.196837
20/08/2013 131 0.284080 0.140700 0.182167 | 0.218667 | 0.129133 0.119717 0.217233 0.259700
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The time—corrosion current density plot in Figure 4.21 was extrapolated to
determine the time to cracking of concrete as discussed before. The time to cracking of
concrete in the cylindrical specimens with 0.8% chloride is summarized in Table 4.42. The
time to cracking of concrete in the control specimens was less than that in the specimens
with inhibitors. This proves the efficiency of inhibitors in minimizing reinforcement

corrosion.

Time 4.42 Time to Cracking of Concrete for Cylindrical Specimens with 1.5% Chloride.

niior Type | SOPEEREn ot T T e Sk
None y =0.001438x + 0.101511 0.99 1.74
Cemetec y = 0.001600x - 0.023764 0.89 1.78
Conplast y =0.001014x + 0.031541 0.91 2.65
Sika901 y = 0.000682x + 0.033787 0.92 3.94
Calcium Nitrate | y=0.000706x + 0.024626 0.94 3.84
Sika903 y =0.001543x + 0.039960 0.98 1.73
Cortec y =0.001157x + 0.044845 0.91 2.29
Rheocrete y =0.000827x + 0.017268 0.911 3.30
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Table 4.43 shows the extension in service life (%) of reinforced concrete
structure due to the use of inhibitors. There is almost 3 to 130% extension in the service

life due to the use of inhibitors.

Table 4.43 Extension in Service Life of Concrete with 1.5% Chloride.

Inhibitor Type Extension in Service Life (%)
Cemetec 2.30
Conplast 52.30
Sika901 126.44
Calcium Nitrate 120.69
Sika903 -0.57
Cortec 31.61
Rheocrete 89.66

Sika903 has almost no positive effect to minimize reinforcement corrosion with
the increase in the percentage of chloride to 1.5%. However, Sika901, Calcium Nitrate
and Rheocrete were effective in delaying reinforcement corrosion. Their effect in
retarding anodic reaction was advantageous with this percentage of chloride
contamination. They extended the service life of the structure by about 100% compared

with the structure without inhibitors. Also, Conplast extended the service life by more
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than 50%, while Cortec increased the service life by more than 30%. Cemetec has a small
effect in retarding reinforcement corrosion.
The time to cracking of concrete due to use of the inhibitors for each chloride

percentage is summarized in Table 4.44.

Table 4.44 Time to Cracking of Concrete with inhibitors and Chloride Contamination.

Time to Cracking of Concrete (Years)
Chloride
Concentration
o .
(%) Control | Cemetec | Conplast | Sika901 C,\? iItCr Iautg] Sika903 | Cortec Rheocrete
0.2 3.044 5.803 3.478 4.506 6.503 4939 | 5.792 3.481
0.4 2.856 5.586 3.203 4,514 6.419 2.908 | 4.492 3.408
0.8 2.6 2.792 3.347 4.247 4.364 2.822 | 3.472 3.497
15 1.736 1.778 2.653 3.936 3.839 1.728 | 2.294 3.3

From the results tabulated above (Table 4.44), it can be observed that the time to
cracking of concrete decreased with the increase in the chloride contamination for all the
specimens because the increase of chloride contamination percentage raises corrosion
activation.. However, the time to cracking of concrete in the specimens with inhibitors
was more than that in the control specimens. This confirms the efficiency of inhibitors in
minimizing reinforcement corrosion. Calcium Nitrate was generally the most effective
inhibitor in all the chloride contamination percentages. Sika901 was also very effective in

chloride contamination of 1.5%. The effectiveness of Rheocrete and Sika901 does not
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change too much with the increase of chloride contamination as compared with the

effectiveness of other inhibitors.

4.3 Accelerated Corrosion Test Results

In this test, twelve beam specimens, two specimens with each inhibitor, were
subjected to the accelerated corrosion test by impressing a constant voltage of 1.5 volts

for duration of 40 days.

For all beam specimens, the values of current passing in the accelerated corrosion
circuitry as a result of the applied voltage, were recorded every two hours for a period of
40 days, and are typically plotted in Figures 4.22 through 4.31. Table 4.45 shows the time
to cracking of concrete specimens determined from the time-current plots and by visual

inspection.
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Figure 4.23 Current versus Time Plot for Specimen with Cemetec Inhibitor (Specimen #2).
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Figure 4.25 Current versus Time Plot for Specimen with Conplast Inhibitor (Specimen #2).

168



Current, mA

Sika901 Inhibitor S#1

15

e
10

0+ T
0 48

96 144 192 240 288 336 384 432 480 528 576 624 672 720 768 816 864 912 960

Time, Hours

Figure 4.26 Current versus Time Plot for Specimen with Sika901 Inhibitor (Specimen #1)
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Figure 4.27 Current versus Time Plot for Specimen with Sika901 Inhibitor (Specimen #2).
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Figure 4.28 Current versus Time Plot for Specimen with Calcium Nitrate Inhibitor (Specimen #1).
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Figure 4.29 Current versus Time Plot for Specimen with Calcium Nitrate Inhibitor (Specimen #2).
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Figure 4.30 Current versus Time Plot for Specimen with Sika903 Inhibitor (Specimen #1).
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Figure 4.31 Current versus Time Plot for Specimen with Sika903 Inhibitor (Specimen #2).
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Table 4.45 Time to Cracking of Concrete Specimens

From Graphs Visual Inspection
Inhibitor | Specimen Time Average Time Average Time
Time (Hours)
(Hours) (Hours) (Hours)

1 240* 240

Control 240* 240
2 240* 240
1 276 288

Cemetec 258 264
2 240 240
1 360 360

Conplast 396 408
2 432 456
_ 1 528 552

Sika901 510 528
2 492 504
i 1 612 624

qucmm 564 576
Nitrate 2 516 528
1 480 504

Sika903 444 468
2 408 432

*Data from visual inspection was taken since measurements could not be conducted due to errors with the data logger.
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The time to cracking of concrete specimens was determined for each specimen
from the time-current plots. It represents the intersection point between tangents for
current-time curve [56], as shown in Figures 4.22 through 4.31. Moreover, the time to
cracking of concrete was determined by visual inspection every day. Table 4.45 presents
a comparison between the results for time to cracking of concrete specimens from graphs
and visual inspection. It could be noted that there is no big difference between the results
from graphs and visual inspection though the results of the latter were always marginally
more than those of the former. Time to cracking of concrete specimens with inhibitors
was more than that in the control specimens. This proves the efficiency of all corrosion
inhibitors in delaying reinforcement corrosion. The effectiveness of the inhibitors to
minimize corrosion of steel in reinforced concrete is ranked from highest to lowest as
follows: Calcium Nitrate, Sika901, Sika903, Conplast, Cemetec. However, it should be
noted that the time to cracking of concrete specimens with Cemetec inhibitor was
marginally more than the control concrete specimens because its inefficiency in such
exposure condition. The average time to cracking in the control specimens was 240

hours, while it was 264 hours in the concrete specimens with Cemetec inhibitor.

The time to cracking of concrete is related to the resistivity of concrete [55].
Thus, the increase in the time to cracking of concrete with the addition of inhibitors
indicates that the inhibitors increase the resistivity of concrete. The maximum resistivity
was noted in the concrete specimens prepared with Calcium Nitrate. The time to cracking
of concrete specimens prepared with Cemetec was slightly more than that in the control

specimens. This indicates that this inhibitor does not increase the electrical resistivity of
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concrete. However, the decrease in the corrosion activity noted by lcorr measurements may

be due to its anodic inhibition.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The study was conducted to assess the effectiveness of seven inhibitors in
minimizing reinforcement corrosion and to calculate the extension in service-life of
structure by using these inhibitors. Sixty reinforced concrete beam specimens were
prepared and were exposed to five commonly occurring zones. Twelve reinforced
concrete beam specimens were cast and subjected to accelerated corrosion. One hundred
and thirty two cylindrical concrete specimens were prepared and were exposed to tidal
zone. Based on the results developed in this investigation, the following conclusions

could be drawn:

1. Corrosion potentials in the specimens with most of corrosion inhibitors were less
negative than those in the control specimens. Therefore, these corrosion inhibitors
were effective in delaying the time to initiation of corrosion.

2. Time to cracking of concrete was more in the specimens with corrosion inhibitors than
that in the control specimens under accelerated corrosion test.

3. Corrosion inhibitors can be used to delay reinforcement corrosion and to increase the
service life of structure. The ranking for the effectiveness of these inhibitors according
to economy and the extension in service life of structures in each zone are tabulated

below:
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a. Atmospheric Zone

Inhibitor Rank Extension in Service Life (%0)
Calcium Nitrate 1 609.2

Sika 903 2 225.8

Sika 901 3 131.8

Conplast 4 33.1

Cemetec 5 23.2

b. Tidal Zone

Inhibitor Rank Extension in Service Life (%)
Calcium Nitrate 1 106.1

Conplast 2 48.4

Sika 901 3 46.4

Sika 903 4 35.83

Cemetec 5 27.74

179




c. Below ground Zone .

Inhibitor Rank Extension in Service Life (%0)
Calcium Nitrate 1 248.37
Sika 903 2 149.08
d. Capillary Zone
Inhibitor Rank Extension in Service Life (%0)
Calcium Nitrate 1 1236.78
Sika 901 2 64.11
Sika 903 3 34.41
Conplast 4 16.78
e. Submerged Zone
Inhibitor Rank Extension in Service Life (%)
Conplast 1 85.57
Calcium Nitrate 2 61.24
Cemetec 3 38.26
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The severity of any zone depends on the presence of chloride ions, oxygen and
moisture. The severity of the investigated zones was ranked from lowest to highest as
follows: submerged (least sever), atmospheric, below ground, capillary and tidal zone
(most sever). The absence of oxygen in the submerged zone makes it the least severe than
other zones. The tidal zone was the most sever zone because oxygen and moisture were

available.

%+ For concrete exposed to wet and dry cycles with 5% NaCl seawater.

Inhibitor Rank Extension in Service Life (%)
Calcium Nitrate 1 395.85

Cemetec 2 67.35

Sika903 3 57.6

Conplast 4 50.37

Sika901 5 45.79
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«»  For chloride-contaminated concrete.

«* 0.2% Chloride Content

Inhibitor Rank Extension in Service Life (%0)
Calcium Nitrate 1 113.63
Cemetec 2 90.64
Cortec 3 90.28
Sika903 4 62.25
Sika901 5 48.03
Rheocrete 6 14.36
Conplast 7 14.26
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«* 0.4% Chloride Content

Inhibitor Rank Extension in Service Life (%)
Calcium Nitrate 1 124.75
Cemetec 2 95.59
Sika901 3 58.05
Cortec 4 57.28
Rheocrete 5 19.33
Conplast 6 12.15
Sika903 7 1.82

+* 0.8% Chloride Content

Inhibitor Rank Extension in Service Life (%0)
Calcium Nitrate 1 67.85
Sika901 2 63.34
Rheocrete 3 34.5
Cortec 4 33.54
Conplast 5 28.73
Sika903 6 8.54
Cemetec 7 7.38
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% 1.5% Chloride Content

Inhibitor Rank Extension in Service Life (%0)
Sika901 1 126.73
Calcium Nitrate 2 121.14
Rheocrete 3 90.09
Conplast 4 52.82
Cortec 5 32.14
Cemetec 6 2.36

Calcium Nitrate was generally the most effective inhibitor in all the chloride
contamination percentages. Sika901 was also very effective in chloride contamination of
1.5%. The time to cracking of concrete decreased with the increase in the chloride
contamination. The effectiveness of Rheocrete and Sika901 does not change too much
with the increase of chloride contamination as compared with the effectiveness of other

inhibitors.
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4. Accelerated corrosion test results for beam concrete specimens showed the efficiency
of inhibitors in delaying cracking of concrete and the increase in service-life of
structure. The ranking for the effectiveness of these inhibitors and the extension in

service life of structures are tabulated below:

Inhibitor Rank Extension in Service Life (%)
Calcium Nitrate 1 140

Sika901 2 120

Sika903 3 95

Conplast 4 70

Cemetec 5 2.5

The addition of inhibitor increased the resistivity of concrete and, thus, decreased
the rate of reinforcement corrosion. Cemetec was the least in decreasing the resistivity.
Its performance in decreasing reinforcement corrosion could, therefore, be attributed to

anodic protection rather than due to a decrease in the resistivity.
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5.2 Recommendations

1. Calcium Nitrate was the most effective inhibitor in minimizing reinforcement
corrosion and extended the service-life of structure. It is highly recommended to
be used in aggressive environments.

2. Recommended inhibitors for the various zones investigated are summarized

below:
Recommended Inhibitor
Zone
1 2 3
Atmospheric Calcium Nitrate Sika 903 Sika 901
Tidal Calcium Nitrate Conplast Sika 901
Below ground Calcium Nitrate Sika 903 -
Capillary Calcium Nitrate Sika 901 Sika 903
Submerged Conplast Calcium Nitrate Cemetec
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3. Recommended inhibitors for the concrete contaminated with chloride are

summarized below:

Chloride Recommended Inhibitor
Concentration (%) 1 ) 3
0.2 Calcium Nitrate Cemetec Cortec
0.4 Calcium Nitrate Cemetec Sika901
0.8 Calcium Nitrate Sika901 Rheocrete
1.5 Sika901 Calcium Nitrate Rheocrete
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Potentials for Beams (Atmospheric Zone)

Mix 1 : No Inhibitor (Control)

Date of Exposure: 10/02/2013

Free Half-Cell Corrosion Potentials, mV CSE

Specimen # 1 Specimen # 2 Average Potentials (mV)
Date Duration
(Days) WEL1 WE2 WEL1 WE2
WE11l | WE12 | WE21 | WE22 | WE11:WE22
P#1 | P#2 | P#1 | P#2 | P#1 | P#2 | P#1 | P#2
25/02/2103 15 -84 | -101 | -17 -24 -20 -30 -22 -17 -93 -21 -25 -20 -39
13/03/2103 33 -86 -76 | -111 | 97 -21 -21 -24 -22 -81 -104 -21 -23 -57
30/03/2013 50 -81 -85 -89 | -105 | -85 -98 -95 -88 -83 -97 -92 -92 -91
15/04/2013 65 -137 | -135 | -122 | -123 | -81 -76 -86 -89 -136 -123 -79 -88 -106
30/04/2013 80 -140 | -154 | -126 | -134 | -110 | -132 | -120 | -116 | -147 -130 -121 -118 -129
14/05/2013 94 -95 | -100 | -32 -26 -68 -66 | -263 | -264 -98 -29 -67 -264 -114
01/06/2013 110 -142 | -138 | -128 | -124 | -114 | -118 | -131 | -131 | -140 -126 -116 -131 -128
15/06/2013 125 -183 | -180 | -160 | -157 | -137 | -135 | -112 | -114 | -182 -159 -136 -113 -147
30/06/2013 140 -175 | -169 | -154 | -147 | -141 | -142 | -144 | -146 | -172 -151 -142 -145 -152
25/07/2013 165 -221 | -220 | -115 | -113 | -105 | -105 | -121 | -123 | -221 -114 -105 -122 -140
12/08/2013 182 -205 | -203 | -198 | -188 | -212 | -210 | -179 | -189 | -204 | -193 | -211 | -184 -198
22/08/2013 192 -214 | 212 | -279 | -273 | -250 | -248 | -254 | -258 | -213 -276 -249 -256 -249
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Potentials for Beams (Atmospheric Zone)

Date of Exposure: 10/02/2013

Mix 2 : Cemetec Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
(Days) WE1 WE?2 WE1 WE2
p#1 | P2 | pel | Pu2 | Pl | P#2 | p#l | pa2 WE11l | WE12 | WE21 | WE22 | WE11:WE22

25/02/2103 15 -18 -16 -25 -26 -21 -8 -23 -22 -17 -26 -15 -23 -20
13/03/2103 33 -33 -31 -32 -31 -58 -58 -78 -83 -32 -32 -58 -81 -51
30/03/2013 50 -15 -20 -21 -20 -28 -35 -20 -18 -18 -21 -32 -19 -22
15/04/2013 65 -98 -97 -81 -84 | -113 | -111 | -76 -74 -98 -83 -112 -75 -92
30/04/2013 80 -102 | -107 | -118 | -109 | -86 -67 -69 -84 -105 -114 =77 =77 -93
14/05/2013 94 -117 | -112 | -108 | -103 | -121 | -118 | -112 | -113 | -115 -106 -120 -113 -113
01/06/2013 110 -131 | -121 | -104 | -110 | -131 | -121 | -113 | -118 | -126 -107 -126 -116 -119
15/06/2013 125 -124 | -126 | -101 | -99 | -148 | -138 | -88 -84 -125 -100 -143 -86 -114
30/06/2013 140 -105 | -108 | -127 | -125 | -201 | -201 | -104 | -102 -107 -126 -201 -103 -134
25/07/2013 165 -116 | -114 | -113 | -114 | -232 | -232 | -19 -17 -115 -114 -232 -18 -120
12/08/2013 182 -138 | -139 | -122 | -125 | -222 | -225 | -115 | -111 -139 -124 -224 -113 -150
22/08/2013 192 -150 | -153 | -134 | -136 | -273 | -269 | -148 | -148 | -152 -135 -271 -148 -176




