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Abstract 

This research program focused on the corrosion resistance and development length of 

reinforcing steel coated with Cementitious Capillary Crystalline Waterproofing (CCCW) 

materials. The first part of this research program involved using the half-cell potential method to 

evaluate the corrosion resistance of CCCW coating materials. One hundred and two steel bars were 

embedded in concrete cylinders and monitored. In total, 64 steel reinforcing bars were coated with 

CCCW prior to embedment, 16 mortar cylinders were externally coated with CCCW, and 22 

control (uncoated) samples were tested. All the samples were immersed in a 3.5% concentration 

chloride solution for a period of one year. Three coating types were studied: CCCW-B, CCCW-

B+C and CCCW-C+D. The test results showed that the CCCW coating materials delayed the 

corrosion activity to varying degrees. In particular, CCCW-C+D applied on the reinforcing steel 

surface dramatically delayed the corrosion activity when compared to the control samples. After 

being exposed to the chloride solution for a period of one year, no sign of corrosion was observed 

for the cylinders where the concrete surface was coated.  

 

The second part of this research evaluated the bond strength and development length of reinforcing 

steel coated with two types of CCCW coating materials (CCCW-B+C and CCCW-C+D) using a 

modified pull-out test method. A self-reacting inverted T-shaped beam was designed to avoid 

compression in the concrete surrounding the reinforcing steel. Steel reinforcing bars were 

embedded along the web portion of the T-beam with various embedded lengths and were 

staggered side by side. In total, six T-beams were fabricated and each beam contained 8 

samples. Both short-term (7 days) and long-term (3 months) effects of water curing were 

evaluated. The reinforcing steel bars coated with CCCW-B+C demonstrated a higher bond 

strength than did samples coated with CCCW-C+D. However, the bond strengths of 
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samples with coating materials were reduced compared with the bond strength of the 

control samples. Bond reduction factors were obtained for design purposes for various 

coating types.  
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Chapter 1 

Introduction 

1.1 Background 

 

Corrosion of steel in reinforced concrete is a phenomenon that is detrimentally affecting 

structures around the world and has become one of the most important factors influencing 

the life span, safety and aesthetics of structures. In extreme environmental conditions, like 

freezing-and-thawing and offshore areas, structure degradation is even more severe than in 

moderate regions. The life of structures that are exposed to severe climate conditions, such 

as open parking structures, bridges and road surfaces, can be significantly reduced due to 

chloride attack resulting from the application of deicing salts or other natural sources.   

 

A report from the Federal Highway Administration (2002) has indicated that the direct cost of 

metallic corrosion in the U.S. is about $276 billion annually which accounts for approximately 3.1% 

of the nation’s Gross Domestic Product, and up to 35% of this amount can be saved by employing 

appropriate corrosion control practices (Koch, Brongers, Thompson, Virmani, & Payer, 2002). The 

cost of repairing the reinforced concrete structures in Canada affected by corrosion deterioration is 

approximately $74 billion (NSERC, 2010). 

 

Reinforced concrete has been widely used for construction purposes for over a century. 

Conventional steel reinforcement is susceptible to electrochemical corrosion when exposed 

to moisture and oxygen, a process that is further exacerbated by the presence of chlorides 

such as those found in de-icing salts. Corrosion-induced structural degradation can be 
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mitigated either chemically or physically, although most chemical protection methods, 

such as corrosion inhibitors, have several disadvantages and have been shown to negatively 

affect concrete strength (Shi et al., 2009).  On the other hand, physical protection methods 

have also had limited success in field applications. Epoxy-coating has been a popular 

physical protection approach since the 1970s although the long term performance of this 

method has been less than satisfactory. Defects in the epoxy coating layer have been shown 

to increase the severity of localized (pitting) corrosion by holding moisture and chlorides 

(Ahn, Lee, Kim, & Han, 2004).  Several structures which used epoxy-coated reinforcement 

are showing severe degradation and, as a result, the use of epoxy-coated steel has been 

scrutinized (Pianca, Schell, & Cautillo, 2005).  Fiber-reinforced polymer (FRP) bars have 

also been developed as an alternative to steel reinforcing bars. However, due to the high 

capital cost and the need to change design methodologies, the application of FRP has some 

limitations within the construction industry. Thus, reinforcing steel continues to be the 

most common reinforcing material for concrete structures. 

