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ABSTRACT

iv

Chloride attack is one of the main causes of corrosion of steel structures exposed

to marine environments. As the structure deteriorates with time, appropriate repair

techniques should be applied to prevent the structure from further deterioration.

Cathodic protection is one of the well-established techniques for preventing corrosion

steelwork in acidic and chloride contaminated conditions. This study investigates the

cost-effectiveness of repair methods for corrosion damage which could be justified by

using life cycle cost analysis (LCCA). This study demonstrates the uses of LCCA in

evaluating optimum maintenance decisions related to chloride-induced corrosion

problems on a jetty structure. The results of the LCCA on the selected site could be used

for assisting optimum decisions in arriving at cost-effective solution for the repair of

corrosion-damaged structure. In a case study of a jetty structure, the analysis based on

the total life cycle cost has recommended on a new deck replacement solution over the

repair of existing deck.
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ABSTRAK

Kewujudan ion klorida merupakan punca utama pengaratan struktur besi yang

terdedah kepada persekitaran laut. Aplikasi kepada langkah-langkah memperbaiki

pengaratan perlu dilakukan untuk menghalang struktur daripada terus mengalami

kerosakan kesan daripada struktur yang melalui perubahan seiring dengan masa.

Pengawalan katod merupakan kaedah yang sangat berkesan untuk menghalang

pengaratan daripada terus berlaku apabila struktur ini terletak dikawasan yang berasid

dan dikawasan yang mengandungi kandungan klorida yang tercemar. Projek ini

melibatkan satu kajian ke atas analisis kos edaran hidup (LCCA) terhadap langkah-

langkah memperbaiki pengaratan yang paling kos efektif. Projek ini juga menunjukkan

bahawa analisis kos edaran hidup adalah satu kaedah yang berkesan untuk menentukan

penyelenggaraan yang paling optima dalam masalah-masalah pengaratan yang

disebabkan oleh kewujudan klorida terhadap struktur jeti. Penemuan daripada analisis

kos edaran hidup ini dapat membantu untuk menentukan kos penyelenggaraan terhadap

masalah pengaratan yang paling optima untuk mendapatkan kos yang paling sesuai.

Berdasarkan kajian yang dijalankan, analisis kos edaran hidup ke atas struktur jeti

mendapati bahawa penggantian dek baru adalah penyelesaian kepada kaedah

memperbaiki dek sedia ada.
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CHAPTER 1 

INTRODUCTION

1.1 General Background

The presence of chlorides in the surroundings of steel normally results in the

development of active corrosion. The consequences of steel corrosion will decrease the

steel cross-section, loss of steel bond and possible loss of steel ductility and strength. As

a result, the safety, serviceability and durability of structure are reduced, while their life

cycle costs are increased. Chloride induced corrosion of reinforcing steel is one of the

most important and prevalent mechanisms of deterioration for concrete structures in

marine environments. High permeability concrete, poor design detailing and

construction defects, such as inadequate depth of cover, quality control problems, which

allow the ingress salt and moisture into the concrete. The higher concentrations of salt

and moisture can result in accelerated corrosion of the reinforcing steel and significant

deterioration to the concrete structure (Daily, 2001).

The deterioration caused by corrosion involves cracking and spalling of concrete

cover, reduction of the cross-sectional area of reinforcing bars, and reduction of bond

strength between concrete and corroding reinforcement. This affects both strength and

serviceability of RC structures. Thus, RC structures with sign of corrosion need to be

assessed in order to check their compliance with strength and serviceability requirements

and, if necessary, appropriate measures (e.g., repair, replacement) should be undertaken

that will require the allocation of additional financial resources (Dimitri V.Val, 2007).
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This proposed study will involve the life cycle cost analysis of a ferry terminal

jetty structure subjected to chloride-induced corrosion. The LCCA study will be carried

out at The ZON Ferry Terminal located at Stulang Laut in the heart of Johor Bahru. It is

officially gazetted as an International Entry Point and Official Seaport at southern

Peninsular Malaysia. This Ferry Terminal is expected to be exposed to high chloride

environments. Some parts of the structure are in distress at an early stage and some parts

of the structure are at critical stage. Most of the structural stress affecting the ferry

terminal is caused by chloride induced corrosion. This short study aims to investigate the

causes and effects of mechanisms of chloride induced corrosion on the repair methods

and to carry out a Life Cycle Cost Analysis on the selected structure.

