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ABSTRACT:

This study focuses on the corrosion rate of steel in reinforced concrete and its
effect on the steel rebar physical properties: Rockwell hardness, Vickers hardness, tensile
strength, and yield strength. It was no noticeable effect of the corrosion rate of steel rebar
on the physical properties. Tafel test was carried out to analyze the effect of pH and
salinity on the corrosion rate of the reinforcement steel. Corrosion rate of reinforced
concrete for uncoated and cold galvanized zinc coated steel were investigated at different
pH and salinity by using weight loss method. The maximum sheer stress required to pull
out the steel samples from the concrete was studied at different pH and salinity solutions
by bond strength test. The results showed that at low pH ranges (acidic medium), the
corrosion rate of the reinforced concrete was higher than at high pH ranges (alkaline
medium), i.e. the corrosion rate is inversely proportional to pH. The corrosion rate of
reinforced steel is positively proportional to the salinity until a certain salinity
concentration, and then inversely proportional to the salinity due to limited oxygen
diffusion. It can be concluded that the corrosion rate of the embedded rebar in reinforced
concrete affects its structural performance in two ways, either by reducing its cross-

section area or by deteriorating the strength of bonds between the steel and concrete.
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CHAPTER I

Introduction

Galvanic corrosion of steel is an electrochemical reaction that combines iron with
water and oxygen to form hydrated iron oxides (rust) similar in chemical composition to
the original iron. Galvanic corrosion requires three factors to occur: (i) two metals with
dissimilar electrode potentials, (ii) an electrolyte for ion transport and (iii) electrical
contact between the two metals for electron transport. It results in deterioration of the
material and its properties. Galvanic corrosion of rebar is a leading cause of failures in

reinforced concrete structures, ™.

Several factors in reinforced concrete structures are known to favor corrosion:
poor construction and design quality, poor materials selection, and exposure to a

corrosive chemical environment, 1,

In some countries with quickly developing infrastructures, poor quality concrete
can be a result of implementation of the structures on the basis of economic
considerations. In the Middle East, corrosion problems are increased due to the harsh
conditions of a warm marine climate and the salinity of ground water. This has led to a

short life expectancy of reinforced concrete structures, .



In Iraqg, there are two major rivers (Tigris and Euphrates) flowing from northern
part to southern part of Iraq which accounts for 98% of the water supply in the country.
On their path, they have a lot of bridges and hydraulic structures, which needs to be
protected. Corrosion of structures in these bridges not only affects the economical aspect

but also the safety issues of people traveling across these bridges.

Corrosion affects people’s daily lives which includes some of the following
damages: failure of a section of highway, the collapse of electrical towers, and damage to
buildings, parking structures, and bridges. These damages result in large amount of

repair costs and endanger public safety, .

The effect of corrosion is not only a worldwide engineering problem but also an
economic problem. Because of this economic cost, many production and manufacturing
companies, state and federal highway agencies, and infrastructure developers are
pursuing corrosion control methods for reinforced concrete structure. Besides the
economic importance of corrosion, corrosion control has gained importance due to

human safety and conservation, 1.

Prevention of galvanic corrosion is well-understood and requires eliminating one
of the three requirements. However, the dissimilar metals in close electrical contact are a
micro-structural feature of plain carbon steel, where pearlite microstructure is common.
The only viable options are to prevent the metal from coming into contact with an
electrolyte and/or place the metal in contact with a more anodic metal such that the rebar

is become the cathode in the electrolytic cell and is protected



In this study, a professional cold galvanizing compound zinc spray coating is used
as a cathodic protection method to act as a sacrificial anode and protect the steel rebar.
Hot-dipped galvanizing is a common galvanizing technique, but this study is intended to
evaluate the spray-on zinc coating for stability under various corrosive environments. In
cathodic protection, the electrons flow from the more negative potential (more active
metal) to the less negative potential (more noble metal). The more negative potential
which is the anode corrodes, whereas the less negative potential which is the cathode gets

protected, 1!,
There are other four chapters contain as following:

Chapter 2 provides a brief description on galvanic corrosion theoretical
background and literature review related to this research. This chapter consists sections
that introduce galvanic corrosion definition, galvanic cell, types of corrosion, corrosive
environments, pH effect, and salinity effect. Also, it includes other sections introduce the
reinforced concrete corrosion and its mechanism, passivation, and carbonation definition,
and some information about Iraqi water and corrosion protection methods in addition to

economic impact of corrosion.

Chapter 3 describes the experiments that were performed for this study by details
which include the materials, equipment, sample preparation and experiments procedure.
This study depends on three sets of experiments include investigation of the steel rebar
physical properties, the effect of different pH and salt concentration on the corrosion rate
of rebar embedded in reinforced concrete, and the bond behavior test between the steel

rebar and the concrete element.



Chapter 4 presents the experimental results obtained by using three sets of
experiments to investigate the effect of pH and salinity on the corrosion rate of
reinforced concrete, the bond behavior between the steel rebar and the concrete element
immersed in different pH and salt concentration solutions, and the steel rebar physical
properties.  First experiment investigates a relation between the corrosion rate vs.
different pH and salinity ranges for steel rebar using Tafel test method, and weight loss
method for uncoated and cold galvanized zinc coated reinforcement steel rebar. Second
experiment tests the bond behavior between the steel rebar and the concrete element to
investigate the maximum force and shear stress required to cause failure to these bonds
for uncoated and zinc coated steel rebar embedded in concrete element, and the last
experiment focuses on the physical properties of the steel rebar represented by Rockwell

hardness, Vickers hardness, yield strength, and tensile strength.

Chapter 5 introduces conclusion that can be drawn from the results shown in the

previous chapter followed by some recommendations.

1.1 The Objective of the work

The objective of the work in this study is to investigate the following:

i.  The effect of pH and salinity on reinforced concrete corrosion rate using Tafel test
method, and weight loss method.
ii.  The effect of pH and salinity on the bond strength between the steel rebar and
concrete.
ilii. The effect of corrosion rate on the steel rebar physical properties such as

hardness, tensile strength, and yield strength.



iv. The effect of cold galvanizing zinc coating process on reducing the corrosion rate
under various salinity concentrations, and pH environment conditions, which surround
the reinforced concrete element. And determine the effect of zinc coating on the bond

strength under the same environment conditions that above mentioned.

Tafel test is conducted to measure the corrosion rate for steel rebar specimens
immersed in solutions of different pH and salinity as a corrosive environment. The
corrosion measurements will take the advantage of electrochemical test method in order

to figure out the corrosion rate in a short period of time.

Corrosion rate of reinforced concrete experiment is carried out using weight loss
method for uncoated and zinc coated steel rebar specimens embedded in cylindrical
concrete element samples immersed in solutions of different pH and salinity. The effect
of pH and salinity on the corrosion rate will be investigated; also the result will provide a
good chance to evaluate the corrosion reduction efficiency of cold galvanized zinc

coating process under such environment conditions.

The bond strength experiment is conducted to determine the effect of corrosion on
the bond strength between the concrete and reinforcement steel for both uncoated and

zinc coated steel rebar specimens embedded in cylindrical concrete.

Physical properties of steel rebar will be analyzed by investigating the Rockwell
hardness, and Vickers hardness of each sample immersed in solutions of different pH and
salinity as corrosive environments. Depending on the Rockwell and Vickers hardness
values, the tensile and yield strength will be determined. The results will compare with

the company results for a clean steel rebar.



CHAPTER II

Background

2.1 Galvanic corrosion

Galvanic corrosion is an electrochemical reaction of a metal with its environment.
The term corrosion is derived from the Latin corroder (to eat away or to destroy), ™. It
first appeared in the Philosophical Transactions in 1667. The works of Plato (427-347
B.C.) contained the first written description of corrosion. Plato defined rust as the earthy

component separating out of the metal., ™.

More broadly, corrosion is defined as “the deterioration of a material’s properties
due to its interaction with its environment.”, . Galvanic corrosion involves an oxidation
reaction, which is anodic and produces electrons and a reduction reaction which is
cathodic and consumes electrons; both oxidation and reduction reactions occur at the

same time and the same overall rate, 2,

When two dissimilar metals are in contact with each other under a corrosive
environment, a galvanic couple exists. The metals have different electrical potentials in
the galvanic series, so the more active metal becomes an anode and corrode faster while

the more noble metal becomes a cathode and is protected. There are two main factors



effecting galvanic corrosion: (1) the difference in potential between two metals in
galvanic series, and (2) the size of the exposed cathodic area of the metal relative to the
anodic area. The corrosion of the anode becomes faster and more damaging when the
potential difference increases and also the exposed area of the cathode increase

comparing to the anodic area of the metal., &.

Reactions in which the species undergo a change in their valence electrons along
with the addition or removal are called electrochemical reactions.
For example - precipitation of iron hydroxide, Fe (OH) , by electro chemical reaction is
created by oxidation of metallic iron and by reduction of dissolved oxygen.

Galvanic corrosion implies two half-cell reactions; one of them is an oxidation
reaction at the anode and the other is a reduction reaction at the cathode, .. The half-cell

reaction for the corrosion of iron in water is as follows:

Anode reaction: 2Fe => 2Fe’t+ 4 ¢ (1)

Cathode reaction: O, + 2H,0 + 4 e => 40H™ (2

Basic components for electrochemical corrosion cell are as follows:
An anode.