Potentials for Beams (Atmospheric Zone)

Mix 3 : Conplast Inhibitor
Date of Exposure: 10/02/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
(Days) WE1 WE?2 WE1 WE?2
pat | P#2 | Pet | P2 | PuL | P#2 | Pl | puo WE11l | WE12 | WE21 | WE22 | WE11:WE22
25/02/2103 15 -36 -33 -44 -39 -21 -17 -22 -19 -35 -42 -19 -21 -29
13/03/2103 33 -48 | -48 | -87 -83 -83 | -86 -89 -86 -48 -85 -85 -88 -76
30/03/2013 50 -38 -35 -52 -50 -32 -30 -30 -21 -37 -51 -31 -26 -36
15/04/2013 65 -109 | -84 | -103 | -102 | -104 | -100 -95 -88 -97 -103 -102 -92 -98
30/04/2013 80 -83 | -82 | -96 90 | -120 | -125 | -115 | -110 -83 -93 -123 -113 -103
14/05/2013 94 -113 | 96 | -122 | -123 | -132 | -130 | -122 | -120 -105 -123 -131 -121 -120
01/06/2013 110 -88 -88 | -117 | -117 | -114 | -144 -99 -96 -88 -117 -129 -98 -108
15/06/2013 125 -98 -96 | -179 | -17v8 | -137 | -137 | -102 | -101 -97 -179 -137 -102 -129
30/06/2013 140 -107 | -108 | -200 | -201 | -130 | -132 | -184 | -179 -108 -201 -131 -182 -155
25/07/2013 165 -84 | -78 | -25 | -20 | -178 | -176 | -139 | -136 -81 -23 -177 -138 -105
12/08/2013 182 -217 | -217 | -257 | -257 | -168 | -167 | -209 | -211 -217 -257 -168 -210 -213
22/08/2013 192 =227 | -226 | -293 | -291 | -184 | -183 | -223 | -223 -227 -292 -184 -223 -231
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Potentials for Beams (Atmospheric Zone)

Date of Exposure: 10/02/2013

Mix 4 : Sika901 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date I?B;?/t;)c)n WESlpecimen #JVEZ WElSpecimen #\i/EZ Average Potentials (mV)
it TP i T pia (e | s | par | paa | WEL | WEL | WE2L | WE22 | WELLWE22
25/02/2103 15 -37 -41 -20 -30 -28 -31 -31 -20 -39 -25 -30 -26 -30
13/03/2103 33 -55 -56 -70 -76 -86 -88 -68 -68 -56 -73 -87 -68 -71
30/03/2013 50 -86 -88 -35 -31 -50 -52 -50 -43 -87 -33 -51 -47 -54
15/04/2013 65 -84 | 92 | -98 | -87 |-109 | -102 | -108 -98 -88 -93 -106 -103 -97
30/04/2013 80 -106 | -102 | -107 | -110 | -105 | -103 -110 | -108 -104 -109 -104 -109 -106
14/05/2013 94 -124 | -132 | -127 | -121 | -133 | -130 -132 -140 -128 -124 -132 -136 -130
01/06/2013 110 -122 | -121 | -118 | -119 | -132 | -132 -121 -121 -122 -119 -132 -121 -123
15/06/2013 125 -124 | -124 | -125 | -125 | -128 | -127 -126 | -126 -124 -125 -128 -126 -126
30/06/2013 140 -114 | -112 | -119 | -121 | -123 | -126 -122 -122 -113 -120 -125 -122 -120
25/07/2013 165 -122 | -122 | -132 | -133 | -106 | -105 -93 -92 -122 -133 -106 -93 -113
12/08/2013 182 -188 | -187 | -169 | -168 | -214 | -216 | -192 | -192 | -188 -169 -215 -192 -191
22/08/2013 192 -202 | -202 | -188 | -188 | -252 | -252 | -206 | -206 | -202 -188 -252 -206 212
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Potentials for Beams (Atmospheric Zone)

Mix 5 : Calcium Nitrate Inhibitor
Date of Exposure: 10/02/2013

Free Half-Cell Corrosion Potentials, mV CSE
Specimen # 1 Specimen # 2 Average Potentials (mV)
Date Duration
(Days) WE1 WE?2 WE1 WE2
WE11l | WE1 | WE21 | WE22 | WE11:WE22
P#1 | P#2 | P#1 | P#2 | P#1 | P#2 P#1 P#2
25/02/2103 15 -11 -6 -8 -7 -34 | -16 -30 -26 -9 -8 -25 -28 -17
13/03/2103 33 92 | 93 | -105 | -104 | -68 | -67 -78 -78 -93 -105 -68 -78 -86
30/03/2013 50 -22 -17 | -127 | -122 | -45 -45 -45 -45 -20 -125 -45 -45 -59
15/04/2013 65 -64 -78 -67 -73 -93 | -107 -118 | -109 -71 -70 -100 -114 -89
30/04/2013 80 98 | -94 | -93 | -87 | -107 | -104 | -110 -96 -96 -90 -106 -103 -99
14/05/2013 94 -104 | -109 | -109 | -109 | -115 | -132 -125 | -131 -107 -109 -124 -128 -117
01/06/2013 110 -116 | -118 | -103 | -105 | -117 | -116 -127 -127 -117 -104 -117 -127 -116
15/06/2013 125 -132 | -132 | -113 | -112 | -128 | -127 -131 -131 -132 -113 -128 -131 -126
30/06/2013 140 -125 | -125 | -89 -92 -118 | -116 -120 -121 -125 -91 -117 -121 -113
25/07/2013 165 -85 | -83 | -90 | -90 | -125 | -120 | -125 | -122 -84 -90 -123 -124 -105
12/08/2013 182 -196 | -198 | -143 | -143 | -198 | -198 -188 | -187 -197 -143 -198 -188 -181
22/08/2013 192 -212 | -215 | -163 | -162 | -218 | -218 -222 -226 -214 -163 -218 -224 -205
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Potentials for Beams (Atmospheric Zone)
Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Free Half-Cell Corrosion Potentials, mV CSE

. Specimen # 1 Specimen # 2 Average Potentials (mV)
Date Duration
(Days) WEL1 WE?2 WE1 WE?2
WE11l | WE1 | WE21 | WE22 | WE11:WE22
P#1 | P#2 | P#1 | P#2 | P#1 | P#2 P#1 P#2
25/02/2103 15 -20 -15 -16 -18 -32 -32 -12 -10 -18 -17 -32 -11 -19
13/03/2103 33 -115 | -112 | -117 | -119 | -81 -78 -15 -15 -114 -118 -80 -15 -82
30/03/2013 50 -92 -70 -92 -80 -80 -93 -80 -82 -81 -86 -87 -81 -84
15/04/2013 65 -101 | -96 | -124 | -136 | -68 -74 -86 -80 -99 -130 -71 -83 -96
30/04/2013 80 -112 | 94 | -105 | -96 -94 | -112 -108 | -107 -103 -101 -103 -108 -104
14/05/2013 94 -150 | -133 | -226 | -218 | -30 -33 -27 -25 -142 -222 -32 -26 -105
01/06/2013 110 -122 | -124 | -109 | -113 | -109 | -110 -100 -98 -123 -111 -110 -99 -111
15/06/2013 125 -131 | -132 | -124 | -124 | -112 | -112 -108 | -108 -132 -124 -112 -108 -119
30/06/2013 140 -118 | -118 | -118 | -115 | -109 | -109 -91 -90 -118 -117 -109 -91 -109
25/07/2013 165 -130 | -124 | -166 | -166 | -111 | -110 -138 | -134 | -127 -166 -111 -136 -135
12/08/2013 182 -218 | -219 | -205 | -205 | -204 | -204 | -143 | -147 -219 -205 -204 -145 -193
22/08/2013 192 -250 | -250 | -227 | -226 | -224 | -224 | -159 -155 -250 -227 -224 -157 -214
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Potentials for Beams (Tidal Zone)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 11/02/2013

Free Half-Cell Corrosion Potentials, mV CSE

Date D(u[;:';i:)n WEipecimen # vl\/ = — 1Specimen # \i/ = Average Potentials (mV)
Pl | P2 | Pl | Pi2 | PAL | P2 ) P2 WE11l | WE12 | WE21 | WE22 | WE11:WE22
26/02/2103 15 -218 | -210 | -246 | -240 | -209 | -203 -282 -266 | -214 -243 -206 -274 -234
16/03/2103 35 -245 | -240 | -262 | -259 | -293 | -266 -288 | -268 | -243 -261 -280 -278 -265
01/04/2103 50 -303 | -296 | -293 | -293 | -318 | -296 -334 | -313 | -300 -293 -307 -324 -306
16/04/2103 65 -446 | -425 | -411 | -422 | -403 | -375 -441 -414 | -436 -417 -389 -428 -417
01/05/2103 80 -457 | -441 | -457 | -457 | -450 | -425 -522 -480 -449 -457 -438 -501 -461
15/05/2103 95 -426 | -422 | -407 | -413 | -450 | -415 -523 | 490 | -424 -410 -433 -507 -443
30/05/2013 110 -478 | -476 | -460 | -459 | -473 | -458 -527 -517 477 -460 -466 -522 -481
16/06/2013 126 -524 | -520 | -498 | -500 | -511 | -517 -537 -527 -522 -499 -514 -532 -517
02/07/2013 140 -514 | -510 | -481 | -555 | -572 | -511 -521 -513 | -512 -518 -542 -517 -522
25/07/2013 163 -566 | -571 | -581 | -543 | -544 | -550 -552 -557 -569 -562 -547 -555 -558
12/08/2013 180 -544 | -559 | -569 | -559 | -550 | -533 -541 -567 -552 -564 -542 -554 -553
23/08/2013 192 -560 | -556 | -582 | -596 | -533 | -541 -551 -580 | -558 -589 -5637 -566 -562
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Date of Exposure: 10/02/2013

Potentials for Beams (Tidal Zone)
Mix 2 : Cemetec Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
( Days) WE1 WE2 WE1 WE2
P#l | P#2 | P#l | p#2 | PEL | P2 P#1 P42 WE1l | WE12 | WE21 | WE22 | WE11:WE22
26/02/2103 15 -208 | -207 | -242 | -240 | -219 | -237 -242 -240 | -208 -241 -228 -241 -229
16/03/2103 35 -326 | -347 | -318 | -280 | -280 | -329 | -316 | -319 | -337 -299 -305 -318 -314
01/04/2103 50 -328 | -323 | -342 | -322 | -344 | -353 -364 | -324 | -326 -332 -349 -344 -338
16/04/2103 65 -441 | -434 | -392 | -382 | -459 | -487 -488 | -416 | -438 -387 -473 -452 -437
01/05/2103 80 -502 | -507 | -467 | -455 | -510 | -530 -413 | -410 | -505 -461 -520 -412 -474
15/05/2103 95 -482 | -492 | -483 | -489 | -487 | -462 -483 | -465 | -487 -486 -475 -474 -480
30/05/2013 110 -524 | -527 | -528 | -508 | -519 | -539 | -492 | -488 | -526 -518 -529 -490 -516
16/06/2013 126 -555 | -545 | -551 | -548 | -547 | -565 -519 -530 | -550 -550 -556 -525 -545
02/07/2013 140 -553 | -536 | -539 | -540 | -526 | -552 -506 | -519 -545 -540 -539 -513 -534
25/07/2013 163 -572 | -560 | -562 | -562 | -557 | -584 -521 -537 -566 -562 -571 -529 -557
12/08/2013 180 -556 | -542 | -555 | -549 | -524 | -548 -535 | -522 -549 -552 -536 -529 -541
23/08/2013 192 -585 | -598 | -580 | -591 | -578 | -577 -580 | -585 | -592 -586 -578 -583 -584
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Date of Exposure: 11/02/2013

Potentials for Beams (Tidal Zone)

Mix 3 : Conplast Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date D(uDr:';i:)n VVESlpecimen #VlvEZ WElSpecimen #\f\/Ez Average Potentials (mV)
Pl | P2 | peL | P2 | PEL | P#2 Pl P2 WE11l | WE12 | WE21 | WE22 | WE11:WE22
26/02/2103 15 -280 | -265 | -257 | -237 | -174 | -163 -340 -336 -273 -247 -169 -338 -257
16/03/2103 35 -331 | -295 | -280 | -265 | -248 | -230 -340 -322 -313 -273 -239 -331 -289
01/04/2103 50 -331 | -301 | -327 | -303 | -250 | -239 | -343 | -334 | -316 -315 -245 -339 -304
16/04/2103 65 -425 | -404 | -418 | -406 | -381 | -367 -458 -441 -415 -412 -374 -450 -413
01/05/2103 80 -497 | -475 | -478 | -445 | -480 | -435 -504 -488 -486 -462 -458 -496 -475
15/05/2103 95 -482 | -463 | -468 | -440 | -509 | -483 -491 -462 -473 -454 -496 477 -475
30/05/2013 110 -526 | -507 | -510 | -470 | -513 | -517 -531 -556 -517 -490 -515 -544 -516
16/06/2013 126 -550 | -534 | -538 | -497 | -541 | -530 -580 -571 -542 -518 -536 -576 -543
02/07/2013 140 -541 | -519 | -527 | -479 | -518 | -512 -564 -549 -530 -503 -515 -557 -526
25/07/2013 163 -569 | -542 | -544 | -524 | -561 | -551 -593 -573 -556 -534 -556 -583 -557
12/08/2013 180 -545 | -532 | -472 | -469 | -538 | -528 | -575 | -568 | -539 -471 -533 -572 -528
23/08/2013 192 -554 | -550 | -494 | -486 | -552 | -538 -593 -587 -552 -490 -545 -590 -544
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Date of Exposure: 10/02/2013

Potentials for Beams (Tidal Zone)

Mix 4 : Sika901 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

o Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
e (Days) WEL WE2 WEL WE2 WE11l | WE12 | WE21 | WE22 | WE11:WE22
P#1 | P#2 | P#1 | P#2 | P#1 | P#2 P#1 P#2
26/02/2103 15 -250 | -217 | -353 | -320 | -272 | -273 -213 -218 | -234 -337 -273 -216 -265
16/03/2103 35 -333 | -287 | -316 | -300 | -318 | -317 | -335 | -306 | -310 -308 -318 -321 -314
01/04/2103 50 -520 | -280 | -334 | -318 | -330 | -320 | -344 | -307 | -400 -326 -325 -326 -344
16/04/2103 65 -369 | -338 | 430 | -425 | -431 | -441 -443 -425 -354 -428 -436 -434 -413
01/05/2103 80 -492 | -436 | -482 | -450 | -465 | -470 -455 440 | -464 -466 -468 -448 -461
15/05/2103 95 442 | -404 | 473 | -446 | -434 | -423 -449 -434 | -423 -460 -429 -442 -438
30/05/2013 110 -489 | -476 | -524 | -495 | -485 | -497 -537 -511 -483 -510 -491 -524 -502
16/06/2013 126 -553 | -b17 | -574 | -547 | -544 | -537 -573 -534 | -535 -561 -541 -554 -547
02/07/2013 140 -534 | -506 | -567 | -533 | -534 | -528 -564 | -524 | -520 -550 -5631 -544 -536
25/07/2013 163 -568 | -529 | -584 | -553 | -577 | -557 -587 -547 -549 -569 -567 -567 -563
12/08/2013 180 -548 | -514 | -575 | -545 | -564 | -547 -573 -522 -531 -560 -556 -548 -549
23/08/2013 192 -566 | -550 | -601 | -574 | -576 | -560 -591 -548 | -558 -588 -568 -570 -571
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Date of Exposure: 11/02/2013