1.2 Problem Statement

Chloride ions from deicing salts or seawater in contact with the steel surface will

disrupt the passive film and initiate corrosion. The corrosion of carbon steel will start as

soon as the chloride content reaches a threshold level, which defines the resistance of

carbon steel to corrosion. Consequently, the beginning of corrosion is governed by the

surface chloride concentration, corrosion threshold level, as well as moisture level in

terms of the pore solution and the availability of oxygen (Z. Lounis, M.ASCE, J. Zhang

and L. Daigle, 2004).

Chloride induced corrosion of steel is primarily caused by the chemical reactions

that attack the aggregate or cement matrix and the resultant corrosion damage to the

reinforcing steel embedded within the concrete. Chloride ions and moisture diffuse

through concrete toward the rebar. The chloride ions are responsible for destroying the

passive film on rebar surface (A. Suwito and Yunping Xi, 2006). In concrete, the

presence of a significant amount of calcium hydroxide and relatively small amounts of

alkali elements, such as sodium and potassium, gives concrete a very high alkalinity.
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When the structure is in its infancy, this high alkalinity results in the transformation of a 

surface layer of the embedded steel to a tightly adhering film. As long as this film is not

disturbed, it will keep the steel passive and protected from corrosion.

For marine structures, the surface chloride content depends mainly on the

proximity to seawater. It is expected that surface chloride levels increase with time.

However, as observations show this take place only during the first few years of

exposure, eventually the surface chloride content stabilize and remains almost constant

over the rest of the service life of a structure (Dimitri V.Val and Mark G. Stewart, 2003).

Structures in marine environments are divided into two categories of exposure which is

indirect and direct exposure. The indirect exposure consists of the structure along the

coastline, which is not come into direct contact with seawater. The direct exposure is the

structures that are partially or completely submerged in seawater. The process on how

corrosion occurs can be said as similar however the repair techniques and the rate of

corrosion could be different.

When a concrete structure is often exposed to salt spray or submerged in

saltwater, chloride ions will slowly penetrate into the concrete. Then, the chloride ions

will eventually reach the steel and accumulate to the point where the protective film is

destroyed and the steel begins to corrode. Chlorides attack the reinforcing steel through

electrolytic action producing black colored rust. A significant loss of the reinforcing bar

takes place with normal visible signs of disruption to the concrete cover, such as

spalling.
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In general, the deterioration process of reinforced concrete due to corrosion can be

divided into three stages:

(1) Penetrations of chloride ions and moisture into concrete. This stage ends

when the corrosion starts at the critical level of chloride accumulation on the

surface of rebar.

(2) Rust formation and rust permeation in surrounding concrete. This stage ends

when concrete cracking take place.

(3) Crack propagation due to continuous rust expansion. The end of this stage

indicates the failure of the structure which is manifested as delamination of

concrete cover.

(A. Suwito and Yunping Xi, 2006).

A number of methods for repairing and protecting the corrosion related with the

selected site are available. Vassie and Arya (2000) have categorized a list of remedial

measures applicable for the repair of corrosion-damaged concrete and those related to

this study are as follows:

i. Preventive methods.

ii. Methods for repairing damage concrete.

iii. Methods for stopping the corrosion process.

Preventive maintenance is probably one of the most effective ways of controlling

corrosion in concrete structures. In the study done by Ho Jin How et al. (2002) LCCA

was used to determine cost effectiveness of various corrosion preventive techniques for

concrete bridges and to compare the total cost of three repairing or maintenance

techniques for corrosion-induced damage, which consists of patch repair, cathodic

protection and chloride extraction. Finally, the study was used to compare the life cycle

cost of various anode systems normally applied in impressed current cathodic protection.