A cathode.

A conducting environment for ionic movement (electrolyte).

Connection between the anode and cathode for the flow of electron current.



These components play a vital role in electrochemical corrosion; if any one of

these components is disabled, the process would be stopped, ©.

*-- - ‘_
Charge Transfer across the Correding Mass Transport
Surface (Arrows Indicate Direction of (Diffusion, Convection, Migration)
Positive Charge Movement)
Current flow by ionic
Current flow by electron
movement movement

Figure 2.1 Schematic representation of electrochemical corrosion process, ©

2.2 Electrochemical cell (Galvanic cell)

An electrochemical cell is an apparatus used for generating an electromotive force
(voltage) and current from chemical reactions. The reactions releasing and receiving
electrons result in flow of a current through the circuit. Oxidation occurs at the electrode

called the anode which has a positive charge attracting the anions towards it; reduction



occurs at the electrode called cathode which has a negative charge attracting the cations
towards it. Standard 1.5 volt battery is an example of an electrochemical cell which

demonstrates Daniel cells, ',

Zn| Zn* (c;molI") || Cu** (¢;mol.I")| Cu

mV
lame de ZinC —: lame de cuivre
Solutionde —f=___ ¢ ——Solution de
InS04 CuS04

Zn(sd) +Cu** & Zn* + Cu(sd)

Figure 2.2 Model of Daniel cell, 1!
2.3 Types of corrosion

Depending on the morphology of attack, the corrosion is classified into the following
categories, M:

. Uniform corrosion: ASTM defined the uniform corrosion as “Corrosion that proceeds at
about the same rate over a metal surface”, (81,

Galvanic corrosion: It occurs when two dissimilar metals are attached together in the
presence of an electrolyte due to the difference in their electrochemical potential, ©'.
Erosion corrosion: It can be defined as a combination result of electrochemical corrosion

and mechanical wear processes, %!,



10.

Fretting corrosion: It is a result of the combined actions of a corrosive environment and
micro-displacements fretting wear, %121,

Crevice corrosion: It is a form of localized electrochemical corrosion that occurs in
crevices and under-shielded surfaces where stagnant solutions can exist, **!.

Pitting corrosion: It is a form of localized corrosion in the presence of electrolyte and
produces pits or cavities on the metal surface, 41,

Cavitations’ damage: This type is caused by the formation and collapse of air bubbles or
vapor-filled cavities in a liquid near a metal surface, **!.

Intergranular corrosion: It is a corrosion attack that is adjacent to the grain boundaries of
an alloy, ¢,

Stress corrosion: It is a cracking of metal caused by the combined effects of a tensile
stress and a specific corrosion environment acting on the metal, "),

Hydrogen damage or Corrosion fatigue: It refers to the situation in which the load

carrying capacity of a metallic component is reduced due to the interaction with atomic

hydrogen (H) or molecular hydrogen (Hy), 289,

Load

More noble Flowing Cyclic Metal or
metal corrodent movement nonmetal
—
No corrosion Uniform Galvanic Erosion Fretting Crevice
Tensile stress Cyclic stress
] E ' /=
Pitting Exfoliation Dealloying Intergranular Stress-corrosion Corrosion
cracking fatigue

Figure 2.3 Types of corrosion, 2%
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2.4 Corrosive environments

Corrosive environments are generally classified as an atmospheric,
underground/soil, water, acidic, alkaline, and combinations of these. All environments

are corrosive to some degree, and they are broadly classified as,

Air and humidity.
Fresh, distilled, salt and marine water.
Natural, urban, marine and industrial atmospheres.
Steam and gases, like chlorine, Ammonia.
Hydrogen sulfide.
Sulfur dioxide and oxides of nitrogen.
Fuel gases.
Acids.
Alkalies.
Soils.
This study mainly concentrates on the solutions of different pH and salinity as
corrosive environments, and the effect of these environments on the corrosion of

reinforced concrete and its bond strength.

2.4.1 The effect of pH
The pH affects the iron metal in an aerated water environment as explained below,

formation of ferrous oxide as follows:
Reduction reaction in the aqueous solution (Cathodic reaction)

O, + 4 + 2H,0 — 40H (3)

11



Oxidation reaction of the iron metal (Anodic reaction)
2Fe — 2Fe®* + 4e” (4)

Overall reaction in aqueous solution

Fe¥* + 3H,0 = Fe (OH) 3 + 3H" (5)
Fe (OH) 3 = FeO(OH) + H,0 (6)
2FeO (OH) + O, = Fe,03 + H,0 @)

At a range of pH below (4) i.e. in acidic medium, the diffusion barrier oxide film
(Fe203) dissolves, exposing the metallic iron with the aqueous solution, which results in
increasing the rate of corrosion of iron. This is mainly due to the evolution of hydrogen
ions, and at low pH, oxygen is not controlling the corrosion process. The range of pH
between (4 and 10) affects the rate of corrosion depending at the rate of diffusion of
oxygen to the cathodic surface. For pH greater than (10), the rate of corrosion decreases
due to the formation of a passive layer over the metallic iron. The passive layer is formed

in the presence of dissolved oxygen and alkalizes, .

2.4.2 The effect of salinity

Depending on the concentration of dissolved salts in the water, it is called hard or
soft water. Higher concentration of salts in water is called hard water, if not it’s called
soft water. Initially, an increase in concentration of salt increases the rate of corrosion due
to presence of dissolved oxygen. After a certain point, the corrosion rate decreases

linearly due to the decrease in solubility of oxygen at high salt concentration, .

12



2.5 Corrosive environment in Iraq

Iraq is almost completely landlocked; the area around Umm Qasr offers Iraq's
only access to the Arab Gulf. The area consists of three ports and terminals: Al Basrah,
Khawr az Zubayr, and Umm Qasr. Iraq has two major rivers which are the Euphrates
River (2,815 km) and the Tigris River (1,899 km), as well as the third River (565 km)
which is manmade waterway to serve as a major irrigation drainage canal. Other Iraqi
small rivers include Diyala River, Great Zab River, and Little Zab River. Iraq also has
many other water bodies such as lakes and marshes. Lakes are located in northern and
central Irag, while marshes are located in the south. Euphrates and Tigris Rivers, which
are flowing from northern part to southern part of Irag, provides 98% of water supply in
the country. Along the rivers, there are a lot of bridges and hydraulic structures which
need to be protected. The quantity and quality of water in these rivers change with
seasons and positions. During the wet season, the quality of water is good near its
sources, but it gets poor when it flows down to the south especially in the summer season.
Nearby, across, or in previously mentioned Iraqi water bodies, there are several structures
that need to be protected from corrosion effects. Those structures may include, but are

not restricted to bridges, dams, and buildings.

Far from water bodies, structures and buildings suffer from other causes of
corrosion, which are the high water table and the salinity of ground water. The salinity of
the soil and so as ground water increases from Baghdad south to the Arabian Gulf, such
phenomena may relate to the poor surface and subsurface drainage, and the irrigation

method used is mostly gravity irrigation. The situation is particularly critical in Basra

13



(southern Irag) where salinity may exceed 7,000 PPM (the World Health Organization

standard for human consumption is 500 PPM or less), 2% !,

2.6 Corrosion of reinforced concrete

Concrete is mainly a reaction product of cement, water and other aggregates.
Concrete has good compressive strength but very poor tensile strength; rebars are
embedded in the concrete to improve the tensile strength capability. Such type of
concrete element is called reinforced concrete, ¥, Steel is thermodynamically unstable
in the earth’s atmosphere, so it always tends to form an oxide or hydroxide by reacting

with oxygen and water, !,

Rebar corrosion causes reduction of its cross section area, which minimizes the
tensile strength bear, such phenomena, which is conjugate with the rust result due to
corrosion, leads to reduce the bond strength between the steel and the concrete, °!. The
major cause for initiation of the reinforced concrete corrosion process in marine
environment is the reaction of dissolved oxygen on the steel surface which produces iron
oxides and hydroxides. These products get accumulated in the concrete around the steel.
This accumulation within a constrained space will develop an additional stress with a
crack in the concrete cover, which results in progressive damage to the concrete, *”); for
example the reinforced concrete bridges across the river (Fig. 2.4). As a result of
corrosion, the reinforced concrete has a very short lifetime of structures, which needs

more financial support for its replacement thus decreasing its economic value, .

14



Figure 2.4 Corrosion of reinforced concrete in bridge

2.7 Mechanism of corrosion in reinforced concrete

For embedded steel in concrete, the steel is exposed to less oxygen and water as
the concrete itself is considered as a porous medium. Also the cement paste in the
concrete has a very high alkanity; at this high pH, the corrosion product formed is
insoluble. The products form a protective layer (passive layer) which prevents the loss of
metal from a steel surface. The protective film is formed at high value of pH that is

explained in the figure 2.5.