Potentials for Beams (Tidal Zone)
Mix 5 : Calcium Nitrate Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date D(usg;i;n WEslpecimen # \}\/ = — 1Specimen # 5\/ = Average Potentials (mV)
sii T pia pal T iz TPl [ pia T Pl | pag | WELL | WEL2 | WE21 | WE22 | WELL:WE22
26/02/2103 15 -316 | -306 | -248 | -227 | -195 | -196 | -265 | -262 | -311 -238 -196 -264 -252
16/03/2103 35 -288 | -264 | -269 | -250 | -254 | -258 | -280 | -287 | -276 -260 -256 -284 -269
01/04/2103 50 -339 | -318 | -294 | -272 | -236 | -255 | -330 | -342 | -329 -283 -246 -336 -298
16/04/2103 65 -390 | -350 | -400 | -370 | -336 | -320 | -434 | -425 | -370 -385 -328 -430 -378
01/05/2103 80 -474 | -440 | -448 | -426 | -420 | -390 | -430 -440 | -457 -437 -405 -435 -434
15/05/2103 95 -406 | -386 | -386 | -373 | -371 | -351 -442 -440 | -396 -380 -361 -441 -394
30/05/2013 110 -435 | -427 | -402 | -391 | -423 | 425 | -504 | -504 | -431 -397 -424 -504 -439
16/06/2013 126 -487 | -477 | -454 | -435 | -462 | -457 -530 -533 | -482 -445 -460 -532 -479
02/07/2013 140 -452 | -437 | -421 | -412 | -454 | -423 -505 -502 -445 -417 -439 -504 -451
25/07/2013 163 -520 | -502 | -500 | -480 | -498 | -482 | -568 | -557 | -511 -490 -490 -563 -513
12/08/2013 180 -450 | -426 | -414 | -405 | -461 | -447 -541 -532 -438 -410 -454 -537 -460
23/08/2013 192 -464 | -440 | -438 | -434 | -482 | -465 | -561 -550 | -452 -436 -474 -556 -479
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Potentials for Beams (Tidal Zone)
Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Free Half-Cell Corrosion Potentials, mV CSE

Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
Date ( Days) WEL WE?2 WEL WE?2
Pul | pao | PeL | PE2 | P#l | pu2 i1 P#2 WE11l | WE12 | WE21 | WE22 | WE11:WE22
26/02/2103 15 -280 | -277 | -182 | -180 | -204 | -200 | -244 | -241 -279 -181 -202 -243 -226
16/03/2103 35 -300 | -286 | -245 | -230 | -264 | -266 | -275 | -287 | -293 -238 -265 -281 -269
01/04/2103 50 -314 | -303 | -248 | -233 | -286 | -290 | -277 -287 -309 -241 -288 -282 -280
16/04/2103 65 -404 | -405 | -330 | -331 | -411 | -410 | -398 -405 | -405 -331 -411 -402 -387
01/05/2103 80 -448 | -463 | -353 | -362 | -450 | -449 -455 -455 | -456 -358 -450 -455 -429
15/05/2103 95 -444 | -446 | -408 | -408 | -449 | -459 -435 -455 | -445 -408 -454 -445 -438
30/05/2013 110 -519 | -522 | -477 | -476 | -508 | -514 | -462 -473 | -521 477 -511 -468 -494
16/06/2013 126 -564 | -585 | -517 | -516 | -534 | -529 -487 -501 -575 -517 -5632 -494 -529
02/07/2013 140 -551 | -562 | -500 | -502 | -518 | -514 | -473 -498 | -557 -501 -516 -486 -515
25/07/2013 163 -583 | -600 | -540 | -544 | -553 | -547 -547 -545 | -592 -542 -550 -546 -557
12/08/2013 180 -557 | -569 | -519 | -523 | -524 | -518 | -487 -488 | -563 -521 -521 -488 -523
23/08/2013 192 -578 | -583 | -555 | -561 | -553 | -540 | -497 -500 | -581 -558 -547 -499 -546
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Date of Exposure: 01/03/2013

Potentials for Beams (Below Ground Zone)

Mix 1 : No Inhibitor (Control)

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%,;a;;())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WEL1 WE2 WE1 WE2 WE11:WE12 WE21:WE22 WE11:WE22
21/03/2013 21 -219 -265 -208 -234 -242 -221 -232
10/04/2013 40 -253 -369 -242 -242 -311 -242 =277
21/04/2013 52 -362 -424 -368 -358 -393 -363 -378
05/05/2013 66 -469 -469 -402 -466 -469 -434 -452
19/05/2013 80 -570 -570 -502 -577 -570 -540 -555
31/05/2013 92 -579 -579 -570 -663 -579 -617 -598
17/06/2013 109 -594 -592 -612 -609 -593 -611 -602
03/07/2013 125 -607 -608 -637 -631 -608 -634 -621
17/07/2013 139 -618 -618 -641 -628 -618 -635 -626
29/07/2013 151 -640 -641 -659 -665 -641 -662 -651
13/08/2013 165 -612 -613 -655 -635 -613 -645 -629
28/08/2013 180 -621 -620 -658 -644 -621 -651 -636
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Date of Exposure: 01/03/2013

Potentials for Beams (Below Ground Zone)
Mix 2 : Cemetec Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%Zgg?n Specimen # 1 Specimen # 2 Average Potentials (mV)
WEl | WE2 | WEl | WE2 | WE1l:WE12 | WE2L:WE22 | WE11:WE22
21/03/2013 21 -238 -232 -225 -215 -235 -220 -228
10/04/2013 40 -304 -250 -327 -223 -277 -275 -276
21/04/2013 52 -384 -388 -346 -323 -386 -335 -360
05/05/2013 66 -508 -541 -490 -393 -525 -442 -483
19/05/2013 80 -555 -640 -567 -451 -598 -509 -553
31/05/2013 92 -630 -630 -579 -454 -630 -517 -573
17/06/2013 109 -555 -559 -562 -437 -557 -500 -528
03/07/2013 125 -561 -567 -611 -524 -564 -568 -566
17/07/2013 139 -554 -555 -597 -517 -555 -557 -556
29/07/2013 151 -569 -567 -569 -530 -568 -550 -559
13/08/2013 165 -588 -588 -618 -546 -588 -582 -585
28/08/2013 180 -599 -599 -628 -567 -599 -598 -598
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Potentials for Beams (Below Ground Zone)

Mix 3 : Conplast Inhibitor
Date of Exposure: 01/03/2013

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%,;a;;())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 | WE2 | WEl | WE2 | WEIL:WE12 | WE21:WE22 | WE11:WE22
21/03/2013 21 -193 -205 -239 -244 -199 -242 -220
10/04/2013 40 -222 -272 -277 -269 -247 -273 -260
21/04/2013 52 -360 -392 -317 -313 -376 -315 -346
05/05/2013 66 -528 -550 -482 -434 -539 -458 -499
19/05/2013 80 577 -555 -582 -553 -566 -568 -567
31/05/2013 92 -612 -541 -603 -566 577 -585 -581
17/06/2013 109 -491 -545 -463 -433 -518 -448 -483
03/07/2013 125 -524 571 -475 -461 -548 -468 -508
17/07/2013 139 -502 -536 -566 -443 -519 -505 -512
29/07/2013 151 -565 -550 -564 -547 -558 -556 -557
13/08/2013 165 -488 -547 -545 -550 -518 -548 -533
28/08/2013 180 -498 -566 -552 -566 -532 -559 -546
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Date of Exposure: 01/03/2013

Potentials for Beams (Below Ground Zone)
Mix 4 : Sika901 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
( Days)
WEl | WE2 | WEl1 | WE2 | WE1L:WE12 | WE21:WE22 | WE11:WE22
21/03/2013 21 -265 -259 -190 -193 -262 -192 -227
10/04/2013 40 -265 -239 -207 -267 -252 -237 -245
21/04/2013 52 -356 -361 -335 -394 -359 -365 -362
05/05/2013 66 -297 -512 -492 -436 -405 -464 -434
19/05/2013 80 -427 -630 -504 -479 -529 -492 -510
31/05/2013 92 -441 -614 -581 -461 -528 -521 -524
17/06/2013 109 -432 -587 -547 -430 -510 -489 -499
03/07/2013 125 -585 -597 -587 -520 -501 -554 -572
17/07/2013 139 -640 -647 -505 -510 -644 -508 -576
29/07/2013 151 -605 -648 -508 -557 -627 -533 -580
13/08/2013 165 -670 -687 -494 -521 -679 -508 -593
28/08/2013 180 -636 -675 -595 -617 -656 -606 -631
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Date of Exposure: 01/03/2013

Potentials for Beams (Below Ground Zone)
Mix 5 : Calcium Nitrate Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Sate Duration Specimen # 1 Specimen # 2 Average Potentials (mV)
(Days) WEl | WE2 | WEl1 | WE2 | WE1L:WE12 | WE21:WE22 | WE11:WE22
21/03/2013 21 -167 -225 -245 -223 -196 -234 -215
10/04/2013 40 -205 -213 -329 -193 -209 -261 -235
21/04/2013 52 -446 -300 -378 -264 -373 -321 -347
05/05/2013 66 -370 -421 -370 -310 -396 -340 -368
19/05/2013 80 -461 -512 -469 -447 -487 -458 -472
31/05/2013 92 -501 -573 -446 -398 -537 -422 -480
17/06/2013 109 -407 -437 -372 -390 -422 -381 -402
03/07/2013 125 -418 -444 -387 -437 -431 -412 -422
17/07/2013 139 -401 -419 -375 -428 -410 -402 -406
29/07/2013 151 -410 -498 -418 -460 -454 -439 -447
13/08/2013 165 -405 -466 -398 -444 -436 -421 -428
28/08/2013 180 -438 -528 -466 -511 -483 -489 -486
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Date of Exposure: 01/03/2013

Potentials for Beams (Below Ground Zone)
Mix 6 : Sika903 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%I;a;;())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 | WE2 | WEl | WE2 | WEIL:WE12 | WE21:WE22 | WE11:WE22
21/03/2013 21 -230 -269 -277 -240 -250 -259 -254
10/04/2013 40 -293 -287 -325 -274 -290 -300 -295
21/04/2013 52 -397 -320 -465 -307 -359 -386 -372
05/05/2013 66 -454 -400 -520 -458 -427 -489 -458
19/05/2013 80 -547 -545 -572 -548 -546 -560 -553
31/05/2013 92 -585 -575 -594 -543 -580 -569 -574
17/06/2013 109 -501 -534 -563 579 518 571 544
03/07/2013 125 -524 -547 -576 -595 -536 -586 -561
17/07/2013 139 -506 -519 -536 -583 -513 -560 -536
29/07/2013 151 -537 -584 -583 -641 -561 -612 -586
13/08/2013 165 -512 -536 -547 -606 -524 577 -550
28/08/2013 180 -556 -563 -559 -615 -560 -587 -573
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)

Mix 1 : No Inhibitor (Control)

Free Half-Cell Corrosion Potentials, mV CSE

Date IZ()L[J;:;;())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -242 -307 -183 -212 -275 -198 -236
10/04/2013 40 -327 -317 -174 -315 -322 -245 -283
21/04/2013 51 -345 -349 -231 -362 -347 -297 -322
05/05/2013 65 -307 -411 -273 -316 -359 -295 -327
19/05/2013 79 -467 -524 -425 -469 -496 -447 -471
29/05/2013 89 -498 -514 -420 -469 -506 -445 -475
18/06/2013 108 -455 477 -420 -448 -466 -434 -450
03/07/2013 123 -464 -486 -435 -466 -475 -451 -463
17/07/2013 137 -494 -527 -444 -474 -511 -459 -485
28/07/2013 148 -514 -541 -460 -501 -528 -481 -504
13/08/2013 165 -365 -524 -455 -487 -445 -471 -458
28/08/2013 180 -528 -534 -489 -491 -531 -490 -511
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)

Mix 2 : Cemetec Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Sate [()E';a;;;m Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -314 -188 -158 -166 -251 -162 -207
10/04/2013 40 -318 -243 -145 -233 -281 -189 -235
21/04/2013 51 -382 -257 -188 -282 -320 -235 =277
05/05/2013 65 -298 -330 -148 -265 -314 -207 -260
19/05/2013 79 -487 -468 -156 -446 -478 -301 -389
29/05/2013 89 -438 -492 -230 -452 -465 -341 -403
18/06/2013 108 -455 -532 -308 -399 -494 -354 -424
03/07/2013 123 -462 -542 -314 -407 -502 -361 -431
17/07/2013 137 -464 -565 -333 -423 -515 -378 -446
28/07/2013 148 -489 -501 -408 -471 -540 -440 -490
13/08/2013 165 -474 -585 -365 -457 -530 -411 -470
28/08/2013 180 -484 -604 -388 -479 -544 -434 -489
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)
Mix 3 : Conplast Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%’:‘;;‘;n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -167 -197 -305 -166 -182 -236 -209
10/04/2013 40 -159 -193 -399 -158 -176 -279 -227
21/04/2013 51 -193 -320 -409 -200 -257 -305 -281
05/05/2013 65 -147 -384 -347 -206 -266 =277 -271
19/05/2013 79 -162 -504 -488 -320 -333 -404 -369
29/05/2013 89 -158 -485 -472 -359 -322 -416 -369
18/06/2013 108 -302 -473 -423 -375 -388 -399 -393
03/07/2013 123 -416 -505 -436 -391 -461 -414 -437
17/07/2013 137 -435 -515 -456 -407 -475 -432 -453
28/07/2013 148 -483 -549 -489 -431 -516 -460 -488
13/08/2013 165 -465 -533 -479 -414 -499 -447 -473
28/08/2013 180 -470 -544 -527 -432 -507 -480 -493
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)
Mix 4 : Sika901 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%’:‘; ())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 =177 -173 -263 -209 -175 -236 -206
10/04/2013 40 -74 -162 -389 -304 -118 -347 -232
21/04/2013 51 -132 -103 -423 -345 -118 -384 -251
05/05/2013 65 -62 -52 -374 -327 -57 -351 -204
19/05/2013 79 -467 -461 -482 -461 -464 -472 -468
29/05/2013 89 -466 -454 -484 -462 -460 -473 -467
18/06/2013 108 -297 -334 -442 -419 -316 -431 -373
03/07/2013 123 -314 -367 -456 -429 -341 -443 -392
17/07/2013 137 -332 -399 -472 -456 -366 -464 -415
28/07/2013 148 -373 -438 -516 -473 -406 -495 -450
13/08/2013 165 -346 -415 -494 -465 -381 -480 -430
28/08/2013 180 -497 -481 -509 -513 -489 -511 -500
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)
Mix 5 : Calcium Nitrate Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date IZ()L[J;:;; ())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -182 -173 -183 -194 -178 -189 -183
10/04/2013 40 -244 -58 -61 -94 -151 -78 -114
21/04/2013 51 -278 -98 -237 -124 -188 -181 -184
05/05/2013 65 -218 -44 -46 -132 -131 -89 -110
19/05/2013 79 -385 -167 -160 -286 -276 -223 -250
29/05/2013 89 -354 -258 -137 -192 -306 -165 -235
18/06/2013 108 -290 -199 -256 -188 -245 -222 -233
03/07/2013 123 -309 -211 -265 -193 -260 -229 -245
17/07/2013 137 -324 -224 -283 -204 -274 -244 -259
28/07/2013 148 -356 -286 -311 -224 -321 -268 -294
13/08/2013 165 -346 -267 -305 -216 -307 -261 -284
28/08/2013 180 -376 -295 -386 -271 -336 -329 -332
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Date of Exposure: 01/03/2013

Potentials for Beams (Capillary Zone)

Mix 6 : Sika903 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date [()lg;;; ;)n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -209 -200 -274 -177 -205 -226 -215
10/04/2013 40 -231 -283 -345 -67 -257 -206 -232
21/04/2013 51 -309 -325 -412 -117 -317 -265 -291
05/05/2013 65 -402 -222 -386 -62 -312 -224 -268
19/05/2013 79 -536 -517 -520 -195 -527 -358 -442
29/05/2013 89 -524 -501 -514 -168 -513 -341 -427
18/06/2013 108 -451 -462 -483 -267 -457 -375 -416
03/07/2013 123 -467 477 -496 -304 -472 -400 -436
17/07/2013 137 -498 -500 -512 -347 -499 -430 -464
28/07/2013 148 -535 -533 -539 -379 -534 -459 -497
13/08/2013 165 -519 -514 -523 -356 -517 -440 -478
28/08/2013 180 -535 -524 -536 -433 -530 -485 -507
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)

Mix 1 : No Inhibitor (Control)