 

The corrosion resistance and the influence of the CN2000 (CCCW) series coating materials 

on the bond strength between reinforcing steel and concrete are the principal areas of study 

in this thesis. A half–cell potential measurement method was employed to test the corrosion 

resistance, and pull-out tests were conducted to compare the bond strength of coated and 

uncoated reinforcing bars. A self-reacting inverted T-shape beam was designed for the pull-

out tests to study the effect of different parameters on the bond strength of CN2000 (CCCW) 

coated reinforcing bars. 
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1.2 CN2000 (CCCW) Waterproofing Material 

 

A new cementitious capillary crystalline waterproofing coating material (CCCW) was 

studied in this research program as an alternative physical corrosion protection method.  

The CCCW coating is a crystalline aluminosilicate (a zeolite) with a uniform pore structure 

caused by the tetrahedral arrangement of silicate and/or aluminate ions. The unique 

molecular structure of this material forms a molecular sieve which controls the migration 

of molecules through the crystalline material (Dyer, 1988). The resulting membrane is 

highly hydrophobic but allows the passage of air molecules. A previous study showed that 

the CN2000 waterproofing coatings reduced the permeability of concrete cores by 

approximately 22 times under an average water pressure of 3.3 MPa and an average triaxial 

pressure of 5.0 MPa (Sharaf, Fam, Green, & Novakowski, 2011). Unlike epoxy, CN2000 

coatings also demonstrate self-healing properties to seal cracks in the coating layer up to 

0.4 mm in width in the presence of moisture (Kelso Coatings, 2008a). 

 

The CN2000 coating series includes several component materials that can be combined to 

suit various applications. CN2000 B is a rigid cementitious material with breathing, 

waterproofing and corrosion resistance abilities that adheres firmly to concrete and 

becomes an integral part of the structure.  It is characterized by its eka-molecular sieve (a 

unique molecular structure type which was developed by the manufacturer) type structure 

with uniform pore sizes. Under its catalysis, a new insoluble crystalline structure is 

produced which blocks the passage of water.  The unique molecular structure of this 

material makes it both highly impermeable while maintaining its ventilation ability, thus, 

it will absorb or repel certain molecules depending on their size and form. Moreover, it has 
3 

 



strong chemical stability, and selective absorbability to partial positive ions (Kelso 

Coatings, 2009a). When exposed to humid conditions, the hydration of the material 

continues indefinitely and reacts with moisture in the concrete to penetrate deeper into the 

substrate.  

 

CN2000 C is a polymer/latex product that dries to form a continuous rubber membrane 

which has a high elastic range and can be applied on the expansion joints and deformation 

joints of concrete structures.  CN2000 D is a cement-based material which absorbs 

moisture to cause a hydro-reaction and form insoluble crystals.  When combined, the C+D 

materials form an impenetrable waterproof coating with an integrated structure. The C+D 

material can also be applied on surfaces which have been previously coated with CN2000 

B to increase the flexibility of the coating and aid in the curing process (Kelso Coatings, 

2001, 2008b). 