0.5 1

0.5

Potential (¥ vs. SHE)
)

“1.%

hitp:ffeamrasion-doctors arg

-2 0 2 4 6 8 10 12 14 186
pH

Figure 2.5 Pourbaix diagram for iron showing the potential and pH,
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In figure 2.5, Gray region indicates the stable steel inside the concrete, orange and
green regions are the passivity regions and white regions are active corrosion sites.
When the passive layer breaks down due to the intrusion of aggressive elements like

chlorides and carbonation of the concrete, it results in structural deterioration, [28],

2.7.1 Passivation
Passivity is a fundamental property of a metal which resists corrosion in the given

environment resulting from thermodynamic tendency to react.

Passive film is a diffusion barrier film which is insoluble and produced as a
reaction product. For example, the oxide of a metal separates the metal from its corrosive
environment which results in decreasing the rate of corrosion. This theory is called oxide

[19]

film theory, . The longer that metal stays in corrosive environment, the film becomes

more stabilized, ¥,

Figure 2.6 Initial passive layer containing less than monolayer of adsorbed oxygen, %

M-0-H fiim

(O Oxygen ion
@® Metol jon

H  Proton

Figure 2.7 Thicker passive layer with addition metal ions and protons, %
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2.7.2 Carbonation

Carbonation is a process in which carbon dioxide from the atmosphere reacts with
water in concrete pores to form carbonic acid. This acid then reacts with alkalis in the
pores neutralizing it, ®%. The alkaline constituents mainly include sodium, potassium
hydroxides and solid hydration products, e. g. Ca (OH) ,. Alkaline products react with
carbon dioxide readily to form the carbonate product. The reaction of calcium hydroxide

and carbon dioxide takes place in aqueous phase as follows:

H,0,NaOH
COZ + Ca(OH)Z —_— CCI,CO3 + H20 (8)

This process does not result in corrosion of concrete, but it shrinks the concrete and thus

results in corrosion of embedded steel, 241,

2.8 Corrosion protection

In corrosive environments such as a marine zone, there is a need to coat the
metals with materials possessing corrosion inhibiting properties to protect the metals
from corrosion. The corrosion problem is a very serious issue, especially in offshore
constructions such as harbors and bridges. The most common causes for corrosion in
reinforced concrete include the breakdown of the oxide film on the steel by chloride ions

and of the concrete by its nature, as it reacts with the atmospheric carbon dioxide, .

Methods for controlling corrosion in reinforced concrete include:

Material selection
Protection by coating
Inhibitors

Cathodic protection
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5. Design
2.8.1 Material selection
Materials of metals play a vital role in corrosion; each metal has its unique
corrosive behavior. For example, more noble metals (gold or platinum) are highly
resistant to corrosion than the more active metals (sodium or magnesium). Also it

depends on the environment to which it is exposed.

2.8.2 Protection by coating

A protective coating system to prevent corrosion in reinforced concrete includes:

e Metallic coating like zinc coating.
e Non-metallic coating like bonded epoxy coating.

2.8.2.1 Zinc coating

Zinc is a bluish- white, conductive, and reactive metal. It is fragile at low
temperature, but it is malleable at high temperature from 100 to 150 °C. Due to its
excellent corrosion resistance property in most environments, zinc is used as a coating
material for metals. In addition, it has the ability to form an adherent, and dense film or
layer when it is exposed to the atmosphere. When zinc reacts with the oxygen or water, it
produces a layer of zinc oxide which is insoluble in water and constitutes a barrier or

parting which isolates the zinc from an aggressive environment.

As zinc has more negative potential in galvanic series than iron or steel, it
becomes as an anode with the iron or steel metal (as shown in table 2.1). In galvanic

corrosion, when iron acts as a cathode, zinc acts as an anode and prevents corrosion, 2.

18



General steps taken before coating are:

. Wet chemical cleaning by using alkaline detergent and then drying.

. The whole coating of the metal with zinc, and leaving it until dried.

The corrosion behavior of multilayer coating is affected by the following factors such as

coating quality, presence of any fault in the coating process such as leaving some places

without coating, and thickness of the coating layers,

[20]

Table 2.1 Standard electromotive force (Emf) series

Electrode Reaction

Standard Electrode

Potential, V° (V)

Audt

O, + 4H" + 4 — 2H,0

Pt2+

+ 36 —— Au

+ 2 —— Pt

Agr+ e ——Ag

Increasingly inert Fe¥ + ¢ —— Fe?"
(cathodic) 0, + 2H,0 + 46 —— 4(OH")

Cu?*

2H*

Pb2+

Sn2+

Ni2+

COZ+

Cd2+

FE'2+

Increasingly active Cr¥*
(anodic) Zn*"
A13+

N[g2+

+ 260 —— Cu
+ 2¢—— H,
+ 26 ——Pb
+ 26 —— Sn
+ 26 —— Ni
+ 26 — Co
+ 26 — Cd
+ 26 —— Fe
+ 36— Cr
+ 26 —— 7Zn
+ 36— Al
+ 26 — Mg

Na®™ + e —— Na
K+ —K

+1.420
+1.229
~+1.2

+0.800
+0.771
+0.401
+0.340

0.000
—0.126
—0.136
—0.250
—0.277
—0.403
—0.440
—0.744
—0.763
—1.662
—2.363
—2.714
—2.924
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2.8.2.2 Epoxy coating

Epoxy resin is formed as a result of copolymerization of an epoxide with another
compound having two hydroxyl groups. It is mainly used as a thermosetting resin,

coatings, and adhesives. The general procedures for epoxy coatings are as follows:

Pretreatment the surface by shot blasting at a temperature of 120-130 °C.
Electrostatic spraying.
Curing for 20 minutes at surface temperature of 200 °C, B,
2.8.3 Inhibitors

In the coating process, inhibitors are incorporated as a protective cover or as a
primer for the coating. When there is a defect in the coating, the inhibitor leaks from the
coating and controls the corrosion. Common examples of inhibitors are Chromates,

silicates, and organic amines, 4,

2.8.4  Cathodic protection

Cathodic protection is one of the most effective and common methods to prevent
or control corrosion in many metals, especially the rebars in reinforced concrete. It
involves the application of voltage. In cathodic protection, the electrons will flow from
the more negative potential (more active metal) to the less negative potential (more noble
metal). The more negative potential -which is the anode- corrodes, whereas the less

negative potential -which is the cathode- remains protected, 2.
The important factors that influence the cathodic protection are as follows:

Anode life time: the longer the life times of an anode, the more effective the system of

cathodic protection.
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Current distribution: When current flows directly from the anode to the cathode without
distributing out of the system, the cathode is more protected.

Anode’s compatibility with surrounding materials and its installation, [s2]

2.8.5 Design
Proper designing for structures and equipments can reduce the effect of corrosion
to a great extent. Reducing corrosion effect by adopting a proper designing procedure

can be achieved through many ways; such ways may include,

Selection of metals with minimum difference in electrode potential whenever dissimilar
metals is necessary.

Whenever possible, it is best to use butt joints rather than lap joints.

Using drip irrigation to prevent water gathering down buildings.

Using sealants at joints and connections to prevent moisture entering.

In hydraulic structures, it is better to avoid the flow turbulence by avoiding sudden
change in direction or section of the flow path.

Provide standby equipments for the critical systems, such as ventilation system, thermal
radiator, pumps, and others.

Using nonmetallic materials whenever possible.

2.9 Economical impact of corrosion

The effect of corrosion is a worldwide economic problem. Such economical
impacts need a replacement of the corroded equipment or its parts, and suitable corrosion
protection methods. They may also lead to a decrease of efficiency, a damage of
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equipment, an increase of environmental impact due to the increase of pollutant emission
or spilling of hazard materials, and an increase of the need of over design to provide

appropriate corrosion allowance, ™.

Besides the economic importance of corrosion, two other aspects that make
corrosion control an important consideration are conservation and human safety. Life-
cycle analysis studies estimate the indirect cost of corrosion for highway bridges due to
traffic delays to be ten times the direct cost of corrosion, 3. Because of this economic
cost, many production and manufacturing companies, state and federal highway agencies,
and infrastructure developers are pursuing corrosion protection methods for reinforced

concrete structure and equipment.
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CHAPTER Il

Experimental Methods

3.1 Introduction

This chapter describes the materials, equipment and methods that are necessary to
perform the experiments for this study. This study focuses on three sets of experiments
which include the investigation of the effect of pH and salinity of the surrounding
environment on the corrosion rate of reinforced concrete, on the physical properties of
steel rebar, ¥ and on the bond strength between the rebar and the concrete element. The
experiments also determine the effect of the cold galvanized zinc coating process in
reducing the corrosion rate of the rebar, as well as determine the effect of this corrosion
protection method on the bond strength.

Physical properties of the reinforcing steel rebar that were studied are Rockwell
hardness, Vickers hardness, yield strength and tensile strength. The results were then
compared with the standard properties that have been obtained from the supply company
for the rebar. The corrosion rate tests were conducted using the Tafel test method and
weight loss method. Furthermore, the bond strength test was examined by using material

test system.
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3.2 Materials

The rebar used in this study was purchased from Stillwater Steel and Welding
Supply Company. Concrete elements were prepared in the structure lab at civil
engineering department at OSU. Professional cold galvanizing compound zinc spray was
purchased from Ag Distributors & Supplies Corporation Company. Chemicals like
Sodium hydroxide (NaOH ), Sodium chloride (NaCl) and Hydrochloric acid were bought
from Sigma Aldrich. Plastic containers of specific sizes to hold the samples and labels
were purchased from the chemistry store at OSU. Distilled water was available in the
chemical engineering department at OSU and glue sticks were purchased from Wal-Mart

for experimental purpose.