Repairing the deteriorate structures and stopping the corrosion process are usually

needed for structures where corrosion have been recognized.
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The Life Cycle Cost Analysis handbook 1999 1st Edition, divides the LCC

equation into three variables, there are pertinent costs of ownership, the period of time

over which these costs are incurred and the discount rate that is applied to future costs to

equate them with present day costs. LCCA is a method to detect the most capital

investment by minimizing the total cost through its life, which is considered not only

initial cost but also annual costs such as maintenance one and repair and rehabilitation

one (Federal Highway Administration, 1998). Consequently, LCCA is focused as one of

the effective tools to obtain the optimum maintenance decision related to chloride-

induced corrosion problems.

1.3 Objectives of Study

The purpose of this study is to carry out the Life Cycle Cost Analysis on

Corrosion remedial measures on The ZON Ferry Terminal in Stulang Laut, Johor

Bahru.

The proposed objectives are:

a. To identify the causes and consequences of chloride-induced corrosion on the

Ferry Terminal.

b. To assess various appropriate methods for repairing corrosion damage and

protecting the ferry terminal structure from future corrosion.

c. To carry out Life Cycle Cost Analysis on the selected site to demonstrate its

use in evaluating optimum maintenance decisions related to chloride induced

corrosion problems.
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1.4 Scope of Study

The main scope of this study is to focus on chloride induced corrosion problems

of structural members concentrated only at steel floating deck of The ZON Ferry

Terminal Stulang Laut, Johor Bahru.

At the initial stage of this study, the principles of corrosion mechanisms, its

causes and effect are defined. Subsequently, appropriate methods used in the preventive

and maintenance techniques related to chloride induced corrosion problems are

discussed. The appropriate preventive and maintenance techniques focused for this study

are as follows:

i. Painting

ii. Sandblasting

iii. Cathodic protection

Life Cycle Cost Analysis (LCCA) is chosen to demonstrate it uses in evaluating

optimum maintenance decisions in this corrosion problem. The data needed in the

LCCA is collected through extensive data collection from interviewing a few consultants

and site surveying. The BridgeLCC software version 2.0 will be used to analyze life

cycle cost on selected site. The parties involved in data collection are as follows:

i. Jabatan Meteorologi Malaysia (JMM)

ii. Tenggara Senandung Sdn. Bhd.

iii. Chajita Engineering Sdn. Bhd.

iv. Ship Classification Malaysia (SCM)

v. Rushoe Enterprise
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CHAPTER II

LITERATURE REVIEW

2.1 General

This chapter is to provide general background information related to the subject

research. The mechanisms of chloride attack, chloride-induced corrosion, preventive and

maintenance techniques and life cycle cost analysis are covered and explained to give

better understanding.

2.2 Chloride Attack in Structures

The chloride ion is formed when the element chlorine picks up one electron to

form an anion (negatively-charged ion) CF. The salts of hydrochloric acid HC1 contain

chloride ions and can also be called chlorides. An example is table salt, which is sodium

chloride with the chemical formula NaCl. The word chloride can also refer to a chemical

compound in which one or more chlorine atoms are covalently bonded in the molecule.

This means that chlorides can be either inorganic or organic compounds. The simplest

example of an inorganic covalently-bonded chloride is hydrogen chloride, HC1. A 

simple example of an organic covalently-bonded (an organochloride) chloride is

chloromethane (CH3CI), often called methyl chloride.
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Chloride can come from several sources. They can be cast into the concrete or

they can diffuse in from the outside. Chlorides cast into concrete can be due to deliberate

addition of chloride set accelerator (calcium chloride); use of seawater in the mix; or

contaminated aggregates (usually sea dredged aggregates). Chlorides can diffuse into

concrete as a result of de-icing salts; sea salt spray and direct seawater wetting.