  

The unique composition and structure of CN2000 coatings result in the following 

characteristics reported by Kelso Coatings (Kelso Coatings, 2008a, 2008b, 2009b): 

1) High water impermeability pressure and excellent air permeability (breathability) 

2) Does not deteriorate when exposed to freeze/thaw cycles  

3) Excellent resistance to chloride and sulfate radicals 

4) Strong bond strength between coating material and surface substrate 

5) Self-healing properties (CN2000 B) 

6) Environmentally friendly and non-toxic  
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1.3 Research Significance 

 

CN2000 (CCCW) series coating materials are a newly developed product series which has 

been used on a wide variety of engineering projects and shows excellent performance for 

waterproofing applications. Unlike epoxy, CN2000 (CCCW) coatings show self-healing 

properties such that if cracks form in the coating layer they will close by themselves in the 

presence of moisture. Moreover, the coating material continuously reacts with the 

surrounding concrete which can seal the open pores and reduce permeability.  However, in 

previous projects the product was typically applied on the concrete surface. There is 

potential for a new application where the coating material is applied directly onto the rebar 

surface before casting in concrete.  The self-healing properties of the coating can 

effectively eliminate defects in the coating layer introduced during the application process 

or from transportation and handling.  In order to investigate the feasibility of this new 

application, the corrosion resistance and bond strength between the coated reinforcing bars 

and concrete need to be studied. The direct application of the material on the reinforcing 

bar surface reacts with the moisture in the concrete to form a low-permeability layer at the 

steel-concrete interface that reduces the corrosion rate of the reinforcement steel. Moreover, 

due to the chemical and physical reactions with the surrounding concrete, the bond strength 

between coated reinforcing bars and concrete also needs to be studied.  

1.4 Research Objectives 

 

This research program focuses on obtaining a better understanding of the corrosion 

resistance of CN2000 (CCCW) waterproofing coating material and the bond strength of 

the coated reinforcing bars. The primary objectives are as follows: 
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1) Study the corrosion resistance of coated rebar embedded in concrete having 

different water-cement ratios 

2) Observe the conditions of the reinforcing bars after the corrosion process 

3) Compare the ultimate bond strength between coated bars and uncoated bars 

4) Generate development length equations for coated reinforcing bars with different 

diameters 

1.5 Outline of the Thesis 

 

Chapter 2 summarizes the current knowledge and background related to metallic corrosion 

of embedded steel reinforcement and the bond mechanics between concrete and reinforcing 

bars. Aspects such as corrosion mechanics of reinforced concrete structures, the effects of 

chlorides, corrosion monitoring and control techniques will be presented in this chapter. 

Moreover, the characteristics of bond, the main types of bond failure and factors 

influencing bond strength are also reviewed. Different bond strength test methods are 

discussed and evaluated. 

 

Chapter 3 provides the detailed procedure and test results of the corrosion tests. Eighty six 

coated steel samples and 16 coated cylinder samples were used to study the effect of the 

coatings on corrosion activity. All of the samples were evenly divided and submerged in 

two tubs with 3.5% chloride solution. The half-cell potential method was employed to 

investigate the corrosion activity. The test was conducted indoors with a temperature range 

of 10 ℃ to 25 ℃ and lasted 12 months. The changes in half-cell potential with time for 
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each sample are presented in this chapter. A visual inspection was also conducted to verify 

the results of the half-cell potential measurements. 

 

Chapter 4 focuses on the pull-out tests of reinforcing steel coated with CN2000 B+C and 

CN2000 C+D embedded in concrete. Both short term (7 days) and long term (three months) 

water curing conditions were investigated. An inverted T-beam was designed to avoid 

inducing compression stresses in the concrete surrounding the reinforcing bars. Load-slip 

curves of each coating type are presented. Moreover, bond factors to predict the 

development length of the bars with various coatings are derived from the experimental 

results. 

 

Chapter 5 provides the conclusions obtained from both the corrosion resistance tests and 

pull-out tests. Recommendations for future research on Cementitious Capillary Crystalline 

Waterproofing Coating Material CN2000 Series are also presented. 
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Chapter 2 

Literature Review 

2.1 Introduction 

 

This chapter summarizes and discusses the previous research work related to this research 

program. The first part of this chapter is mainly focused on topics such as the corrosion 

mechanism, corrosion of steel in concrete, corrosion monitoring and control techniques 

and influencing factors. The rest of the chapter presents the bond characteristics of steel 

and concrete and related topics. Moreover, bond strength test techniques are reviewed and 

discussed in this chapter.  