3.3 Equipment

Equipment used in this study includes corrosion tester, Rockwell hardness,
Vickers hardness, and polishing equipment are available at mechanical engineering lab at
OSU. The digital balance and pH-meter are accessible in chemical engineering lab (410).

Material test system is available at structure lab of civil engineering department at OSU.

3.4 Experimental methods
Three sets of experiments were performed; those experiments may be categorized as

follows:

3.4.1 Physical properties of the steel rebar

This set of experiments was designed to investigate the effect of corrosion rate
on the physical properties of the rebar. The rebar is characterized by two tests namely

Rockwell Hardness (HRC), and Vickers Hardness (HV).
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All rebar (type #4) used for these tests have the same dimensions which are 0.5
inch (13 mm) diameter and 4 inch (101.5 mm) length . The supplier report that provides

chemical analysis and physical properties of the used rebar is attached in Appendix A.

Ten cylindrical reinforced concrete elements were prepared; five of those were
immersed in solutions of different pH (4, 6.7,10,12 and 14) at a temperature of 23°C.
The pH was adjusted with the use of 0.1 HCI, 0.02N NaOH and distilled water. The
remaining five samples were immersed in solutions of different salt (NaCl) concentration

of (3,6, 9, 12, and 15) g/L at 23°C.

Ten prepared samples of reinforced concrete with their solutions of different pH

and salt concentration are shown in figure 3.1.

Figure 3.1 Prepared cylindrical reinforced concrete element

The samples were left undisturbed for three months. After three months, the
concrete elements were then smashed and the rebar recovered. The rate of corrosion at

the surface of the steel rebar inside the concrete was negligible; whereas, the corrosion at
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the surface exposed to the corrosive solution was considerable. The steel rebar of ten

samples after three months are shown in figure 3.2.

Figure 3.2 Steel rebar that was recovered after 3 months period

The exposed part of the steel rebar was subjected to series of tests which include
Rockwell hardness (HRC) and Vickers hardness (HV). The procedures for calculating

Rockwell hardness and Vickers hardness are summarized as follows:

3.4.1.1 Rockwell hardness

The purpose of this test is to measure the Rockwell hardness of rebar embedded in
concrete element immersed in different pH and salt concentration solutions and to
compare the results with the specifications obtained from the rebar supplier report. The
procedures for conducting the Rockwell hardness test should follow certain conditions.
The hardness is measured according to the depth of indentation under a constant load.
Also, the loading speed should be standardized. Furthermore, the surface to be tested

should be smooth, clean, dry and free from oxides. The Rockwell number represents the
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increment in depth from the zero reference position to the final increment position based

on the applied load, 2°!.

Diamond Indenier

by minoe load

Depth to which
o irdenter is

Increment in depth due to incremeant in
load is the linear maasurament that
forma the basis of Rockwell hardness
tester readings

Figure 3.3 Rockwell hardness indenter

The test is conducted by applying 150 Kg force on the specimen in the CLARK
CR Series Rockwell hardness tester for few seconds, and the tester automatically

generates the value of Rockwell hardness. A CLARK CR Series Rockwell hardness

tester is shown in Figure 3.4.
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Figure 3.4 CLARK CR Series Rockwell hardness tester
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Tensile strength can be determined using HRC results depending on Table (B-1) at

Appendix (B), ¥ 31 The (HRC) used in this study is type (C) using 150 kg load.

3.4.1.2 Vickers hardness

The purpose of this test is to investigate the Vickers hardness of the same ten rebar
which were used to find the Rockwell hardness and to compare the results with the
company value of the clean rebar. Vickers hardness number is defined as a ratio of the
load divided by the surface area of the indentation. Vickers hardness tester uses a square-
base diamond pyramid as the indenter with the included angle between opposite faces of

the pyramid at 136°, .. Vickers instrument with its indenter is shown in figure 3.5.

|zqusre besed —
[pyramidal indenter
d.
. B ™
- -~ -\"'- 4
] b
S -
B 5 — 0 ds
" kL)
f{' II'I'IF-I'F.'RRIDI‘l
-
sample
I:F.I_;- wickers indentatian {l’.\b measurement of IMpressnn
diagonas

Figure 3.5 Vickers Instrument

The samples should be polished before proceeding to the test. Figure 3.6 shows the

polishing process which includes the following three steps:
First Step - polishing the sample using Carbimet paper (strips 320 Grit).

Second Step - polishing the sample using Buehler Carbimet (sheets 600 Grit).
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Third Step - polishing the sample by using the Buhler machine Micro polish with (0.3

micron Alpha Alumina).

@ (®) ©

Figure 3.6 Polishing equipment and polished samples (a) First and second steps (b)

Third step (c) The polishing sample

After the polishing steps, the Vickers hardness was measured by using CLARK
model CM-400AT Vickers hardness tester. By applying 200 Kg force on the small piece
of the specimen for 15 seconds, the CM-400AT Vickers hardness tester gives the value of
Vickers hardness. Clark model CM-400AT Vickers hardness tester is shown in

Figure3.7.

Figure 3.7 Clark model CM-400AT Vickers hardness tester
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Yield strength can be determined by using the test results of (HV). The
correlation related (HV) and yield strength (Y) is known as Tabor relation, 2& 3% who

states that:
3.4.2 Corrosion rate of reinforced concrete

In this study, two methods were used to measure the corrosion rate of the rebar that
were subjected to corrosive environment. The first one was Tafel test method which is
considered as a time saving method due to the short time required to obtain the result.
The second one was the weight loss method which requires measuring the weight of the

rebar at the beginning and the end of the experiment.

3.4.2.1 Tafel Test method

Tafel extrapolation method is an electrochemical technique for corrosion
measurement, “%: electrochemical test method is popular because it can be carried out in
a short period of time, . Julius Tafel (German chemist 1862-1918), % introduced the
following equation that governs the voltage-current characteristic of the liquid-solid

interface as follows, ¥3!:

nzglnio —%logi (2
Where n is the potential difference (E. — E, ), i is the current, i, is the exchange

current, F is the faraday’s constant in the absolute temperature, R is the gas constant and

a is dimensionless parameter with values between 0 and 1; this is often estimated to be

0.5.
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Tafel equation is reduced to a simple form that represents a single electrode with respect
to a reference electrode as follows, I:
n=a+blogi 3
Where a and b are constants that can be easily inferred from equation (2). A
graphical representation of log |i| versus n is known as a Tafel plot.
The experimental procedures for carrying out the Tafel test are as follows:
A steel rebar (#4) of 1 inch (25.4 mm) diameter was used to carry out the experiment.
The samples were cut into circular sections, and then the circular samples were refined

and polished using polishing apparatus. The polishing apparatus and the circular samples

are shown in Figure 3.8.

Figure 3.8 The polishing apparatus and the circular samples

The polished circular sample was then seated on the opened side of the corrosion
tester cell (Figure 3.9) and sealed with screw in order to prevent the leakage of electrolyte
during the experiment. In the corrosion tester device, the circular sample was the anode

which is the working electrode while a solid piece of platinum located at the other end of
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the cell is the counter electrode. In addition, a saturated (Ag-AgCI/KCI) is the reference

electrode that has constant potential and the sensor is the fourth electrode.

Figure 3.9 Corrosion tester connected with the computer

The electrolyte of the cell was prepared depending on ten different sets of
corrosive conditions which are listed below:
1. Acidic solution of (0.1 N) HCI with pH =2 used for sample 1.
2. Acidic solution (0.1 N) HCI with pH=4 used for sample 2.
3. Distilled water with pH=7 used for sample 3.
4. Alkaline solution of (0.02N) NaOH with pH=10 used for sample 4.
5. Alkaline solution of (0.02N) NaOH with pH=12 used for sample 5.
6. Saline solution with NaCl concentration = 3g/L used for sample 6.
7. Saline solution with NaCl concentration = 6g/L used for sample 7.
8. Saline solution with NaCl concentration = 9g/L used for sample 8.
9. Saline solution with NaCl concentration = 12g/L used for sample 9.
10. Saline solution with NaCl concentration = 15¢/L used for sample 10.
After pouring the electrolyte inside the cell from a hole at its top, the hole was

sealed and then the electrodes were connected. The corrosion tester device was switched
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on, and the Tafel program was run on the computer. The Tafel program requested
information about the samples under examination, such as the type of anode (which was a
solid substance), the type of the reference electrode (which was a saturated Ag-
AgCI/KCI), the density and the equivalent weight of the steel rebar used. The selected
area of the examination was 1 cm? with the primary potential of (-1.1 V) and the final
potential of (-0.5 V), which is the standard potential for the examination of steel. Finally,
the duration of each reading was specified as three seconds. The sketch of the corrosion

tester cell is shown in figure 3.10.
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Figure 3.10 The corrosion tester cell

The experiment required one hour completing and the final results appeared as a
Tafel plot of potential vs. current. Corrosion rate and corrosion current density (1., )

values were also given.
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The current density is defined as Stern-Geary equation which is stated that:

1 Ba B
ICOT'T'. - Rp [23 (,Ba Bc)]

(4)

Where 1.,,, is the corrosion current density in (A/cm?), R, is the polarization resistance

(ohm. cm?), and f3, , B. are the anodic Tafel and the cathodic Tafel coefficients.

