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ABSTRACT 
 

This research presents the results of a laboratory investigation of the flexural 
capacity such as strength, deflection and steel mechanical properties for both corroded 
and repaired corroded beams. Examination of the behavior of crack development was 
also examined. 

Fourteen small scaled reinforced concrete beams were used in the testing 
program. Ten out of them were tested as simply supported beams subjected to two 
concentrated point loads. Two out of the ten as control beams two others as corroded 
beams and six of them as repaired beams. The other four were used to investigate the 
corrosion rate and the mechanicals properties for corroded steel bars. 

An electrochemical system was used to achieve the corrosion level. The 
specimens were immersed in a 5 percent of sodium chloride solution for a period of 11 
weeks. The beams were connected in parallel to +5 Volts with a capacity of 25 Amperes 
electric DC current generated by power supply which impressed an equal voltage on 
each beam to accelerate the corrosion process. Steel bars were immersed in the solution 
to act as a cathode and to force the steel reinforced concrete beam to act as an anode.  

Six corroded beams out of the fourteen were structurally repaired after been 
corroded. Additional longitudinal steel reinforcement bars fixed with shear connectors 
were added to the flexural corroded reinforcement. Three types of cementitious and 
resin repairing materials were used to apply a new layer instead of the crashed 
deteriorated beams bottom concrete cover. 

It was concluded that the flexural capacity of the corroded beams reduced by 
about 28 % compared with the control beams and showed a noted reduction in its 
ductility behavior during the flexural test. The flexural capacity of the repaired beams 
increased by about 47 % compared with the control beams. They showed good ductility 
behavior during the flexural test and performed as sound constructed beams regarding 
their flexural capacity, crack development and deflection. 

It also concluded that types of repairing materials used for applying a new layer 
to corroded beams did not affect the flexural performance of repaired beams, in spite of 
that it may be important to inhabit the corrosion process in the future. 
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    ملخص الرسالةملخص الرسالةملخص الرسالةملخص الرسالة
و الخصائص الميكانيكة للتصرف االنشائي مثل القوة و الهبوط  عمليةنتائج  يقدم هذا البحث

من الكمرات الخرسانية التي تعاني من مشكلة صدأ الحديد باالضافة للكمرات  للحديد لكل
  .كما و يقدم تحليال عن حالة التشققات التي تظهر .لجة من الصدأاالخرسانية المع

عشرة منها تم اختبارها ، استخدامها في برنامج الفحوصاتاربعة عشر كمرة خرسانية تم 
كمرتين من العشرة تم ، سيطة و معرضة لقوتين مركزتينككمرات خرسانية مرتكزة على دعائم ب

اختبارهما ككمرات قياسية و كمرتين تم اختبارها ككمرات تعاني من الصدأ و ستة كمرات تم 
األربعة كمرات المتبقية تم استخدامها لفحص درجة . اختبارها ككمرات معالجة انشائيا من الصدأ

  .للحديد المعرض للصدأ الصدأ و كذلك لتحديد الخواص الميكانيكية
غمر العينات بمحلول  تم. تم استخدام نظام كهروكيميائي، للوصول للدرجة المطلوبة من الصدأ

تم توصيل الكمرات بالتوازي بتيار . اسبوع ١١لمدة % ٥ملحي من كلوريدات الصوديوم بتركيز 
و تم توليد الكهرباء بواسطة مولد يعطى ، أمبير ٢٥فولت و شدة تيار قصوى بقدرة  ٥كهربي بجهد 

ول لتعمل ككاثود و في المحل هاغمرتم لحديد اقضبان من . كهرباء مستمرة لتسريع عملية الصدأ
  .تجبر الكمرات لتعمل كأنود

حيث تم اضافة ، ستة كمرات من أصل األربعة عشرة كمرة تم اصالحها انشائيا بعد تعرضها للصدأ
مواد اصالح و تم استخدام ثالث ، حديد سفلي جديد و تم تثبيته بقطع حديدية لتقاوم قوي القص

  .ء الخرساني المهترأالضافة طبقة جديدة للغطااسمنتية و ايبوكسية 
حوالي أن القوة االنشائية لتحمل الكمرات المعرضة للصدأ لعزم االنحناء كانت أقل  أظهرت النتائج

بينما زادت القوة . من الكمرات القياسية و أظهرت ضعف في مرونتها أثناء الفحص% ٢٨بنسبة 
مرات القياسية و أظهرت مقارنة بالك% ٤٧بنسبة حوالي االنشائية للكمرات المعالجة من الصدأ 

مرونة جيدة و تصرفا انشائيا مماثال للكمرات التي ال تعاني من أي مشاكل بالنسبة لقوتها االنشائية 
  .اتج عن الفحصنو التشققات و الهبوط ال

كما و أظهرت النتائج أن نوعية مواد االصالح المستخدمة في اضافة طبقة جديدة لم تترك أي تأثير 
بالرغم من أهمية استخدام هذه المواد لمنع ، شائي للكمرات المعالجة من الصدأعلى األداء االن

    .أي عملية صدأ مستقبلي قد ينشأ بعد عملية األصالح
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1. Chapter 1: Introduction 

1.1. General Background 

Reinforced concrete is considered the most frequently used structural material, 
not only it has good mechanical proprieties after hardening, easy to use, etc. but also its 
dominant advantage that it is considered as an economic structural material. 

In recent years, the common point view about concrete as a durable 
maintenance-free construction material has been changed. The insufficient 
consideration of durability during the design process, the inadequate execution and 
maintenance are some reasons that reinforced concrete structures did not perform as 
well as it was expected (Kovacs, 2000). 

Corrosion of concrete reinforcing steel is considered one of the most serious 
problems facing the reinforced concrete structures. More than 80% of reinforced 
concrete structural damages around the world are caused by the corrosion of steel 
(Franciskovic and others, 2006). 

The problem of reinforced concrete corrosion is consider also as an economical 
problem, some countries like U.S. and U.K. spent hundreds of millions of dollars yearly 
for repairing structural damages resulting from reinforced concrete corrosion problem. 
This problem is clearly manifested in many other courtiers, especially in the Middle 
East Area (El-Reedy, 2008). 

 

1.2. Corrosion Problem in Gaza Strip 

Gaza strip is costal area which has 40 Km coastline on the Mediterranean Sea. 
This location with the associated environmental conditions may have a considerable 
influence on the deterioration of existing concrete structures, especially steel corrosion. 

Although the problem of reinforced concrete corrosion common appears in Gaza 
Strip area from common practice, few researches had studied this problem. Some 
factors like inadequate concrete cover, quality of water or admixtures uses in the mix 
design of concrete, seashore climate affects, etc. may be some factors causing this 
problem. 

A survey of forty case studies for assessment of existing damaged structures in 
Gaza Strip showed that the main cause of defects in existing buildings was 
reinforcement corrosion, with about 31% of the causes (Abu Hamam, 2008). 

Figure 1.1 show photos of some corroded reinforced concrete beams. These 
pictures were taken from a repairing of 104 shelters project at Rafah area in Gaza Strip, 
executed by the United Nations Relief and Works Agency (UNRWA) 12-2006.  



Chapter 1                                                                                                                                      Introduction 

 

2 

 

 

 

 

 

 

 

 

Figure  1.1: Some Pictures of Corroded Reinforced Concrete Beams 

(Repairing Of 104 Shelters Project at Rafah Area In Gaza Strip, Executed By UNRWA 12-2006) 

 

1.3. Research Problem and Scope 

This study will deal with the problem of corrosion of reinforced concrete beams. 
The aim of this research is to evaluate the efficiency of repairing techniques for solving 
this problem, from a structural point view. 

In this research, repairing techniques will be applied for corroded reinforced 
concrete beams. These repaired corroded beams will be tested to evaluate their 
structural performance. Although many previous studies have discussed the reinforced 
concrete corrosion problem, this study will focus on the problem of structural 
performance of the repaired elements. 

This research will cover small_scale corroded reinforced concrete beams with 
steel reinforcement and normal weight concrete. Pre-stressed and or high strength 
concrete elements will not be covered by this study. 

 

1.4. Objectives 

Research The main objective of this study is to determine the structural 
performance of repaired corroded reinforced concrete beams and how to assist 
engineers in properly applying successful repairing techniques in real life application. 

To reach this goal, sub main objectives where determined as follows: 

1. To impose corrosion for reinforcing steel bars embedded in reinforced concrete 
beams. 

2. To determine the strength capacity of corroded reinforced concrete beams. 
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3. To apply a successful repairing technique for repairing the corroded reinforced 
concrete beams. 

4. To determine the strength capacity of repaired corroded reinforced concrete beams. 

5. To investigate the validity of using ACI code in determining the flexural capacity of 
repaired beams. 

 

1.5. Methodology 

To achieve the research objectives the following methodology was followed 

1.5.1. Literature Review 

In this section previous research works related to the subject of the undertaken research 
were reviewed to identify main concern aspects of the problem and its repair. 

1.5.2. Testing program 

The test program is developed based on full understanding of the problem. It is designed 
to achieve the research problem. Influencing factors, corrosion mechanisms, repair 
materials and techniques, testing setups, etc. are fully considered in this step.  

1.5.3. Experimental Work  

The details of the test program are addressed in this step. These include testing 
equipments, number and size of tested beams, corrosion mechanisms, casting, curing, 
materials, etc. 

1.5.4. Results and Discussion 

After finishing the experimental study, the test results are obtained, analyzed and 
discussed to investigate the targeted objectives.  

1.5.5. Conclusions and Recommendations 

Conclusions and recommendations reached based on the test results are proposed for 
use by engineers in Gaza Strip to decide on an optimum and effective way for repairing 
corroded RC beams in the real life application.  
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1.6. Thesis Organization 

The thesis contains seven chapters organized as follows: 

Chapter 1(Introduction) 

This chapter gives a general background about the reinforced concrete structures 
corrosion problem, research problem and scope, objectives and methodology used to 
achieve the research objectives. Also it describes the structure of the thesis. 

Chapter 2 (Corrosion of Steel in Concrete “Basics, Causes and Effects”) 

This chapter discusses the concept of corrosion of steel in concrete, its mechanism, 
types, causes and structural effects.  

Chapter 3 (Repair of Corroded Reinforced Concrete Structures) 

This chapter reviews the techniques of repairing corroded reinforced concrete 
structures, main steps to execute repair and the execution methods of repairing. 

Chapter 4 (Material and Test Program) 

This chapter contain description of testing program, it discuses general preparation used 
and difficulties face the test program, the materials used for constructing beams, 
concrete mix design job, repaired materials and specimen design. It also describes the 
experimental set-up, corrosion process set-up, beam repairing set-up and beams flexure 
testing procedure. 

Chapter 5 (Test Results) 

This chapter illustrates the test results including the electrochemical results, visual 
inspection and flexural test results. 

Chapter 6 (Discussion of Results) 

This chapter discusses the results and shows the results summary drawn from the test 
results chapter. 

Chapter 7 (Conclusions and Recommendations) 

This chapter includes the concluded remarks, main conclusions and recommendations 
drawn from this research.
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2. Chapter 2: Corrosion of Steel in Concrete (Basics, Causes and 
Effects) 

 

2.1. Introduction 

Corrosion is an electrochemical process where a metal undergoes a reaction with 
chemical species in the environment to form a compound. The chemical species are 
principally oxygen and water. The corrosion of steel is the process that steel is oxidized 
at the anode and the electrons are released and flow to the cathode for the oxygen 
reduction reaction (Zhang and Mailvaganam, 2006). 

In the case of steel embedded in concrete, the concrete is a porous material 
containing water in the voids due to the process of curing or because of rainy weather or 
any weather with high relative humidity. Thus, the concrete will contain humidity, 
which is a common cause of corrosion.  

Although, it is not necessary that steel bars embedded in concrete to be 
corroded, this happen because concrete has a high concentration of the oxides calcium, 
sodium, and magnesium. These oxides produce hydroxides that have a high alkalinity 
when water is added (pH 12–13). This alkalinity will produce a passive layer on the 
steel reinforcement surface; consisting of oxides and hydroxides for iron and part of 
cement. This layer is dense and prevents the occurrence of corrosion (El-Reedy, 2008). 

Figure 2.1 shows a diagram of passivation of steel in concrete under normal 
conditions (AL-Ostaz, 2004). 

 

Figure  2.1: Diagram of Passivation of Steel in Concert (AL-Ostaz, 2004) 

This passive layer is, however, can be broken when carbon dioxide enters the 
concrete and reaches the steel-concrete interface. This is called carbonation. 
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Another powerful destroy of the steel passive layer is the present of chloride salt 
in concrete. Chloride ions are introduced into the concrete by marine spray, industrial 
brine, deicing agents, and chemical treatments. These chloride ions can reach the 
reinforcing steel by diffusing through the concrete or by penetrating cracks in the 
concrete (AL-Ostaz, 2004).  

 

2.2. Corrosion Mechanism 

After the passive layer is broken down, rust will appear instantly on the steel 
bar’s surface. The chemical reactions are the same in cases of carbonation or of chloride 
attack (El-Reedy, 2008).  

During the corrosion process, current flows in a closed loop. In addition to 
electrons flowing through the steel, an external current is carried through the pore 
solution of the concrete by the movement of charged ions to complete a closed loop. 
The external current consists of negatively charged hydroxyl ions moving from the 
cathode to the anode, and positively charged ferrous ions moving from the anode to the 
cathode (Kepler and others, 2000). 

Equations 2.1 through 2.4 describe the anode and cathode steel corrosion 
reactions as follow (El-Reedy, 2008):  

The anode reaction: 

)   (                         422 2 cathodetopasselectronseFFe −+ +→  Eq. 2.1 

The cathode reactions: 

)   (           442 22 anodetopasselectronsOHeOOH −− →++  Eq. 2.2 

) (   )(222 222 hydroxideferrousOHFeOOHFe →++   Eq. 2.3 

)""  (   .2)(2 232
OH,O 22 rustoxideferrichydratedOnHOFeOHFe  →  Eq. 2.4 

 

Figure 2.2 shows a diagram of rust formation on steel reinforcement in concrete 
(AL-Ostaz, 2004). 
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Figure  2.2 Diagram of Rust Formation on Steel Reinforcement in Concrete

 

2.3. Corrosion Electrochemistry

The terms ‘anode’ and ‘cathode’ discussed in this chapter come from 
electrochemistry which is a basic 

Daniell cell illustrate
composed to two ‘half cells’, copper i
total voltage of the cell is determined by the metals used and by the natur
composition of the solutions

Figure 

What is happening is that in each half cell the metal 
precipitating. Copper is more resistant to this reaction than zinc so when connect the 
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Diagram of Rust Formation on Steel Reinforcement in Concrete (AL

Corrosion Electrochemistry (Cells and Half Cells) 

The terms ‘anode’ and ‘cathode’ discussed in this chapter come from 
is a basic of Daniell cell seen in Figures 2.3. 

illustrates how chemical reactions produce electricity. The cell is 
two ‘half cells’, copper in copper sulphate and zinc in zinc sulphate. The 

cell is determined by the metals used and by the natur
composition of the solutions (Broomfield, 1997).  

Figure  2.3: The Daniell Cell (Broomfield, 1997) 

What is happening is that in each half cell the metal is dissolving and ions are 
opper is more resistant to this reaction than zinc so when connect the 

Corrosion of Steel in Concrete (Basics, Causes and Effects) 

 

(AL-Ostaz, 2004) 

The terms ‘anode’ and ‘cathode’ discussed in this chapter come from 
 

how chemical reactions produce electricity. The cell is 
inc in zinc sulphate. The 

cell is determined by the metals used and by the nature and 

 

s dissolving and ions are 
opper is more resistant to this reaction than zinc so when connect the 
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two solutions by a semi
through it but the ions 
wire, the zinc goes into solution
out (is deposited) on the copper electrode

Half cell potentials are a function of concentration as well as the metal and the 
solution. A more concentrated solution is
a current will flow in a cell made up of a single metal in two different concentrations of 
the same solution (Broomfield

When a metal such as steel is in an electrolyte (this is an aqueous solution wh
can carry ions such as water with some rock salt in solution) then a corrosion cell can
formed. A part of the steel in the electrolyte forms the anode and 
steel also in the same electrolyte forms the cathode. Corrosion in this ca
occurring at all the anode points which are dispersed around the steel. This gives the 
appearance of general or uniform corrosion

It can be consider
That is the co-existence of passive and corroding areas on the same reinforcement
forming a short-circuited galvanic cell with the corroding area as the anode and the 
passive surface as the cathode
more, especially where chloride ions are present. The resulting current flow (which is 
directly proportional to
resistance of the concrete and the
Choo, 2003). 