2.2.1 Mechanism of Chloride Attack

Chloride ion, present in de-icing salts and seawater, penetrates the concrete cover

and destroy the natural passivity of steel. Normally, the top mat of rebar will exposed to

chloride ion sooner or at higher concentrations causing it to become active. Since

chloride concentration are not uniform throughout the structure, some areas become

active while others remain in the passive state. The state of the steel can be characterized

by its potential, which can be measured using ASTM Test Method C876-80. By using

this method, if the surface potential are numerically less than -0.2V versus a copper

sulphate reference electrode (CSE), the probability is greater than 90 percent that no

rebar corrosion is occurring in that area. If potentials are in the range of -2.0 to -0.35, the

extent of corrosion activity is uncertain. If potentials are numerically greater than -

0.35V, however, the probability is greater than 90 percent that rebar in that area is

corroding at the time measurement. These potential differences that develop in a 

structure, act as a driving force for electrons to flow through the reinforcing steel, setting

up macro-corrosion cells.

The some potential difference that causes electrons to flow in the rebar also

drives electrochemical reactions at the surface of the steel. Oxidation reactions will be

driven at sites which have become anodic, and reduction reactions will occur at cathodic

sites which remain passive. Reduction of oxygen is the usual cathodic reaction.

Hydrogen ion, H1 generated at the anode also contributes to corrosion by lowering the
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surface pH. Measurements of pH taken at or very near actively corroding rebar sites

have been reported to invariable be in the range of 4.8 to 6.0 (Clear and Virmani, 1982).

As the corrosion reactions occur, ions must move through the electrolyte in order to

maintain electro neutrality. Negatively charged ions migrate toward the anode, and

positively charge ions migrate toward the cathode completing the electrical circuit. The

migration of chloride ion toward the anode further reinforces the corrosion process by

undermining passivation. It is believed that chloride actually takes part in the corrosion

process, probably the path of reaction is:

Fe + 2C1" • FeCl2 + 2e

Followed by:

FeCl2 + 2H20 • Fe (OH) 2 +2H + +2Cr

Noticed that the chloride ion originally responsible for the reaction is released for reuse,

thus perpetuating the corrosion reaction.

2.2.2 Chloride-Induced Corrosion

Chloride-induced corrosion of reinforcing bars is the primary causes of

deterioration of RC structures in onshore and offshore marine environments. Corrosion

is initiated by chloride contamination, often in conjunction with adequate cover or poor

quality concrete. It then leads to cracking and spalling that indicates the need for an

assessment of existing safety, repair or replacement of damaged structural elements, or

the need for more frequent inspections. All these cases will require the allocation of

additional financial resources (D.V. Val and M.G. Stewart, 2003).
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The mechanisms of chloride-induced reinforcement corrosion in the presence of

sulfate ions were elucidated by extracting and analyzing the pore solution. The time to

initiation of reinforcement corrosion was observed to be strongly related to the mobility

and diffusivity of the chloride ions. Once the chloride and sulfate ions reach the steel-

concrete interface, the concomitant presence of sulfates and chlorides generally

increases the corrosion rate of steel in both plain and blended cements. Despite the very

aggressive internal chemical environment in silica fume cement concrete, the corrosion

current density was the lowest and generally below the threshold level. The longer time

to initiation of corrosion and lower corrosion current density observed in silica fume

cement concrete, even in very aggressive environments marked by high chloride and

sulfate concentrations, emphasizes its usefulness in aggressive media (Bernard Erlin and

William Hime, 1985).

2.2.3 Consequences of Corrosion-Induced Damage

There are two consequences of corrosion of steel. The first consequences are the

products of corrosion occupy a volume several times larger than the original steel so that

their formation results in cracking. Hair-line cracks (<0.1 mm) in the concrete surface

lying directly above the reinforcement and running parallel with it usually is the earliest

visible sign that reinforcement is rusting seriously. Such a crack means that expanding

rust has grown enough to split the concrete. As the corrosion proceeds, the concrete

begins to spall and delaminate, and the affected pieces can be priced off to reveal the

corroded steel underneath. This makes the concrete easier for aggressive agents to

ingress toward the steel, with a consequent increase in the rate of corrosion. The second

consequences are progress of corrosion at the anode reduces the cross-sectional area of

the steel, thus reducing its load-carrying capacity.
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2.4 Inspection and Assessment for Corrosion Damage

Inspection and assessment for corrosion damage is conducted to guarantee that

the safety standards are adhered to both either at the public and personal level. The

corrective measures must be taken immediately once the inspection, the structures

noticed as low standard. A quality inspection is ensuring public safety by enforcing

municipal and state regulations typically for construction activities.