2.2 Review of Corrosion  

2.2.1 Corrosion Mechanism 

 

Nowadays, the term “corrosion” is being used extensively. It is applied for almost all kinds 

of materials, including metals, alloys, polymeric solids and glass, etc. The discussion of 

corrosion in this thesis will focus only on metallic corrosion. The corrosion of metallic 

materials is an electrochemical process. Formation of a corrosion cell is essential for 

metallic corrosion to occur. Corrosion cells include an anode, cathode, conductor and 

electrolyte. Oxidation reactions occur at the negative terminal of the cell called the anode. 

Usually, the anode is the area where the metal is lost and releases electrons in the corrosion 

cell. The anodic reaction can be written as 

 

 nA A ne+ −→ +   (2-1) 
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On the other hand, the area where reduction reactions occur is usually called the cathode 

and represents the positive terminal. Electrons will combine with the metallic ions and are 

consumed at the cathode area. The cathodic reaction can be written generally as 

 nB ne B
+ −+ →   (2-2) 

 

Usually, more reactive metals act as the anode while the noble metals act as the cathode. 

However, different parts of one metal can be the anode and cathode due to the 

heterogeneous composition of the electrolyte or the metal. Corrosion of reinforcing steel 

in concrete can be an example of the latter case. Another essential component of a corrosion 

cell is the electrolyte (eg. concrete) which works as the medium to transfer the irons to 

form the corrosion cell. The conductor works as the path which allows the transfer of 

electrons. In order for the corrosion activity to occur, both the anode and cathode should 

be placed in the same electrolyte to form a circuit. Each electrochemical reaction on the 

anode or cathode has its own potential and is referred to as a half cell. As the most important 

phenomenon of the corrosion cell, the potential difference between the anode and cathode 

provides an opportunity to monitor the corrosion activity.  

2.2.2 Reference Electrodes 

 

To get the absolute single electrode potential of metals, a standard electrode should be 

applied. Since the single electrode potential cannot be measured directly, a commonly used 

method involves the introduction of a standard hydrogen electrode (SHE) to give a 

reference point. By definition, SHE has zero potential at all temperatures. The reaction of 

SHE is as follows: 
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 22 2H e H+ −+ →   (2-3) 

 

However, the drawbacks of SHE restrict its application in the laboratory. The electrode 

reaction of SHE is unstable in the oxidizing media and hard to fabricate. Moreover, SHE 

is delicate to handle in the field. 

 

To avoid the chloride contamination problems, the most commonly used reference 

electrodes for corrosion measurements in a sea water environment is a silver-silver chloride 

electrode. Moreover, the non-toxicity of the material and good stability make it widely 

used in the field and laboratories (Inzelt, Lewenstam, & Scholz, 2013). Usually the fill 

solution is 4 M KCl plus saturated AgCl. The overall electrode reaction of Ag/AgCl 

electrode is as follows: 

 AgCl e Ag Cl− −+ +   (2-4) 

 

The standard electrode potential of Ag/AgCl electrode, Eo, under this condition relative to 

SHE is +0.222 V at 25℃. Previous research review indicates that the variation Eo of 

Ag/AgCl electrode at 25 ℃ can be 0.2 mV in different laboratory environment (Bates & 

Macaskill, 1978).  