Figure 2.4 is a s
labeled (A) are the anodic
cathodic areas where no corrosion is
(Chess, 1998). 

Figure  2.4: Schematic 
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semi-permeable membrane (which allows charge to be exchanged 
 cannot pass through). When connecting the two metals with a 
solution and the copper from the copper sulphate solution plates 

out (is deposited) on the copper electrode (Broomfield, 1997).  

Half cell potentials are a function of concentration as well as the metal and the 
solution. A more concentrated solution is generally more corrosive than a dilute one
a current will flow in a cell made up of a single metal in two different concentrations of 

Broomfield, 1997). 

When a metal such as steel is in an electrolyte (this is an aqueous solution wh
can carry ions such as water with some rock salt in solution) then a corrosion cell can

art of the steel in the electrolyte forms the anode and 
also in the same electrolyte forms the cathode. Corrosion in this ca

occurring at all the anode points which are dispersed around the steel. This gives the 
appearance of general or uniform corrosion (Chess, 1998). 

considered the corrosion of steel in concrete as a concentration cell
existence of passive and corroding areas on the same reinforcement

circuited galvanic cell with the corroding area as the anode and the 
surface as the cathode. The voltage of such a cell can reach as high as 

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 anode and cathode reaction resistance

is a schematic of micro-corrosion cells on steel’s surface
are the anodic areas where metal is dissolving, regions 

cathodic areas where no corrosion is occurring. The arrows represent the current flow

Schematic of Micro-Corrosion in Steel Reinforcement (Chess, 1998)

Corrosion of Steel in Concrete (Basics, Causes and Effects) 

permeable membrane (which allows charge to be exchanged 
the two metals with a 

the copper from the copper sulphate solution plates 

Half cell potentials are a function of concentration as well as the metal and the 
more corrosive than a dilute one, so 

a current will flow in a cell made up of a single metal in two different concentrations of 

When a metal such as steel is in an electrolyte (this is an aqueous solution which 
can carry ions such as water with some rock salt in solution) then a corrosion cell can be 

art of the steel in the electrolyte forms the anode and another part of the 
also in the same electrolyte forms the cathode. Corrosion in this case would be 

occurring at all the anode points which are dispersed around the steel. This gives the 

the corrosion of steel in concrete as a concentration cell.  
existence of passive and corroding areas on the same reinforcement bar 

circuited galvanic cell with the corroding area as the anode and the 
The voltage of such a cell can reach as high as 0.5V or 

where chloride ions are present. The resulting current flow (which is 
the mass lost by the steel) is determined by the electrical 

reaction resistance (Newman and 

corrosion cells on steel’s surface, regions 
egions labeled (C) are 

occurring. The arrows represent the current flow 

 

(Chess, 1998) 
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2.4. Black Rust 

This type of corrosion occurs when there is a large distance between anode and
cathode locations and also if oxygen is not available. This usually occurs in cases of
buildings immersed in water or when a protective layer prevents presence of oxygen
(El-Reedy, 2008). 

In this type of corrosion (known as ‘black’ or ‘green’ rust due to the color of the 
liquid seen on the rebar when first exposed to air after breakout) the iron as Fe
stay in solution. This means that there will be no expansive forces to crack the concrete
so corrosion may not be detected
by cracking and spalling of the concrete and the reinforcing steel may
weakened before corrosion is detected

 

2.5. Pit Formation

Corrosion in steel bars starts by forming a small pit
will increase with time and then the combination of these pits causes a uniform
corrosion on the surface of the steel bars. This is obvious in the case of a steel 
reinforcement exposed to 
pitting corrosion are illustrated in Figure

Many chemical reactions describe the formation of pits and, in some cases, these 
equations are complicated. But the general principle of pit corrosion is very simple, 
especially in cases of chloride attacks

Figure

 

At some suitable site on the steel surface (often 
cement paste or a sulphide inclusion in the steel), the passive layer is more vulnerable to 
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This type of corrosion occurs when there is a large distance between anode and
also if oxygen is not available. This usually occurs in cases of

buildings immersed in water or when a protective layer prevents presence of oxygen

his type of corrosion (known as ‘black’ or ‘green’ rust due to the color of the 
the rebar when first exposed to air after breakout) the iron as Fe

means that there will be no expansive forces to crack the concrete
so corrosion may not be detected. It is potentially as there is no indication of c

ing of the concrete and the reinforcing steel may
weakened before corrosion is detected (Broomfield, 1997). 

Pit Formation 

Corrosion in steel bars starts by forming a small pit, after that, the number of pits
increase with time and then the combination of these pits causes a uniform

corrosion on the surface of the steel bars. This is obvious in the case of a steel 
exposed to carbonation or chloride effects. The uniform corrosion and 

ion are illustrated in Figures 2.5-6. 

Many chemical reactions describe the formation of pits and, in some cases, these 
equations are complicated. But the general principle of pit corrosion is very simple, 
especially in cases of chloride attacks (El-Reedy, 2008). 

 

Figure  2.5: Uniform Corrosion (El-Reedy, 2008) 

 

Figure  2.6: Pitting Corrosion (El-Reedy, 2008) 

At some suitable site on the steel surface (often thought to be a void in the 
cement paste or a sulphide inclusion in the steel), the passive layer is more vulnerable to 

Corrosion of Steel in Concrete (Basics, Causes and Effects) 

This type of corrosion occurs when there is a large distance between anode and 
also if oxygen is not available. This usually occurs in cases of 

buildings immersed in water or when a protective layer prevents presence of oxygen 

his type of corrosion (known as ‘black’ or ‘green’ rust due to the color of the 
the rebar when first exposed to air after breakout) the iron as Fe2+ will 

means that there will be no expansive forces to crack the concrete 
indication of corrosion 

ing of the concrete and the reinforcing steel may be severely 

fter that, the number of pits 
increase with time and then the combination of these pits causes a uniform 

corrosion on the surface of the steel bars. This is obvious in the case of a steel 
The uniform corrosion and 

Many chemical reactions describe the formation of pits and, in some cases, these 
equations are complicated. But the general principle of pit corrosion is very simple, 

thought to be a void in the 
cement paste or a sulphide inclusion in the steel), the passive layer is more vulnerable to 
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attack and an electrochemical potential difference attracts chloride ions. Corrosion is 
initiated and acids are formed; hydrogen sulphide from the sulphide (MnS) inclusion 
and HCl from the chloride ions if they are present. Iron dissolves (Equation 2.1), and 
the iron in solution reacts with water (Equations 2.5-6): 

                        2
2 +−+ +→+ HFeOHOHFe   Eq. 2.5 

                        MnS2 2
2

++ +→+ HHMnS   Eq. 2.6 

A pit forms, rust may from over the pit, concentrating the acid (H+), and 
excluding oxygen so that the iron stays in solution preventing the formation of a 
protective oxide layer and accelerating corrosion (Broomfield, 1997). 

 

2.6. Bacterial Corrosion 

Bacteria are another cause of corrosion. Because bacteria exist in soil, the 
foundation is considered the main element exposed to this type of corrosion. These 
bacteria will convert sulfur and sulfides to sulfuric acid. The acid will attack the steel 
and then cause initiation of the corrosion process. Other bacteria that attack the sulfide 
exist in the steel reinforcement FeS due to reactions. This type of corrosion is often 
associated with a smell of hydrogen sulfide (rotten eggs) and smooth pitting with a 
black corrosion product when steel bars are exposed to soil saturated with water (El-
Reedy, 2008). 

 

2.7. Stray Current Corrosion 

Stray current corrosion (such as a nearby pipeline or DC electric railway lines) is 
a type of localized corrosion caused by the electrical circuits to the steel reinforcement. 
Corrosion takes place at the anode, the point where the current leaves the metal to return 
to the power source or to ground. Stray current corrosion is difficult to diagnose since 
the point of corrosion does not necessarily occur near the current source (Singley, 
1985). 

 

2.8. Causes of Corrosion 

2.8.1. Introduction 

There are two main reasons for corrosion of steel in concrete: chloride attack 
and carbon dioxide penetration, which is called the carbonation process. There are also 
other reasons, such as the presence of certain chemicals inside the concrete and voids 
that affect the steel. Moreover, some acids, such as sulfate, will attack the concrete and 
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cause concrete deterioration and corrosion of steel and then break the concrete alkalinity 
around the steel bars (El-Reedy, 2008).  

However, significant corrosion does not occur for steel in concrete that is either 
very dry or continuously saturated, because both air and water are necessary for 
corrosion to be initiated. Steel will remain corrosion-resistant in concrete if the concrete 
cover prevents air and water from reaching the embedded reinforcement (Kepler and 
others, 2000). 

 

2.8.2. Chloride Attack 

Chlorides can attack concrete from more than one source. The first source is 
from inside the concrete during the casting process, the second is to move to concrete 
from outside to inside.  

When casting takes place, chlorides exist in concrete as a result of the following 
(El-Reedy, 2008): 

1. Using seawater in the concrete mix. 

2. Aggregate that contains chlorides that can be washed well. 

3. Using additives that have higher chloride content than that defined in the 
specification. 

4. Water used in the concrete mix that has a higher number of chloride ions 
than that allowed in the specifications. 

Also chlorides can propagate inside concrete from the external environment by: 

1. Concrete exposed to seawater spray or continuous exposure to salt water. 

2. Using salt to melt ice. 

3. Presence of chlorides in chemical substances that attack the concrete 
structure, such as salt storage. 

The effect of chloride salts depends to some extent on the method of addition. If 
the chloride is present at the time of mixing, the calcium aluminates (C3A) phase of the 
cement will react with the chloride to some extent, chemically binding it as calcium 
chloroaluminate. In this form, the chloride is insoluble in the pore fluid and is not 
available to take part in damaging corrosion reactions. The ability of the cement to 
complex the chloride is limited, however, and depends on the type of cement. Sulfate 
resisting cement, for example, has a low C3A content and is therefore less able to 
complex the chlorides. In any case, experience suggests that if the chloride exceeds 
about 0.4% by mass of cement, the risk of corrosion increases. This does not 
automatically mean that concretes with chloride levels higher than this are likely to 
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suffer severe reinforcement corrosion. This depends on the permeability of the concrete 
and on the depth of carbonation in relation to the cover provided to the steel 
reinforcement (Newman and Choo, 2003). 

 

2.8.3. Carbonation 

Carbonation is the result of the interaction of carbon dioxide gas in the 
atmosphere with the alkaline hydroxides in the concrete. Like many other gases carbon 
dioxide dissolved in water to form an acid. Unlike most other acids the carbonic acid 
does not attack the cement paste, but just neutralizes the alkalis in the pore water, 
mainly forming calcium carbonate that lines the pores as given in Equation 2.7 and 2.8 
(Broomfield, 1997): 

           COH 3222 →+ OHCO  (Gas Water Carbonic Acid)  Eq. 2.7 

( ) O2HaCO 23232 +→+ COHCaCOH  (Carbonic Acid Pore Solution) Eq. 2.8 

Calcium hydroxyl exists in the concrete and increases the concrete alkalinity that 
maintains a pH level of 12–13; after carbonates attack inside the concrete and spread, it 
will form calcium carbonate. As seen in equation 2.7 and 2.8 the value of pH will be 
reduced to the level that causes the corrosion to the steel reinforcement (El-Reedy, 
2008). 

Carbonation damage occurs most rapidly when there is small concrete cover 
over the reinforcing steel. Carbonation can occur even when the concrete cover depth to 
the reinforcing steel is high. This may be due to a very open pore structure where pores 
are well connected together and allow rapid CO2 ingress. It may also happen when 
alkaline reserves in content, high water cement ratio and poor curing of the concrete 
(Broomfield, 1997). 

 

2.9. Corrosion Rate 

The corrosion rate is considered the most important factor in the corrosion 
process from a structural-safety perspective and in the preparation of the maintenance 
program for the structure. This factor is considered an economic factor of structural life, 
when the corrosion rate is very high, the probability of structure failure will increase 
rapidly and structural safety will be reduced rapidly (El-Reedy, 2008).  

During the last decades, many physical and mathematical models have been 
introduced to estimate the time of corrosion initiation and propagation. The first 
numerical model of this kind was developed by Collepardi, in which he employed the 
Fick’s second law of diffusion and indicated that diffusion coefficient is one of the most 
important parameters in service life prediction. Tutti’s model was one of the first 
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attempts to predict the service life of RC structures.
of this model is to divide the service ti
corrosion initiation, and T
occurs (Alizadeh and others

Figure  2.7: Tutti’s Model for 

 

On the other hand, typical corrosion rates of steel in various environmental 
situations have been reported in recent years
corrosion rate, Cr, for passive steel in concrete attacked by chlorides is about 
100µm/year (Ting, 1989
corrosion rate, Cr, is a time
distribution with mean C
and Ellingwood, 1994). 

Because the corrosion rate changes with environment, no accurate data are 
available to predict the real corrosion rate
to calculate the corrosion rate, these formulas changes according to the corrosion 
reasons, for example in the case of carbonation attack
corrosion rate according to the relative humidity
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attempts to predict the service life of RC structures. As shown in Figure 
is to divide the service time of the structure into T0 (t

corrosion initiation, and Ti (t prop), as the time of corrosion propagation until failure
Alizadeh and others, 2006). 

odel for Corrosion Process of Steel in Concrete (Alizadeh and others, 2006)

On the other hand, typical corrosion rates of steel in various environmental 
situations have been reported in recent years. According to Ting (

, for passive steel in concrete attacked by chlorides is about 
1989). According to Mori and Ellingwood, (

, is a time-invariant random variable described by a lognormal 
distribution with mean Cr of 50 µm/year, and coefficient of variation V

.  

Because the corrosion rate changes with environment, no accurate data are 
available to predict the real corrosion rate. However, there are many empirical formulas 

the corrosion rate, these formulas changes according to the corrosion 
reasons, for example in the case of carbonation attack. Table 2.1 gives values of the 

according to the relative humidity (El-Reedy, 2008). 
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As shown in Figure 2.7, the concept 
(t init), as the time to 

as the time of corrosion propagation until failure 

 

(Alizadeh and others, 2006) 

On the other hand, typical corrosion rates of steel in various environmental 
(1989), the average 

, for passive steel in concrete attacked by chlorides is about 
(1994), the typical 

invariant random variable described by a lognormal 
m/year, and coefficient of variation Vcr of 50% (Mori 

Because the corrosion rate changes with environment, no accurate data are 
However, there are many empirical formulas 

the corrosion rate, these formulas changes according to the corrosion 
 gives values of the 
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Table 2.1: Corrosion Rate According to Relative Humidity

The corrosion rate depends on different factors,
factors, the corrosion rate will be low.
the presence of water and 
2.8 (El-Reedy, 2008). 

Figure  2

 

The second important factor affecting the corrosion rate is the moving of the
ions inside the concrete voids around the steel reinforcement. If the speed of moving
ions is very slight or prevented, the corrosion rate will be very slow al
case, prevented. This case may happen when the concrete around the steel bars
high resistance to electrical conductivity between anode and cathode.
of electrical resistivity to the concrete surrounding the steel
an assumption of the corrosion rate and the chemical reaction
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Corrosion Rate According to Relative Humidity (El-Reedy, 2008) 

he corrosion rate depends on different factors, so if it possible to
factors, the corrosion rate will be low. The main factor that affects the corrosion rate is 

water and oxygen, especially in the cathode zone shown in the in 

2.8: Factors Affecting Corrosion Rate (El-Reedy, 2008)

The second important factor affecting the corrosion rate is the moving of the
ions inside the concrete voids around the steel reinforcement. If the speed of moving
ions is very slight or prevented, the corrosion rate will be very slow al
case, prevented. This case may happen when the concrete around the steel bars
high resistance to electrical conductivity between anode and cathode.

to the concrete surrounding the steel reinforcement can give us 
an assumption of the corrosion rate and the chemical reaction rate (El

Corrosion of Steel in Concrete (Basics, Causes and Effects) 

 

it possible to control these 
The main factor that affects the corrosion rate is 

oxygen, especially in the cathode zone shown in the in Figure 

 

Reedy, 2008) 

The second important factor affecting the corrosion rate is the moving of the 
ions inside the concrete voids around the steel reinforcement. If the speed of moving 
ions is very slight or prevented, the corrosion rate will be very slow also or, in the ideal 
case, prevented. This case may happen when the concrete around the steel bars has a 
high resistance to electrical conductivity between anode and cathode. The measurement 

reinforcement can give us 
(El-Reedy, 2008). 
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2.10. Corrosion

Among the different deterioration mechanisms
the corrosion of reinforcement
due to concrete carbonation or to an
classified into three main groups 

1. Those, which affect the reinfo
ductility. 

2. Those, which are related to concrete integrity.

3. Those, which affect the interaction concrete
reduction. 

Figure  2.9: Reinforcement Corrosion Effects on Concrete Structures

 

However, the most problems that occur because of corrosion of steel in concrete 
are due not only to the shortage in the steel section but also to fall of the concrete 
Many studies and much research have been conducted to calculate the amount of 
corrosion occurring and causing the concrete cover to fall. It has been found that cracks 
may occur in cases of reduction of 
some cases, much less than 
ability of concrete to withstand the stresses, as well as the distribution of steel
Reedy, 2008). 