The corrosion tester software is calculated I, directly by applying equation (4) when
R, is negligible in this test because it is very small, and then the program computed the

corrosion rate (Cg) directly using the following equation:

0.13 1oy *(EW.
Cr (mpy) = 212 2EW) ©

Where E.W. is the equivalent weight of the sample in (g/mol), d is the density of the
sample in (g/cm?, and Cy is the corrosion rate in milli-inches per year (mpy).
To know how the resistance can affect the corrosion rate; equation (4) can simplify to the

following formula:

I

1= n (6)
Where I and g are the current (ampere) and the Tafel coefficient respectively, while A is
the cross sectional area of the metal that expose to the electrolyte (cm?).

A=r’xm

From eq. (6), the cross sectional area (A) is positively proportion to the polarization

resistance, so they are both inversely proportion to 1., and the corrosion rate.

The polarization resistance can be written as follows:
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R, =p=*L @)

Where p is the electrical resistivity of a metal that has a unit (ohm. m) and is also called
the specific resistance, and L is the distance between the working electrode and the

reference electrode (m).

From eq. (7), the polarization resistance is positively proportion to the metal resistivity,

so they are both inversely proportion to the corrosion rate.

3.4.2.2 Weight loss method

The corrosion rate in this method is determined by calculating the weight loss of
the rebar due to exposure to corrosive environment. Thirty samples of cylindrical
concrete with embedded rebar were prepared to carry out the experiment set. Each rebar

specimen had a diameter of 0.5 inch (12.7 mm) and a length of 4 inch (101.6 mm).

Fifteen of the rebar were coated with the zinc while the other fifteen were left
uncoated, . Ten samples from each group of uncoated and coated were immersed in
solutions with different pH at temperature 23°C. The pH ranges were as follows:

. Sample No 1 from uncoated and coated groups were immersed in solution with pH=1.5,
which was prepared using acidic solution containing 100 ml HCL in 1000 ml water.

. Sample No 2 from uncoated and coated groups were immersed in solution with pH=2.1,
which was prepared using acidic solution containing 80 ml HCL in 1000 ml water.

. Sample No 3 from uncoated and coated groups were immersed in solution with pH=2.6,

which was prepared using acidic solution containing 60 ml HCL in 1000 ml water.
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10.

Sample No 4 from uncoated and coated groups were immersed in solution with pH=3.2,
which was prepared using acidic solution containing 40 ml HCL in 1000 ml water.
Sample No 5 from uncoated and coated groups were immersed in solution with pH=4.3,
which was prepared using acidic solution containing 20 ml HCL in 1000 ml water.
Sample No 6 from uncoated and coated groups were immersed in distilled water with
pH=7.2.

Sample No 7 from uncoated and coated groups were immersed in solution with
pH=10.3, which was prepared using alkaline solution containing 25 g NaOH in 1000 ml
water.

Sample No 8 from uncoated and coated groups were immersed in solution with
pH=11.5, which was prepared using alkaline solution containing 50 g NaOH in 1000 ml
water.

Sample No 9 from uncoated and coated groups were immersed in solution with
pH=12.8, which was prepared using alkaline solution containing 75 g NaOH in 1000 ml
water.

Sample No 10 from uncoated and coated groups were immersed in solution with
pH=13.9, which was prepared using alkaline solution containing 100 g NaOH in 1000

ml water.

The Other five samples from each group of uncoated and coated were immersed

in NaCl solutions of different concentration at a temperature of 23°C. The salinity

concentration was as follows:
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11. Sample No 11 from uncoated and coated groups were immersed in solution with salinity
(NaCl) concentration = 10g/L.

12. Sample No 12 from uncoated and coated groups were immersed in solution with salinity
(NaCl) concentration = 20g/L.

13. Sample No 13 from uncoated and coated groups were immersed in solution with salinity
(NaCl) concentration = 30g/L.

14. Sample No 14 from uncoated and coated groups were immersed in solution with salinity
(NaCl) concentration = 40g/L.

15. Sample No 15 from uncoated and coated groups were immersed in solution with salinity

(NaCl) concentration = 50g/L.

The zinc coating product that was used in this study is professional cold
galvanizing compound zinc spray. The zinc coating product and the coated rebar are

shown in figure 3.11 (a) and 3.11 (b) respectively.

(@ (b)

Figure 3.11 (a) the zinc coating product (b) The coated rebar
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The thirty prepared reinforced concrete samples consisting of fifteen uncoated and

fifteen coated are shown in Figure 3. 12 (a) and 3.12 (b) respectively.

(@) (b)

Figure 3.12 Prepared samples (a) uncoated (b) coated

After three months time period, these thirty samples were smashed and the steel
rebar were digging out. One inch length of the steel was cut from extracted rebar, which
was exposed to the solution directly, to avoid the corrosion that happened due to the
corrosive solutions. Therefore, we consider just the corrosion that happened on the part of
steel rebar that was inside the concrete element which was three inch length. All
calculations of weight and weight loss were taken per inch of steel rebar. The uncoated
and coated steel rebar after three months are shown in figure 3.13 (a) and (b)

respectively.
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(b)

Figure 3.13 Steel rebar after 3 months period (a) uncoated (b) coated

The weight loss of the rebar can be used to calculate the corrosion rate as a

micrometer / year (um/year) using the following equation:

um _ 7 w
CR (year) =876+ 10 A*T*D (8)

Where: Cg is the corrosion rate in (yi%) W is weight loss (g), A is the contact area of
steel specimen (cm?), T is the exposure time (hr), and D is density of steel (7.8g /cm3).
Contact area of specimen may be calculated using the following equation:

A = 2(3.14)%(72) +2(3.14)*r*h (9)

Where h is the contact length of the rebar specimen, and r is the radius of the rebar.
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3.4.3 Bond strength test

The purpose of this experiment is to investigate the effect of corrosion on the
bond strength between the concrete and reinforcement steel for both uncoated and zinc
coated steel rebar specimens that were embedded in cylindrical concrete, ®. These
samples were immersed in solutions having different pH and different salinity
concentration. This experiment helps in determining the relation between the pH of the
surrounding medium (pH range = 1-14) and the maximum allowable shear stress required
to cause failure of bond strength between the concrete and the steel rebar. Also, it
determines the relation between the salinity of the surrounding medium and maximum
allowable shear stress required to cause failure of bond strength between the concrete and
the steel rebar during the test.

The steel rebar, which was used to carry out the experiment, has the dimensions of
0.5 inch (12.7 mm) diameter and 5 inch (127 mm) length.

Thirty cylindrical reinforced concrete elements were prepared; fifteen of them were
coated with the zinc while the other fifteen were left uncoated. The zinc coating product
that was used to carry out the coating process is as the same product as in experiment of
weight loss method; as shown in figure 3.11.

The thirty concrete samples that included uncoated and the zinc coated rebar had
the dimensions of 3 inch (7.62 cm) diameter and 3 inch (7.62 cm) depth. Four holes were
made on each of the thirty samples by embedding four glue sticks on the concrete mortar
parallel to the rebar direction and at same distance from the rebar. These holes were
made in order to allow the chemical solution to penetrate inside the concrete element, to

be closer to the rebar, and then to accelerate the corrosion process within the period of
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three months. The prepared concrete samples with embedded rebar are shown in figure

3.14.

Figure 3.14 Prepared cylindrical concrete samples with embedded rebar

Ten samples from each group of uncoated and coated were immersed in solutions
with different pH at temperature 23°C. The Other five samples from each group of
uncoated and coated were immersed in Nacl solutions with different concentration at a
temperature of 23°C. The pH range and the salt concentration were as the same as the
weight loss method. Some of these samples with their solutions were shown in Figure

3.15.

Figure 3.15 Samples with different pH and salinity concentration
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After three months time period, these thirty concrete samples were removed from
their immersed solutions in order to conduct the bond strength test. The bond strength
test was carried out using a computerized material test machine which is shown in figure

3.16, 1481,

Figure 3.16Computerized Material Test System used to carry out bond strength test
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Figure 3.17 (a), (b), (c), and (d) shows different tools that were used during the

bond test and different views during the test.