 

Another commonly used reference electrode is a calomel electrode (SCE). SCE is the most 

commonly used reference electrode in the field and laboratory since it has good 

repeatability. Saturated KCl is commonly used as the fill solution of the SCE. The Eo of 

SCE at 25 ℃ is +0.268 V relative to SHE and the small difference observed in various 
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papers is due to different cell designs and reading errors (Inzelt et al., 2013). The overall 

reaction of SCE is as follows: 

 2 22 4 4 4Hg Cl e Hg Cl− −+ +   (2-5) 

 

The copper-copper sulfate electrode (CSE) is robust and is mainly used for cathodic 

protection measurement and buried structures, but it has a lower accuracy than other 

electrodes in laboratory work. Saturated copper sulfate solution is usually used in this 

electrode. The Eo of this kind of electrode at 25  ℃ is +0.34 V (Ahmad, 2006). The reaction 

of Cu/CuSO4 is as follows: 

 2 2Cu e Cu+ −+    (2-6) 

 

Based on the standard potential value recommended by McCafferty (E.McCafferty, 2010), 

a graphical aid for different reference electrodes is given in Figure 2.1. Note that error may 

occur due to variation of the Eo of various reference electrodes.  

2.3 Corrosion of Steel in Concrete 

 

Concrete is commonly in an alkaline condition due to the high concentration of soluble 

hydroxides in the micro-pores. The pH value of concrete is around 12 to 13 which creates 

an appropriate chemical environment for the formation of a passive layer on the steel 

surface. The passive layer is very dense and forms as a thin film which can reduce the rate 

of oxidation to a very low level and prevent further corrosion of the steel. However, 

corrosion of reinforcing steel occurs when the concrete is under chloride attack or 

carbonation. Both chloride attack and carbonation can break down the alkaline 

environment of concrete and lead to the damage of the passive layer. Once the passive layer 
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degrades, the corrosion process commences. The chemical reactions are the same under 

either chloride attack or carbonation. The anodic reaction is given by: 

 2 2Fe Fe e+ −→ +   (2-7) 

 

To consume the electrons generated by the anodic reaction, another chemical reaction is 

formed when water and oxygen are present. The cathode is usually very close to the anode. 

This reaction is known as the cathodic reaction: 

 2 2
12 2
2

e H O O OH− −+ + →   (2-8) 

This equation also indicates that water and oxygen are the critical elements for the 

corrosion process. 

 

The products of the corrosion process are the main inducement of degradation of concrete 

structures. Generally, the above reactions are just the first stage of ‘rust’ formed. Several 

consequent reactions present later generate hydrated ferric oxide (rust) and ferric hydroxide. 

The reactions are as follows: 

 2
22 (OH)Fe OH Fe+ −+ →  [Ferrous Hydroxide] (2-9) 

 2 2 2 34 ( ) 2 4 (OH)Fe OH O H O Fe+ + →  [Ferric Hydroxide] (2-10) 

 3 2 3 2 22 ( ) 2Fe OH Fe O H O H O→ +  [Hydrated Oxide] (2-11) 

 

The unhydrated ferric oxide Fe2O3 has twice the volume of steel and is even more porous 

when it becomes hydrated. This means the volume of the corrosion products will increase 

at the interface of the steel and concrete which leads to cracking and spalling. The rust 

stains seen at cracks in concrete also serve as a visible indication of the steel corrosion 

process.  
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When the anode and cathode are separated by a large distance and the anode environment 

has a lack of oxygen, such as with underwater structures, the Fe2+ will stay in the solution 

which means there will be no ‘red rust’ formed and no cracks present in the concrete. This 

kind of corrosion product has a ‘black’ or ‘green’ color and it is potentially dangerous due 

to lack of visible indication.  

 

A Pourbaix diagram, also called an equilibrium diagram, gives corrosion thermodynamic 

information of different metals in potential-pH form at a certain temperature. Figure 2.2 is 

the iron-water Pourbaix diagram at 25℃. It indicates the region of potential and pH which 

reflect the corrosion activities or passivation and immunity. It can be seen that without 

chloride present at the pH condition of concrete the steel tends to passivate. It also should 

be noted that in a high pH environment, steel also can be corroded as shown in the lower 

right portion of Figure 2.2. However, the concrete has a more complex composition. When 

chloride irons are introduced into the system, the corrosive region in the Pourbaix diagram 

changes dramatically. The corrosion activity range can reach the very high pH level 

(Pourbaix, 1974).  