The reason of concrete cover failing refer to the fact that the rust
much larger volume than the original steel and causes the 
the surface of the reinforcement. Because concrete is weak in tension these bursting 
forces quickly cause the concrete to crack parallel to the reinforcemen
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Corrosion Structural Effects 

Among the different deterioration mechanisms occurring in concrete structures, 
the corrosion of reinforcement is the most detrimental one. Their consequences,
due to concrete carbonation or to an excessive chloride content in the concrete, can be
classified into three main groups as seen in Figure 2.9 (Rodriguez & 

Those, which affect the reinforcement section, reducing the effective area and 

Those, which are related to concrete integrity. 

Those, which affect the interaction concrete – reinforcement due to the bond

: Reinforcement Corrosion Effects on Concrete Structures (Rodriguez & Ortega, 2006)

ost problems that occur because of corrosion of steel in concrete 
to the shortage in the steel section but also to fall of the concrete 

and much research have been conducted to calculate the amount of 
and causing the concrete cover to fall. It has been found that cracks 

in cases of reduction of 0.1 mm from steel reinforcement sections and
much less than 0.1 mm, depending on the distribution of oxides and the 

concrete to withstand the stresses, as well as the distribution of steel

The reason of concrete cover failing refer to the fact that the rust
much larger volume than the original steel and causes the buildup of bursting forces at 
the surface of the reinforcement. Because concrete is weak in tension these bursting 
forces quickly cause the concrete to crack parallel to the reinforcemen
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occurring in concrete structures, 
the most detrimental one. Their consequences, whether 

excessive chloride content in the concrete, can be 
& Ortega, 2006): 
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reinforcement due to the bond 

 

(Rodriguez & Ortega, 2006) 

ost problems that occur because of corrosion of steel in concrete 
to the shortage in the steel section but also to fall of the concrete cover. 

and much research have been conducted to calculate the amount of 
and causing the concrete cover to fall. It has been found that cracks 

 mm from steel reinforcement sections and, in 
depending on the distribution of oxides and the 
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The reason of concrete cover failing refer to the fact that the rust occupies a 
of bursting forces at 

the surface of the reinforcement. Because concrete is weak in tension these bursting 
forces quickly cause the concrete to crack parallel to the reinforcement direction and 



Chapter 2                                              

eventually, to spall away from rebars. 
oxides, and hydroxides and hydrated oxides of steel have a
to about six times that of the steel consumed to produce
incremental are various 
2.10 (AL-Ostaz, 2004). 

Note that the concrete cover in the corner is more prone to falling because it is a 
largely exposed area for the penetration of 
well as oxygen. Therefore, concrete cracks often happen faster in this situation
Reedy, 2008). 

Figure  2.10: The Volume Change 
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1. The losses in the steel reinforcement due to corrosion
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(carbonation and or chlorides attack)
concrete (Rodriguez and
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eventually, to spall away from rebars. However, corrosion is a complex mixture of 
oxides, and hydroxides and hydrated oxides of steel have a volume ranging from twice 
to about six times that of the steel consumed to produce it. The magnitud

 according to various steel oxides generated 
 

Note that the concrete cover in the corner is more prone to falling because it is a 
largely exposed area for the penetration of carbon dioxide or exposure to chlorides, as 
well as oxygen. Therefore, concrete cracks often happen faster in this situation

The Volume Change for Various Steel Oxides in Comparison With Original Volume 

Equal to 1 Cm3 (AL-Ostaz, 2004) 
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(carbonation and or chlorides attack) and environmental situation surrounding the 

and Ortega, 2006). 
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2.10.1.  Losses in Steel Reinforcement Due to Corrosion 

Weight-loss of the reinforcing steel could be calculated based on the current 
going through rebar. According to Faraday’s Law, the total weight loss of a reinforcing 
steel bar that is oxidized by the passage of electric charge can be expressed in Equation 
2.9 as follows: 

[ ]
F

EW
TCWloss ×=     Eq. 2.9 

Where, W loss is the total weight loss of reinforcing steel (grams), TC is the 
total electric charge (amp-sec or coulombs); EW is the equivalent weight, indicating the 
mass of metal (grams) that is oxidized. For pure elements, the EW is given by 
EW=W/n; here W is the atomic weight of the element, and n is the valence of the 
element. For carbon steel, the EW is approximate 28 (grams). F is Faraday’s constant in 
electric charge (F=96490 coulombs, or amp-sec) (Wang and others, 2000). 

Equation 2.9 presents the losses of steel bars in electrolyte, in the case of 
reinforcement embedded in concrete the reduction in steel cross section can be 
expressed in equations 2.10 and 2.11 as follows (Feliu and others, 1990): 

xPαφφ −= 0     Eq. 2.10 

Whereφ is the reduction in cross section are of steel bar (cm2), 0φ is the cross 

section area of steel reinforcement before corrosion (cm2), α is the “pitting factor”, the 
α  values are different if the corrosion is homogeneous (α = 2) than for pitting 

corrosion (5<α <10), xP is the corrosion rate (mm/year) which can be expressed in 

equation 2.11 as follow: 

tIP corrx ×=      Eq. 2.11 

The determination of Icorr depends on the environment evolution. Thus, several 
strategies may be used for the determination of Icorr and the loss of section with time Px, 
anyhow Table 2.2 gives values of Icorr by means of the wetness time (Rodriguez and 
Ortega, 2006). 
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Table  2.2: Averaged Corrosion 
2006) 

2.10.2.  Crack Width 

The oxides generated in the corrosion process pro
concrete cover that will produce final
the concrete element and therefore their load bearing
expressions have been developed, that can evaluate the crack width of the
following function, as a direct funct
and mechanical parameters
corrosion as given in Equation 

[05.0 Pw += β

Where w is the crack width in mm

the bar position (can be estimated 
microns and Px0 is an attack corresponding to
Table 2.4); and.  
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orrosion Currents (Icorr) and Wetness Periods (wt) (Rodriguez & Ortega, 

 

Crack Width of Concrete Cover Due To Corrosion

generated in the corrosion process provide a tensional
concrete cover that will produce final cracks, reducing consequently the cross section of 

concrete element and therefore their load bearing capacity. 
developed, that can evaluate the crack width of the

as a direct function of the corrosion attack and
and mechanical parameters can express the crack width of concrete cover due to 

quation 2.12 (Alonso and others, 1998). 

]0xx PP −     Eq. 2.12 

the crack width in mm ( mmw 0.1≤ ), β is a factor depending on 

can be estimated from Table 2.3), Px is the attack penetration
an attack corresponding to the crack initiation (can be estimated 
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(Rodriguez & Ortega, 

 

Concrete Cover Due To Corrosion 

a tensional state in the 
cracks, reducing consequently the cross section of 

. Several empirical 
developed, that can evaluate the crack width of the cover. The 

ion of the corrosion attack and several geometric 
can express the crack width of concrete cover due to 

 

a factor depending on 

the attack penetration in 
can be estimated from 
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Table  2.3: β  Values for Crack 

 
Table  2.4: Px0 Expressions for 

2.10.3.  Losses of 
Reinforcement

The concrete–steel bond is the responsible of the bar anchorage in
concrete member ends and 
However, corrosion provokes
corrosion. To calculate the 
(Rodriguez and others, 

1. For residual bond assessment. Table 
obtaining realistic residual bond values. All of them are expressed depending on the 
attack penetration Px

Table  2.5: Relationship between Bond and Px in mm
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rack Width Calculations (Alonso and others, 1998) 

 

Expressions for Crack Initiation (Alonso and others, 1998) 

 

 

of Bond between the Concrete and Steel 
Reinforcement Due To Corrosion 

steel bond is the responsible of the bar anchorage in
ends and this is responsible for the composite behavior of 

provokes a reduction in bond due to the cover cracking and stirrups 
calculate the concrete–steel bond, the following expression may be used

and others, 2006): 

esidual bond assessment. Table 2.5 shows empirical expressions that allow 
realistic residual bond values. All of them are expressed depending on the 

x. 

etween Bond and Px in mm (Rodriguez and others, 2006)
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steel bond is the responsible of the bar anchorage in the reinforced 
the composite behavior of members. 

bond due to the cover cracking and stirrups 
the following expression may be used 

shows empirical expressions that allow 
realistic residual bond values. All of them are expressed depending on the 

(Rodriguez and others, 2006) 
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2. For intermediate cases where the amount of stirrups is low, below the actual 
minimum, or the stirrups capacity can be strongly reduced by corrosion effect
expressions of Table 

Table  2.6: Bond Values for 

These expressions are of application with P
ρ ≤ 0.25.  

3. For relationship between bond and crack width, several expressions have been 
developed for relating the residual bond with the crack width 
2.7 may be applied. 

Table  2.7: Relationship between B

 

2.11. Corrosion of Reinforced Concrete Structures in Gaza Strip

Reinforced concrete buildings in Gaza Strip had appeared since 
and have been used widely 
building damages in Gaza Strip, it is clear from common practice that 
problem of reinforcing steel
a costal area and have shore climate

A recent survey 
exposure conditions such as temperature, relative humidity, and concentration of salts in 
the atmosphere where the reasons
Furthermore, these conditions played an important role in deterioration of concrete and 
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For intermediate cases where the amount of stirrups is low, below the actual 
minimum, or the stirrups capacity can be strongly reduced by corrosion effect

able 2.6 may be applied. 

alues for Cases of Intermediate Amount of Stirrups (Rodriguez and others, 2006)

 

These expressions are of application with Px values between 0

elationship between bond and crack width, several expressions have been 
developed for relating the residual bond with the crack width expressions of 

 

between Bond fb (MPa) and crack width w (mm) (Rodriguez and others, 2006)

 

Corrosion of Reinforced Concrete Structures in Gaza Strip

Reinforced concrete buildings in Gaza Strip had appeared since 
widely since 1970. Although few studies consider

building damages in Gaza Strip, it is clear from common practice that 
reinforcing steel is considerable. This may refer to the fact that Gaza 
and have shore climate. 

survey study shows that the existing of buildings damages due to 
exposure conditions such as temperature, relative humidity, and concentration of salts in 
the atmosphere where the reasons of 49% for assessment request

conditions played an important role in deterioration of concrete and 
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For intermediate cases where the amount of stirrups is low, below the actual 
minimum, or the stirrups capacity can be strongly reduced by corrosion effects, 

(Rodriguez and others, 2006) 

0, 05 and 1mm with 

elationship between bond and crack width, several expressions have been 
expressions of Table 

(Rodriguez and others, 2006) 

Corrosion of Reinforced Concrete Structures in Gaza Strip 

Reinforced concrete buildings in Gaza Strip had appeared since 1950 or earlier 
studies considered the causes of 

building damages in Gaza Strip, it is clear from common practice that the corrosion 
is considerable. This may refer to the fact that Gaza Strip is 

he existing of buildings damages due to 
exposure conditions such as temperature, relative humidity, and concentration of salts in 

 for assessment requests in Gaza Strip. 
conditions played an important role in deterioration of concrete and 



Chapter 2                                              

hence corrosion of reinforcing
cases (Abu Hamam, 2008

Figure 2.11 shows the reinforcing steel corrosion problem of many buildin
Strip. 

 Figure  2.11: Steel Reinforcement Corrosion in 

 

Once the assessment of 
repair should be taken. In fact there are few local institutions and consulting firms 
Gaza Strip having practical 
existing structures. These include the 
Works and Housing, the Islamic 
Works Agency (UNRWA

There are no unified standards or technical specifications used in repairing of 
reinforced steel corrosion
with the reinforcing steel corrosion problem 
Rehabilitation of water tanks 

 

Cracks along Steel Bars.

Complete Spalling of Concrete Cover.
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reinforcing steel that constituted 31% of the damages in the surveyed 
2008). 

 shows the reinforcing steel corrosion problem of many buildin

 

Steel Reinforcement Corrosion in Different Defects Buildings in Gaza Strip

 (Abu Hamam, 2008) 

Once the assessment of a damaged structure has been completed, decision of 
repair should be taken. In fact there are few local institutions and consulting firms 
Gaza Strip having practical experience in assessment and evaluation
existing structures. These include the Association of Engineering, the 

ousing, the Islamic University of Gaza, the United Nations Relief and 
UNRWA) in addition to some engineering consulting firms.

here are no unified standards or technical specifications used in repairing of 
reinforced steel corrosion used in Gaza Strip. Anyhow many rehabilitation projects 
with the reinforcing steel corrosion problem have been executed in Gaza strip

of water tanks executed by the Palestinian Water Authority

 

Cracks along Steel Bars. 

 

Local Spalling of Concrete 

 

Complete Spalling of Concrete Cover. Corrosion of Exposed Steel Bars.
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cooperation of a local consultant office and Repairing of 104 Shelters Project at Rafah 
Area in Gaza Strip executed by UNRWA are some examples of these projects. 

The main repairing steps used in these projects were as follows: 

1. Removing contaminated cracked or defective concrete. 
2. Cleaning of reinforcement and adding more reinforcing steel bars if 

needed. 
3. Adding protection to the reinforcement. 
4. Adding bonding agents to concrete and apply anew concrete layer by 

using normal concrete mortar or special repairing materials. 

However these repairing methods depend on the engineering experiences and no 
structural performance testes were applied for these repairing methods to check the 
safety of the repaired structures. 

 

2.12. Concluded Remarks 

1. Corrosion of reinforcing steel imbedded in concrete is an electrochemical 
process and mainly caused by chloride attack and or carbon dioxide penetration. 

2. There are many types of corrosion such as black rust, pit formation bacterial and 
stray current corrosion. These types consist according to the condition of 
corrosion. 

3. Corrosion of steel reinforcement has a direct affect on the structural performance 
of the structural elements, that’s because of many parameters such as: 

a) Losses in the steel reinforcement cross section or ductility. 
b) Losses of the concrete integrity. 
c) Losses in the pond between the concrete and steel reinforcement. 

However, many empirical formulas were integrated to calculate these illustrated 
parameters. 

4. Gaza Strip is a costal area and suffering from the corrosion problem. A survey 
on 40 defects buildings in Gaza Strip shows that corrosion of reinforcing steel 
was the first reasons of damages which constituted 31% of the total reasons of 
buildings damages. 

Therefore, it is important to investigate the corrosion problem and repairing 
techniques that might be used in repairing corrosion damaged structures in Gaza Strip. 
An experimental investigation would assist engineers in dealing with this problem and 
increase the level of confidence in used repairing techniques. One challenge of such 
investigation is to be able to induce corrosion onto reinforced concrete members. 
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3. Chapter 3: Repair of Corroded Reinforced Concrete Structures  

3.1. Introduction: 

Before approaching corroded reinforced concrete structures repairs, 
consideration must first be given to the cause of the problem. This is fundamental to the 
success or failure of the repair, and lack of adequate attention at this point can 
jeopardize the whole job. 

To find the causes of deterioration a structural element, assessment methods and 
different measurement methods will be needed. These will help in deciding on the cause 
of corrosion and present and future deterioration of the structure (Newman and Choo, 
2003). 

However when the cause of the problem becomes clear, one of the major issues 
facing any consultant or owner of a structure suffering from chloride or carbonation 
induced corrosion is what type of repair to undertake. In fact there are many repair 
techniques such as: coating and sealants, specialized patch repair materials, options for 
total or partial replacement, cathodic protection, chloride removal, realkalization and 
corrosion inhibitors. These can be applied to structures suffering different degrees of 
corrosion due to chloride attack, carbonation or a combination of the two. 