Free Half-Cell Corrosion Potentials, mV CSE

Date ?LIJD ':;;()m Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -328 -386 -336 -294 -357 -315 -336
10/04/2013 40 -363 -399 -323 -253 -381 -288 -335
21/04/2013 51 -400 -514 -431 -311 -457 -371 -414
05/05/2013 65 -506 -606 -554 477 -556 -516 -536
19/05/2013 79 -634 -640 -590 -559 -637 -575 -606
29/05/2013 89 -652 -619 -633 -569 -636 -601 -618
18/06/2013 108 -565 -579 -558 -534 -572 -546 -559
03/07/2013 123 -576 -587 -574 -555 -582 -565 -573
17/07/2013 137 -587 -606 -582 -565 -597 -574 -585
28/07/2013 148 -606 -628 -603 -589 -617 -596 -607
12/08/2013 165 -587 -606 -579 -567 -597 -573 -585
27/08/2013 180 -616 -622 -593 -572 -619 -583 -601
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)

Mix 2 : Cemetec Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%’:‘; ())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 =247 -237 -278 -279 -242 -279 -260
10/04/2013 40 -299 -224 -338 -363 -262 -351 -306
21/04/2013 51 -376 -350 -374 -391 -363 -383 -373
05/05/2013 65 -533 -519 -531 -545 -526 -538 -532
19/05/2013 79 -605 -620 -636 -642 -613 -639 -626
29/05/2013 89 -705 -634 -642 -644 -670 -643 -656
18/06/2013 108 -536 -541 -558 -524 -539 -541 -540
03/07/2013 123 -558 -550 -593 -547 -554 -570 -562
17/07/2013 137 -569 -562 -608 -563 -566 -586 -576
28/07/2013 148 -585 -578 -624 -588 -582 -606 -594
12/08/2013 165 -552 -569 -612 -558 -561 -585 -573
27/08/2013 180 -561 -585 -650 -579 -573 -615 -594
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)
Mix 3 : Conplast Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date E()L[J) I:;;())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -194 -223 -296 -382 -209 -339 -274
10/04/2013 40 -229 -284 -381 -437 -257 -409 -333
21/04/2013 51 -288 -336 -389 -400 -312 -395 -353
05/05/2013 65 -357 -522 -548 -535 -440 -542 -491
19/05/2013 79 -410 -612 -595 -628 -511 -612 -561
29/05/2013 89 -399 -613 -574 -622 -506 -598 -552
18/06/2013 108 -386 -520 -453 -511 -453 -482 -468
03/07/2013 123 -410 -556 471 -551 -483 -511 -497
17/07/2013 137 -437 -574 -494 -574 -506 -534 -520
28/07/2013 148 -600 -597 -507 -603 -599 -555 -577
12/08/2013 165 -441 -576 -438 -550 -509 -494 -501
27/08/2013 180 -467 -586 -448 -561 -527 -505 -516
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)
Mix 4 : Sika901 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date ?%’:‘; ())n Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -296 -382 -292 -196 -339 -244 -292
10/04/2013 40 -381 -437 -200 -128 -409 -164 -287
21/04/2013 51 -389 -400 -475 -237 -395 -356 -375
05/05/2013 65 -548 -535 -480 -250 -542 -365 -453
19/05/2013 79 -595 -628 -489 -337 -612 -413 -512
29/05/2013 89 -574 -622 -462 -327 -598 -395 -496
18/06/2013 108 -453 -511 -502 -298 -482 -400 -441
03/07/2013 123 -471 -551 -524 -300 -511 -412 -462
17/07/2013 137 -494 -574 -553 -324 -534 -439 -486
28/07/2013 148 -507 -603 -570 -355 -555 -463 -509
12/08/2013 165 -438 -550 -511 -326 -494 -419 -456
27/08/2013 180 -448 -561 -673 -491 -505 -582 -543
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)
Mix 5 : Calcium Nitrate Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date E()LIJD ':‘;;()m Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -201 -219 -239 -286 -210 -263 -236
10/04/2013 40 -126 -170 -316 -359 -148 -338 -243
21/04/2013 51 -307 271 -369 -398 -289 -384 -336
05/05/2013 65 -309 -295 -540 -554 -302 -547 -425
19/05/2013 79 -398 -373 -568 -588 -386 -578 -482
29/05/2013 89 -418 -498 -494 -550 -458 -522 -490
18/06/2013 108 -364 -324 -436 -424 -344 -430 -387
03/07/2013 123 -392 -351 -459 -446 -372 -453 -412
17/07/2013 137 -414 -377 -498 -486 -396 -492 -444
28/07/2013 148 -479 -413 -534 -531 -446 -533 -489
12/08/2013 165 -356 -404 -467 -459 -380 -463 -422
27/08/2013 180 -403 -450 -488 477 -427 -483 -455
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Date of Exposure: 01/03/2013

Potentials for Beams (Submerged Zone)
Mix 6 : Sika903 Inhibitor

Free Half-Cell Corrosion Potentials, mV CSE

Date E()LIJD ':‘;;()m Specimen # 1 Specimen # 2 Average Potentials (mV)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 WE11:WE22
21/03/2013 21 -380 -205 -251 -243 -293 -247 -270
10/04/2013 40 -428 -319 -218 -207 -374 -213 -293
21/04/2013 51 -686 -434 -358 -320 -560 -339 -450
05/05/2013 65 -492 -439 -449 -553 -466 -501 -483
19/05/2013 79 -520 -462 -489 -569 -491 -529 -510
29/05/2013 89 -547 -476 -509 -581 -512 -545 -528
18/06/2013 108 -644 -395 -550 -553 -520 -552 -536
03/07/2013 123 -718 -495 -610 -569 -607 -590 -598
17/07/2013 137 -660 -473 -578 -581 -567 -580 -573
28/07/2013 148 -572 -510 -558 -604 -541 -581 -561
12/08/2013 165 -520 -494 -512 -597 -507 -555 -531
27/08/2013 180 -540 -515 -526 -586 -528 -556 -542
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Potentials for Cylinders (Without Chloride Contamination)

Mix 1 : No Inhibitor (Control)
Date of Exposure: 06/02/2013

Free Half-Cell Corrosion Potentials, mV CSE

Date Duration :
(Days) | s#1 | S#2 | S#3 | S#4 | S#5 | S#6 A"eragfnf\%e”“a's
26/02/2013 20 165 | -122 | 179 | -150 | -264 | -200 182
19/03/2013 43 251 | -164 | -247 | -176 | -296 | -231 228
03/04/2013 57 350 | 333 | -329 | 211 | -372 | -258 310
17/04/2013 71 381 | -362 | -406 | -356 | -415 | -228 358
01/05/2013 85 338 | -346 | -410 | -335 | -434 | -348 369
16/05/2013 100 439 | -471 | 526 | -433 | -510 | -431 468
01/06/2013 115 561 | -571 | -534 | -416 | -536 | -498 519
16/06/2013 130 467 | -455 | -493 | -377 | -504 | -465 460
01/07/2013 145 471 | -461 | -502 | -387 | -516 | -474 469
17/07/2013 161 486 | -472 | 514 | -399 | -524 | -463 476
03/08/2013 177 565 | -563 | -504 | -489 | -511 | -460 515
19/08/2013 193 587 | 525 | -583 | 574 | -566 | -555 565
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Potentials for Cylinders (Without Chloride Contamination)

Mix 2 : Cemetec Inhibitor
Date of Exposure: 06/02/2013

Sate Duration Free Half-Cell Corrosion Potentials, mV CSE |
(Days) | s#1 | s#2 | S#3 | S#4 | S#5 | sye | Averagroentias
26/02/2013 20 -108 -191 -257 -196 -104 -126 -164
19/03/2013 43 -248 -285 -270 -224 -198 -267 -249
03/04/2013 57 -295 -322 -345 -241 -356 -328 -315
17/04/2013 1 -284 -321 -367 -265 -419 -343 -333
01/05/2013 85 -312 -403 -363 -394 -385 -359 -369
16/05/2013 100 -472 -476 -416 -458 -456 -434 -452
01/06/2013 115 -463 -493 -331 -380 -458 -458 -431
16/06/2013 130 -411 -443 -456 -423 -446 -425 -434
01/07/2013 145 -422 -459 -461 -439 -474 -433 -448
17/07/2013 161 -436 -475 -480 -454 -486 -447 -463
03/08/2013 17 -432 -466 -467 -444 -480 -441 -455
19/08/2013 193 -498 -544 -500 -516 -514 -698 -545
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Potentials for Cylinders (Without Chloride Contamination)

Mix 3 : Conplast Inhibitor
Date of Exposure: 06/02/2013

Sate Duration Free Half-Cell Corrosion Potentials, mV CSE |
(Days) | s#1 | s#2 | S#3 | S#4 | S#5 | S#6 A"erag(%f?)te”“a's
26/02/2013 20 -107 -170 -156 -130 -175 -159 -150
19/03/2013 43 -252 -200 -227 -221 -297 -244 -240
03/04/2013 57 -299 -395 -363 -296 -387 -293 -339
17/04/2013 1 -404 -265 -319 -404 -393 -410 -366
01/05/2013 85 -444 -376 -402 -417 -455 -426 -420
16/05/2013 100 -500 -499 -469 -476 -497 -358 -467
01/06/2013 115 -536 -502 -507 -509 -520 -471 -508
16/06/2013 130 -475 -439 -460 -506 -508 -446 -472
01/07/2013 145 -490 -455 -475 511 -513 -452 -483
17/07/2013 161 -519 -485 -498 -531 -532 -471 -506
03/08/2013 177 -500 -467 -489 -520 -522 -462 -493
19/08/2013 193 -561 -489 -529 -568 -558 -532 -540
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Potentials for Cylinders (Without Chloride Contamination)

Mix 4 : Sika901 Inhibitor

Date of Exposure: 06/02/2013
Sate Duration Free Half-Cell Corrosion Potentials, mV CSE |
(Days) | s#1 | S#2 | S#3 | S#4 | S#5 | S#6 A"erag(%f?)te”“a's
26/02/2013 20 154 | -174 | -126 | -163 174 | -196 -165
19/03/2013 43 237 | -247 | -263 | -274 -290 -235 -258
03/04/2013 57 389 | -358 | -325 | -388 300 | -374 -356
17/04/2013 1 437 | -380 | -409 | -383 -393 | -388 -398
01/05/2013 85 -452 -431 451 | -426 -447 -453 -443
16/05/2013 100 539 | -523 | -494 | -503 516 | -510 -514
01/06/2013 115 517 | -506 | 510 | -574 -541 -532 -530
16/06/2013 130 509 | -512 | -501 | -487 -497 -487 -499
01/07/2013 145 518 | -516 | -519 | -505 506 | -507 -512
17/07/2013 161 528 | -520 | -527 | -549 524 | -519 -528
03/08/2013 177 514 | 512 | 515 | -519 505 | -510 -513
19/08/2013 193 589 | -569 | -578 | -570 -522 -553 -564
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Potentials for Cylinders (Without Chloride Contamination)

Mix 5 : Calcium Nitrate Inhibitor

Date of Exposure: 06/02/2013
. Free Half-Cell Corrosion Potentials, mV CSE
Date Duration Average Potentials

(Days) | S#1 | S#2 | S#3 | S#4 | S#5 | S#6 mv)
26/02/2013 20 136 | -162 | -135 | -147 -168 | -163 -152
19/03/2013 43 292 | -285 | -203 | -253 251 | -272 -259
03/04/2013 57 322 | 334 | -317 | -361 -378 | -369 -347
17/04/2013 1 356 | -276 | -223 | -244 316 | -361 -296
01/05/2013 85 373 | -361 | -375 | -375 -349 | -406 -373
16/05/2013 100 389 | -399 | -439 | -402 -407 -472 -418
01/06/2013 115 397 | -465 | -395 | -361 395 | -448 -410
16/06/2013 130 -344 | -400 | -314 | -308 -375 | -437 -363
01/07/2013 145 350 | -411 | -327 | -319 -385 | -447 -373
17/07/2013 161 363 | -429 | -342 | -334 -409 -460 -390
03/08/2013 177 343 | 419 | 282 | -325 393 | -445 -368
19/08/2013 193 -437 -447 286 | -444 -432 -453 -417
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Date of Exposure: 06/02/2013

Potentials for Cylinders (Without Chloride Contamination)
Mix 6 : Sika903 Inhibitor

Date Duration Free Half-Cell Corrosion Potentials, mV CSE _
(Days) | s#1 | S#2 | S#3 | S#4 | S#5 | S#6 A"erag(%%’)te”“a's
26/02/2013 20 179 | -132 | -180 | -179 | -187 | -190 -175
19/03/2013 43 295 | -243 | -203 | -267 | -234 | -297 -257
03/04/2013 57 306 | -274 | -321 | -387 | -346 | -383 -336
17/04/2013 71 -408 | -303 | -443 | 331 | -341 | -366 -365
01/05/2013 85 477 | -369 | -478 | -431 | -405 | -416 -429
16/05/2013 100 -486 | -419 | -528 | -489 | 509 | -492 -487
01/06/2013 115 565 | -448 | -509 | -488 | -459 | -441 -485
16/06/2013 130 455 | -375 | -476 | -459 | -489 | -461 -453
01/07/2013 145 466 | -392 | -485 | -470 | -499 | -467 -463
17/07/2013 161 528 | -412 | -503 | -484 | -521 | -477 -488
03/08/2013 177 472 | -394 | -492 | -476 | -508 | -466 -468
19/08/2013 193 487 | -439 | -549 | -562 | -576 | -547 527
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Potentials for Cylinders (With Chloride Contamination)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE

e [()l[J) ?;:))n CI(0.2%) CI(0.4%)
S#1 | s#2 | s#3 Az’rilr\‘j‘?e S#1 | S#2 | S#3 A("fr’]r\f;‘%e
24/04/2013 15 181 | -84 | -149 | -138 | -175 | -183 | -174 | -177
09/05/2013 30 78 | -62 | -179 | -106 | -80 | -128 | -172 | -127
24/05/2013 45 175 | 96 | -254 | -175 | -139 | -144 | -153 | -145
13/06/2013 64 164 | 91 | -191 | -149 | -145 | -153 | -184 | -161
28/06/2013 79 185 | -122 | -231 | -179 | -164 | -181 | -212 | -186
13/07/2013 94 206 | -130 | -204 | -180 | -156 | -163 | -204 | -174
23/07/2013 104 229 | -223 | -246 | -233 | -185 | -197 | -225 | -202
08/08/2013 119 212 | -242 | -218 | -224 | -165 | -184 | -216 | -188
20/08/2013 131 232 | 251 | -245 | 243 | 239 | 240 | -252 | -244
05/09/2013 147 274 | 288 | 242 | 268 | 267 | 267 | -283 | -272
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Potentials for Cylinders (With Chloride Contamination)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE

Date [()l[J) ?;:)m CI7(0.8%) CI7(1.5%)
S#l | s#2 | s#3 Az’rf]r\";‘?e S#1 | S#2 | S#3 A(V;r\";‘%e
24/04/2013 15 249 | -205 | -202 -219 -234 | -236 | -297 -256
09/05/2013 30 -244 | -207 | -203 -218 -276 | -297 | -287 -287
24/05/2013 45 186 | -252 | -224 | -221 -356 | -412 | -398 -389
13/06/2013 64 206 | -230 | -237 -224 347 | -359 | -361 -356
28/06/2013 79 225 | -237 | -250 | -237 -346 | -378 | -326 -350
13/07/2013 94 221 | -224 | -245 -230 334 | -357 | -313 -335
23/07/2013 104 251 | -251 | -269 -257 -352 | -392 | -348 -364
08/08/2013 119 236 | -236 | -254 | -242 | -342 | -372 | -326 -347
20/08/2013 131 331 | -332 | -336 | -333 | -409 | -425 | -406 -413
05/09/2013 147 327 | -336 | -323 | -329 | -407 | -409 | -394 -403
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Potentials for Cylinders (With Chloride Contamination)
Mix 2 : Rheocrete Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date Duration CI7(0.2%) CI7(0.4%)
( Days)
S#l | s#2 | s#3 A{;rjfe S#1 | S#2 | S#3 Az’rf]@?e
24/04/2013 15 -138 | -123 | -176 -146 -108 | -132 | -197 -146
09/05/2013 30 -91 69 | -110 -90 -110 | -112 | -159 -127
24/05/2013 45 -106 | -150 | -130 | -129 264 | -129 | -151 -181
13/06/2013 64 -162 | -186 | -174 -174 -209 | -184 | -179 -191
28/06/2013 79 205 | -207 | -214 | -209 -255 | -247 | -244 -249
13/07/2013 94 179 | -204 | -189 -191 241 | -235 | -231 -236
23/07/2013 104 219 | -229 | -181 | -210 | -303 | -276 | -284 -288
08/08/2013 119 189 | -211 | -199 | -200 | -263 | -257 | -251 -257
20/08/2013 131 218 | -216 | -206 | -213 | -273 | -271 | -284 -276
05/09/2013 147 242 | -219 | -207 -223 -261 | -278 | -285 -275
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Potentials for Cylinders (With Chloride Contamination)
Mix 2 : Rheocrete Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.8%) CI™(1.5%)
( Days)
s#l | s#2 | s#3 Az’rf]r\";‘?e S#1 | S#2 | S#3 A{;@‘?e
24/04/2013 15 205 | -231 | -225 | -220 | -269 | -309 | -305 -294
09/05/2013 30 -149 -168 | -176 -164 -233 | -264 | -298 -265
24/05/2013 45 -167 234 | -252 -218 264 | -355 | -393 -337
13/06/2013 64 -174 -188 | -224 | -195 259 | -263 | -295 272
28/06/2013 79 -214 -218 | -245 -226 -265 | -285 | -299 -283
13/07/2013 94 -235 245 | -255 -245 285 | -304 | -310 -300
23/07/2013 104 252 | -285 | -298 | -278 | -315 | -349 | -327 -330
08/08/2013 119 245 | -255 | -275 | -258 | -294 | -322 | -311 -309
20/08/2013 131 258 | -304 | -292 | -285 | -316 | -345 | -375 -345
05/09/2013 147 266 | -278 | -285 | -276 | -366 | -316 | -315 -332
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Potentials for Cylinders (With Chloride Contamination)
Mix 3 : Conplast Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.2%) CI7(0.4%)
( Days)
s#1 | s#2 | s#3 A{;rjfe S#1 | S#2 | S#3 Az’rf]@?e
24/04/2013 15 -206 -146 | -152 | -168 -163 | -195 | -198 -185
09/05/2013 30 136 | -100 | -124 | -120 75 | -105 | -106 -95
24/05/2013 45 -118 -73 | -103 -98 -123 | -184 | -112 -140
13/06/2013 64 -179 -155 | -162 | -165 -157 | -174 | -148 -160
28/06/2013 79 -188 -167 | -194 | -183 -154 | -166 | -158 -159
13/07/2013 94 -197 -183 | -202 | -194 -169 | -174 | -169 -171
23/07/2013 104 -211 207 | -223 | -214 -188 | -243 | -184 -205
08/08/2013 119 -205 -194 | -211 | -203 -175 | -188 | -181 -181
20/08/2013 131 -249 217 | 214 | -227 -222 | -200 | -251 -224
05/09/2013 147 -271 217 | -248 | -245 241 | -243 | -329 -271
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Potentials for Cylinders (With Chloride Contamination)
Mix 3 : Conplast Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.8%) Cl(1.5%)
( Days)
s#1 | s#2 | s#3 Az’rf]r\‘j‘?e S#1 | S#2 | S#3 Az;@?e
24/04/2013 15 -208 243 | 242 | -231 -308 | -275 | -296 -293
09/05/2013 30 -134 -161 | -197 -164 -251 | -240 | -283 -258
24/05/2013 45 -143 -154 | -281 -193 -316 | -235 | -367 -306
13/06/2013 64 -157 -188 | -212 -186 264 | -260 | -325 -283
28/06/2013 79 -169 -199 | -222 -197 -279 | -263 | -309 -284
13/07/2013 94 -176 -207 | -231 -205 -287 | -278 | -311 -292
23/07/2013 104 -191 227 | 270 | -229 321 | -303 | -354 | -326
08/08/2013 119 180 | -218 | -250 | -216 | -305 | -286 | -327 | -306
20/08/2013 131 211 | -258 | -264 | -244 | -324 | -327 | -386 | -346
05/09/2013 147 303 | -256 | -296 | -285 | -326 | -345 | -398 | -356
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Potentials for Cylinders (With Chloride Contamination)
Mix 4 : Cemetec Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.2%) CI7(0.4%)
( Days)
s#1 | s#2 | s#3 Az’rf]r\‘j‘?e S#1 | S#2 | S#3 Az;@?e
24/04/2013 15 -87 -80 | -110 -92 -103 | -192 | -109 | -135
09/05/2013 30 -67 72 | -36 -58 115 | -96 | -77 -96
24/05/2013 45 -74 -107 | -85 -89 -127 | -139 | -117 -128
13/06/2013 64 -88 -148 | -122 -119 -144 | -187 | -198 -176
28/06/2013 79 -94 -152 | -142 -129 -152 | -155 | -165 -157
13/07/2013 94 -99 -169 | -158 -142 -168 | -167 | -184 -173
23/07/2013 104 -106 -245 | -183 -178 211 | -190 | -217 -206
08/08/2013 119 -102 -181 | -170 | -151 -182 | -175 | -194 -184
20/08/2013 131 184 | -194 | -184 | -187 | -210 | -208 | -208 | -209
05/09/2013 147 -192 -264 | -186 -214 212 | -236 | -238 -229




Potentials for Cylinders (With Chloride Contamination)
Mix 4 : Cemetec Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date Duration CI7(0.8%) ClI(1.5%)
( Days)
s#1 | s#2 | s#3 A{;rjfe S#1 | S#2 | S#3 A{;@?e
24/04/2013 15 -200 -186 | -246 211 -276 | -257 | -276 -270
09/05/2013 30 150 | -113 | -180 | -148 | -200 | -219 | -223 | -214
24/05/2013 45 -215 -151 | -333 -233 237 | -297 | -262 -265
13/06/2013 64 -201 -166 | -240 | -202 -255 | -279 | -279 -271
28/06/2013 79 -183 -154 | -211 -183 -266 | -280 | -285 277
13/07/2013 94 -192 -162 | -219 -191 271 | -295 | -299 -288
23/07/2013 104 228 | -184 | -244 | -219 | -296 | -322 | -333 | -317
08/08/2013 119 -207 171 | -224 | -201 281 | -311 | -319 -304
20/08/2013 131 251 | -186 | -252 | -230 | -302 | -344 | -386 | -344
05/09/2013 147 297 | -206 | -229 | -244 | -334 | -348 | -389 | -357
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Potentials for Cylinders (With Chloride Contamination)
Mix 5 : Sika901 Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.2%) CI7(0.4%)
( Days)
S#1 | s#2 | s#3 A{;rjfe S#1 | S#2 | S#3 Az’rflr\f;‘)ge
24/04/2013 15 -116 | -138 | -139 | -131 -148 | -115 | -121 -128
09/05/2013 30 -146 | -132 | -120 | -133 | -163 | -162 | -156 | -160
24/05/2013 45 105 | -79 | -61 -82 -89 | -150 | -210 | -150
13/06/2013 64 185 | -199 | -175 | -186 -177 | -164 | -200 | -180
28/06/2013 79 200 | -206 | -198 | -201 | -169 | -166 | -220 | -185
13/07/2013 94 209 | -216 | -185 | -203 -182 | -174 | -229 -195
23/07/2013 104 212 | -218 | -199 | -210 -200 | -196 | -277 -224
08/08/2013 119 209 | -212 | -189 | -203 | -192 | -180 | -245 | -206
20/08/2013 131 248 | -246 | -149 | -214 | -266 | -197 | -262 | -242
05/09/2013 147 240 | -232 | -205 | -226 259 | -211 | -293 -254
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Potentials for Cylinders (With Chloride Contamination)
Mix 5 : Sika901 Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.8%) CI™(1.5%)
( Days)
s#l | s#2 | s#3 A{;rjfe S#1 | S#2 | S#3 A{;@?e
24/04/2013 15 -184 | -252 | -234 | -223 -278 | -281 | -310 -290
09/05/2013 30 -166 | -189 | -172 | -176 | -247 | -190 | -229 | -222
24/05/2013 45 207 | -228 | -211 -215 -218 | -245 | -215 -226
13/06/2013 64 -187 | -199 | -244 | -210 247 | -234 | -229 -237
28/06/2013 79 199 | -212 | -257 -223 242 | -244 | -231 -239
13/07/2013 94 212 | -218 | -266 -232 -259 | -259 | -235 -251
23/07/2013 104 273 | -239 | -314 | -275 -266 | -295 | -257 -273
08/08/2013 119 225 | -228 | -276 -243 -254 | -264 | -249 -256
20/08/2013 131 230 | -261 | -288 -260 -391 | -265 | -334 -330
05/09/2013 147 284 | -296 | -279 | -286 | -378 | -294 | -314 | -329
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Potentials for Cylinders (With Chloride Contamination)
Mix 6 : Calcium Nitrate Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.2%) CI7(0.4%)
( Days)
S#l | S#2 | S#3 Az’rf]r\";‘?e S#1 | S#2 | S#3 Az’;r\";‘?e
24/04/2013 15 92 | -159 | -163 | -138 | -196 | -168 | -191 | -185
09/05/2013 30 -33 | -101 | -136 -90 -123 | -134 | -124 -127
24/05/2013 45 122 | -121 | -109 -117 -163 | -161 | -177 -167
13/06/2013 64 90 | -138 | -167 -132 -127 | -109 | -184 -140
28/06/2013 79 99 | -149 | -182 -143 -146 | -119 | -187 -151
13/07/2013 94 -106 | -159 | -209 | -158 | -151 | -122 | -195 | -156
23/07/2013 104 -120 | -171 | -269 -187 -170 | -151 | -228 -183
08/08/2013 119 111 | -165 | -222 | -166 | -158 | -125 | -219 | -167
20/08/2013 131 160 | -173 | -216 | -183 | -199 | -133 | -263 | -198
05/09/2013 147 203 | -200 | -201 | -201 | -241 | -120 | -253 | -205
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Potentials for Cylinders (With Chloride Contamination)
Mix 6 : Calcium Nitrate Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.8%) Cl(1.5%)
( Days)
s#l | s#2 | s#3 Az’rf]r\‘j‘?e S#1 | S#2 | S#3 Az;@?e
24/04/2013 15 219 | -179 | -182 -193 -258 | -209 | -245 -237
09/05/2013 30 207 | -156 | -224 | -196 219 | -216 | -239 -225
24/05/2013 45 -114 | -215 | -283 -204 -327 | -254 | -280 -287
13/06/2013 64 240 | -234 | -201 -225 -254 | -256 | -289 -266
28/06/2013 79 245 | -209 | -209 -221 -255 | -262 | -299 -272
13/07/2013 94 264 | -219 | -217 -233 -267 | -273 | -312 -284
23/07/2013 104 281 | -243 | -224 | 249 | -288 | -306 | -337 | -310
08/08/2013 119 275 | -231 | -245 -250 277 | -287 | -325 -296
20/08/2013 131 262 | -269 | -265 -265 -307 | -312 | -359 -326
05/09/2013 147 252 | -290 | -282 -275 -267 | -314 | -364 -315
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Potentials for Cylinders (With Chloride Contamination)
Mix 7 : Cortec Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date Duration CI"(0.2%) CI' (0.4%)
( Days)
s#1 | s#2 | s#3 Az’rf]r\";‘?e S#1 | S#2 | S#3 A{;@‘?e
24/04/2013 15 -100 | -117 | -144 | -120 -183 | -234 | -277 -231
09/05/2013 30 -120 | -156 | -131 -136 -127 | -150 | -182 -153
24/05/2013 45 -58 76 | -86 73 -169 | -124 | -128 -140
13/06/2013 64 120 | -142 | -148 -137 -158 | -173 | -178 -170
28/06/2013 79 -125 | -145 | -158 -143 -151 | -184 | -187 -174
13/07/2013 94 129 | -149 | -169 -149 -162 | -194 | -198 -185
23/07/2013 104 -143 | -207 | -188 -179 179 | -211 | -273 -221
08/08/2013 119 135 | -154 | -179 | -156 | -167 | -201 | -218 -195
20/08/2013 131 -160 | -163 | -205 | -176 | -243 | -231 | -237 -237
05/09/2013 147 209 | -227 | -250 | -229 -236 | -244 | -250 -243
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Potentials for Cylinders (With Chloride Contamination)
Mix 7 : Cortec Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date [()lé r;;;;m Cl (0.8%) Cl (1.5%)
S#l | S#2 | S#3 Az’rf]r\";‘?e S#1 | S#2 | S#3 A{;@‘?e
24/04/2013 15 266 | -300 | -249 | -272 | -344 | -342 | -324 -337
09/05/2013 30 214 | -207 | -182 -201 -296 | -300 | -294 -297
24/05/2013 45 218 | -218 | -212 -216 -276 | -302 | -301 -293
13/06/2013 64 222 | -209 | -202 211 -266 | -289 | -314 -290
28/06/2013 79 -238 | -218 | -218 -225 -294 | -327 | -322 -314
13/07/2013 94 244 | 224 | -231 -233 304 | -338 | -334 -325
23/07/2013 104 266 | -254 | -265 | -262 | -337 | -364 | -364 -355
08/08/2013 119 251 | -234 | -240 | -242 | -319 | -345 | -348 -337
20/08/2013 131 314 | -285 | -251 | -283 | -410 | -426 | -412 -416
05/09/2013 147 339 | -266 | -269 | -291 | -391 | -426 | -251 -356
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Potentials for Cylinders (With Chloride Contamination)
Mix 8 : Sika903 Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Sate Duration CI7(0.2%) CI7(0.4%)
( Days)
s#1 | s#2 | s#3 AV(‘?;"i‘%e S#l | s#2 | s#3 A{;@?e
24/04/2013 15 -100 | -180 | -136 | -139 | -239 | -204 | -242 -228
09/05/2013 30 -118 | -169 | -129 -139 135 | -91 | -129 -118
24/05/2013 45 -65 99 | -91 -85 137 | -33 | -130 -100
13/06/2013 64 -88 | -111 | -130 | -110 117 | -99 | -118 -111
28/06/2013 79 -109 | -124 | -166 -133 -140 | -104 | -170 -138
13/07/2013 94 113 | -143 | -174 -143 -151 | -114 | -181 -149
23/07/2013 104 130 | -173 | -221 -175 -181 | -139 | -223 -181
08/08/2013 119 149 | -157 | -198 | -168 | -164 | -120 | -194 -159
20/08/2013 131 -187 | -216 | -208 -204 219 | -187 | -217 -208
05/09/2013 147 192 | -217 | -240 | 216 | -222 | -164 | -242 -209
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Potentials for Cylinders (With Chloride Contamination)
Mix 8 : Sika903 Inhibitor

Date of Exposure: 09/04/2013

Free Half-Cell Corrosion Potentials, mV CSE
Date [()L[J) ?;;;)n Cl (0.8%) Cl (1.5%)
s#1 | s#2 | s#3 AV(er;i‘/g)e s#1 | s#2 | s#3 Az’;r\";‘?e
24/04/2013 15 211 | -254 | -243 -236 329 | -312 | -361 -334
09/05/2013 30 -140 | -182 | -186 -169 -294 | -296 | -326 -305
24/05/2013 45 -199 | -235 | -235 -223 -366 | -377 | -352 -365
13/06/2013 64 -179 | -214 | -209 -201 -309 | -304 | -324 -312
28/06/2013 79 -188 | -237 | -215 -213 -300 | -316 | -349 -322
13/07/2013 94 -204 | -242 | -218 221 309 | -328 | -359 -332
23/07/2013 104 224 | -275 | -247 -249 -324 | -366 | -390 -360
08/08/2013 119 211 | -254 | -233 -233 312 | -344 | -367 -341
20/08/2013 131 -266 | -291 | -287 -281 400 | -421 | -417 -413
05/09/2013 147 264 | -294 | -406 -321 -308 | -407 | -414 -376
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Icorr for Beams (Atmospheric Zone)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)

D Duration Specimen # 1 Specimen # 2 Average lcorr (MA/cmM?)
ate
( Days)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE22

13/03/2103 33 0.01611 | 0.010070 | 0.00707 | 0.01025 0.013090 0.008661 0.010876
15/04/2013 65 0.02583 | 0.01452 0.01295 0.01094 0.020175 0.011945 0.016060
14/05/2013 94 0.02635 | 0.01546 | 0.03412 | 0.04464 0.020905 0.039380 0.030143
15/06/2013 125 0.08421 | 0.01860 0.03624 0.05112 0.051405 0.043680 0.047543
25/07/2013 165 0.10620 | 0.02168 0.03812 0.06061 0.063940 0.049365 0.056653
22/08/2013 192 0.19740 | 0.03012 0.09742 0.06540 0.113760 0.081410 0.097585
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lcorr for Beams (Atmospheric Zone)
Mix 2 : Cemetec Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CmM?)
ate
( Days)
WE1 WE?2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
13/03/2103 33 0.00725 | 0.009677 | 0.01665 | 0.00901 0.008463 0.012830 0.010646
15/04/2013 65 0.01036 | 0.01172 | 0.01965 | 0.00949 0.011040 0.014569 0.012804
14/05/2013 94 0.01698 | 0.01582 | 0.02280 | 0.03226 0.016400 0.027530 0.021965
15/06/2013 125 0.01715 | 0.02012 | 0.07624 | 0.04421 0.018635 0.060225 0.039430
25/07/2013 165 0.01747 | 0.02300 | 0.15720 | 0.05748 0.020235 0.107340 0.063788
22/08/2013 192 0.05099 | 0.06425 | 0.17750 | 0.06000 0.057620 0.118750 0.088185
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Icorr for Beams (Atmospheric Zone)
Mix 2 : Cemetec Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
Date
( Days)
WE1 WE?2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