2.3.1 Chloride Attack 

 

One of the main risks associated with field structures is chloride attack. Chlorides mainly 

come from either the outside environment, such as deicing salt and marine water, or can be 

cast into the concrete due to inappropriate use of raw materials. Once the chlorides reach 

the surface of the reinforcing steel and with sufficient concentration, they act as catalysts 

to the corrosion process and start the depassivation process of the protective layer.  

13 
 



The chloride threshold level is very sensitive to changes of the pH level, and is usually 

related to the ratio of chloride to hydroxyl ions. Although only water soluble chlorides are 

significant for the corrosion of reinforcing steel, ACI Committee 222 suggests to state the 

chloride threshold level as the total chloride by weight of concrete since it is more reliable 

(ACI Committee 222, 1985). Early research work indicated that the Cl-/OH- ratio of 0.6 

was sufficient to start the depassivation process (Hausmann, 1967). However, with 

different experimental methods, environmental conditions and presentation methods, this 

value can vary over a relatively large range. Table 2.1 illustrates different thresholds by 

different conditions reported by different authors.  

Table 2.1 Chloride Threshold by Different Conditions (Ann & Song, 2007) 

Condition 
Threshold Value 

Total Chloride (%, cem.) Free Chloride (%, cem.) Cl-/OH- 

Pour Solution -- -- 0.6 
0.3 

Specimen with 
internal Cl- 

0.5-2.0 
0.079-0.19 
0.78-0.93 

-- 
-- 

0.11-0.12 

-- 
-- 

0.16-0.26 
Specimen with 

external Cl- 
0.227 

0.5-1.5 
1.8-2.9 

0.364 1.5 

 

The chloride threshold value with respect to the percentage by weight of cement can also 

vary by different standards. Table 2.2 summarizes the values given by different ACI 

documents.  
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Table 2.2 Total Chloride Content Threshold (Ann & Song, 2007) 

Type Maximum chloride content (%, cem.) 
 ACI 201 ACI 357 ACI 222 

Reinforced concrete 
exposed to chloride in 

service 

0.1 0.1 0.2 

Prestressed concrete -- 0.06 0.08 

 

The chloride threshold value presented as the Cl-/OH- ratio has its limitations, such as poor 

accuracy and repeatability. Moreover, the effect of bonded chloride and the cement matrix 

is not considered in this method. Recent research has widely used the value of total chloride 

content referenced to the weight of cement as the criteria, due to its relatively narrow range 

(Ann & Song, 2007).  

2.3.2 Carbonation 

 

Carbonation is another main cause of corrosion of reinforcing steel. Unlike chloride attack, 

carbonation causes a change in the pH level of pore water and damages the passive layer. 

Broomfield (1997) indicated that as the carbon dioxide gas ingresses into the concrete and 

dissolves in the pore water the pH value can drop to approximately 8 which is far lower 

than the pH threshold of corrosion (pH value 11). Figure 2.3 illustrates the relationship 

between the carbonation front of concrete and the corrosion threshold. Carbonation damage 

also can occur in structures with relatively large concrete cover. The low cement content, 

high water cement ratio and poor concrete curing can all be reasons (Broomfield, 1997). 
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2.4 Corrosion Monitoring Techniques 

 

Most commonly used methods for structure condition assessment can be classified into 

non-electrochemical techniques and electrochemical techniques. Visual inspection, chain 

drag and phenolphthalein are usually classified as non-electrochemical assessment 

methods. Visual inspection is typically the very first step for the observation of surface 

defects. Chain dragging is usually used to locate delamination of concrete structures. The 

delaminated spots can be detected by a hollow sound when the chain is dragged across. 

Phenolphthalein is also used to assess the concrete carbonation condition as it changes 

colour when exposed to a low pH environment.  