8 2y e ”
(b) Fixed steel box (right),
downward moving steel box(left)

(c) Beginning of the test (d) End of the test

Figure 3.17 Tools used during the bond strength test and different views
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Figure 3.18 represents a sketch that illustrates the arrangements of steel boxes,

catcher cylinder, and concrete sample during the test.
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Figure 3.18 Arrangements of steel boxes, catcher cylinder, and concrete sample
during the test

The bond strength test was carried out for all thirty samples after three months
using the material test system. The test was applied by setting up the computer connected
to the machine and then pressing run to begin the test. The system recorded the force that

applied during the test until the bond strength fails to keep the rebar within the concrete
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cylinder. The recorded maximum force (Fmax) IS the force that required breaking down
the bonds. Then the maximum force is divided by the contact area ( Acontact) between the

rebar and concrete to get the maximum allowable shear stress (Tmax) Using the following

equations:
_ _ Fmax (kN)
Tinax (kpa) " A contact (m?2) (10)
Acontact = D T Leoneace (11)

Where D is the rebar diameter = 0.0127 m, L.ontace 1S the length of rebar that is in

contact with the concrete = 0.0762 m and A ¢ontact = 0.003039 m?.,
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CHAPTER IV

Results and Discussion

4.1 Introduction

In this chapter, the experimental results that were obtained by three sets of
experiments are discussed. The experiments were carried out to investigate the effect of
different pH and salinity on the corrosion rate of reinforced concrete, on the bond
behavior between the steel rebar and the concrete element, and on the steel rebar physical
properties. The first experiment results investigated the relation between the corrosion
rate vs. different pH and salt concentration for both uncoated and zinc coated steel rebar.
The second experiment tested the bond behavior between the steel rebar and the concrete
element to investigate the maximum force and shear stress required to cause failure to
these bonds for both uncoated and coated steel rebar embedded in concrete elements, and
the last experiment focused on the physical properties of the steel rebar represented by
Rockwell hardness, Vickers hardness, yield strength, and tensile strength.

4.2 Corrosion rate of reinforced concrete
In this study, two methods were used to measure the corrosion rate of steel rebar;

the first one was Tafel test method, and the second one was the weight loss method.
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4.2.1 Tafel Test method

The corrosion tester results that represented by both corrosion current and
corrosion rate of steel rebar samples submersed in solutions of different pH and NaCl
concentration as corrosive environments are shown in table 4.1.

Table 4.1 Corrosion tester results of corrosion current and corrosion rate for related
samples submersed in solutions of different pH and NaCl concentration

sample No pH Val_ue for th_e Corrosion Corrosion rate
submersion solution current ( lcorr) (mpy)
1 2 32.727 pA 15.066
2 4 18.345 mA 8455.4
3 7 451.261 pA 207.74
4 10 7.106 pA 3.2715
5 12 42.855 nA 0.019729
NaCl Concentration for the
submersion solution (g/L)
6 3 16.996 nA 0.0078242
7 6 251.486 pA 115.77
8 9 10.252 nA 0.0047197
9 12 0A 2.4811*10%
10 15 167.715 mA 77208

mA: Milliampere, pA :Microampere, NA: Nanoampere
(mpy) milli-inches per year

The Tafel plots for the steel rebar circular samples that were subjected to different

range of pH and salinity are shown below:
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Figure 4.1 Tafel plot for steel rebar sample at pH=2
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Figure 4.2 Tafel plot for steel rebar sample at pH=4
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Figure4.5 Tafel plot for steel rebar sample at pH=12
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Figure 4.6 Tafel plot for steel rebar sample of salt (NaCl) concentration = 3 g/l
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Figure 4.7 Tafel plot for steel rebar sample of salt (NaCl) concentration = 6 g/l

-3.0E-01

-4.0E-01

-5.0E-01

-6.0E-01

-7.0E-01

-8.0E-01

Potential(V)

-9.0E-01

-1.0E+00

-1.1E+00

-1.2E+00 L L
1.E-07 1.E-06 1.E-05 1.E-04
Current{A)

Figure 4.8 Tafel plot for steel rebar sample of salt (NaCl) concentration =9 g/l
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Figure 4.9 Tafel plot for steel rebar sample of salt (NaCl) concentration =12 g/l
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Figure 4.10 Tafel plot for steel rebar sample of salt (NaCl) concentration = 15 g/l
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The corrosion rate relations vs. different pH and salt concentration are shown in
figures 4.11 and 4.12. The result obtained by using solution with pH= 2 has been ignored
because it was not reasonable and that is due to the limitation of acidity that the corrosion
tester equipment can deal with. The increase of salt concentration in the solution (15 g/l
NaCl) led to breakdown or destruction of the passive layer which then led to a sharp
increase in the corrosion rate (77208 mpy). This result is included in table 4.1 but did not

appear in Fig. 4.12 because it makes the other points unrecognizable.
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Figure 4.11 Corrosion rate vs. pH for circular samples of steel rebar

In figure 4.11, the corrosion rate increased when the acidity of the submersion
solutions was increased due to the hydrogen evolution, so when the HCI concentration
increases, the corrosion current density (ler.) increases. The corrosion rate decreased

with the decrease in acid concentration. At the range of pH from 7-10, the corrosion
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decreased. On the other hand, the corrosion rate decreased with increasing NaOH

concentration in the solutions due to the formation of a passive layer of ferrous hydroxide

[Fe(OH),] which is insoluble in water and acts as a barrier layer that isolate the metal

from its environment.

As the concentration of alkaline increases, the passive layer

converts to a thicker layer of ferric hydroxide [Fe (OH) 3], i.e. rust, which is also

insoluble in water and isolates the metal from its environment, thus decreases the

corrosion rate of the metal.
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Figure 4.12 Corrosion rate vs. salt (NaCl) concentration for circular samples of

In figure 4.12, the increase in the corrosion rate was observed as a result of an

increase in the salinity of the submersion solution.

This is due to the increase of

corrosion current density (ler.) When the salt concentration increases,. Between the

ranges of 3-6 g/l of salt concentration, the corrosion rate increases, but after the saturation
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point, there is not enough oxygen for the metal corrosion which leads to decrease the

corrosion rate.

4.2.2 Weight loss method

This experiment is designed to investigate the corrosion rate of (uncoated and zinc
coated) steel rebar specimens embedded in cylindrical concrete element samples. These
samples were made thin and porous; they had a diameter of 1.0 inch. To increase the
porosity of the concrete element, 1 ml of air intranet (AE 90) was added, and the water
content was increased in the concrete mixture. The experiment was carried out to
determine the relation between the corrosion rate and pH of the surrounding medium (pH
range = 1-14), and also the relation between the corrosion rate and the salinity of the
surrounding medium for both uncoated and zinc coated reinforcement steel rebar.

The zinc coating process was done three times for each steel rebar by using
professional cold galvanizing compound zinc spray depending on the company
instruction of this product which mentioned that the coating should be two times or more.
Four images were taken for uncoated rebar and for each layer of the coating process by
using scanning electron microscope (SEM). The results of the images showed that the

zinc coating was as particles of zinc which had porous in between.

The four images of uncoated and three layers zinc coated steel rebar are shown in figure

4.13 a, b, ¢, and d respectively.

55



S8 rm

(c) Two layer zinc coated (d) Three layer zinc coated

Figure 4.13 Four images of uncoated and three layers zinc coated steel rebar

The calculated corrosion rate for the uncoated and zinc coated rebar of the samples

are shown in tables 4.2 and 4.3 respectively.
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Table 4.2 Corrosion rate of the fifteen uncoated rebar samples after 3 months

w
Sample pH Value for the | W1g/1 | W2 g/1 (weight Rate of
submersion inch inch corrosion
no. solution length length . loss) 9/ 1 (um/year)
inch length
1 15 24525 | 2226 2.265 930.14
2 2.1 24.5 22.57 1.93 792.57
3 2.6 24.725 23.22 1.505 618.04
4 3.2 24.6 23.65 0.95 390.12
5 4.3 24.55 24.3 0.25 102.66
6 7.2 24.425 24.35 0.075 30.80
7 10.3 24.3 24.25 0.05 20.53
8 115 24.45 24.41 0.04 16.43
9 12.8 24.425 24.4 0.025 10.27
10 13.9 24.55 24.53 0.02 8.21
NacCl
Concentration in
the submersion
solution g/L
11 10 23.575 23.49 0.085 34.91
12 20 24.325 24.21 0.115 47.23
13 30 24.2 24.03 0.17 69.81
14 40 24.725 24.53 0.195 80.08
15 50 24.7 24.68 0.02 8.21
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Table 4.3 Corrosion rate of the fifteen coated rebar samples after 3 months

W

pH Value forthe | Wl1g/1 | W2 g/1 : Rate of
sample . : , (weight )
no submersion inch inch loss) of 1 corrosion
solution length length inch length (um/year)
1 15 25.11 23.131 1.979 812.75
2 2.1 25.49 23.972 1.518 623.35
3 2.6 24.82 23.760 1.060 435.35
4 3.2 24.81 24.227 0.583 239.22
4.3 24.81 24.664 0.146 59.79
6 7.2 24.93 24.891 0.039 16.15
7 10.3 25.66 25.636 0.024 10.00
8 115 25.37 25.352 0.018 7.20
9 12.8 25.21 25.200 0.010 4.25
10 13.9 24.62 24.608 0.012 4,76
NacCl
Concentration in
the submersion
solution g/L
11 10 24.85 24.823 0.027 10.93
12 20 25.23 25.188 0.042 17.32
13 30 24.16 24.097 0.063 25.83
14 40 25.44 25.359 0.081 33.07
15 50 24.72 24.711 0.009 3.75

(um/year) is micro meter per year.
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Figures 4.14 and 4.15 represent table 4.2 , and figures 4.16 and 4.17 represent table 4.3

which are shown below:
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Figure 4.14 Corrosion rate vs. pH for the submerged solution