13/03/2103 33 0.00725 | 0.009677 | 0.01665 | 0.00901 0.008463 0.012830 0.010646
15/04/2013 65 0.01036 | 0.01172 | 0.01965 | 0.00949 0.011040 0.014569 0.012804
14/05/2013 94 0.01698 | 0.01582 | 0.02280 | 0.03226 0.016400 0.027530 0.021965
15/06/2013 125 0.01715 | 0.02012 | 0.07624 | 0.04421 0.018635 0.060225 0.039430
25/07/2013 165 0.01747 | 0.02300 | 0.15720 | 0.05748 0.020235 0.107340 0.063788
22/08/2013 192 0.05099 | 0.06425 | 0.17750 | 0.06000 0.057620 0.118750 0.088185
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Icorr fOr Beams (Atmospheric Zone)

Mix 3 : Conplast Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)

D Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
ate
( Days)

WE1 WE?2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
13/03/2103 33 0.01287 | 73.00320 | 0.01101 | 0.02176 0.012870 0.016385 0.014628
15/04/2013 65 0.01474 | 219.75760 | 0.04354 | 0.03010 0.014740 0.036820 0.025780
14/05/2013 94 0.01587 | 259.21540 | 0.08035 | 0.03329 0.015870 0.056820 0.036345
15/06/2013 125 0.01897 | 300.56780 | 0.12470 | 0.04528 0.018971 0.084989 0.051980
25/07/2013 165 0.02385 | 555.46000 | 0.14400 | 0.05738 0.023850 0.100690 0.062270
22/08/2013 192 0.05922 | 756.69870 | 0.16050 | 0.09450 0.059220 0.127500 0.093360
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lcorr for Beams (Atmospheric Zone)
Mix 4 : Sika901 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
( Days)
WE1 WE?2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

13/03/2103 33 0.01015 | 0.00964 | 0.00835 | 0.01120 0.009895 0.009777 0.009836
15/04/2013 65 0.01189 | 0.00984 | 0.01065 | 0.03055 0.010863 0.020600 0.015731
14/05/2013 94 0.02297 | 0.01066 | 0.01290 | 0.04407 0.016815 0.028485 0.022650
15/06/2013 125 0.03971 | 0.01347 | 0.01688 | 0.04655 0.026590 0.031715 0.029153
25/07/2013 165 0.05037 | 0.02847 | 0.01985 | 0.04946 0.039420 0.034655 0.037038
22/08/2013 192 0.07580 | 0.04040 | 0.02450 | 0.05704 0.058100 0.040770 0.049435
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lcorr for Beams (Atmospheric Zone)
Mix 5 : Calcium Nitrate Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
ate
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
13/03/2103 33 0.01555 | 0.00694 | 144.2666 291 0.011245 0.000000 0.011245
15/04/2013 65 0.01880 | 0.01700 | 150.9375 | 496.70700 | 0.017900 0.000000 0.017900
14/05/2013 94 0.01998 | 0.01717 | 175.06600 | 638.05850 | 0.018575 0.000000 0.018575
15/06/2013 125 0.02178 | 0.01823 | 192.32200 | 666.53240 | 0.020005 0.000000 0.020005
25/07/2013 165 0.02453 | 0.01884 | 194.36400 | 725.5040 0.021685 0.000000 0.021685
22/08/2013 192 0.03334 | 0.01913 | 194.75700 | 763.97520 | 0.026235 0.000000 0.026235
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lcorr for Beams (Atmospheric Zone)
Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Corrosion current density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
ate
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
13/03/2103 33 0.01029 | 0.01070 | 0.01170 | 0.00912 0.010495 0.010410 0.010452
15/04/2013 65 0.01241 | 0.01125 | 0.01772 | 0.01748 0.011830 0.017600 0.014715
14/05/2013 94 0.01556 | 0.01285 | 0.01855 | 0.02285 0.014205 0.020700 0.017453
15/06/2013 125 0.016981 | 0.01665 | 0.01899 | 0.02303 0.016816 0.021010 0.018913
25/07/2013 165 0.01871 | 0.02184 | 0.01998 | 0.03113 0.020275 0.025553 0.022914
22/08/2013 192 0.02888 | 0.03023 | 0.07017 | 0.04476 0.029555 0.057465 0.043510
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lcorr for Beams (Tidal Zone)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 10/02/2013

Corrosion current density lcorr (LA/CM?)

Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
Date
(Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

17/03/2103 37 0.04265 | 0.05470 | 0.07746 | 0.07057 0.048675 0.074015 0.061345
16/04/2013 66 0.1118 | 0.0805 0.0991 0.1377 0.096145 0.118360 0.107253
15/05/2013 95 0.1288 | 0.13570 0.1535 0.16005 0.132250 0.156775 0.144513
17/06/2103 127 0.1175 0.1981 0.1724 0.2802 0.157825 0.226285 0.192055
19/07/2103 159 0.22148 | 0.2780 0.19024 0.2950 0.249740 0.242620 0.246180
22/08/2103 192 0.2830 | 0.3738 0.2923 0.2197 0.328400 0.255970 0.292185
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Icorr for Beams (Tidal Zone)
Mix 2 : Cemetec Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LWA/CM?)

Date Duration Specimen # 1 Specimen # 2 Average lcorr (WA/CM?)
( Days)
WE1 WE?2 WE1 WE?2 WEI11:WE12 | WE21:WE?22 | WE11:WE?22
17/03/2103 37 0.14891 | 0.06935 | 0.11518 | 0.05559 0.109130 0.085385 0.097258
16/04/2013 66 0.1827 0.0884 0.1556 0.0678 0.135515 0.111695 0.123605
15/05/2013 95 0.2078 0.12761 0.1662 0.09284 0.167705 0.129515 0.148610
17/06/2103 127 0.2547 0.1315 0.1989 0.1846 0.193125 0.191740 0.192433
19/07/2103 159 0.31313 0.1352 0.24031 0.2153 0.224180 0.227820 0.226000
22/08/2103 192 0.3302 0.1495 0.2535 0.3399 0.239870 0.296685 0.268278
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Icorr for Beams (Tidal Zone)
Mix 3 : Conplast Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
17/03/2103 37 0.10699 | 0.06740 | 0.03554 | 0.13467 | 0.087195 0.085103 0.086149
16/04/2013 66 0.1538 | 0.1318 0.0627 0.1795 0.142835 0.121125 0.131980
15/05/2013 95 0.1927 | 0.14075 0.0867 0.25343 0.166700 0.170060 0.168380
17/06/2103 127 0.1930 | 0.1411 0.0951 0.3154 0.167066 0.205281 0.186173
19/07/2103 159 0.19384 | 0.1421 | 0.11546 | 0.3614 0.167945 0.238415 0.203180
22/08/2103 192 0.22297 | 0.15269 | 0.12063 | 0.48805 | 0.187830 0.304340 0.246085
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lcorr for Beams (Tidal Zone)

Mix 4 : Sika901 Inhibitor
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
(Days)
WEL1 WE?2 WEL1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE?22

17/03/2103 37 0.06859 | 0.11164 | 0.09212 | 0.10920 0.090115 0.100660 0.095388
16/04/2013 66 0.0884 | 0.1420 0.0962 0.1069 0.115175 0.101550 0.108363
15/05/2013 95 0.1601 | 0.31941 0.1183 0.12205 0.239735 0.120160 0.179948
17/06/2103 127 0.1895 | 0.3215 0.1325 0.1231 0.255525 0.127830 0.191678
19/07/2103 159 0.25410 | 0.3288 0.15947 0.1241 0.291435 0.141795 0.216615
22/08/2103 192 0.28585 | 0.31648 | 0.17838 | 0.16668 0.301165 0.172530 0.236848
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lcorr for beams (Tidal Zone)

Mix 5 : Calcium Nitrate Inhibitor
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
Date
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

17/03/2103 37 0.04628 | 0.03668 | 43.50702 | 0.06259 | 0.041480 0.062590 0.052035
16/04/2013 66 0.0464 | 0.0482 | 47.5889 | 0.0813 0.047260 0.081270 0.064265
15/05/2013 95 0.0769 | 0.07760 | 51.7472 | 0.15593 | 0.077255 0.155930 0.116593
17/06/2103 127 0.0785 | 0.0812 | 585322 | 0.1652 0.079832 0.165150 0.122491
19/07/2103 159 0.08044 | 0.0845 66.68023 0.1755 0.082460 0.175510 0.128985
22/08/2103 192 0.08587 | 0.19955 | 88.80398 | 0.18915 0.142710 0.189150 0.165930
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lcorr for beams (Tidal Zone)

Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)

Duration Specimen # 1 Specimen # 2 Average lcorr ( HA/CM?)
Date
( Days)
WE1 WE?2 WE1 WE2 | WE1l:WE12 | WE21:WE22 | WE11:WE22

17/03/2103 37 0.08015 | 0.03107 | 0.03749 | 0.06645 0.055610 0.051970 0.053790
16/04/2013 66 0.1094 0.0339 0.1040 0.1127 0.071675 0.108345 0.090010
15/05/2013 95 0.1937 | 0.05976 0.1101 0.12774 0.126710 0.118920 0.122815
17/06/2103 127 0.2546 0.0785 0.1655 0.1741 0.166575 0.169792 0.168183
19/07/2103 159 0.26278 | 0.09699 | 0.19059 | 0.20382 0.179885 0.197205 0.188545
22/08/2103 192 0.3563 0.1149 0.1922 0.2215 0.235595 0.206855 0.221225
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Icorr for beams (Below Ground Zone)

Mix 1 : No Inhibitor ( Control )
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr ( HA/CM?)
ate
( Days)
WEL1 WE?2 WEL1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE?22
10/04/2103 40 0.0520 | 0.1037 0.0821 0.0604 0.077845 0.071225 0.074535
05/05/2013 66 0.1631 | 0.17260 0.10217 0.0622 0.167855 0.082195 0.125025
31/05/2013 92 0.1981 0.1741 0.1124 0.07278 0.186115 0.092575 0.139345
03/07/2013 125 0.20149 | 0.18214 0.1183 0.0882 0.191815 0.103245 0.147530
29/07/2013 151 0.21082 | 0.1942 0.12435 0.11120 0.202515 0.117775 0.160145
28/08/2013 180 0.2207 | 0.1944 0.1367 0.1245 0.207590 0.130610 0.169100
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lcorr for Beams (Below Ground Zone)

Mix 2 : Cemetec Inhibitor
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LWA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (WA/CM?)
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2103 40 0.0125 0.0640 0.0600 0.0040 0.038270 0.032032 0.035151
05/05/2013 66 0.0196 | 0.07337 | 0.06852 0.0124 0.046470 0.040450 0.043460
31/05/2013 92 0.1018 | 0.0895 0.0694 | 0.01421 0.095665 0.041825 0.068745
03/07/2013 125 0.15460 | 0.16974 | 0.0845 0.0445 0.162170 0.064505 0.113338
29/07/2013 151 0.16721 | 0.2025 | 0.11945 | 0.08551 0.184878 0.102480 0.143679
28/08/2013 180 0.1884 | 0.2028 0.1287 0.1018 0.195607 0.115240 0.155423
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lcorr for Beams (Below Ground Zone)
Mix 3 : Conplast Inhibitor
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
( Days)
WEL1 WE?2 WEL1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE?22

10/04/2103 40 0.01961 | 0.04169 | 0.02825 | 0.01157 0.019610 0.019910 0.019760
05/05/2013 66 0.02404 | 0.12261 | 0.02849 | 0.01695 0.024040 0.022720 0.023380
31/05/2013 92 0.0272 | 0.24784 | 0.03212 | 0.02213 0.027200 0.027125 0.027163
03/07/2013 125 0.02743 | 36.7433 | 0.07414 | 0.05478 0.027430 0.064460 0.045945
29/07/2013 151 0.06565 | 45.554 0.09383 | 0.06494 0.065650 0.079385 0.072518
28/08/2013 180 0.10703 | 67.75903 | 0.12513 | 0.09614 0.107030 0.110635 0.108833
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Icorr for Beams (Below Ground Zone)

Mix 4 : Sika901 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average Icorr (LA/cm?)
ate
( Days)
WE1 WE?2 WE1 WE2 | WE1l:WE12 | WE21:WE22 | WE11:WE22
10/04/2103 40 0.0088 | 0.0659 0.0296 0.0273 0.037315 0.028420 0.032868
05/05/2013 66 0.0100 | 0.0688 0.0314 0.0341 0.039385 0.032780 0.036083
31/05/2013 92 0.0164 | 0.0772 0.0340 0.0381 0.046795 0.036025 0.041410
03/07/2013 125 0.0242 | 0.1112 0.0411 0.0456 0.067680 0.043360 0.055520
29/07/2013 151 0.0344 | 0.1626 0.0496 0.0779 0.098479 0.063750 0.081115
28/08/2013 180 0.0471 | 0.2722 0.0557 0.1600 0.159680 0.107850 0.133765
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Icorr for Beams (Below Ground Zone)

Mix 5 : Calcium Nitrate Inhibitor
Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2103 40 0.0138 0.0213 0.0169 0.0026 0.017570 0.009747 0.013659
05/05/2013 66 0.0148 0.0278 0.0176 0.0031 0.021305 0.010346 0.015825
31/05/2013 92 0.0204 | 0.0318 0.0189 0.0092 0.026105 0.014075 0.020090
03/07/2013 125 0.0294 | 0.0365 0.0211 0.0252 0.032940 0.023171 0.028055
29/07/2013 151 0.0397 | 0.0390 0.0243 0.0338 0.039340 0.029045 0.034193
28/08/2013 180 0.0422 0.0433 0.0271 0.0340 0.042765 0.030580 0.036673
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lcorr for Beams (Below Ground Zone)

Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
( Days)
WE1 WE?2 WE1 WE2 | WE1l:WE12 | WE21:WE22 | WE11:WE22

10/04/2103 40 0.0342 0.0121 0.0443 0.0830 0.023125 0.063655 0.043390
05/05/2013 66 0.0402 0.0147 0.0509 0.0914 0.027440 0.071165 0.049303
31/05/2013 92 0.0420 | 0.0298 0.0519 0.0930 0.035905 0.072460 0.054182
03/07/2013 125 0.0513 | 0.0399 0.0519 0.1112 0.045595 0.081575 0.063585
29/07/2013 151 0.0544 | 0.0537 0.0527 0.1280 0.054065 0.090325 0.072195
28/08/2013 180 0.0633 | 0.0575 0.0528 0.1316 0.060375 0.092180 0.076278
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lcorr for Beams (Capillary Zone)

Mix 1 : No Inhibitor (Control)

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0377 | 0.10417 | 0.00353 | 0.03748 0.070955 0.020506 0.045731
05/05/2013 65 0.05019 | 0.1192 0.0162 0.0423 0.084715 0.029230 0.056973
29/05/2013 89 0.0903 0.1287 0.0308 0.0735 0.109490 0.052130 0.080810
03/07/2013 123 0.1325 0.1425 0.0611 0.0857 0.137510 0.073430 0.105470
28/07/2013 148 0.1947 0.1749 0.0836 0.1495 0.184800 0.116540 0.150670
27/08/2013 180 0.2371 | 0.2797 0.0904 0.1868 0.258380 0.138590 0.198485
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lcorr for Beams (Capillary Zone)

Mix 2 : Cemetec Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WE1 WE2 WE1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0295 | 0.00152 0.00115 0.00851 0.015515 0.004833 0.010174
05/05/2013 65 0.03981 | 0.0604 0.0014 0.0241 0.050080 0.012750 0.031415
29/05/2013 89 0.0716 | 0.1479 0.0023 0.0675 0.109755 0.034933 0.072344
03/07/2013 123 0.0988 | 0.2254 0.0090 0.0800 0.162085 0.044490 0.103287
28/07/2013 148 0.1398 | 0.3464 0.0201 0.1078 0.243120 0.063925 0.153523
27/08/2013 180 0.1441 0.3834 0.0295 0.1310 0.263755 0.080260 0.172008

268




lcorr for Beams (Capillary Zone)