The practical solution for most owners of individual corroding structures will be 
to take advice from structural engineering consultant or a corrosion specialist. Advice 
may also be sought from materials suppliers and applicators about their own particular 
system and consensus will be reached about the most effective repair to the structure 
based on local knowledge, experience and availability of materials and systems 
(Broomfield, 1997). 

To determine the way of repairs, many alternatives are available to the 
maintenance engineer in attempting to combat deterioration and keep the structure in its 
original condition. These may be grouped into three broad categories (Vorster and 
Others, 1992): 

• Protection. 

• Patching. 

• Rehabilitation. 

All these alternatives are maintenance operations. While the work involved is 
not necessarily minor, it is limited by the fact that it does not involve any change to the 
original functional characteristics of the structure. 
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3.1.1. Protection 

Protection is defined as the processes which use physical barriers such as 
waterproof overlays or membranes halt or slow the process of deterioration. 
Electrochemical methods can also be used to remove chlorides or upset the required 
chemical actions. These alternatives are viable if deterioration has not progressed 
beyond certain limits. 

3.1.2. Patching 

Patching is defined as the process whereby small localized areas of deterioration 
in the structure are repaired by removing the deteriorated concrete, cleaning any 
corroded reinforcing steel, and replacing the concrete with a substitute material. The 
objective is to reinstate the original characteristics of the structure as far as possible. 
There is no expectation of increased life and patching does not enhance the original 
functional characteristics of the structure. 

3.1.3. Rehabilitation 

Rehabilitation is more extensive than patching. Large areas of chloride and or 
carbonation contaminated or deteriorated concrete are systematically removed, the 
corroded steel is cleaned, and the area is repaired with materials similar to those 
originally used. The objective is to repair the area to a standard at least equal to that 
found in parts of the structure that are not contaminated. 

The alternatives for reversing deterioration set out in Figure 3.1 (Vorster and 
Others, 1992) and the definitions of protection, patching and rehabilitation presented 
above may give the impression that any project may entail the selection of a single 
alternative. However, as most projects employ a mix of alternatives to achieve the 
desired result. This is particularly true insofar as renovation and rehabilitation are 
concerned. Most projects involve an element of both: 

Renovation to bring the structure as close to current standards as possible and 
rehabilitation to systematically remove and repair areas where concrete and steel have 
been damaged by the ingress of chlorides and or carbonation. 
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Figure  3.1: Alternatives for Reversing Deterioration and Obsolescence (Vorster and Others, 1992) 

 

3.2. Main Steps to Executing Repair 

There are several regular steps in the repair of all structures exposed to 
corrosion. The very critical first step is to strengthen the structure by performing 
structural analysis and designing a suitable location for the temporary support. The 
second step is to remove the cracked and delaminated concrete. It is important to clean 
the concrete surface and also the steel bars by removing rust. After rust is removed by 
brush or sand blasting, the steel bars should be painted with epoxy coating or replaced; 
then new concrete can be poured. The final step is to paint the concrete member as 
external protection. This is a brief description of the repair process. These steps will be 
explained in detail in the following sections (El-Reedy, 2008). 

 

3.2.1. Temporary Structure Strengthening 

One of the most dangerous and important first steps necessary for the repair is 
selecting the temporary support, which depends on the following (El-Reedy, 2008): 



Chapter 3                                                                       Repair of Corroded Reinforced Concrete Structures 

 

26 

1. Evaluating the state of the whole structure. 

2. Determining how to transfer loads in the building and its distribution. 

3. Determining the volume of repair that will be done. 

4. Determining the type of concrete member that will be repaired. 

As mentioned earlier, the repair process must be carried out by a structural 
engineer with a high degree of experience who has the capability to perform the 
structure analysis and powerful knowledge of the load distribution in the structure, 
according to the kind of repair. The structural engineer has a responsibility to choose the 
right way to optimize the process of crushing and to determine the ability of the 
structure members to carry the loads that will be transferred to them. Therefore, the 
responsible engineer should design the temporary support based on data collected and 
the previous analysis and should be cautious in the phase of execution of temporary 
supports. 

Choosing how to remove the defective parts will be based on the nature of the 
concrete member in the building as a whole; any member of breaking concrete has a 
detrimental impact on neighboring members because the process of breaking will 
produce a high level of vibration. The temporary members must be strong and designed 
to withstand loads and must be transported easily and safely to the defective area. The 
entire structure depends on the design and execution of the temporary supports and their 
ability to bear loads safely (El-Reedy, 2008). 

 

3.2.2. Removing Cracked Concrete 

There are several ways to remove the part of the concrete that has cracks on its 
surface and shows the effects of steel corrosion. The choice of the method depends on 
the specification, budget and contractor’s preferences. If concrete is just starting to spall 
due to carbonation or if an electrochemical treatment like cathodic protection is 
planned, then a simple repair of removing unsound concrete, cleaning the rebar surface, 
squaring the edges and putting in a sound may be used. 

If patching is required due to chloride corrosion then the most specifications 
recommend removing about 25 mm behind the steel and making sure that the concrete 
on the steel has no traces of chlorides after the repair process. The difference between 
good and bad repair procedures is obvious in Figure 3.2 (Broomfield, 1997). 
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Figure  3.2 Differences between Good and Bad Repairs

 

However, the method of removing of concrete cracks depends mainly on four 
factors as follows (Vorster and Others, 

1. Removal depth as seen in Figure

2. Removal area. 

3. Repairing methods

4. Repair material specification

Figure  3.3: Depth Classification for Concrete Removal

Depending on these factors, 
and removing the defective concrete and these are
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Differences between Good and Bad Repairs (Broomfield, 1997)

However, the method of removing of concrete cracks depends mainly on four 
(Vorster and Others, 1992): 

as seen in Figure 3.3. 

Repairing methods. 

specification. 

Depth Classification for Concrete Removal (Vorster and Others, 1992)

on these factors, several methods are commonly used for breaking 
and removing the defective concrete and these are explained next. 

Repair of Corroded Reinforced Concrete Structures 

(Broomfield, 1997) 

However, the method of removing of concrete cracks depends mainly on four 

 

(Vorster and Others, 1992) 

commonly used for breaking 
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3.2.2.1. Manual Method 

One of the simplest and easiest methods is to use a hammer and chisel to remove 
defective concrete. This is considered one of the most inexpensive ways, but it is too 
slow compared with mechanical methods. However, mechanical methods produce high 
noise and vibration, have special requirements, and need trained labor. Using the 
manual method makes it difficult to spare concrete behind the steel. The method is used 
in the case of small spaces and is the preferred use in the event of corrosion due to 
carbonation and attacking chlorides from outside, when it is not necessary to break 
concrete behind steel. Any worker can manually break the concrete, but it is necessary 
to choose workers who have done repair work before as they must be sensitive in 
breaking the concrete to avoid causing cracks to the adjacent concrete members 
(RILEM Committee, 1994). 

 

3.2.2.2. Pneumatic Hammer Methods 

The pneumatic breaker (frequently known as a jack-hammer but properly known 
as a paving breaker) is currently the most prevalent method for concrete removal in 
rehabilitation work. The breaker is hand held and powered by compressed air to deliver 
a series of high frequency blows which fracture the concrete in a small, easily controlled 
area. The production of pneumatic breakers depends on two factors; the size of the 
breaker and the skill of the operator. 

Breakers are sized according to their weight. This can vary from 8 to over 120 
pounds (4 to 55 kg). Heavier breakers are more productive because they are able to 
impart more energy with each blow. They are also more destructive. The International 
Union of Laboratories and Experts in Construction Materials (RILEM Committee) is 
typically limits the weight of breakers that can be used for selective concrete removal to 
less than 45 pounds (20 kg) to minimize residual cracking and preserve the bond 
between the residual concrete and the repair concrete in areas that are not removed. The 
angle of attack measured from the breaker's axis to the concrete surface is also 
frequently limited to 45 degrees for the same reasons. The skill of the operator is 
important with regard to both the quantity and quality of the work performed. This 
factor must not be overlooked when assessing the viability of the method. Some 
performance rates are about 0.025–0.25 m3 per hour using hammers weighing 10–45 kg, 
respectively (Vorster and Others, 1992). 

The use of pneumatic hammers is more economical when a small, rather than 
large, area is to be removed (see Figure 3.4). A water gun is preferable for large areas as 
described in the following section (El-Reedy, 2008). 

 



Chapter 3                                                                       

Figure  3.4: Using a Pneumatic 

 

3.2.2.3. Water Jet

This method has been commonly used 
to the market in the 1970
work site and on the removal of a
fragmented concrete, cleans
bars, as shown in Figures
worker who has previously dealt with the hose, which is pushing water under high 
pressure or perhaps through the mechanical arm. Very high safety precautions need to 
be applied to the worker who uses it and the site aro

The water used must not have any materials that affect the concrete, such as high
chloride ions; in general, it must be potable water. The water gun consists of diesel
engines and related through pressure pump and connected by hose that bears high
pressure from 30–70 MPa
to cut the concrete and the rate of water consumption is about
performance rate of a water jet to break concrete is about 
use of a small pump and can reach up to about 
is used (Broomfield, 1997

Figure  3.5: Shape of Delaminated Concrete When 
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neumatic Hammer to Remove Wall Concrete Cover (El

Water Jet 

This method has been commonly used around the world since it was introduced 
1970s (Broomfield, 1997). It relies on the existence of water at the 

work site and on the removal of a suitable depth of concrete in a large area. It removes 
fragmented concrete, cleans steel bars, and removes part of the concrete behind the steel 

igures 3.5 and 3.6. The water jet is used manually by an experienced 
who has previously dealt with the hose, which is pushing water under high 
or perhaps through the mechanical arm. Very high safety precautions need to 

applied to the worker who uses it and the site around it. 

The water used must not have any materials that affect the concrete, such as high
chloride ions; in general, it must be potable water. The water gun consists of diesel
engines and related through pressure pump and connected by hose that bears high

MPa at the nozzle and at least 40 MPa. At least 
to cut the concrete and the rate of water consumption is about 
performance rate of a water jet to break concrete is about 0.25 m3/hour

and can reach up to about 1 m3/hour if two pumps or one big pump 
1997). 

Delaminated Concrete When a Water Jet Is Used (Broomfield, 
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(El-Reedy, 2008) 

since it was introduced 
existence of water at the 

suitable depth of concrete in a large area. It removes 
steel bars, and removes part of the concrete behind the steel 

t is used manually by an experienced 
who has previously dealt with the hose, which is pushing water under high 
or perhaps through the mechanical arm. Very high safety precautions need to 

The water used must not have any materials that affect the concrete, such as high 
chloride ions; in general, it must be potable water. The water gun consists of diesel 
engines and related through pressure pump and connected by hose that bears high water 

 40 MPa is required 
 50 L/minute. The 

/hour in the case of the 
if two pumps or one big pump 

 

(Broomfield, 1997) 
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Figure  3.6: Hydro Jetting a Wall with 

 

3.2.2.4. Grinding Machine

This is used to remove concrete cover in the case of large, flat surfaces. An 
example is a bridge deck, as in 
process of breaking does not reach the steel. As in the case of any contact between the 
grinding machine and steel reinforcement, it will cut the steel bars and damage the 
machine. This method of breaking delaminated concrete is seldom used in the United 
Kingdom, because insulation film is often used to prevent the water, and it is used 
sparingly on U.S. bridges. The grinding machine is usually used after the water gun or
the pneumatic hammer to obtain final concrete breakdown around and under the
reinforcement. Therefore, one must take into account whether the thickness of
concrete cover is equal. The rate of removal of the concrete by this machine is
it removes about 1 m3/minute and its cutting part is 

 

3.2.3. Cleaning

This phase removes any remaining broken concrete with a process of cleaning. 
At the same time, the process of assessing the 
corrosion from the roof takes place.
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Jetting a Wall with a Robot Arm Controlled System (Broomfield, 1997)

Grinding Machine 

This is used to remove concrete cover in the case of large, flat surfaces. An 
is a bridge deck, as in Figure 3.7, but it must be done cautiously so that the 

breaking does not reach the steel. As in the case of any contact between the 
machine and steel reinforcement, it will cut the steel bars and damage the 
This method of breaking delaminated concrete is seldom used in the United 
because insulation film is often used to prevent the water, and it is used 

on U.S. bridges. The grinding machine is usually used after the water gun or
umatic hammer to obtain final concrete breakdown around and under the

reinforcement. Therefore, one must take into account whether the thickness of
concrete cover is equal. The rate of removal of the concrete by this machine is

minute and its cutting part is 2 m in width (El-

ing Concrete Surfaces and Steel Reinforcements

This phase removes any remaining broken concrete with a process of cleaning. 
the same time, the process of assessing the steel and cleaning up and removing 

from the roof takes place. 
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(Broomfield, 1997) 

This is used to remove concrete cover in the case of large, flat surfaces. An 
, but it must be done cautiously so that the 

breaking does not reach the steel. As in the case of any contact between the 
machine and steel reinforcement, it will cut the steel bars and damage the 
This method of breaking delaminated concrete is seldom used in the United 
because insulation film is often used to prevent the water, and it is used 

on U.S. bridges. The grinding machine is usually used after the water gun or 
umatic hammer to obtain final concrete breakdown around and under the steel 

reinforcement. Therefore, one must take into account whether the thickness of the 
concrete cover is equal. The rate of removal of the concrete by this machine is very fast; 

-Reedy, 2008). 

Concrete Surfaces and Steel Reinforcements 

This phase removes any remaining broken concrete with a process of cleaning. 
steel and cleaning up and removing 
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3.2.3.1. Clean

The stage of preparing a surface by pouring the new 
important stages of the repair process. Before application of the primer coating,
provides the bond between the existing old concrete and the new concrete for
is frequently necessary to remove surface contaminan
the work area in order to provide a sound, long
structure and the new materials used to repair or rehabilitate
Others, 1992). 

When cement mortar or concrete i
be sprayed by water until saturation can be reached. The stage of saturation can be
reached by spraying water on the surface for 
water spray must be stopped and the 
weather conditions, until the surface is dry. It is then coated by a mix of water and
cement only, which is called slurry and is applied by brush. Epoxy coating can also
used as an adhesive between new an
manufacturer’s specifications and 

 

3.2.3.2. C

Bar cleaning necessitates the removal of rust, chlorides and other unwanted 
material from the exposed reinforcing 
concrete and is extremely
paste must be removed to stop
Three methods are frequently used.
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Figure  3.7: Grinding Machine (El-Reedy, 2008) 

Cleaning Concrete Surfaces 

The stage of preparing a surface by pouring the new concrete is one of the most
important stages of the repair process. Before application of the primer coating,
provides the bond between the existing old concrete and the new concrete for
is frequently necessary to remove surface contaminants such as oil, rubber and rust from

in order to provide a sound, long-lasting bond between the existing 
and the new materials used to repair or rehabilitate the structure

When cement mortar or concrete is used in the repair, the concrete surface will
be sprayed by water until saturation can be reached. The stage of saturation can be
reached by spraying water on the surface for 24 hours or through wetting burlap
water spray must be stopped and the burlap removed for about 1–2 hours
weather conditions, until the surface is dry. It is then coated by a mix of water and
cement only, which is called slurry and is applied by brush. Epoxy coating can also
used as an adhesive between new and old concrete; it is necessary to follow the

s specifications and warnings (El-Reedy, 2008). 

Clean Steel Reinforcement Bars 

Bar cleaning necessitates the removal of rust, chlorides and other unwanted 
exposed reinforcing steel. The work follows the removal of matrix 

concrete and is extremely important as all the chloride contaminated rust and cement 
paste must be removed to stop corrosion from continuing in the backfilled concrete. 
Three methods are frequently used. These are (Vorster and Others, 
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concrete is one of the most 
important stages of the repair process. Before application of the primer coating, which 
provides the bond between the existing old concrete and the new concrete for repair, It 

ts such as oil, rubber and rust from 
lasting bond between the existing 

the structure (Vorster and 

s used in the repair, the concrete surface will 
be sprayed by water until saturation can be reached. The stage of saturation can be 

 hours or through wetting burlap. The 
 hours, depending on 

weather conditions, until the surface is dry. It is then coated by a mix of water and 
cement only, which is called slurry and is applied by brush. Epoxy coating can also be 

d old concrete; it is necessary to follow the 

Bar cleaning necessitates the removal of rust, chlorides and other unwanted 
steel. The work follows the removal of matrix 

important as all the chloride contaminated rust and cement 
corrosion from continuing in the backfilled concrete. 