The corrosion rate of the rebar increased when the acidity of the submersion
solutions was increased, due to the evolution of hydrogen gas which needed more
dissolution of the metal. The corrosion rate decreased when the alkalinity was increased
until it reached the smallest value at pH= 13.9 (which is 8.21 um/year for uncoated and
4.76 um/year for coated rebar). The corrosion rate decreased because of the formation of
a passive layer, which is a layer of iron hydroxide called rust has the composition
Fe(OH); and is formed with the increase in alkalinity of the solution in which the steel
rebar was immersed. This layer is insoluble in water which limits the diffusion of oxygen

and causes the decrease in the corrosion rate.
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Figure 4.15 Correlation between corrosion rate and pH
The best fitting curve that correlates the corrosion rate with pH (pH range =1-14)

is the exponential equation with a coefficient of R2 = 0.9384, 0.93 for uncoated and

coated rebar respectively.
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Figure 4.16 Corrosion rate vs. salt (NaCl) concentration for the submerged solution
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In figure 4.16, the rebar corrosion rate increased with the increase in the salinity
of the submersion solutions until reach the value 80.08 um/year for uncoated rebar and
33.07 um/year for coated rebar. Then, the corrosion rate decreased with an increase in

the concentration of the salt due to a decrease of the dissolved oxygen in the solution.
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Figure 4.17 Correlation between corrosion rate and (NaCl) concentration

The best fitting curve that correlates the corrosion rate with the salinity of the

submersion solutions is a third degree polynomial equation with a coefficient of R? =

0.99, 0.9732 for uncoated and coated rebar respectively.
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4.3 Bond strength test
This experiment is designed to determine the relation between the pH (pH range =

1-14) and salinity of the surrounding medium with the maximum allowable shear stress
required to cause bond strength failure between the concrete and reinforcement steel.

Table 4.4 Maximum allowable shear stress required to cause failure during bond
strength test of the uncoated rebar concrete samples after 3 months

Sample pH for the Max Force | Max Force | Max shear stress
No. submersion solution | (Fp.x) (Kip) | (Fphax) (KN) (tmax) ( KPa)
1 1.5 0.88 3.91 1288.19
2 2.1 0.94 4.18 1376.02
3 2.6 1.2 5.34 1756.62
4 3.2 1.3 5.78 1903.01
5 4.3 1.4 6.23 2049.39
6 7.2 1.46 6.49 2137.22
7 10.3 1.78 7.92 2605.66
8 11.5 2.1 9.34 3074.09
9 12.8 2.23 9.92 3264.39
10 13.9 2.61 11.61 3820.66
NaCl
Concentration in
the submersion
solution g/L
11 10 3.3 14.68 4830.72
12 20 2.38 10.59 3483.97
13 30 2.1 9.34 3074.09
14 40 0.99 4.40 1449.21
15 50 1.92 8.54 2810.60

(Kip) kilo pound, (KN) kilo Newton, and (KPa) kilo Pascal.
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Table 4.5 Maximum allowable shear stress required to cause failure during bond
strength test of the zinc coated rebar concrete samples after 3 months

sample No. pH -for the | Max Forc':e Max Force Max shear stress
submersion solution (Frax ) (Kip) (Fmax ) (KN) (tmax) ( kPa)
16 1.5 1.22 5.43 1785.90
17 2.1 1.37 6.09 2005.48
18 2.6 1.42 6.32 2078.67
19 3.2 1.55 6.9 2268.98
20 4.3 1.58 7.03 2312.89
21 7.2 1.61 7.16 2356.81
22 10.3 1.74 7.74 2547.11
23 11.5 1.96 8.72 2869.16
24 12.8 2.04 9.07 2986.26
25 13.9 2.12 9.43 3103.37
NaCl Concentration
in the submersion
solution (g/L)
26 10 2.9 12.9 4245.18
27 20 2.02 8.99 2956.99
28 30 1.82 8.10 2664.22
29 40 1.5 6.67 2195.78
30 30 1.81 8.05 2649.58

The bond strength test showed that the force required to pull out the embedded
rebar from the concrete elements increased with the increase in pH for immersing
solution; such behavior could be related to the decrease of the corrosion rate with the

increase of the pH of the immersing solution.

63




The bond strength test showed that the force required to pull out the embedded
rebar from the concrete elements decreased with the increase in the salinity of the
immersing solution. This behavior could be related to the increase of the corrosion rate
with the increase of the salinity of the immersing solution.

Figures 4.18 and 4.19 represent tables’ 4.4 and 4.5 results graphically:
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Figure 4.18 Correlation between the maximum allowable shear stress vs. pH of the

submersion solution

From Figure 4.18, it can be noticed that the shear stress required to pull out the
embedded zinc coated rebar is greater than that of the uncoated rebar. This is due to the
positive effect of the coating process in decreasing the corrosion rate. However for pH ~
> 9.3, the shear stress for uncoated rebar seems to be greater than that of the zinc coated
rebar. This is attributed to two conjugated reasons: the first reason is the decrease of the

corrosion rate due to the increase of pH, and the second is the smoothing effect of zinc
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coating. The best fitting curve that correlates the shear stress with pH (pH range =1-14)
is an exponential equation with a coefficient of R? = 0.9298, 0.9168 for uncoated and zinc

coated rebar respectively.
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Figure 4.19 Correlation between the maximum allowable shear stress vs. NaCl
concentrations of the submersion solution

It can be noticed from figure 4.19 that the shear stress required to pull out
embedded zinc coated rebar is less than that of uncoated rebar for the salinity 10 ~ 32 g/I
(NaCl) of the immersing solution. This may be attributed to two conjugated reasons: the
first reason is the decrease of the corrosion rate due to the decrease of salinity, and the
second is the smoothing effect due to zinc coating. However, when corrosion rate
increases due to an increase in salinity (for salinity concentration > 32 g/l), the shear
stress for zinc coated rebar seems to be greater than that of uncoated rebar due to the

positive effect of zinc coating in decreasing the corrosion rate. The best fitting curve that
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correlates the shear stress with the salinity of the submersion solutions is a second degree
polynomial equation with a coefficient of R? = 0.8324, 0.9694 for uncoated and for zinc

coated rebar respectively.

4.4 Physical properties of the steel rebar

This experiment is designed to investigate the hardness, yield strength, and tensile
strength of steel rebar specimens embedded in cylindrical concrete elements which were
immersed in solutions of different pH and salt concentration, and the effect of corrosion
rate on the physical properties of reinforcing rebar.

Based on the observation of the steel surface, the eye inspection for corrosion in
the imbedded portion of the steel rebar comparing with the exposed portion was almost
negligible. Most of the corrosion was in the exposed part of the steel rebar which was

exposed to the corrosion solutions.

4.4.1 Rockwell hardness

The clean and rusted steel rebar was subjected to Rockwell hardness test. The
Rockwell hardness value for clean steel rebar was 20.6 kg / mm?. The tensile strength for
clean steel rebar was 90.4 ksi.

Table 4.6 represents the results of the Rockwell hardness test as well as the tensile
strength for rusted steel rebar.

Figures 4.20 and 4.21 show the relation between the corrosion rate of steel rebar

vs. the Rockwell hardness and the tensile strength respectively.
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Table 4.6 Rockwell hardness and Tensile strength of the rusted rebar vs. pH and

NaCl concentration of the submersion solution

Sample | pH Value forthe | HRC | HRC | HRC | HRC | HRC | Ava. HRC sIerfllfh
no. submersion solution 1 2 3 4 5 (kg/mm”~2) (Ksi%
1 4 18.6 | 18.2 27 28.7 | 25.5 23.6 120.8
2 6.7 15.9 10 13.8 | 13.1 9.6 12.5 96
3 10 18.1 274 | 10.1 | 19.2 5.9 16.14 101.42
4 12 209 | 199 | 204 | 26.1 | 15.2 20.5 111.5
5 14 196 | 224 | 21.2 23 17.8 22.6 117.8
NaCl
Concentration in
the submersion
solution (g/L)
6 3 104 | 127 | 125 | 146 | 123 125 96
7 6 11.8 | 229 | 147 7.9 16.9 14.84 98.84
8 9 139 | 13.8 | 159 | 12.7 | 18.7 15 99
9 12 16.1 | 155 | 10.2 | 184 | 18.6 15.8 100.6
10 15 239 | 191 | 234 | 209 | 26.4 22.74 118.22

+ (Ksi) is kilo pound per square inch.
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Figure 4.20 Rockwell hardness vs. corrosion rate for clean and rusted steel rebar

From figure 4.20, the average Rockwell hardness for rusted steel rebar (17.62

kg/mm~2) was found to be almost less than that for cleaned rebar (20.6 kg/mm~2).
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Figure 4.21 Tensile strength vs. corrosion rate for clean and rusted steel rebar
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Rusted rebar show a tendency of increase in tensile strength values in comparing
with the clean rebar. The tensile strength average value for rusted rebar was found to be
104.26 ksi and for clean rebar was 90.4 ksi. However, this increase in tensile strength
values are not related to increase in corrosion rate, but the tensile strength values that are

provided by conversion chart are approximate.