Mix 3 : Conplast Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date ( Days)
WE1 WE?2 WE1 WE2 | WE1l:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0012 | 0.00141 | 0.09281 | 0.00127 0.001316 0.047041 0.024178
05/05/2013 65 0.00132 | 0.0968 0.1075 0.0076 0.049045 0.057559 0.053302
29/05/2013 89 0.0013 | 0.1057 0.1367 0.0201 0.053485 0.078425 0.065955
03/07/2013 123 0.0345 | 0.1355 0.1547 0.0755 0.085001 0.115086 0.100043
28/07/2013 148 0.0642 | 0.1796 0.1958 0.0975 0.121865 0.146675 0.134270
27/08/2013 180 0.0734 | 0.1882 0.2482 0.1028 0.130775 0.175480 0.153128
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Icorr for Beams (Capillary Zone)
Mix 4 : Sika901 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (WA/CM?)
ate
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0013 | 0.00122 | 0.08095 0.01598 0.001271 0.048465 0.024868
05/05/2013 65 0.00143 | 0.0012 0.0898 0.0307 0.001299 0.060250 0.030775
29/05/2013 89 0.0285 | 0.0448 0.1031 0.0312 0.036660 0.067130 0.051895
03/07/2013 123 0.0647 | 0.0472 0.1254 0.0422 0.055976 0.083780 0.069878
28/07/2013 148 0.0885 | 0.0495 0.1376 0.0520 0.069040 0.094790 0.081915
27/08/2013 180 0.1367 | 0.0799 0.1460 0.1197 0.108285 0.132817 0.120551
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lcorr for Beams (Capillary Zone)

Mix 5 : Calcium Nitrate Inhibitor
Date of Exposure: 10/02/2013

Corrosion current density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
Date
(Days)
WE1 WE?2 WE1 WE2 | WE1l:WE12 | WE21:WE22 | WE11:WE22

10/04/2013 40 0.0021 | 0.00152 | 0.00129 | 0.00162 0.001798 0.001457 0.001628
05/05/2013 65 0.00999 | 0.0014 0.0015 0.0024 0.005692 0.001960 0.003826
29/05/2013 89 0.0194 | 0.0034 0.0013 0.0025 0.011426 0.001902 0.006664
03/07/2013 123 0.0211 | 0.0041 0.0046 0.0027 0.012638 0.003604 0.008121
28/07/2013 148 0.0244 | 0.0051 0.0061 0.0028 0.014770 0.004472 0.009621
27/08/2013 180 0.0284 | 0.0054 0.0181 0.0035 0.016870 0.010758 0.013814
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lcorr for Beams (Capillary Zone)

Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WEL1 WE?2 WEL1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE?22
10/04/2013 40 0.0329 | 0.00854 | 0.04241 0.00121 0.020718 0.021809 0.021263
05/05/2013 65 0.08852 | 0.0088 0.0866 0.0012 0.048658 0.043930 0.046294
29/05/2013 89 0.0928 0.0901 0.1239 0.0013 0.091415 0.062596 0.077006
03/07/2013 123 0.0957 0.1254 0.1452 0.0087 0.110575 0.076957 0.093766
28/07/2013 148 0.1153 0.1429 0.1755 0.0144 0.129070 0.094925 0.111998
27/08/2013 180 0.1456 0.1453 0.2160 0.0472 0.145415 0.131590 0.138503
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lcorr fOr Beams (Submerged Zone)

Mix 1 : No Inhibitor (Control)

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0713 | 0.08886 | 0.06110 0.01936 0.080070 0.040230 0.060150
05/05/2013 65 0.0737 0.1103 0.06141 0.0203 0.091955 0.040865 0.066410
29/05/2013 89 0.0777 | 0.14495 | 0.08318 0.0243 0.111305 0.053762 0.082534
03/07/2013 123 0.08151 | 0.14515 | 0.08374 | 0.02493 | 0.113331 0.054336 0.083833
28/07/2013 148 0.08510 | 0.14681 | 0.0853 | 0.02574 | 0.115955 0.055540 0.085748
28/08/2013 180 0.09057 | 0.2343 0.0886 | 0.02637 | 0.162440 0.057480 0.109960
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Icorr fOr Beams (Submerged Zone)

Mix 2 : Cemetec Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
( Days)
WE1 WE?2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

10/04/2013 40 0.0077 | 0.01312 0.02264 0.02264 0.010391 0.022640 0.016516
05/05/2013 65 0.0157 | 0.0177 0.02462 0.0246 0.016700 0.024620 0.020660
29/05/2013 89 0.0307 | 0.01833 0.03737 0.0374 0.024510 0.037370 0.030940
03/07/2013 123 0.03477 | 0.02039 0.05541 0.03914 0.027580 0.047278 0.037429
28/07/2013 148 0.04541 | 0.02332 0.0581 0.04316 0.034366 0.050650 0.042508
28/08/2013 180 0.05607 | 0.0250 0.0613 0.05276 0.040535 0.057025 0.048780

274




lcorr fOr Beams (Submerged Zone)
Mix 3 : Conplast Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (WA/CM?)
ate
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0601 | 0.06070 | 0.00823 0.03895 0.060415 0.023590 0.042003
05/05/2013 65 0.0602 0.0673 0.01022 0.0431 0.063755 0.026680 0.045218
29/05/2013 89 0.0713 | 0.06888 | 0.01289 | 0.0446 0.070075 0.028720 0.049398
03/07/2013 123 0.07271 | 0.07166 | 0.02114 | 0.04742 0.072185 0.034278 0.053231
28/07/2013 148 0.07371 | 0.08745 | 0.0285 | 0.04915 0.080581 0.038847 0.059714
28/08/2013 180 0.07379 | 0.1027 0.0365 0.05160 0.088250 0.044035 0.066143
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lcorr fOr Beams (Submerged Zone)

Mix 4 : Sika901 Inhibitor

Date of Exposure: 10/02/2013

Corrosion current density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (LA/CM?)
Date
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22

10/04/2013 40 0.0155 | 0.02798 | 0.01760 | 0.00146 0.021720 0.009532 0.015626
05/05/2013 65 0.0189 | 0.0438 | 0.02049 | 0.0019 0.031340 0.011209 0.021274
29/05/2013 89 0.0430 | 0.05713 | 0.02761 | 0.0024 0.050050 0.015007 0.032529
03/07/2013 123 0.06451 | 0.06846 | 0.02847 0.00284 0.066485 0.015657 0.041071
28/07/2013 148 0.07201 | 0.08745 | 0.0311 | 0.00378 0.079731 0.017415 0.048573
28/08/2013 180 0.09474 | 0.1735 0.0348 0.00594 0.134110 0.020369 0.077239
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lcorr fOr Beams (Submerged Zone)

Mix 5 : Calcium Nitrate Inhibitor
Date of Exposure: 10/02/2013

Corrosion current density lcorr (LA/CM?)
Duration Specimen # 1 Specimen # 2 Average lcorr (MA/CM?)
Date
(Days)
WEL1 WE?2 WEL1 WE2 WE11:WE12 | WE21:WE22 | WE11:WE?22

10/04/2013 40 0.0022 | 0.00208 0.01686 0.02500 0.002153 0.020930 0.011542
05/05/2013 65 0.0072 | 0.0056 0.02145 0.0295 0.006433 0.025460 0.015947
29/05/2013 89 0.0131 | 0.00587 | 0.03635 0.0419 0.009478 0.039145 0.024311
03/07/2013 123 0.01365 | 0.01208 | 0.04159 | 0.05702 0.012867 0.049305 0.031086
28/07/2013 148 0.01421 | 0.01251 0.0472 0.06376 0.013361 0.055491 0.034426
28/08/2013 180 0.02150 | 0.0131 0.0520 0.06996 0.017295 0.060990 0.039143
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lcorr fOr Beams (Submerged Zone)

Mix 6 : Sika903 Inhibitor

Date of Exposure: 10/02/2013

Corrosion Current Density lcorr (LA/CM?)
D Duration Specimen # 1 Specimen # 2 Average lcorr (WA/CM?)
ate
( Days)
WE1 WE2 WE1 WE2 | WE11:WE12 | WE21:WE22 | WE11:WE22
10/04/2013 40 0.0284 | 0.00911 | 0.02867 | 0.02677 0.018745 0.027720 0.023233
05/05/2013 65 0.0476 0.0192 0.03574 0.0440 0.033400 0.039880 0.036640
29/05/2013 89 0.0807 | 0.02413 | 0.03862 | 0.0459 0.052430 0.042255 0.047343
03/07/2013 123 0.11629 | 0.02634 | 0.04894 | 0.04877 0.071315 0.048857 0.060086
28/07/2013 148 0.12541 | 0.04234 | 0.0840 | 0.05092 0.083876 0.067460 0.075668
28/08/2013 180 0.13487 | 0.0502 0.1142 0.05400 0.092535 0.084095 0.088315
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)
Mix 1 : No Inhibitor (Control)

Corrosion Current Density lcorr (LA/CM?)

Duration
pate ( Days) Average |
S#1 S#2 S#3 S#4 S#5 S#6 g€ lcorr
(LA/cm?)

19/03/2013 43 0.001284 | 0.004810 | 0.001630 | 0.000404 | 0.012540 | 0.000704 0.003562
17/04/2013 71 0.003324 | 0.011680 | 0.025900 | 0.005451 | 0.022340 | 0.001834 0.011755
16/05/2013 100 0.013360 | 0.023730 | 0.037000 | 0.007451 | 0.080540 | 0.013510 0.029265
16/06/2013 130 0.043560 | 0.038740 | 0.040520 | 0.015230 | 0.097720 | 0.056180 0.048658
16/07/2013 160 0.060840 | 0.045600 | 0.046060 | 0.019333 | 0.167900 | 0.093440 0.072196
19/08/2013 193 0.170210 | 0.105560 | 0.067130 | 0.020790 | 0.083560 | 0.276100 0.120558
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)

Mix 2 : Cemetec Inhibitor

Corrosion current density lcorr (LA/CM?)

Duration

Date ( Days)
S#1 S#2 S#3 S#4 S#5 S#6 Average lcorr
(LA/cm?)
19/03/2013 43 0.000751 | 0.000610 | 0.003811 | 0.001670 | 0.001354 | 0.000413 |  0.001435
17/04/2013 71 0.010770 | 0.007228 | 0.011110 | 0.003801 | 0.032900 | 0.011200 |  0.012835
16/05/2013 100 | 0.027190 | 0.016850 | 0.065330 | 0.012440 | 0.050400 | 0.019180 |  0.031898
16/06/2013 130 | 0.028640 | 0.019850 | 0.074510 | 0.029740 | 0.066310 | 0.022240 |  0.040215
16/07/2013 160 | 0.028820 | 0.027660 | 0.088060 | 0.047430 | 0.071040 | 0.024070 |  0.047847
19/08/2013 193 | 0.031830 | 0.034910 | 0.179900 | 0.063220 | 0.086440 | 0.030500 |  0.071133
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)

Mix 3 : Conplast Inhibitor

Corrosion Current Density lcorr (LA/CM?)

Duration

Date ( Days)
S#1 S#2 S#3 S#4 S#5 sue | Average lcor
(LA/cm?)
19/03/2013 43 | 0.001177 | 0.001309 | 0.005873 | 0.004891 | 0.003288 | 0.008811 |  0.004225
17/04/2013 7L | 0.017850 | 0.003717 | 0.010300 | 0.021350 | 0.035450 | 0.023150 |  0.018636
16/05/2013 100 | 0.034560 | 0.028970 | 0.018920 | 0.040340 | 0.067580 | 0.027700 |  0.036345
16/06/2013 130 | 0.044210 | 0.033970 | 0.030110 | 0.035540 | 0.074256 | 0.030050 |  0.041356
16/07/2013 160 | 0.054540 | 0.044350 | 0.032470 | 0.051160 | 0.089340 | 0.043290 |  0.052525
19/08/2013 193 | 0,084030 | 0.063740 | 0.035770 | 0.183680 | 0.097850 | 0.047560 |  0.085438
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)

Mix 4 : Sika901 Inhibitor

Corrosion Current Density lcorr (LA/CM?)

Duration

Date ( Days)
S#1 S#2 S#3 S#4 S#5 S#6 Average lcorr
(MA/cm?)
19/03/2013 43 | 0.006221 | 0.001035 | 0.006221 | 0.003079 | 0.015490 | 0.008693 |  0.006790
17/04/2013 1 0.036210 | 0.025520 | 0.038360 | 0.033140 | 0.038740 | 0.016970 |  0.031490
16/05/2013 100 | 0.039210 | 0.036530 | 0.038380 | 0.057520 | 0.056950 | 0.027400 |  0.042665
16/06/2013 130 | 0.048700 | 0.038470 | 0.051140 | 0.063330 | 0.069050 | 0.045100 |  0.052632
16/07/2013 160 | 0.067120 | 0.040020 | 0.061970 | 0.070370 | 0.084020 | 0.052970 |  0.062745
19/08/2013 193 | 0.096529 | 0.053017 | 0.091870 | 0.090190 | 0.103280 | 0.112460 |  0.091224
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)
Mix 5 : Calcium Nitrate Inhibitor

Corrosion Current Density lcorr (LA/CM?)

Duration

Date ( Days)
S#1 S#2 S#3 S#4 S#5 sug | Average leor
(MA/cm?)
19/03/2013 43 | 0.004477 | 0.001235 | 0.001234 | 0.001156 | 0.002535 | 0.003589 |  0.002371
17/04/2013 1 0.007530 | 0.003281 | 0.005210 | 0.004287 | 0.006455 | 0.016880 |  0.007274
16/05/2013 100 | 0.008968 | 0.003373 | 0.006201 | 0.004927 | 0.011650 | 0.021010 |  0.009355
16/06/2013 130 | 0.011040 | 0.006487 | 0.006222 | 0.015300 | 0.007498 | 0.033300 |  0.013308
16/07/2013 160 | 0.014260 | 0.009360 | 0.006258 | 0.022660 | 0.008787 | 0.044040 |  0.017561
19/08/2013 193 | 0.016290 | 0.015030 | 0.013340 | 0.033815 | 0.021810 | 0.055910 |  0.026033
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Date of Exposure: 06/02/2013

lcorr for Cylinders (Without Chloride Contamination)

Mix 6 : Sika903 Inhibitor

Corrosion Current Density lcorr (LA/CM?)