, 1992): 
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1. Sandblasting: The abrasive impact of sand particles under compressed air is an 
effective method for cleaning exposed steel because it is able to remove cement 
deposits and rust to leave a bare metal finish.

2. Wire Brushing: Powered rotary wire bristle brushes can be used to clean exposed 
rebar. Brushes are pneumatically or hydraulically driven and usually mounted on a 
small utility construction vehicle. Access to hidden and difficult
restricted. 

3. Hydro demolition: Sand arising from the hydro demolition process is propelled by 
the high pressure water to create an abrasive fluid able to clean rebar as an adjunct 
or parallel operation to the removal of matrix or core concrete by hydro demolition.

After cleaning 
reinforcement by measuring steel diameter. If the cross
found to have a reduction equal to or more than 
must be added. Before pouring new concrete, one must
length between the new bars and the old steel bars is
is usually preferable to link the steel by drilling
connecting the additional steel on concrete by putting
filled with epoxy. However, in most cases the steel

need to be replaced (RILEM Committee

Figure 

In the case of beams and slabs that need to add additional steel reinforcement
bars, it is preferable to connect the steel bars with concrete by drilling new holes in
concrete and making the bond of the steel bars in the holes by using adhesive
For beam repairs, the additional steel bars are fixed in a column that supports
In the case of slabs, the steel bars are fixed in the sides of the beam
the slab, as shown in F
drilling holes to a depth of around 
epoxy according to the 
Corps of Engineers, 1995
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Sandblasting: The abrasive impact of sand particles under compressed air is an 
effective method for cleaning exposed steel because it is able to remove cement 
deposits and rust to leave a bare metal finish. 

wered rotary wire bristle brushes can be used to clean exposed 
rebar. Brushes are pneumatically or hydraulically driven and usually mounted on a 
small utility construction vehicle. Access to hidden and difficult-

ition: Sand arising from the hydro demolition process is propelled by 
the high pressure water to create an abrasive fluid able to clean rebar as an adjunct 
or parallel operation to the removal of matrix or core concrete by hydro demolition.

After cleaning the steel surface, the next step is to 
reinforcement by measuring steel diameter. If the cross-sectional area of the steel bars is 
found to have a reduction equal to or more than 20%, additional reinforcing steel bars 

re pouring new concrete, one must be sure that the development 
length between the new bars and the old steel bars is enough, as shown in 
is usually preferable to link the steel by drilling new holes in the concrete and 

nal steel on concrete by putting the steel bars in the drilled hole 
filled with epoxy. However, in most cases the steel bars are completely corroded and 

RILEM Committee , 1994). 

Figure  3.8: Installing Additional Steel (El-Reedy, 2008) 

In the case of beams and slabs that need to add additional steel reinforcement
bars, it is preferable to connect the steel bars with concrete by drilling new holes in

and making the bond of the steel bars in the holes by using adhesive
For beam repairs, the additional steel bars are fixed in a column that supports
In the case of slabs, the steel bars are fixed in the sides of the beam

Figure 3.9. The dowelling will be fixed in the
drilling holes to a depth of around 70–80 mm; the dowel will be fixed

according to the supplier’s assumptions and recommendations
1995). 
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Sandblasting: The abrasive impact of sand particles under compressed air is an 
effective method for cleaning exposed steel because it is able to remove cement 

wered rotary wire bristle brushes can be used to clean exposed 
rebar. Brushes are pneumatically or hydraulically driven and usually mounted on a 

-to-reach surfaces is 

ition: Sand arising from the hydro demolition process is propelled by 
the high pressure water to create an abrasive fluid able to clean rebar as an adjunct 
or parallel operation to the removal of matrix or core concrete by hydro demolition. 

 evaluate the steel 
area of the steel bars is 

reinforcing steel bars 
be sure that the development 

enough, as shown in Figure 3.8. It 
new holes in the concrete and 
the steel bars in the drilled hole 

bars are completely corroded and 

 

In the case of beams and slabs that need to add additional steel reinforcement 
bars, it is preferable to connect the steel bars with concrete by drilling new holes in the 

and making the bond of the steel bars in the holes by using adhesive epoxies. 
For beam repairs, the additional steel bars are fixed in a column that supports this beam. 
In the case of slabs, the steel bars are fixed in the sides of the beam that is supporting 

. The dowelling will be fixed in the beam side by 
the dowel will be fixed in the holes by 

s assumptions and recommendations (U.S. Army 
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Figure  3.9: Steel Reinforcement Installation for Slab Repair

3.2.4. New Patch Concrete

After removing the damaged and contaminated concrete, 
Many proprietary patch materials
materials are most likely to be applied, especially to small repair areas, but they are 
more expensive than conventional cement, aggregate and water mixes.
contractors must measure quantities and mix on site, it will save money at the risk of 
less consistency and higher risk of shrinkage, poor bonding, etc. specialized mix design 
can be carried out by concrete expert to provide 
mixes. In the United States and Canada, most of the contractors who work on bridge 
repair use their own concrete mix, which has secret mixing proportions based on the 
available materials in local markets
guarantees in case of corrosion due to carbonation, but if it is due to chlorides, they do 
not provide a guarantee for fear of the presence of chloride after the repair process is 
complete. Most manufacturers of materials used in mixing are field execution 
contractors, but when they supply materials only, they will provide all the information 
and technical recommendations for the execution, performance rates to calculate the 
required amount of the materials, and appropriate method of operation
1997). 

 

3.3. Execution Methods

There are several ways to implement the repair process, which is entirely 
dependent on the type of structure member to be repaired and the materials used in the 
repair. These methods are described in the following sections.

 

3.3.1. Manual Method

The manual method is used in most cases, especially when small spaces are to
be repaired (Figure 3.10
into the damaged part, as in 
walls. One must take into account an appropriate distance to cast the concrete in the
wooden form easily. This method is commonly used for its efficiency and has little
It does not require expensive equipment, but extensive experience in fabrication,
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: Steel Reinforcement Installation for Slab Repair (El-Reedy, 2008)

New Patch Concrete 

After removing the damaged and contaminated concrete, it must be patched
proprietary patch materials around the world are existing

materials are most likely to be applied, especially to small repair areas, but they are 
more expensive than conventional cement, aggregate and water mixes.

measure quantities and mix on site, it will save money at the risk of 
less consistency and higher risk of shrinkage, poor bonding, etc. specialized mix design 
can be carried out by concrete expert to provide pump able, pourable and trowel able 

the United States and Canada, most of the contractors who work on bridge 
repair use their own concrete mix, which has secret mixing proportions based on the 
available materials in local markets. The ready-mix concrete factories can provide 

se of corrosion due to carbonation, but if it is due to chlorides, they do 
not provide a guarantee for fear of the presence of chloride after the repair process is 
complete. Most manufacturers of materials used in mixing are field execution 

t when they supply materials only, they will provide all the information 
and technical recommendations for the execution, performance rates to calculate the 
required amount of the materials, and appropriate method of operation

n Methods 

There are several ways to implement the repair process, which is entirely 
on the type of structure member to be repaired and the materials used in the 

These methods are described in the following sections.  

Manual Method 

manual method is used in most cases, especially when small spaces are to
10). A wooden form can be made and then concrete can be poured

into the damaged part, as in Figure 3.11, in the case of concrete columns or vertical
ust take into account an appropriate distance to cast the concrete in the

wooden form easily. This method is commonly used for its efficiency and has little
It does not require expensive equipment, but extensive experience in fabrication,
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Reedy, 2008) 

it must be patched. 
are existing. The pre-bagged 

materials are most likely to be applied, especially to small repair areas, but they are 
more expensive than conventional cement, aggregate and water mixes. If repair 

measure quantities and mix on site, it will save money at the risk of 
less consistency and higher risk of shrinkage, poor bonding, etc. specialized mix design 

, pourable and trowel able 
the United States and Canada, most of the contractors who work on bridge 

repair use their own concrete mix, which has secret mixing proportions based on the 
mix concrete factories can provide 

se of corrosion due to carbonation, but if it is due to chlorides, they do 
not provide a guarantee for fear of the presence of chloride after the repair process is 
complete. Most manufacturers of materials used in mixing are field execution 

t when they supply materials only, they will provide all the information 
and technical recommendations for the execution, performance rates to calculate the 
required amount of the materials, and appropriate method of operation (Broomfield, 

There are several ways to implement the repair process, which is entirely 
on the type of structure member to be repaired and the materials used in the 

manual method is used in most cases, especially when small spaces are to 
). A wooden form can be made and then concrete can be poured 

, in the case of concrete columns or vertical 
ust take into account an appropriate distance to cast the concrete in the 

wooden form easily. This method is commonly used for its efficiency and has little cost. 
It does not require expensive equipment, but extensive experience in fabrication, 
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installing the wooden form, and the casting procedure is 
Engineers, 1995). 

Figure 

Figure 
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the wooden form, and the casting procedure is needed (U.S. Army Corps of 

 

Figure  3.10: Manual Method for Repair (El-Reedy, 2008) 

 

Figure  3.11: Casting Concrete On-Site (El-Reedy, 2008) 
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(U.S. Army Corps of 
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3.3.2. Grouted Preplaced Aggregate 

As shown in Figure 
area to be repaired. The next step is to make a grouting fluid by injecting it inside the
aggregate by a pipe with pump to fill the gap between the aggregate and the grout.

This method of repair is used in repairing bridge supports and other special 
applications. This method requires special equipment such as the pipe injection, pump,
and other special miscellaneous equipment. Therefore, one can conclude that this
method is used by private companies with high potential

Figure 

 

3.3.3. Shotcrete

Shotcrete is used when large surfaces need to be repaired, but the mix and
components of concrete suitable for the use in shotcrete need special additives and
specifications. As shown in 
followed for the worker using shotcrete, as it contains polymers and special additives.
the concrete mix design, the nominal maximum coarse aggregate size must
to be suitable to the shotcrete equipment
during concrete casting. Complete member casting is used when total
required for the concrete member whose steel reinforcement bars
due to corrosion. Therefore, it is necessary to pour concrete for
with full depth, as shown in 
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Grouted Preplaced Aggregate  

igure 3.12, the aggregate should be placed with gap grading in the
to be repaired. The next step is to make a grouting fluid by injecting it inside the

by a pipe with pump to fill the gap between the aggregate and the grout.

This method of repair is used in repairing bridge supports and other special 
This method requires special equipment such as the pipe injection, pump,

miscellaneous equipment. Therefore, one can conclude that this
method is used by private companies with high potential (El-Reedy, 

 

Figure  3.12: Injected Preplaced Aggregates (El-Reedy, 2008)

Shotcrete 

Shotcrete is used when large surfaces need to be repaired, but the mix and
of concrete suitable for the use in shotcrete need special additives and

As shown in Figure 3.13, health and safety precautions must be carefull
followed for the worker using shotcrete, as it contains polymers and special additives.
the concrete mix design, the nominal maximum coarse aggregate size must
to be suitable to the shotcrete equipment’s nozzle and pump to avoid
during concrete casting. Complete member casting is used when total
required for the concrete member whose steel reinforcement bars have been depleted 
due to corrosion. Therefore, it is necessary to pour concrete for the complete member 
with full depth, as shown in Figure 3.14 (U.S. Army Corps of Engineers
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, the aggregate should be placed with gap grading in the 
to be repaired. The next step is to make a grouting fluid by injecting it inside the 

by a pipe with pump to fill the gap between the aggregate and the grout. 

This method of repair is used in repairing bridge supports and other special 
This method requires special equipment such as the pipe injection, pump, 

miscellaneous equipment. Therefore, one can conclude that this 
, 2008). 

 

Reedy, 2008) 

Shotcrete is used when large surfaces need to be repaired, but the mix and 
of concrete suitable for the use in shotcrete need special additives and 

, health and safety precautions must be carefully 
followed for the worker using shotcrete, as it contains polymers and special additives. In 
the concrete mix design, the nominal maximum coarse aggregate size must be defined 

s nozzle and pump to avoid any problem 
during concrete casting. Complete member casting is used when total reconstruction is 

have been depleted 
the complete member 

Army Corps of Engineers, 1995). 
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Figure  3.13: Using Shotcrete (El-Reedy, 2008) 

Figure  3.14: Steps of Repair (El-Reedy, 2008) 
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Frequently, in practice (e.g., when bathrooms are repaired), the concrete slab 
will be in very bad condition, so the ordinary repair procedure will not be efficient. In 
this case, the entire concrete slab will be demolished, a new steel reinforcement will be 
installed, and the concrete slab will be poured, as shown in Figure 3.14. A decision to 
use this method must take into consideration the whole building’s condition. This 
method is usually easy to apply to the bathroom slab because, in residential buildings, it 
is usually designed as simply supported as it drops around 100 mm for plumping pipes 
(El-Reedy, 2008). 

 

3.4. Concluded Remarks 

1. Many alternatives are available to the maintenance engineer in attempting to combat 
corroded deterioration buildings and keep the structure in its original condition. 
These may be grouped into three broad categories such as protection, patching and 
rehabilitation. However, before approaching corroded reinforced concrete structures 
repairs, consideration must first be given to the cause of the problem.  

2. There are several regular steps in the repair of all structures exposed to corrosion. 
The first step is to strengthen the structure. The second step is to remove the cracked 
and delaminated concrete. The final step is to paint the concrete member as external 
protection.  

3. To remove the cracked and delaminated concrete, many methods can be followed 
such as manual method, pneumatic hammer method, water jet and grinding 
machine. 

4. After removing the cracked concrete and cleaning concrete and steel 
reinforcement’s surface, new patch concrete is necessary. There are many execution 
methods for patching concrete such as manual method, grouted preplaced aggregate 
and shotcrete. 

5. The methods of repairs illustrated in this chapter were used to be a guide line for 
repairing program used in this research as will be discussed in the following chapter. 
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4. Chapter 4: Materials and Test Program 

4.1. Introduction 

Concrete is a mixture of cement (usually Portland cement) and stone aggregate. 
When mixed with a small amount of water, the cement hydrated to form a microscopic 
opaque crystal lattice structure encapsulating and locking the aggregate into its rigid 
structure. 

Typical concrete mixes have high resistance to compressive stresses; however, 
any appreciable tension (e.g. due to bending) will break the microscopic rigid lattice 
resulting in cracking and separation of the concrete. For this reason, typical non-
reinforced concrete must be well supported to prevent the development of tension. 

If a material with high strength in tension, such as steel, is placed in concrete, 
then the composite material -reinforced concrete- resists compression, bending and 
other direct tensile actions. A reinforced concrete section where the concrete resists the 
compression and steel resists the tension can be made into almost any shape and size for 
the construction industry.   

The use of concrete evolved and steel reinforcement was added to counteract 
any tensile actions. Thus the susceptibility of the concrete to an aggressive environment 
increased with the addition of an unstable material which had the tendency to oxidize in 
the presence of oxygen. If the only solution is to use reinforced concrete, then certain 
precautions must be taken to ensure that the steel reinforcing bars do not impair the 
serviceability of the entire structure. The oxidation of the steel material is the direct 
cause of the cracks and defects in the concrete, which reduce the steel cross-sectional 
area and weaken the bond between the concrete and the reinforcement. All of these 
changes directly affect the response of the reinforced concrete members subjected to 
different loading conditions. 

Very limited research has been conducted on the effects of corrosion on steel 
reinforcing bars embedded in concrete, and of the flexural behavior of reinforced 
concrete members with corroded bars. In recent years, substantial attention and interest 
has been expressed by the engineering sector concerning steel corrosion in reinforced 
concrete structures due to the occurrence of extensive corrosion in infrastructure 
elements worldwide and the associated large and increasing repair costs. 

The present work consists of carrying out an accelerated corrosion experiments, 
understand and make reliable assessment of the effect of corrosion on beams. At the 
same time presents a method for repairing and strengthening these corroded beams. 

The present research work consider a step in the direction, more studies on both 
fundamental and applied, are needed. 
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4.2. Test program 

To reach the proposed 
designed. The main objectives of this test program were as follow

1. To design and construct small scale beams.

2. To accelerate corrosion 

3. To investigate the flexural capacity of these corroded beams

4. Applying structurally 

5. To investigate the flexural 

6.   And finally to make a comparison between 
beams from structural

To reach these objectives, an experimental test program 
constructing, corroding, repairing and testing 
beams was carried out. T
tested as corroded beams while 
beams were used as standby beams
beams. In the following sections the test program details will be discussed.