2.4.1 Visual Inspection

Visual inspection is by far the most common nondestructive testing (NDT)

technique. When attempting to determine the soundness of any part or specimen for its

intended application, visual inspection is normally the first step in the examination

process. Generally, almost any specimen can be visually examined to determine the

accuracy of its fabrication. Direct visual inspection is the most common nondestructive

testing technique and many other NDT methods require visual intervention to interpret

images obtained while carrying out the examination.

In arriving at a definition of visual inspection NDT method includes more than

use of the eye, but also includes other sensory and cognitive processes used by

inspectors. The inspection process may be done using such behaviors as looking,

listening, feeling, smelling, shaking, and twisting. The human eye is one of mankind's

most fascinating tools and is capable of assessing many visual characteristics and

identifying various types of discontinuities (George A. Matzkanin, 1999).
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2.4.2 In-situ Testing Techniques

In-situ testing technique is an inspection involves the measurement, tests and

gauges applied to certain characteristics in regards to an object or activity. The findings

are compared to specified requirements and standards for determining whether the

activity is in line with the targets. The type of inspection is non-destructive techniques.

Two principles tests to predict corrosion risk are Half cell Potential and Resistivity

measurements.

2.4.2.1 Half Cell Potential Measurement

The explanations of a half cell are structure that contains a conductive electrode

and a surrounding conductive electrolyte separated by a naturally-occurring Helmholtz

double layer. Chemical reactions within this layer momentarily pump electric charges

between the electrode and the electrolyte, resulting in a potential difference between the

electrode and the electrolyte. The typical reaction involves a metal atom in the electrode

being dissolved and transported as a positive ion across the double layer, causing the

electrolyte to acquire a net positive charge while the electrode acquires a net negative

charge. The growing potential difference creates an intense electric field within the

double layer, and the potential rises in value until the field halts the net charge-pumping

reactions.

Steel embedded in good quality concrete is protected by the high alkalinity pore

water which, in the presence of oxygen, passivates the steel. The loss of alkalinity due to

carbonation of the concrete or the penetration of chloride ions (arising from either

marine or de-icing salts, or in some cases present in-situ from the use of a calcium

chloride additive) can destroy the passive film. In the presence of oxygen and humidity
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in the concrete, corrosion of the steel begins. A characteristic feature for the corrosion of

steel in concrete is the development of macrocells, which is the co-existence of passive

and corroding areas on the same reinforcement bar forming a short-circuited galvanic

cell, with the corroding area as the anode and the passive surface as the cathode. The

voltage of such a cell can reach as high as 0.5V or more, especially where chloride ions

are present. The resulting current flow (which is directly proportional to the mass lost by

the steel) is determined by the electrical resistance of the concrete and the anodic and

cathodic reaction resistance.

The current flow in the concrete is accompanied by an electrical field which can

be measured at the concrete surface, resulting in equipotential lines that allow the

location of the most corroding zones at the most negative values. This is the basis of

potential mapping, the principal electrochemical technique applied to the routine

inspection of reinforced concrete structures. The use of the technique is described in an

American Standard, ASTM C876-80, and Standard Test Method for Half Cell Potentials

of Reinforcing Steel in Concrete.

Half cell Potential method involves measuring the potential of an embedded

reinforcement bar relative to a reference half-cell placed on the concrete surface. The

functions of the concrete are as an electrolyte and the risk of corrosion of the

reinforcement in the test region may be empirically related to the measured potential

difference. Half cell method cannot indicate actual corrosion rate. Therefore, drilled a 

hole may be needed to make electrical contact with the reinforcement bar. The

equipment includes multi-cell and wheel devices with automatic data logging and

graphical output.
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Figure 2.3: Half Cell Potential Measurement Test Equipment

Figure 2.4: Corrosion Potential Measurement Test Equipment
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Figure 2.6: Concrete Resistivity Test Equipment

The electrical resistivity of concrete is an important parameter concerning

determination of intensity of the initiated corrosion process. In concrete material with

high electrical resistivity the corrosion process will be slow compared to concrete with

low resistivity in which the current can easily pass between anode and cathode areas.