Duration

Date ( Days)
S#1 S#2 S#3 S#4 S#5 S#6 Average lcorr
(HA/CmM?)
19/03/2013 43 0.014260 | 0.001408 | 0.009790 | 0.006850 | 0.005303 | 0.001694 |  0.006551
17/04/2013 71 |0.041130 | 0.005336 | 0.053260 | 0.007942 | 0.006876 | 0.017150 |  0.021949
16/05/2013 100 | 0.070460 | 0.005855 | 0.055900 | 0.013210 | 0.021200 | 0.028720 |  0.032558
16/06/2013 130 0.098840 | 0.016660 | 0.071200 | 0.014480 | 0.022400 | 0.031190 |  0.042462
16/07/2013 160 | 0.128400 | 0.024430 | 0.089570 | 0.019480 | 0.022700 | 0.035860 |  0.053407
19/08/2013 193 | 0.111974 | 0.045800 | 0.110940 | 0.065310 | 0.066770 | 0.098410 |  0.083201
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lcorr fOr Cylinders (Without Chloride Contamination)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration CI"(0.2%) CI"(0.4%)
( Days)

S#1 | S#2 | S#3 @X‘j;ﬁ?g S#1 | S#2 | S#3 (ﬁﬁgfngz‘;
24/04/2013 | 15 | 0.01341 | 0.01297 | 0.03432 | 0.0202333 | 0.03394 | 0.01020 | 0.02612 | 0.02345
24/05/2013 | 45 | 0.04318 | 0.06775 | 0.03918 | 0.0500367 | 0.06957 | 0.04753 | 0.05886 | 0.0586533
28/06/2013 | 79 | 0.05365 | 0.0694 | 0.0463 | 0.05645 | 0.07458 | 0.06991 | 0.08742 | 0.0773033
23/07/2013 | 104 | 0.08792 | 0.09123 | 0.08031 | 0.0864867 | 0.08663 | 0.08991 | 0.1337 | 0.1034133
20/08/2013 | 131 | 00959 | 019522 | 0.1184 | 0.1365067 | 0131 | 0.1414 | 0.1541 | 0.1421667
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lcorr fOr Cylinders (Without Chloride Contamination)
Mix 1 : No Inhibitor (Control)

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration CI"(0.8%) CI" (1.5%)
( Days)

S#1 | S#2 | S#3 @X‘j;ﬁ?g S#1 | S#2 | S#3 (ﬁﬁgfngz‘;
24/04/2013 | 15 | 0.01298 | 0.0369 |0.01621 | 0.02203 | 0.0798 | 0.164 | 0.1032 | 0.115677
24/05/2013 | 45 | 0.02077 | 0.0931 | 0.05237 | 0.055413 | 0.0897 | 0.2283 | 02001 | 0.1757
28/06/2013 | 79 | 0.05663 | 0.1176 | 0.06114 | 0.078457 | 0.1224 | 0.2547 | 0.2613 | 0.2128
23/07/2013 | 104 | 0.08318 | 0152 |0.09056 | 0.10858 | 0.599 | 0.3097 | 0.3014 |  0.257
20/08/2013 | 131 | 0.12655 | 0.1856 | 0.1425 | 0.5155 | 0.1704 | 0.3338 | 0348 | 0.28408
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lcorr fOr Cylinders (With Chloride Contamination)

Mix 2 : Rheocrete Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration Cl (02%) Cl (04%)
(D2ye) S#1 | S#2 | S#3 @X%ﬁ?g S#1 | S#2 | s#3 @X‘jgﬁ%
24/04/2013 15 0.0036 | 0.00916 | 0.00828 | 0.0070153 | 0.00913 | 0.00818 | 0.00602 | 0.007776
24/05/2013 45 0.0464 | 0.02014 | 0.02687 | 0.0311367 | 0.03672 | 0.04864 | 0.00878 | 0.0313807
28/06/2013 79 0.0723 | 0.0312 | 0.0454 |0.0496333 | 0.0594 | 0.0711 |0.02511 | 0.05187
23/07/2013 104 0.1397 | 0.0525 | 0.0645 | 0.0855667 | 0.07094 | 0.1181 | 0.07128 | 0.0867733
20/08/2013 131 0.145 | 0.0664 |0.07994 | 0.0971133 | 0.09173 | 0.1228 | 0.0851 | 0.0998767
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lcorr fOr Cylinders (With Chloride Contamination)

Mix 2 : Rheocrete Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration CI'(0.8%) Cl'(1.5%)

(o) S#1 | S#2 | S#3 @X%ﬁ?g S#1 | S#2 | S#3 @X‘jgfﬁz‘;
24/04/2013 15 0.01413 | 0.01378 | 0.02039 | 0.0161 | 0.0119 | 0.0353 | 0.0558 | 0.034323
24/05/2013 45 0.03675 | 0.01844 | 0.04281 | 0.032667 | 0.0488 | 0.0591 | 0.069 | 0.05897
28/06/2013 79 0.0542 | 0.04564 | 0.06574 | 0.055193 | 0.0641 | 0.0667 | 0.0845 | 0.071783
23/07/2013 104 | 0.09389 | 0.08243 | 0.09123 | 0.089183 | 0.0725 | 0.0852 | 0.1121 | 0.089947
20/08/2013 131 0.1193 | 0.0954 | 0.0977 | 0.104133 | 0.1377 | 0.1022 | 0.1822 | 0.1407

288




lcorr for Cylinders (With Chloride Contamination)

Mix 3 : Conplast Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration Cl (0.2%) Cl (0.4%)
( Days)
S#1 | S#2 S#3 (ﬁ/‘i%ﬁqu‘; s#1 | s#2 | s#3 @Xﬁgf‘fg
24/04/2013 15 0.01068 | 0.0085 | 0.00659 | 0.0085897 | 0.00877 | 0.00412 | 0.00842 | 0.007103
24/05/2013 45 0.0252 |0.01443 | 0.00787 | 0.0158322 | 0.01112 | 0.01422 | 0.0392 | 0.0215133
28/06/2013 79 0.02655 | 0.04144 |  0.03551 0.0345 | 0.02169 | 0.0444 | 0.0635 | 0.0431967
23/07/2013 104 | 0.03365 | 0.06456 | 0.0924 | 0.0635367 | 0.07415 | 0.08403 | 0.0873 | 0.0818267
20/08/2013 131 0.1215 | 0.0975 0.0947 | 0.1045667 | 0.0982 | 0.1183 | 0.1016 | 0.1060333
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lcorr for Cylinders ( With Chloride Contamination )

Mix 3 : Conplast Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration Cl (0.8%) Cl (1.5%)
( Days)

Average Average
S#1 S#2 | S#3 (WATCm?) S#1 | S#2 | S#3 (WATCT)
24/04/2013 15 0.01237 | 0.02217 | 0.00981 | 0.014783 | 0.0347 | 0.0128 | 0.1099 | 0.052477
24/05/2013 45 0.02972 | 0.02956 | 0.04007 | 0.033117 | 0.0923 | 0.0149 | 0.1438 | 0.083667
28/06/2013 79 0.04645 | 0.03784 | 0.0494 | 0.044563 | 0.1112 | 0.0202 | 0.1541 | 0.095153

23/07/2013 104 0.09961 | 0.09055 | 0.08461 | 0.09159 | 0.1479 | 0.0514 | 0.1712 0.1235
20/08/2013 131 0.1262 0.09892 | 0.09952 | 0.108213 | 0.2163 | 0.1077 | 0.2225 | 0.182167
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lcorr for Cylinders (With Chloride Contamination)

Mix 4 : Cemetec Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?2)
Date Duration CI(0.2%) CI' (0.4%)
( Days)

S#1 | s#2 | s#3 (ﬁ/‘i%ﬁqu‘; S#1 | S#2 | S#3 (ﬁX%?ngz(;
24/04/2013 15 | 0.00623 | 0.00916 | 0.00926 | 0.0082157 | 0.00958 | 0.00779 | 0.00741 | 0.008258
24/05/2013 45 | 0.00953 | 0.01407 | 0.01446 | 0.012685 | 0.01139 | 0.00934 | 0.01774 | 0.0128233
28/06/2013 79 0.00966 | 0.0504 | 0.01557 | 0.0252103 | 0.01499 | 0.048 | 0.02255 | 0.0285133
23/07/2013 | 104 | 0,01444 | 0.07115 | 0.03737 | 0.0409867 | 0.02126 | 0.06541 | 0.04365 | 0.04344
20/08/2013 131 | 0.05228 | 0.08221 | 0.06061 | 0.0650333 | 0.04768 | 0.07308 | 0.07873 | 0.0664967
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lcorr for Cylinders (With Chloride Contamination)

Mix 4 : Cemetec Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration Cl(0.8%) Cl (1.5%)
P s | ke | s (o | s#1 | s#2 | s¥3 | SEEO
24/04/2013 | 15 | 0.00674 | 0.03767 |0.01539 | 0.019933 | 0.0239 | 0.017 | 0.0194 | 0.020073
24/05/2013 | 45 | 001078 | 0.04675 |0.07488 | 0.044137 | 0.0589 | 0.03 | 0.0504 | 0.046407
28/06/2013 | 79 | 0.02304 | 0.08751 |0.09924 | 0.06993 | 0.0652 | 0.0795 | 0.0708 | 0.07183
23/07/2013 | 104 | 003741 | 01003 | 0.31 | 0.08957 | 0.0875 | 0.1567 | 0.1241 | 0.12276
20/08/2013 | 131 | 005312| 02076 | 0.1695 | 0.143407 | 0.1808 | 0.2853 | 0.1899 | 0.218667
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lcorr for Cylinders(With Chloride Contamination)

Mix 5 : Sika901 Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)
Date Duration CI (0.2%) Cl (04%)

(P su1 | su2 | s#a (ﬁxzﬁ%‘; S#1 | S#2 | S#3 (ﬁf}‘g"r;gz‘;
24/04/2013 15 0.01097 | 0.01296 | 0.00669 | 0.010206 | 0.01136 | 0.00879 | 0.01004 | 0.010063
24/05/2013 45 0.01212 | 0.0227 | 0.02945 | 0.0214233 | 0.02571 | 0.0334 | 0.02275 | 0.0272867
28/06/2013 79 0.02472 | 0.05409 | 0.0449 | 0.0412367 | 0.04441 | 0.04455 | 0.03465 | 0.0412033
23/07/2013 104 0.03894 | 0.07546 | 0.08874 | 0.0677133 | 0.0904 | 0.05547 | 0.06059 | 0.06882
20/08/2013 131 0.04926 0.089 | 0.0936 |0.0772867 | 0.143 |0.06877 | 0.09504 | 0.10227
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lcorr fOr Cylinders (With Chloride Contamination)

Mix 5 : Sika901 Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration ClI (0.8%) Cl (1.5%)
( Days) N "

verage verage

S#1 S#2 | S#3 | o | S#L | S#2 | s#3 |

24/04/2013 | 15 0.01409 | 0.02512 | 0.03238 | 0.023863 | 0.0478 | 0.0153 | 0.0514 | 0.03818
24/05/2013 | 45 0.01703 |0.03534 | 0.0417 | 0.031355 | 0.1026 | 0.0629 | 0.0688 | 0.078083
28/06/2013 | 79 0.03858 | 0.05712 | 0.04783 | 0.047843 | 0.1092 | 0.0702 | 0.0689 | 0.08278
23/07/2013 | 104 0.05441 |0.08133 | 0.08551 | 0.07375 | 0.1114 | 0.0877 | 0.088 | 0.095683
20/08/2013 | 131 0.08417 | 0.09756 | 0.1132 | 0.09831 | 0.136 | 0.135 | 0.1164 | 0.129133
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lcorr for Cylinders (With Chloride Contamination)

Mix 6 : Calcium Nitrate Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration CI"(0.2%) CI(0.4%)
( Days)

Average Average

S#1 S#2 | S#3 (WATe) S#1 | S#2 | S#3 (LACm?)

24/04/2013 15 0.00454 | 0.00939 | 0.00921 | 0.007713 | 0.00978 | 0.01655 | 0.0103 | 0.0122087
24/05/2013 45 0.0301 |0.01188 | 0.0116 | 0.0178603 | 0.01466 | 0.02508 | 0.0179 | 0.0192133
28/06/2013 79 0.03787 | 0.01987 | 0.01992 | 0.0258867 | 0.03574 | 0.03114 | 0.02467 | 0.0305167
23/07/2013 | 104 0.06331 | 0.03161 | 0.02663 | 0.0405167 | 0.04414 | 0.04884 | 0.04475 | 0.04591
20/08/2013 131 0.0736 | 0.05111 | 0.05342 | 0.0593767 | 0.0715 | 0.0505 | 0.0651 | 0.0623667
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lcorr for Cylinders (With Chloride Contamination)
Mix 6 : Calcium Nitrate Inhibitor

Date of Exposure: 09/04/2013

Duration

Corrosion Current Density lcorr (LA/CM?)

Date  Daye) CI7(0.8%) CI™(1.5%)
s#1 | s#2 | s¥3 | (WO | syl | s#2 | s¥#3 | ed
2410412013 15 0.01523 | 0.00962 | 0.04306 | 0.022636 | 0.0616 | 0.0322 | 0.0107 | 0.034823
24/05/2013 45 0.03332 | 0.02332 | 0.06617 | 0.040937 | 0.0822 | 0.0665 | 0.0353 | 0.061313
28/06/2013 9 0.05592 | 0.04632 | 0.0841 | 0.062113 | 0.0944 | 0.0783 | 0.0463 | 0.073
23/07/2013 104 0.0903 | 0.05913 | 0.09104 | 0.080157 | 0.1185 | 0.0833 | 0.0931 | 0.098297
20/08/2013 131 0.11239 | 0.07592 | 0.09539 | 0.094567 | 0.1241 | 0.1173 | 0.1177 | 0.119717
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lcorr for Cylinders (With Chloride Contamination)
Mix 7 : Cortec Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date [("[J)':‘;;‘)’” CI(0.2%) CI(0.4%)
S#1 | S#2 | S#3 (ﬁxzﬁ%‘; S#1 | S#2 | S#3 (ﬁf}‘gf‘?g
24/04/2013 15 0.01423 | 0.01485 | 0.01634 | 0.0151403 | 0.01487 | 0.01415 | 0.0206 | 0.01654
24/05/2013 45 0.02221 | 0.01794 | 0.02121 | 0.0204533 | 0.04544 | 0.0157 | 0.02064 | 0.02726
28/06/2013 79 0.02841 | 0.0595 | 0.0295 | 0.0391367 | 0.04853 | 0.04777 | 0.04307 | 0.0464567
23/07/2013 | 104 | 0,04422 | 0.06652 | 0.03664 | 0.0491267 | 0.05121 | 0.06744 | 0.0688 | 0.0624837
20/08/2013 | 131 | 0,04925 | 0.08163 | 0.08256 | 0.0711467 | 0.06314 | 0.1109 | 0.094 | 0.0893467
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lcorr for Cylinders (With Chloride Contamination)

Mix 7 : Cortec Inhibitor

Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date Duration Cl (0.8%) Cl (1.5%)
( Days)

Average Average
S#1 S#2 | S#3 (WATCcm?) S#1 | S#2 | S#3 (WATCT)
24/04/2013 15 0.03425 | 0.01437 | 0.0375 | 0.028707 | 0.0823 | 0.0586 | 0.083 | 0.074643
24/05/2013 45 0.05483 | 0.04783 | 0.04372 | 0.048793 | 0.0832 | 0.0995 | 0.1043 | 0.09565
28/06/2013 79 0.08371 | 0.05387 | 0.04996 | 0.062513 | 0.0902 | 0.1381 | 0.1238 | 0.117373

23/07/2013 104 0.0958 0.07443 | 0.05651 | 0.07558 | 0.1102 | 0.1659 | 0.1796 0.1519
20/08/2013 131 0.2281 0.0932 | 0.0753 | 0.1322 | 0.1488 | 0.1738 | 0.3291 | 0.217233
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lcorr for Cylinders (With Chloride Contamination)

Mix 8 : Sika903 Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?)

Date [("[J)':‘;;‘)’” CI7(0.2%) CI7(0.4%)
S#1 | S#2 | S#3 (ﬁxzﬁ%‘; S#1 | S#2 | S#3 (ﬁf}‘gf‘?g
24/04/2013 | 15 | 0,00677 | 0.01009 | 0.0188 | 0.0118873 | 0.00859 | 0.02151 | 0.00986 | 0.0133207
24/05/2013 | 45 | 0.00758 | 0.02803 | 0.05655 | 0.0307213 | 0.01028 | 0.06716 | 0.01975 | 00323967
28/06/2013 | 79 | 001889 | 0.05464 | 0.07275 | 0.048759 | 0.02147 | 0.07221 | 0.0744 | 00560267
23/07/2013 | 104 | 0,0324 | 0.07645 | 0.07837 | 0.0624067 | 0.05577 | 0.08359 | 0.09566 | 0.07834
20/08/2013 | 131 | (005664 | 0.08163 | 0.0942 | 0.07749 | 0.168 | 0117 | 0.1115 | 01321667
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lcorr for Cylinders (With Chloride Contamination)

Mix 8 : Sika903 Inhibitor
Date of Exposure: 09/04/2013

Corrosion Current Density lcorr (LA/CM?2)
Date [()‘[’)':‘;;‘)’” CI7(0.8%) CI™(1.5%)

s#1 | s#2 | s#3 (ﬁ/‘i%ﬁqu‘; s#1 | s#2 | s#3 @Xﬁgf‘fg
24/04/2013 15 0.01737 | 0.01999 | 0.03025 | 0.022537 | 0.1232 | 0.0488 | 0.066 | 0.07932
24/05/2013 45 0.0214 | 0.06224 | 0.07341 | 0.05235 | 0.1288 | 0.0663 | 0.1146 | 0.103223
28/06/2013 9 0.05329 | 0.0869 | 0.1056 | 0.08193 | 0.1425 | 0.0887 | 0.1818 | 0.13768
23/07/2013 104 0.09253 | 0.102 | 0.1222 | 0.105577 | 0.2215 | 0.1356 | 0.2334 | 0.196837
20/08/2013 131 0.1431 | 0.2 | 0.152 | 0.138367 | 0.2878 | 0.1595 | 0.3318 | 0.2597

300




VITA

Name :  Ahmed Abdullah Alawi Al-Naghi
Nationality : Yemeni.

Date of Birth : 9™ October 1979

Education

e Graduated from high school in 1998 with grade of 86%,
scientific section, Thamar, Yemen.

e Graduated from Thamar University with B.Sc. degree in the
civil engineering, structural section in 2005 with grade of
91.16%.

e Received a scholarship from the Ministry of Higher

Education and Thamar University to study MS degree at
KFUPM in 2010.

e Finished MS program at KFUPM with GPA (3.72/4).

Work and Experience:

In 2006, appointed as a graduate assistant at Thamar University, college of

engineering and | am still working there as a faculty member.

During the period from 2006 right 2010, | worked as a supervisor and engineer designer

for a lot of reinforced concrete projects in both the national and private sectors in Yemen.

301