 

4.2.1. Specimens Design

Fourteen beams with dimensions 
Figure 4.2, were used in the test program

 

 

These beams were design

nominal bending moment
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proposed thesis objectives, an experimental 
designed. The main objectives of this test program were as follows: 

To design and construct small scale beams. 
o accelerate corrosion of beams. 

the flexural capacity of these corroded beams. 
structurally repairing techniques for corroded beams. 

To investigate the flexural behavior of the repaired beams. 
And finally to make a comparison between un-corroded, corroded and repaired 

al capacity point of view. 

To reach these objectives, an experimental test program consisted of designing, 
constructing, corroding, repairing and testing in flexural of fourteen reinforced concrete 

. Two of these beams were tested as control beams, two were 
ed as corroded beams while six beams were tested as repaired beams

beams were used as standby beams and to investigate the corrosion rate for the corroded 
In the following sections the test program details will be discussed.

Specimens Design 

beams with dimensions 1200x150x100 mm, shown in Figure 
used in the test program. 

 

 

 

 

 

Figure  4.1:  Section Details 

Figure  4.2:  Steel Bars Cage 

These beams were designed according to the ACI 318-08

oment nM = 9.51×106 N.mm was calculated. All design limitations 
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experimental test program was 

, corroded and repaired 

consisted of designing, 
of fourteen reinforced concrete 

wo of these beams were tested as control beams, two were 
beams were tested as repaired beams. The other four 
and to investigate the corrosion rate for the corroded 

In the following sections the test program details will be discussed.  

shown in Figure 4.1 and 

 

08 (ACI 318-08). A 

calculated. All design limitations 
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to prevent shear failure according to the code were considered using mm6φ  stirrups @ 

50 mm. 

 

4.2.2. Corrosion Process Set-Up 

In order to accelerate the corrosion process, an electrochemical system depends 
on the concept of Faraday’s second law, as discussed previously, was used. 

The concept of accelerating the corrosion was to force steel reinforcement to act 
as anode in galvanic cell. That can be done by immerse beams in aqueous solution and 
connecting the steel reinforcement bars with positive DC current generator to act as 
anode while connecting the negative power supply to external steel rods immersed in 
the aqueous solution to act as cathode. This consists electric circuit and force steel ions 
to translate from anode to cathode as discussed previously.  

Before finalizing the corrosion system setup, a pilot study was done, different 
current values were applied for four specimens, and the steel embedded in the concrete 
were visually inspected weekly for each different current. The most effective current 
which accelerate the corrosion process was used as will be discussed in the 
experimental work section. 

 

4.2.3. Beam Repairing Set-Up 

The repairing of corroded beams depended on the concept of patch repair as it 
was discussed in Section 3.4 and Section 3.7. However, after the end of the corrosion 
process, six corroded beams were repaired. The main idea of repairing of corroded 
beams was cutting the unsound concrete and cleaning both the concrete surface and 
steel reinforcement bars. Additional longitudinal steel reinforcement’s bars were added 
and fixed with shear connectors. These shear connectors were used for fixing the new 
reinforcement with the corroded reinforcement and work also as stirrups to prevent both 
diagonal and inter laminar shear failure. Figure 4.3 shows shear connectors and new 
steel bars section. 
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Figure  4.3: Shear Connectors and New Steel Bars Section 

The second step was applying a new layer for the bottom sides of beams, for this 
purpose three repair materials were applied in order to study the effect of the used 
repairing material layers on the flexural capacity and the crack development of the 
repaired beams. The properties and specifications of these materials will be discussed in 
the experimental work Section. 

4.2.4. Beam Flexure Testing 

Control, corroded and repaired beams were tested as simply supported beams 
with two concentrated loads using the flexural testing machine as will be discussed 
later, the deflection was recorded for each load increment. 

Another parameter was to record the crack development for beams during the 
flexural test.  

 

4.3. General Preparation and Difficulties 

The main difficulty during this work was how to develop an electrochemical 
system in order to accelerate the corrosion process. In fact many previous studies 
discussed similar systems. Fazio, 1996 and Kovacs, 2000 are some researches who 
dealt with such systems. For example Figure 4.4 shows Kovacs technique used for 
accelerating the reinforcement corrosion process. 
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Figure  4.4: Drawing Of Steel Reinforcement Corrosion Accelerating 

Although these systems depend 
previously, the situation in these cases 
Faraday’s second law. T

Table  4.1: Differences between Faraday’s Second Law and Corrosion Accelerated Process

Item Faraday’s Second Law

1 
Ions transfer free

electrolyte

2 
Faraday’s Second Law

elements

3 Existence of oxygen is not a condition

 

For these reasons,
electrochemical reinforcement corrosion acceleration process

The second difficult
flexural capacity of reinforced beams 
compression strength capacity of 

4.5 was used. A pressure ga
hydraulic jack and then the
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: Drawing Of Steel Reinforcement Corrosion Accelerating Technique

Although these systems depend on Faraday’s second l
the situation in these cases were different than it has been

These differences discussed in Table 4.1: 

between Faraday’s Second Law and Corrosion Accelerated Process

Faraday’s Second Law 
Electrochemical Reinforcement 
Corrosion Acceleration Process

Ions transfer freely through the 
electrolyte 

Ions of steel transfer through the 
concrete cover and 

Faraday’s Second Law deals with pure 
elements 

Reinforcement steel is 
consisting of many elements, not only 

pure steel

of oxygen is not a condition 
Existence of oxygen is necessary to 

complete the corrosion proc

reasons, Faraday’s second law does not apply in
electrochemical reinforcement corrosion acceleration process. 

The second difficulty that there was no machine in Gaza strip 
reinforced beams specimens, a manual hydraulic jack 

compression strength capacity of 50 tons connected with a steel frame as seen in 

pressure gauge with an accuracy of ± 1 KN was
and then the machine was calibrated by a standered loading cell
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Technique (Kovacs, 2000) 

second law as discussed 
it has been stated in 

between Faraday’s Second Law and Corrosion Accelerated Process 

Electrochemical Reinforcement 
Corrosion Acceleration Process 
Ions of steel transfer through the 

concrete cover and then the electrolyte 
Reinforcement steel is an alloy 

many elements, not only 
pure steel 

of oxygen is necessary to 
complete the corrosion process 

apply in the case of 

in Gaza strip that can test the 
manual hydraulic jack with a 

frame as seen in Figure 

was connected to the 
loading cell. 
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Figure  4

Another difficult
specifications, although 
use empirical mixes and no one satisf
fine aggregate specification 
which found in Gaza which does not 

To overcome this problem a new concrete mix 
sand was sieved on 0.3 mm sieve to reduce the percent of fines retrained on sieve 
and 0.075 mm, and then 

 

The material, equipment and 
the following sections in details

 

4.4. Experimental works

4.4.1. Materials

Material properties 
repair materials discussed as follows:

4.4.1.1. Concrete

Concrete consist of these four main 
aggregates, cement and water.

4.4.1.2. Coarse Aggregates

According to the local market surveying, three types of coarse 
found. Table 4.2 illustrate

                                                                                                             Materials and

 

43 

 

4.5: flexural test machine (I.U.G. Laborite’s Machine)

Another difficulty was the absence of a ready concrete mix design 
though there were many mixes used in the local market, but all of them 

use empirical mixes and no one satisfies a known specification especially 
fine aggregate specification That was because the fine aggregate used was 
which found in Gaza which does not meet any known specification. 

this problem a new concrete mix was design
 mm sieve to reduce the percent of fines retrained on sieve 

, and then mix with normal sand to satisfy the specification

The material, equipment and the carried out experimental works are 
the following sections in details.  

Experimental works 

Materials 

aterial properties which used in the test program such as 
s discussed as follows: 

Concrete 

oncrete consist of these four main materials: coarse aggregates, fine 
aggregates, cement and water. 

Coarse Aggregates 

According to the local market surveying, three types of coarse 
illustrates the sieve analysis and the properties of these types.
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(I.U.G. Laborite’s Machine) 

a ready concrete mix design to satisfy the 
used in the local market, but all of them 

a known specification especially in the term of 
hat was because the fine aggregate used was normal sand 

designed. Crushed stone 
 mm sieve to reduce the percent of fines retrained on sieve 0.15 
mix with normal sand to satisfy the specification.  

the carried out experimental works are discussed in 

s concrete, steel and 

: coarse aggregates, fine 

According to the local market surveying, three types of coarse aggregate were 
the sieve analysis and the properties of these types. 
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Table  4.2: Coarse Aggregate Types, Sieves and Properties 

Sample Description Type1 Type2 Type3 

SIEVE SIZE 

% Passing % Passing % Passing 

(mm) 

37.500 100 100 100 

25.000 100 100 100 

19.000 46.74 99.2 100 

12.500 3.33 56.3 100 

9.500 1.42 13.22 94.3 

4.750 1.06 3.41 25.24 

2.630 1.06 2.03 6.63 

Dry unit weight (Kg/m3) 1436 1506 1486 

Dry specific gravity 2.68 2.65 2.63 

Saturated specific gravity 2.71 2.65 2.63 

Absorption % 1.12% 2.42% 3% 

 

To achieve the ASTM C33-03 standard requirements for coarse aggregate, a mix 
design of these three types was prepared as shown in Table 4.3 and Figure 4.6. 
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Table  4.3: Coarse Aggregate Sieve and Analysis According To ASTM C33-03 

  Aggregate Kind Type1 Type2 Type3  

  % Percent 7.00% 68.00% 25.00%  

Sample  

Description 

Coarse Aggregate ASTM C 33-03 

Mix Of Type (1&2&3) Min max 

SIEVE SIZE 

% Passing % Passing % Passing 

(mm) 

37.500 100.0 100.0 100.0 

25.000 100.0 100.0 100.0 

19.000 95.7 90.0 100.0 

12.500 63.5   

9.500 32.7 20.0 55.0 

4.750 8.7 0.0 10.0 

2.630 3.1 0.0 5.0 

Unit Weight (KG/m3) 1496   

Dry Specific Gravity 2.65   

Moisture Content % 0.14   

Absorption % 2.47   

 

Figure  4.6: Coarse Aggregate Sieve Analysis According To ASTM C33-03 LimitaDon 
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4.4.1.3. Fine Aggregates 

According to the local market surveying, two types of fine aggregates were 
found, Table 4.4 illustrates the sieve analysis and the properties of these types. 

Table  4.4: Fine Aggregate Types, Sieve and Properties 

Sample Description 

Type 1 

(Crushed Stone Sand) 

Type 2 

(Natural Sand) 

SIEVE SIZE 

% Passing % Passing 

(mm) 

9.500 99.91 100 

4.750 99.03 100 

2.360 81.92 100 

1.180 45.93 100 

0.600 22.30 99.6 

0.300 6.97 47.8 

0.150 4.15 2.04 

0.075 3.26 0.34 

Dry specific gravity 2.65 2.60 

 

To achieve the ASTM C33-03 standard for fine aggregate, mix design of these 
two types was prepared as shown in Table 4.5 and Figure 4.7. 
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Table  4.5: Fine Aggregate Sieve and Analysis According To ASTM C33-03 

 Type1 Type 2   

Percent 70.00% 30.00%   

Sample Description Mix Of Type 1&2 

ASTM C33-03 Fine AGG. 

min max 

SIEVE SIZE 

(mm) 

% Passing % Passing % Passing 

9.500 99.94 100.0 100.0 

4.750 99.32 95.0 100.0 

2.360 87.34 80.0 100.0 

1.180 62.15 50.0 85.0 

0.600 45.49 25.0 60.0 

0.300 19.22 5.0 30.0 

0.150 3.51 0.0 10.0 

0.075 2.38 0.0 4.0 

Dry Specific Gravity 2.635   

Moisture Content% 0.20   

Absorption% 1.80   

 

Figure  4.7: Fine Aggregate Sieve Analysis According To ASTM C33-03 LimitaDon 
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4.4.1.4. Cement 

Portland cement type I was used. The cement was obtained from local market 
and kept in dry location. The cement source was Silo Nisher. 

 

4.4.1.5. Water 

Tap water, potable without any salts or chemical was used in the study. The 
water source was the soil and material lab in Islamic University of Gaza. 

 

4.4.1.6. Concrete Mix Design 

A concrete mix was designed to obtain 28-day compressive strength fc’= 25MPa,  
70-100 mm slump, a maximum aggregate size of 19 mm, and w/c ratio of 0.61. Table 
4.6 illustrates the mix design proportions for each cubic meter of concrete. 

Table  4.6: Mix Design Proportion for Each Cubic Meter of Concrete 

No. Material Kind Weight / 

m3 (Kg) 

Notes 

1 Coarse Aggregate 

 

930 

 

Coarse aggregate consist of the following 

proportions according to  Table 4.2: 

• 65.1 (Kg) Type 1 

• 632.4 (Kg) Type 2 

• 232.5 (Kg) Type 3 

2 Fine Aggregate 892 

Fine aggregate consist of the following 

proportions according to  Table 4.5: 

• 624.4 (Kg) Type 1 

• 267.6 (Kg) Type 2 

3 Cement 336 Portland cement type I. 

4 Water 241 Potable water. 

 

Normal weight concrete with the mix design proportions illustrated in table 4.6 
was used. Three 10x10x10 mm concrete cubes from this mix design were tested to 
determine the compression strength of concrete, Table 4.7 illustrates these results. 
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Table  4.7: Sample Concrete Cubes Compression Strength Results 

Sample No. 

Dimension (mm) 

Weight 

(g) 

28 days 

Failure 

Load (KN) 

Stress 

(MPa) 

Cube 

Stress 

(MPa) 

Cylinder 

(0.8* cube stress) 

length Width High 

1 101 99 100 2380 351 35.5 28.4 

2 101 100 100 2465 353 35.0 28.0 

3 100 100 100 2430 347 34.7 27.8 

Average 100.7 99.7 100 2425 350.3 35.1 28.1 

 

4.4.2. Steel Bars 

The steel reinforcing bars used for the construction of the beams consisted of 
6mm diameter steel bar were used for both stirrups and secondary top reinforcement. 
Ten mm diameter steel bar were used for main bottom reinforcement.  

Al1 bars had a minimum specified yielding strength of 412 MPa . Samples from 
the 10 mm reinforcing bars were tested using the standard tension test, an average 
yielding strength of 545 MPa. Ultimate strength of 738 MPa  and 30% elongation were 
obtained. 

 

4.4.3. New Layer of Repaired Materials 

For the purpose of applying a new layer for the corroded beams, and according 
to the local market survey three types of related repaired material were found. The three 
types which were manufactured by FOSROC Jordan Co. were used. 

The following section gives more details about these materials as follows: 

For further information about these repair material specifications and 
instructions see appendix No. 1. 

4.4.3.1. Repair Material Type 1 

Repair material Type 1, called (Lokset) is polyester anchoring resin used for 
installing a high strength corrosion resistance heavy duty anchoring. These anchoring 
include bolts, tendons or dowels in drilled or formed holes located in concrete. This 
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repair material was used in beam repairing set
anchoring. 

4.4.3.2. Repair Material Type 

Repair material Type 
bonding agent used for bonding wet 
surface. This repair material w
bonding the new added layer of concrete to the existing corroded beams. 

4.4.3.3. Repair Material Type 

Repair material Type 
cementitious precision grout
used in beam repairing set
corroded beams.  

 

4.5. Beam Specimens 

Form of wood for constructing beams

Figure 

The mixing of concrete
to ASTM C192 procedure
the beams, an electric wire was attached to the reinforcement bars using a garden hose 
clamp. This wire was used to impress the necessary voltage for the corrosion process to 
proceed.  
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used in beam repairing set-up for the purpose of fixing 

Repair Material Type 2 

Repair material Type 2, called (Nitobond-EP), is an epoxy resin concrete 
for bonding wet cementitious material to existing cementitious 

This repair material was used in beam repairing set up for the purpose of 
layer of concrete to the existing corroded beams. 