4.4.2 Vickers Hardness

The clean and rusted steel rebar was subjected to Vickers hardness test. The
Vickers hardness value for clean steel rebar was 264 kg / mm?, and the yield strength for
clean steel rebar was 88 ksi. The following table and figures show the results of the

Vickers hardness and the yield strength for rusted steel rebar.

Table 4.7 represents the results of the Vickers hardness test as well as the

calculated yield strength for rusted steel rebar.

Figures 4.22 and 4.23 show the relation between the corrosion rate of steel rebar

vs. the Vickers hardness and the yield strength respectively.
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Table 4.7 Vickers hardness and yield strength of the rusted rebar vs. pH and Nacl

concentration of the submersion solution

sample pHSl\J/tf‘r'#:é?gnthe HV | HY | HV | HV | HV | HVav. | ¢ t\r( ;'gth
VAN
no. solution 1 2 3 4 5 | (kg/mm~2) (Ksi)
1 4 250 | 310 | 280 | 270 | 290 280 93.3
2 6.7 250 | 300 | 283 | 256 | 301 278 92.7
3 10 201 | 259 | 274 | 260 | 248 248.4 82.8
4 12 265 | 275 | 281 | 262 | 274 271.4 90.5
5 14 267 | 253 | 244 | 277 | 266 261.4 87
NaCl
Concentration in
the submersion
solution (g/L)
6 3 272 | 289 | 286 | 285 | 280 282.4 94.1
7 6 239 | 265 | 233 | 280 | 243 252 84
8 9 270 | 245 | 255 | 240 | 290 260 86.7
9 12 254 | 280 | 265 | 278 | 270 269.4 89.8
10 15 300 | 250 | 270 | 260 | 295 275 91.7
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Figure 4.22 Vickers hardness vs. corrosion rate for clean and rusted steel rebar

110

Yieldstrenght for Clean steel rebar
100 |

90 l/
80 r
70
60
50 r

40

Yield Strength ( Ksi)

30

20

10

0.00 11.95 47.80 54.97 64.53 71.70 83.65 89.63 96.79

Rate of Corrosion( pm/yr)
Figure 4.23 Yield strength vs. corrosion rate for clean and rusted steel rebar
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From figure 4.22, Vickers hardness test for the rusted rebar did not show a
noticeable difference in the hardness value from that of the clean rebar, since the
corrosion does not affect the carbon layers of the steel rebar composition which accounts
for its hardness. Vickers hardness average value for rusted rebar was 266.5 kg / mm? and

for clean rebar was 264 kg / mm?.

In figure 4.23, even though the yield strength values for the rusted rebar did not
show a noticeable difference from that of the clean rebar, the average value for rusted
rebar was found to be 88.8 ksi and for clean rebar was 88 ksi, so they are almost the

Ssame.
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CHAPTER V

Conclusion and Recommendations

5.1 Conclusion

This study focused on the effect of pH and salinity on the corrosion rate of
reinforced concrete and on how this corrosion affects the bond strength between the
concrete and uncoated or cold-galvanized steel rebar. The physical properties: Rockwell
hardness, Vickers hardness, tensile strength, and yield strength were measured and
related to the corrosion rate at controlled variables of pH and salinity. The following are

the conclusions and recommendations based on the results of these experiments.

5.1.1 Corrosion rate of reinforced concrete
The corrosion rate experimental results indicate the following:
i. The Tafel test results illustrated that the corrosion rate is inversely proportional to pH
solution. Also, the corrosion rate is proportional to salt concentration.
ii. The weight loss method confirmed the results of the Tafel test.
iii. The coating process images stated that the cold galvanizing zinc spray coating was as

particles of zinc not a film layer of zinc.
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iv. The cold-galvanized steel rebar showed superior corrosion resistance to bare rebar (i.e.,

lower corrosion rate) across the pH and salinity range probed.

5.1.2 Bond strength test
The bond strength test results indicate the following conclusions:

i. Bond strength between the rebar and the concrete as measured by pull out strength, was
proportional to pH.

ii. The lower corrosion observed for cold-galvanized steel rebar resulted in superior pull
out strength compared to bare steel rebar across the pH range probed.

iii. Bond strength between the steel rebar and the concrete as measured by pull out strength,
was inversely proportional to salinity.

iv. The pull out strength was lowered for cold-galvanized rebar at salt concentration below
32 g/l compared to bare rebar. For higher salt concentration, the cold-galvanized rebar
displayed higher pull-out strength.

v. It can be concluded that the corrosion rate of the embedded rebar in reinforced concrete
affects their structural performance in two ways, either by reducing their cross-section

area or by deteriorating the strength of the bonds between the steel and the concrete.

5.1.3 Physical properties of the steel rebar

According to the results obtained, the following conclusions can be drawn:

i. The rate of corrosion in the imbedded portion of the steel rebar was negligible in
comparison with the exposed portion of steel which was exposed to the corrosive

environment.
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ii. The Rockwell hardness value for the rusted rebar was less than that for the clean rebar,
as the Rockwell hardness decreased for rusted areas.

iii. The Vickers hardness value for the rusted rebar did not show a noticeable difference
with that for the clean rebar, and the logical reason for this is that the corrosion rate did
not affect the carbon layers of steel rebar composition which support its hardness.

iv. The Yield strength for the rusted rebar did not show a noticeable difference with that for
the clean rebar while the tensile strength for the rusted rebar showed a little increase in
comparison with the clean rebar. In general, the corrosion rate had no noticeable effect

on the steel rebar physical properties.

5.2 Recommendations
The future recommendations for the work are as follows:

i. Investigate the effect of applying more than three layers of the cold-galvanizing zinc
coating on the corrosion rate of reinforced concrete and the bond strength between the
concrete and the steel rebar.

ii. Repeat the conducted experiments in this study using epoxy coating as a protection
method for the rebar instead of cold-galvanizing zinc coating, and compare the results.

iii. Evaluate the interfacial strength effect which results from using various rebar coating
methods on bond strength between the concrete and the steel rebar.
iv. Investigate the effect of the corrosion product volume on the bond strength of reinforced

concrete across the pH and salinity range probed.
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APPENDIX-B

Tensile strength to hardness conversion chart

TENSILE STRENGTH TO HARDNESS CONVERSION CHART

Erinell Vick Rockwell
ckKers or
Approximate
Dia. (mm): | o aness| 4 FL'“" ; m-kgLuad B s“'“ﬂ”““"“ Tensile Strength
3000-kg Load ardness 100-kg Load o 1000 psi
10-mm Ball No. No. 120 1/16" dia. Ball P
DiamondCone ‘
205 B98 440
210 857 420
215 817 401
220 TEO 1150 70 106 384
225 745 1050 &8 100 368
230 712 960 66 95 52
235 682 BE5 64 " k=
2.40 €53 820 62 87 324
245 627 TS &0 B4 an
250 601 717 ] B1 298
255 578 675 57 T8 287
260 555 633 55 120 75 76
265 534 55 53 | 19 72 I' 266
270 S14 67 52 | 119 0 | 256
275 495 540 50 | 17 67 | 247
280 477 515 49 | 17 65 | 238
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285 251 454 a7 | 116 &3 279
290 444 4r2 45 | 115 61 20
285 429 454 45 | 115 59 212
3.00 415 437 44 | 114 57 204
305 a0 420 42 | 113 55 196
310 388 404 41 | 112 54 169
315 375 EE] | 112 52 182
320 %3 ars 28 | 110 51 176
325 252 63 a7 1 110 45 170
335 a1 338 35 109 46 160
340 321 327 34 108 as 155
345 an 316 33 108 ad 150
3.50 302 305 32 107 43 146
355 233 296 EY 106 az 142
360 285 287 30 105 40 138
365 T 279 29 104 39 134
a70 268 270 28 104 38 131
375 %2 263 6 103 T 128
380 255 256 25 102 a7 125
385 248 248 24 02 36 122
380 241 241 23 100 35 119
395 25 235 22 9 &’ 16
400 29 229 21 a8 33 113
405 223 223 20 97 32 10
410 7 27 18 % 3 107
415 02 22 17 % 3 104
420 207 207 16 a5 30 101
425 202 202 15 94 30 99
430 157 147 13 ] 2% a7

435 192 12 12 92 8 95
4.40 187 187 10 9 i a3
445 183 183 90 T a1

450 179 179 ] 7 89

455 174 174 a8 26 87
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450 170 170 6 a7 % a5
4585 166 166 4 a6 25 a3
470 163 163 3 85 25 82
475 159 159 2 84 2 &80
480 156 156 1 a3 24 78
485 153 153 82 23 76
490 149 149 81 e 75
495 146 146 80 2 74
5.00 143 143 79 2 72
5.05 140 140 78 M T
510 137 137 txd by 70
5.15 134 - 76 21 68
5.20 131 13 T4 il 66
525 128 128 73 65
530 126 126 72 &4
535 124 124 71 63
540 121 121 70 62
5.05 140 140 [j:] N T
510 137 137 7 by 70
515 134 134 76 21 6B
520 131 131 74 20 &6
525 128 128 73 65
5.30 126 126 72 64
535 124 124 m 63
540 121 121 70 62
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