Two different techniques, namely AC and DC measurements are used for determination

of electrical resistivity. In these measurements both surface and embedded probes are

applied. Applying a constant electric field between the two embedded electrodes and

measuring the resulting current as a voltage drop over a small resistance accomplish the

DC measurements. The AC measurements can be conducted both by means of two and

four-pin methods. The most common surface mounted probe is known as the Wenner

array. An alternating current is passed between the outer electrodes and the potential

between the inner electrodes is measured (Ha Won Song and Velu Saraswathy, 2007).
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thus the more highly developed will be the pore structure. This is especially true for

concrete containing slower reacting supplementary cementing materials such as fly ash

that require a longer time to hydrate (Tang and Nilsson, 1992; Bamforth, 1995).

Another influence on the pore structure is the temperature that is experienced at

the time of casting. High-temperature curing accelerates the curing process so that at

young concrete ages, a high-temperature cured concrete will be more mature and thus

have a better resistance to chloride ion penetration than a normally-cured, otherwise

identical, and concrete at the same at age. However, at later ages when the normally-

cured concrete has a chance to hydrate more fully, it will have a lower chloride ion

diffusion coefficient than the high-temperature-cured concrete (Detwiler, et al., 1991;

Cao and Detwiler, 1996). This finding has been attributed to the coarse initial structure

that is developed in the high temperature-cured concrete due to its initial rapid rate of

hydration as well as the possible development of initial internal microcracking.

The rate of chloride penetration into concrete is affected by the chloride binding

capacity of the concrete. Concrete is not inert relative to the chlorides in the pore

solution. A portion of the chloride ions reacts with the concrete matrix becoming either

chemically or physically bound, and this binding reduces the rate of diffusion. However,

if the diffusion coefficient is measured after steady-state conditions have been reached,

then all the binding can be presumed to have taken place and this effect will not then be

observed. If a steady state condition has not been reached, then not all the binding will

have occurred and this will affect the results. The chloride binding capacity is controlled

by the cementing materials used in the concrete.
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2.4.3.1 Chloride Ion Penetration

Chloride ion penetration method is one of the testing for chloride ions. This

method may be identified by chemical analysis of powered drillings obtained from

various depths below the concrete surface. The AASHTO T259 test is a Standard

Method of Test for Resistance of Concrete to Chloride Ion Penetration commonly

referred to as the salt ponding test is a long- term test for measuring the penetration of

chloride into concrete. The test requires three slabs at least 75 mm thick and having a 

surface area of 300 mm square. These slabs are moist cured for 14 days then stored in a 

drying room at 50 percent relative humidity for 28 days. The sides of the slabs are sealed

but the bottom and top face are not. After the conditioning period, a 3 percent NaCl

solution is ponded on the top surface for 90 days, while the bottom face is left exposed

to the drying environment. At the end of this time the slabs are removed from the drying

environment and the chloride concentration of 0.5-inch thick slices is then determined

(AASHTO T259). Typically, 2 or 3 are taken at progressive depths. There is difficulty,

however, in determining what the results mean. Part of this is due to the complicated

testing conditions, discussed in the following paragraph, but part is also due to the

crudeness of the evaluation. Little information is being gathered about the chloride

profile. Only the average chloride concentration in each 0.5-inch slice is determined, not

the actual variation of the chloride concentration over that 0.5-inch. A situation could be

envisioned where there are two concretes with the same average chloride concentration

in their outer 0.5-inch slice. One concrete has an approximately uniform chloride

concentration, while the other has a higher concentration near the surface and is lower

further in. Obviously the first situation will result in a critical chloride concentration

reached at some depth sooner than the second situation, yet this distinction would not be

detected.
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