Repair Material Type 3 

Repair material Type 3, called (Conbextra-HF), is a shrinkage compensated 
cementitious precision grout. It is a free flow precision grout. This repair material was
used in beam repairing set-up for the purpose of adding a new layer to the existing 

Beam Specimens Casting and Treatment 

of wood for constructing beams was prepared as seen in Figure 

Figure  4.8:  Wood Form and Reinforcement Details 

of concrete was mixed in a conventional blade-type mixer according 
 procedure. Figure 4.9 shows the casting process. Prior to the casting of 

the beams, an electric wire was attached to the reinforcement bars using a garden hose 
clamp. This wire was used to impress the necessary voltage for the corrosion process to 

Figure  4.9:  Casting Process 
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purpose of fixing 8 mm steel 

is an epoxy resin concrete 
to existing cementitious 

used in beam repairing set up for the purpose of 
layer of concrete to the existing corroded beams.  

shrinkage compensated 
This repair material was 

up for the purpose of adding a new layer to the existing 

as seen in Figure 4.8.  

 

type mixer according 
Prior to the casting of 

the beams, an electric wire was attached to the reinforcement bars using a garden hose 
clamp. This wire was used to impress the necessary voltage for the corrosion process to 
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All beam specimens 
24 hours from casting. 
standard. Figure 4.10 shows the appearance of curing basin which used in this study.

The samples remained in curing basin 
were transferred for the 
condition until testing. 

 

4.5.1. Corrosion Process Set

The following is a list of the equipment used for the electrochemical test set

1. A water basin 

2. Electric wires and 

3. Multimeter

4. AC 300 Watt computer power supply

A basin filled with a sodium chloride solution 
water) was prepared. T
flexural reinforcements 
bars with the help of a garden hose clamp
for the corrosion process to proceed
with a capacity of 25 Amperes e
impressed an equal voltage on each beam. The negative power supply terminal was 
connected to twelve 10 mm steel rods immersed in the aqueous solution between the 
beams in order to facilitate the opening a

To ensure that enough oxygen needed for the corrosion mechanism exist
30mm of the beam height were immersed in the solution
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All beam specimens on its wood form base were moved to a 
. The curing conditions were according to the ASTM C

shows the appearance of curing basin which used in this study.

Figure  4.10: Curing Basin Used In The Study 

The samples remained in curing basin for 28 days. After that
 corrosion acceleration. The other two beams remain

Corrosion Process Set-Up 

list of the equipment used for the electrochemical test set

A water basin (3x 0,85 x 0.7) m 
Electric wires and electric clamps 

meter 
 Watt computer power supply. 

A basin filled with a sodium chloride solution (5 percent NaCl by weight of 
he solution covered 30mm of the beams height (in which the 
 exist). The electric wires were attached to the reinforcement 

bars with the help of a garden hose clamps. It was used to impress the necessary voltage 
for the corrosion process to proceed. The beams were connected in parallel to 

 Amperes electric DC current generated by power supply, which 
an equal voltage on each beam. The negative power supply terminal was 

 mm steel rods immersed in the aqueous solution between the 
beams in order to facilitate the opening and closing of the electric circuit. 

To ensure that enough oxygen needed for the corrosion mechanism exist
mm of the beam height were immersed in the solution, on the other hand the 
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a curing basin after 
The curing conditions were according to the ASTM C192 

shows the appearance of curing basin which used in this study. 

 

fter that, twelve samples 
beams remained in curing 

list of the equipment used for the electrochemical test set-up: 

 percent NaCl by weight of 
height (in which the 

were attached to the reinforcement 
t was used to impress the necessary voltage 

The beams were connected in parallel to +5 Volts 
lectric DC current generated by power supply, which 

an equal voltage on each beam. The negative power supply terminal was 
 mm steel rods immersed in the aqueous solution between the 

nd closing of the electric circuit.  

To ensure that enough oxygen needed for the corrosion mechanism exists, just 
on the other hand the sodium 
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chloride solution was replaced twice every week. Table 4.8 illustrates the time schedule 
used for the corrosion set-up process. 

Table  4.8: Time Schedule Used For the Corrosion Set Up Process 

no 
Beam  

Description 
Beam Notation Casting Date 

Electrochemic

al Process 

(Starting Date) 

Electrochemical 

process 

(Ending Date) 

1 Control Beam 1 (CB1) 12-11-2007 15-12-2007 1-3-2008 

2 Control Beam 2 (CB2) 12-11-2007 15-12-2007 1-3-2008 

3 Corroded Beam 1 (Co.B1) 13-11-2007 15-12-2007 1-3-2008 

4 Corroded Beam 2 (Co.B2) 13-11-2007 15-12-2007 1-3-2008 

5 
Repaired Type 1 

Beam No. 1 
(R1-B1) 14-11-2007 15-12-2007 1-3-2008 

6 
Repaired Type 1 

Beam No. 2 
(R1-B2) 14-11-2007 15-12-2007 1-3-2008 

7 
Repaired Type 2 

Beam No. 1 
(R2-B1) 15-11-2007 15-12-2007 1-3-2008 

8 
Repaired Type 2 

Beam No. 2 
(R2-B2) 15-11-2007 15-12-2007 1-3-2008 

9 
Repaired Type 3 

Beam No. 1 
(R3-B1) 16-11-2007 15-12-2007 1-3-2008 

10 
Repaired Type 3 

Beam No. 2 
(R3-B2) 16-11-2007 15-12-2007 1-3-2008 

11 Standby Beam 1 (St.-B1) 17-11-2007 15-12-2007 1-3-2008 

12 Standby Beam 2 (St.-B2) 17-11-2007 15-12-2007 1-3-2008 

13 Standby Beam 3 (St.-B3) 18-11-2007 15-12-2007 1-3-2008 

14 Standby Beam 4 (St.-B4) 18-11-2007 15-12-2007 1-3-2008 
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During the electrochemical corrosion process, the current pass
beam was measured by the M
development of beams 
standby beams were used to check the statues of flexural steel bars embedded in 
concrete. 

Figure 4.11 shows the electrical connection of beams. 
the rust developing on the beam surface at the end of electrochemical corrosion process.

 

Figure  4
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During the electrochemical corrosion process, the current pass
beam was measured by the Multimeter every 10 days. The physical changes and crack 

 during the corrosion process were obtained
standby beams were used to check the statues of flexural steel bars embedded in 

shows the electrical connection of beams. While
on the beam surface at the end of electrochemical corrosion process.

Figure  4.11:  Electrical Connection of Beams 

4.12:  Rust on Beams at the End of Corrosion Process
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During the electrochemical corrosion process, the current passing through each 
physical changes and crack 

corrosion process were obtained. Any how the 
standby beams were used to check the statues of flexural steel bars embedded in 

While Figure 4.12 shows 
on the beam surface at the end of electrochemical corrosion process. 

 

 

Corrosion Process 
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4.5.2. Beam Repairing 

Repairing process details were done as follow

1. The concrete covering
The surface of concrete was cleaned 
surface. 

2. The corroded steel reinforcing bars were cleaned from rust using steel brush.

3. Twenty holes with 
side of beams. 

4. These holes were cleaned with air compressor and 
material type1 (Lokset
were installed in the holes 
(Lokset) specifications and instructions see 

5. The beams were left for 
installed in the flexural zone and connected
discussed in the test program.
connectors during the experimental works.

 

6. After installing the shear connectors and the steel bars reinforcement
new concrete layer was added to each beam
used.  Table 4.
applying steps.  
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Beam Repairing works 

Repairing process details were done as follows: 

The concrete covering, the flexural reinforcement and loosely concrete was cut
he surface of concrete was cleaned well until reaching a sound concrete 

The corroded steel reinforcing bars were cleaned from rust using steel brush.

Twenty holes with 12mm diameter and 100 mm depth were drilled in 

These holes were cleaned with air compressor and then injected
Lokset). Then 8 mm in diameter steel bars of length

ed in the holes (for further  information about repair material type
(Lokset) specifications and instructions see Appendix No. 1). 

The beams were left for 24 hours, and then two 8 mm steel reinforcing bars were 
installed in the flexural zone and connected with the shear connectors
discussed in the test program. Figure 4.13 shows the installing of shear 
connectors during the experimental works. 

 

Figure  4.13: Installing Of Shear Connectors 

installing the shear connectors and the steel bars reinforcement
new concrete layer was added to each beam and three types of 

.9 shoes the details of the applied repaired layer type
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the flexural reinforcement and loosely concrete was cut. 
until reaching a sound concrete 

The corroded steel reinforcing bars were cleaned from rust using steel brush. 

were drilled in the bottom 

then injected with repair 
of length of 170 mm 

for further  information about repair material type1 
 

 mm steel reinforcing bars were 
with the shear connectors as 

shows the installing of shear 

 

 

installing the shear connectors and the steel bars reinforcement, 40 mm 
three types of materials were 

shoes the details of the applied repaired layer types and 
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Table  4.9: Repair Material Details  

No Layer Description 
Repairing 

Date 

Beam 

Name 
Repairing Steps 

1 

Normal weight 

concrete according to 

mix design proportions 

as shown Table 4.6, 

without any additions. 

15-3-2008 

(R1-B1) 

& 

(R1-B2) 

� Concrete surface was cleaned from dust 

and unsound concrete. 

� Surface of concrete were flooded with 

water, free water was removed. 

�  Beams were put in water aEer 24 hours 

from casting.  

2 

Normal weight 

concrete according to 

mix design proportions 

shown Table 4.6, 

adding repair material 

type 2 to the inter face 

between the new layer 

and the existing 

concrete. 

16-3-2008 

(R2-B1) 

& 

(R2-B2) 

� Concrete surface was cleaned from dust or 

un sound concrete. 

� Surface of concrete cleaned with water 

before 24 hours from applying repair 

material type 2, free water was removed. 

�  Repair material type 2  was well mixed 

and brushed to the concrete surface, the 

new concrete layer was caste after two 

house from brushing . 

� Beam was put in water aEer 24 hours from 

casting.  

3 
Repairing material 

Type 3 
17-3-2008 

(R3-B1) 

& 

(R3-B2) 

� Concrete surface was cleaned from dust or 

unsound concrete. 

� Surface of concrete was flooded for 5 

hours before casting the new layer, free 

water was removed. 

�  Repairing material Type 3  was prepared 

and cast to the existing concrete. 

� Beam was put in water aEer 24 hours from 

casting.  
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Figures 4.14 and 4.15 show repair

Figure 

Figure  4.15

 

After the end of repairing 
then had been tested. Before testing 
colure and lines were drawn on beams every 
directions to obtain the crack development
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show repaired materials while being installed.  

Figure  4.14: Repair Material Type 2 Brushed On Beams

15: Repairing Material Type 3 While Mixing and Casting

After the end of repairing process, beams were kept in water for 
had been tested. Before testing process, beams had been brush

colure and lines were drawn on beams every 75mm on the long and the height 
to obtain the crack development during the test. 
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 Brushed On Beams 

 

Casting 

beams were kept in water for 28 days and 
beams had been brushed with a white 

mm on the long and the height 
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4.5.3. Beam Flexure Testing

Beams specimens were tested as simply supported beams with two concentrated 
loads using the flexural 
steel rods were used as edge simply supports while two steel bars with a semi
circular section with radius of 
mechanical dia1 gauge was located at the mid
changing of the applied load as seen in Figure 
KN increment and the corresponding deflection readings were recorded for each 
load increment. 

During the test process the crack development 
paper we designed for this purpose.
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Beam Flexure Testing Works 

specimens were tested as simply supported beams with two concentrated 
flexural testing machine discussed previously. Two 

were used as edge simply supports while two steel bars with a semi
circular section with radius of 40 mm were used to apply the middle concerted loads

 gauge was located at the mid-span to measure the deflection caused by 
the applied load as seen in Figure 4.16. The load was increased with 

KN increment and the corresponding deflection readings were recorded for each 

 

Figure  4.16: Deflection Dial Gage Fixation 

During the test process the crack development was recorded
paper we designed for this purpose. 
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specimens were tested as simply supported beams with two concentrated 
Two 30 mm in diameter 

were used as edge simply supports while two steel bars with a semi-half 
 mm were used to apply the middle concerted loads. A 

span to measure the deflection caused by 
The load was increased with 0.785 

KN increment and the corresponding deflection readings were recorded for each 4 KN 

ed and drawn on a 
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5. Chapter 5: Test Results 

5.1. Introduction  

The main objective of this chapter is to report the results obtained during the 
electrochemical process, visual inspection and the flexure testing of the specimens. 

The experimental data reported are classified under the following categories: 

1. Electrochemical results. 

2. Visual inspection results. 

3. Flexural test results. 

 

5.2. Electrochemical Results 

The twelve concrete beams were placed in a water basin, each two beams were 
connected in parallel and the sex double beams were connected together in parallel to a 
power supply with +5 Volts-up to 25 Amperes electric DC current. 

Readings were taken every 10 days of the impressed current for each beam. 
Table 5.1 illustrates the current readings which were taken (standby beams are not 
included). 

Table  5.1: The Current Reading during the Electrochemical Process 

no 
Beam 

Name 

Duration of corrosion 

(days) 

Date Of Reading from the Starting of The Electrochemical 

(days)  
Beam Sub. 

Average 10 20 30 40 50 60 70 77 

Current Reading (Amperes) 

1 
(Co.B1) & 

(Co.B2) 
77 1.70 1.55 1.54 1.62 1.66 1.60 1.66 1.75 1.64 

2 
(R1-B1) & 

(R1-B2) 
77 1.79 1.70 1.77 1.88 1.79 1.71 1.75 2.00 1.80 

3 
(R2-B1) & 

(R2-B2) 
77 1.66 1.58 1.66 1.87 1.70 1.65 1.65 1.50 1.66 

4 
(R3-B1) & 

(R3-B2) 
77 1.69 1.48 1.33 1.57 1.69 1.65 1.70 1.10 1.53 

Daily sub 

Average 
77 1.71 1.58 1.58 1.74 1.71 1.65 1.69 1.59 

Total avg. 
current  

1.65 
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Figure 5.1 shows graphically these current readings. 

 

Figure  5.1: Beams Current Reading during the Electrochemical Process 

 

5.3. Visual Inspection: 

The visual inspection has been carried out after the corrosion process. Rust 
formed on beams, crack development due to the corrosion process and changes occurred 
in reinforcement due to corrosion are discussed as follows: 

 

5.3.1. Rust Formed On Beams 

After the end of electrochemical corrosion process, beams were left in air for 
fourteen days. This period was inessential to allow complete reaction between the iron 
ions with air to form the rust. Figures 5.2 and 5.3 show the rust accumulated on the 
beam bottom during and at the end of corrosion process. 
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Figure  5

 

5.3.2. Crack Development Due To Corrosion

After fourteen days from the end of the electrochemical corrosion process, 
concrete surface were cleaned from rust, longitudinal cracks parallel to the flexural 
reinforcement had appeared
and beam side parallel to the flexural reinforcement.
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Figure  5.2: Rust on Beams during the Corrosion Process

5.3: Rust on Beams At The End Of Corrosion Process

Crack Development Due To Corrosion 

After fourteen days from the end of the electrochemical corrosion process, 
cleaned from rust, longitudinal cracks parallel to the flexural 

appeared. Figure 5.4 shows these highlighted cracks at the bottom 
de parallel to the flexural reinforcement. 

                                                                                                                     Test Results 

 

Corrosion Process 

 

Beams At The End Of Corrosion Process 

After fourteen days from the end of the electrochemical corrosion process, 
cleaned from rust, longitudinal cracks parallel to the flexural 

shows these highlighted cracks at the bottom 
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Figure 

 

5.3.3. Reinforcement

After the end of corrosion process, the concrete covering the steel flexural 
reinforcement was removed
and some of the stirrups were completely 
the steel status due to corrosion.

 

 

Three corroded flexural steel bar
difficult to determine the cross section area of these bars because they were 
during corrosion process
its elongation. An average elongation of 
normal steel bar elongation.
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Figure  5.4: Cracks at the Bottoms Sides of Beams 

Reinforcement Deterioration Due to Corrosion 

After the end of corrosion process, the concrete covering the steel flexural 
removed. Both flexural and stirrups reinforcement were corroded 

and some of the stirrups were completely cutoff because of corrosion
the steel status due to corrosion. 

Figure  5.5: Steel Status after Corrosion 

Three corroded flexural steel bars were removed from a standby beam
difficult to determine the cross section area of these bars because they were 
during corrosion process. The bars were tested using the standard tension to determine 

n average elongation of 5% is obtained which is 
normal steel bar elongation. 

                                                                                                                     Test Results 

 

 

After the end of corrosion process, the concrete covering the steel flexural 
oth flexural and stirrups reinforcement were corroded 

because of corrosion. Figure 5.5 shows 

 

standby beam. It was 
difficult to determine the cross section area of these bars because they were deteriorated 

bars were tested using the standard tension to determine 
 only 16.7% of the 
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Figure 5.6 shows this steel bar compares to non-corroded steel bar.  

 

 

Figure  5.6: Corroded Steel Bar in Comparison with Non Corroded Steel Bar 

 

5.4. Flexural Test Results  

Figure 5.7 shows the load – mid span deflection for all beams. 

 

Figure  5.7: Load – Mid Span Deflection of Beams 

Table 5.2 shows the maximum load and deflection for each beam at failure and 
the failure loads in percentage of design loads. 

 

 

Load - Mid Span Deflection Curve

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

0.00 0.50 1.00 1.50 2.00 2.50 3.00
Deflection (mm)

Lo
ad

 (
K

N
)

(CB1) (CB2) (Co.B1) (Co.B2) (R1-B1) (R1-B2) (R2-B1) (R2-B2) (R3-B1) (R3-B2)

  Flexural Reinforcements 
Had Cut At This Point

Repaired 
Beams

Control 
Beams

Corroded 
Beams



Chapter 5                                                                                                                                     Test Results 

 

63 

Table  5.2: The Maximum Load and Deflection for Each Beam  

No Beam Name Beam  Description 
Failure Load 

(KN) 
Deflection (mm) 

Percentage Of 

Failure Load of 

Design Load (%) 

1 (CB1) Control Beam 1 43.20 2.50 102.2 

2 (CB2) Control Beam 2 44.80 2.54 106.0 

3 (Co.B1) Corroded Beam 1 31.20 2.13 73.8 

4 (Co.B2) Corroded Beam 2 32.00 2.07 75.7 

5 (R1-B1) 
Repaired Type 1 

Beam No. 1 
62.27 2.53 147.3 

6 (R1-B2) 
Repaired Type 1 

Beam No. 2 
62.76 2.48 148.5 

7 (R2-B1) 
Repaired Type 2 

Beam No. 1 
67.00 2.55 158.5 

8 (R2-B2) 
Repaired Type 2 

Beam No. 2 
66.69 2.53 157.8 

9 (R3-B1) 
Repaired Type 3 

Beam No. 1 
65.20 2.39 154.3 

10 (R3-B2) 
Repaired Type 3 

Beam No. 2 
64.70 2.62 153.1 

 

5.5. Crack Development Due To Flexural Test 

Figures 5.8-17 shows the crack developments of each tested beam at failure.  

 

Figure  5.8: Crack Pattern for Beam (CB1) At Failure 
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Figure  5.9: Crack Pattern for Beam (CB2) At Failure 

 

 

Figure  5.10: Crack Pattern for Beam (Co.B1) At Failure 

 

 

Figure  5.11: Crack Pattern for Beam (Co.B2) At Failure 

 

Figure  5.12: Crack Pattern for Beam (R1-B1) At Failure 
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Figure  5.13: Crack Pattern for Beam (R1-B2) At Failure 

 

 

Figure  5.14: Crack Pattern for Beam (R2-B1) At Failure 

 

 

Figure  5.15: Crack Pattern for Beam (R2-B2) At Failure 

 

Figure  5.16: Crack Pattern for Beam (R3-B1) At Failure 
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Figure  5.17: Crack Pattern for Beam (R3-B2) At Failure 

 

Figures 5.18 through 5.22 shows photos for the crack developments of some selected 

beams at failure: 

 

 

Figure  5.18: Crack Pattern Photo for Beam (CB2) At Failure 
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Figure  5.19: Crack Pattern Photo for Beam (Co.B1) At Failure 

 

 

Figure  5.20: Crack Pattern Photo for Beam (R1-B1) At Failure 
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Figure  5.21: Crack Pattern Photo for Beam (R2-B1) At Failure 

 

 

Figure  5.22: Crack Pattern Photo for Beam (R3-B2) At Failure
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6. Chapter 6: Discussion of Results 

 
 
6.1. Introduction 

This chapter discusses the experimental results and the conclusions which are 
drawn based on these results. The main objective of this laboratory investigation is to 
study the effect of the corrosion process on the flexural capacity of simply supported 
beams subjected to two concentrated loads and structural performance of them after 
repairing.  

Electrochemical current results, corrosion effects and flexural test results will be 
discussed. 

 

6.2. Current Reading during Electrochemical Process 

According to Faraday’s second law, the corrosion causing current is proportional 
to the corrosion rate. However, the situation in steel embedded in concrete is different as 
discussed in section 4.2. 

During the process of accelerating the corrosion of beams reinforcement, the 
impressed current for each beam was recorded every 10 days. Figure 6.1 shows the 
average current readings during the electrochemical process. 

 

Figure  6.1: The Average Current during the Electrochemical Process 
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In fact these records are very close together with a standard deviation of 0.065, 
and no clear relation can be noted from them. These randomly changes may refer to 
many reasons. Concrete electrical resistance, steel factory components and the corrosion 
rate may be the main factors affecting these readings.  

Anyhow, these records are necessary to understand this electrochemical process 
and can be used for further studies to understand the effect of impressing a direct 
current on the corrosion of steel embedded in concrete which was not covered by the 
scope of our study. 

 

6.3. Crack Development of Beams due to the Corrosion Process 

The visual inspections of corroded beams after the end of the corrosion process 
show longitudinal cracks parallel to the flexural reinforcement as seen in Figure 5.4. 

In fact the orientations of these cracks are normal and refer to the fact that the 
rust occupies a much larger volume than the original steel. Because concrete is weak in 
tension these bursting forces quickly cause the concrete to crack parallel to the 
reinforcement direction. However, rust is a complex mixture of oxides, and hydroxides 
and hydrated oxides of steel have a volume ranging from twice to about six times that of 
the steel consumed to produce it. The magnitude of the rust generated are various 
according to various steel oxides generated. 

 

6.4. The Influence of Corrosion on Steel Reinforcement 

The steel tensile test is performed to establish the mechanical properties of the 
steel. In this investigation, the main objective is to establish any changes in the 
mechanical properties of the steel. Three corroded bars were tested using the standard 
tension test to determine its elongation. An average elongation of 5% is obtained which 
is only 16.7% of the normal steel bar elongation. 

This result indicates that corrosion is not only reducing the reinforcement cross 
section area, but also is changing its mechanicals properties. The reduction in corroded 
reinforcement elongation by more than 83% compared with the normal steel 
reinforcement is considered a big problem facing corroded beams. This reduces the 
ductility of the steel and may cause a sudden failure for beams. 

 

6.5. Flexural Beam Capacity Analysis 

Figure 6.2 show the beam failure load capacity of beams, the following results 
can be noted: 
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Corroded beams show an average reduction by more than 28% of its failure 
loads compared with control beams. This indicates that the corrosion of reinforcement 
directly affect the flexural capacity of beams. That refers to the reduction in 
reinforcement cross section area due to corrosion. 

 
Figure  6.2: Beams Failure load 

Repaired beams show an average increments by more than 47% of its failure 
load capacity compared with control beams and more than 104% compared with the 
corroded beams failure capacity. This indicates that the repairing process satisfies its 
aim to increase the flexural capacity of the corroded beams. 

There was no significant difference in the flexural capacity of repaired beams 
according to its repaired material layer. This indicates that the applied concrete layer 
type does not affect the flexural capacity of beams. This refers to the fact that the tested 
new concrete layer was in the tension zone; however the use of these types of materials 
are important for other reasons. Applying an impermeable layer to protect the 
reinforcement from further corrosion and the durability of sound beams without 
corrosion may be the main parameter affecting the type of new materials layers. 

6.6. Structural Analysis of Repaired Beams  

To understand the behavior of repaired beams in the flexural tests, the following 

analysis was carried out: 

� Average failure load for the corroded beams=
2

7.758.73 + = 74.75 KN      Eq. 6.1 
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� From Figure 6.3,  M 

� P actualcorroded 31=−

Where 2×P=average failure load for corroded beams (Equation 

� From Eq. 6.2 and 

� TM corrodedactualn =−

Where  

� d = 150 – 10 – 6 

� 
bf

T
a

c ××
=

'85.0

� corrodedT =   61192.81

� repaireddesignnM −−

� addT  = ys fA ×

� repairedd = 180-24

� 
(T

a corroded
repaired =

85.0

� −− repaireddesignnM

� From Equation 6
� From Table 5.2, 

 
This analysis indicates 
according to the ACI-08
 
This indication can be used by engineers to establish the required amount of new steel 
reinforcement needed to strengthen
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Figure  6.3:  Section Details 

,  M n = 525 x P – 75 x P (Equation 6.2) 

KN8.1526.31 =÷   

P=average failure load for corroded beams (Equation 6.3) 

 and 6.3   M n corroded-actual = 7110  KN. mm

)
2

(
a

dcorroded −×   

 – 5 = 129 mm 

b
 (b = 100 mm, fc'= 28.1 MPa) 

61192.81 N 

( ) )
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dTT −×+=  
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c

addcorroded

××
+

'85
= 48.56 mm 

=repaired 13.885 × 106  N.mm 

6.2, Pn-design-repaired = 30.86 KN 
, the average P actual for the repaired beams = 32.38

analysis indicates that the new capacity of repaired beams 
08 design codes. 

This indication can be used by engineers to establish the required amount of new steel 
reinforcement needed to strengthen the corroded beams reinforcement.
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mm 

32.38 KN 

 can be calculated 

This indication can be used by engineers to establish the required amount of new steel 
corroded beams reinforcement. 
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6.7. Analysis of Deflection of Beams 

 
From Figure 6.4 -which shows the deflections of beams during the flexural test- 

the following results, can be noted: 

 

 
Figure  6.4: Deflection of beams at failure load 

 
The average deflection of the corroded beams was 2.1 mm which is less than the 

control beam average deflection by more than 16%. Another note that the flexural steel 
bars of the corroded beams were cut during the flexural test that indicates bad ductility 
behavior for them and that is attributed to the mechanicals changes is occurring to the 
corroded beams flexural reinforcements as discussed in Section 6.4. However, this 
should not influence the ductility of the repaired beams since the new steel bars with 
good ductility were added in the proposed repaired techniques. 

The average deflection of the repaired beams was 2.517mm and for the control 
beams were 2.52 mm, which indicates that the behavior of the repaired beams was very 
close to the control beams during the flexural test, which indicates that the repairing 
process satisfies its aim. 

 

6.8. Analysis of Crack development due to the flexural tests 

From Figures 5.8 through 5.17, the following results can be noted: 

The crack development for the repaired beams shows normal flexural failure 
crack pattern compared with the control beams. 
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No separation was obtained during the flexural test between the old concrete and 
the new applied repair material patch layer for all of the applied repair materials. This 
indicates that the repaired beams perform as one element regardless the kind of repair 
layer used. This may be a result for using enough shear connectors which make the 
repaired beams perform as newly construction beams. 

There were no shear or inter laminar shear crakes appearing on the repaired 
beams. This is due to using shear connectors as discussed earlier. These shear 
connectors work also as stirrups and prevent shear failure. 

The corroded beams failure was due to flexural, that’s because the deterioration 
of steel was for the bottom steel reinforcement. 

 

6.9. Result Summary 

1. There were various changes of the current during the electrochemical process, these 
randomly changes refer to many reasons. Concrete electrical resistance, steel factory 
components and the corrosion rate may be the main factors affecting these readings.  

2. The flexural results of the corroded beams reduced by percent of 28.2 % compared 
with the control beams results, and they were less ductile from the control beams. 
Since they gave less in deflection results and the steel reinforcement were cutoff 
during the test.  

3. The flexural results of the repaired beams increased by a percent of 47.3% compared 
with the control beams results. They also, present a normal flexural test deflection 
and behavior during the test. 

Table  6.1: Summary of the Flexural Test Results  

No Description 
Count of 

Beams 

Average 

Deflection at 

Failure 

(mm) 

Average Load 

Value (2P) at 

Failure 

(KN) 

Percentage 

Compared 

with the 

Designed 

Value of 

Control 

Beam(%) 

Percentage 

Compared 

with the 

Designed 

Value of The 

Repaired 

Beams(%) 

1 Control Beams 2 2.520 44.0 104 --- 

2 Corroded beams 2 2.100 31.6 75 --- 

3 Repaired beams 6 2.517 64.8 153 105 
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4. Shear failure was prevented using the shear connectors which act as stirrups. 

5. Inter laminar shear failure at the interface between the old and the new concrete 
layer was prevented using the shear connectors. 

6. The crack development of both control and repaired beams appears to behave 
normal for flexural failure. 
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7. Chapter 7: Conclusions and Recommendations 

 

7.1. Conclusions 

Several parameters were investigated in the undertaken research to understand 
the influence of the corrosion process on the flexural capacity of corroded beams, and 
the structural performance for the repaired corroded beams. An experimental test 
program consisted of designing, constructing, corroding, repairing and flexural testing 
of fourteen reinforced concrete beams was applied. Two of these beams were tested as 
control beams, two were tested as corroded beams while six of beams were tested as 
repaired beams. The other four beams were used as standby beams and to investigate 
the corrosion rate for the corroded beams. 

In order to accelerate the corrosion process, an electrochemical system which 
depends on the concept of Faraday’s second law was used. The aim of accelerating the 
corrosion was to force steel reinforcement to act as anode in a galvanic cell. Which can 
be done by immersing beams in an aqueous solution and connecting the steel 
reinforcement bars with positive DC current generator to act as anode while connecting 
the negative power supply to external steel rods immersed in the aqueous solution to act 
as cathode. This consist electric circuit and force steel ions to translate from anode and 
to cathode. 

However, after the end of the corrosion process, six corroded beams were 
repaired. The main idea of repairing of corroded beams was cutting the unsound 
concrete and cleaning both the concrete surface and steel reinforcement bars. Additional 
flexural longitudinal steel reinforcement’s bars were added and fixed with shear 
connectors. These shear connectors were used for fixing the new reinforcement with the 
corroded reinforcement and work also as stirrups and to prevent both diagonal and inter 
laminar shear failure. The second step was applying a new layer for the bottom sides of 
beams, for this purpose three repair materials were applied in order to study the effect of 
the used repairing materials layer on the flexural capacity and the crack development of 
the repaired beams. 

Control, corroded and repaired beams were tested as simply supported beams 
with two concentrated loads. The flexural capacity, deflection and crack development of 
corroded, repaired and control beams were a part of the studies. Samples of the 
reinforcing bars were tested using the standard tension test to determine the properties 
of the corroded bars. The following conclusions are drawn: 

1. Several longitudinal cracks formed parallel to the flexural reinforcement along both 
bottom and sides of corroded beams due to corrosion process. 
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2. The corroded steel bars experienced a reduction in its elongation by more than 83% 
compared with the normal steel bar elongation. 

 

3. The flexural capacity of the corroded beams reduced by percent of 28.2 % compared 
with the control beams and showed a noted reduction in its ductility behavior during 
the flexural test, since the steel reinforcements was cutoff during the test at an 
average deflection of 2.1 mm. 

 

4. The flexural capacity of the repaired beams increased by percent of 47.3% 
compared with the control beams and by a percent of 105% compared with the 
corroded beams. 

 

5. The repaired beams showed good ductility behavior during the flexural test and 
performed as sound constructed beams with its flexural capacity and crack 
development. 

 

6. The types of repairing materials used to applied new batch repairing layer to 
corroded beams did not affect the flexural performance of repaired beams; hence it 
may be important to inhabit the corrosion process in the future. 
 

7.2. Recommendations for Future Research 

1. Very few exponential investigations are available on the behavior of reinforced 
concrete corroded beams subjected to bending action. More experimental 
investigations are necessary to monitor and assess the structural condition in 
corroded concrete beams and investigating a repairing techniques to deal with the 
corrosion problem from structural point of view. 

2. A more detailed study of the composite interaction between the steel and the 
concrete and the bond deterioration are required to understand the action of the 
expansion of the corrosion products and the reduction of the reinforcing bar section. 

3. A larger number of specimens should be tested with the improvement of the 
electrochemical set-up to increase the corrosion rate and to decrease the corrosion 
time. 

4.  The increase in the number of specimens would permit to study the influence of 
different parameters such as the reinforcing bar diameter, the type of loading, the 
concrete cover thickness, the concrete strength and the steel yield strength. 

5. More structural repairing techniques should be investigated and tested to develop 
structural strengthening methods for corroded elements and to enhance its flexural 
and shear capacity.  
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6. Further future research is needed to investigate the durability of the applied 
repairing techniques and how to prevent the future corrosion process. 
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APPENDIX” 1”:  Repair Materials Specifications 
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