 

Sample size and result accuracy may limit the application of the above methods in 

laboratory studies. Electrochemical methods such as half-cell potential (HCP) and linear 

polarization resistance (LPR) are commonly used for more quantitative measurements of 

corrosion probability and corrosion rate.  

2.4.1 Half-cell potential Measurement 

 

Half-cell potential measurements are based on the electrochemical reactions on the target 

metal and the reference electrode. To form a galvanic cell, corrosion activities on the target 

metal, such as reinforcing steel embedded in the concrete, can be seen as one half cell of 

the galvanic cell (see equation 2-6) while the reference electrode acts as the other half cell. 

The different potentials of various metals will develop a potential difference between the 

two half cells. Stronger corrosion activity leads to a higher metallic iron concentration 

which develops a higher potential difference. In the case of steel corrosion in concrete, the 
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concrete acts as the conductive medium to connect the two half-cells. Stronger corrosion 

activity of steel will release more ferric ions resulting in a higher potential difference 

between the reference electrode and the steel. Usually the positive terminal of a voltmeter 

is connected to the steel and the negative terminal is connected to the reference electrode; 

this will give a negative reading. 

 

The half-cell potential measurement method is only indicative of the risk of corrosion, but 

does not reflect the corrosion rate. This method is an empirical observation and not purely 

a function of the corrosion condition. Specifically, the potential difference is linked to the 

ferric ion concentration rather than the corrosion condition. Other factors may influence 

the ferric ion concentration. When the concrete is submerged in water and lacks oxygen, 

iron will dissolve and remain stable in the solution. However, due to the lack of oxygen, 

the cathodic reaction cannot occur resulting in very low corrosion activity. In this condition, 

a high potential difference also can be measured. Carbonation can also lead to the same 

problem when measured on a carbonated concrete surface (Broomfield, 1997). Moreover, 

when measurements are taken on very dry concrete, a very high potential difference will 

be obtained due to the high resistance of concrete (Debaiky, 2002). 

 

ASTM C876 describes the half-cell potential method using the CSE (ASTM Standard, 

2009). However, as noted above, different standard reference electrodes are used based on 

different test conditions. Table 2.3 illustrates the criteria of corrosion for the most 

commonly used reference electrodes. This interpretation was developed based on the salt 

induced corrosion of bridge decks in the USA and is also adjusted for different types of 
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concrete (Broomfield, 1997). Errors may occur when there is a lack of oxygen. When the 

concrete is saturated in water the potential may reach a very high level without corrosion 

activity. 

Table 2.3 ASTM Interpretation of half-cell potential measurement (Broomfield, 1997) 

Copper/Copper 
Sulphate 

Silver/Sliver 
Chloride (4M 
KCl) 

Standard 
Hydrogen 
Electrode 

Standard 
Calomel 
Electrode 

Corrosion 
Condition 

>- 200 mV > -106 mV > +116 mV > -126 mV Low (10% risk 
of corrosion) 

-200 to -350 mV -106 to -256 mV +116 to -34 mV -126 to -276 mV Intermediate 
corrosion risk 

< -350 mV < -256 mV < -34 mV < -276 mV High (90% risk 
of corrosion) 

< -500 mV < -406 mV < -184 mV < -426 mV Severe corrosion 

2.4.2 Linear Polarization 

 

The most commonly available technology for measuring corrosion rate are Alternating 

Current impedance (AC impedance), electrochemical noise and linear polarization. Due to 

the application limitation of the embedded reinforcing steel in the field, AC impedance and 

electrochemical noise are not suitable for field work (Broomfield, 1997). Linear 

polarization often accompanies half-cell potential measurements for the assessment of 

corrosion in reinforced concrete. 

 

Linear polarization technique polarizes the steel with an electric current and measures the 

half-cell potential changes. A low voltage DC power supply and auxiliary electrode are 

used in the system. The half-cell potential change can be used to calculate the corrosion 

current by the following equation:  

 /corr pI B R=   (2-12) 
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B= a constant (26 to 52 mV depending on the passivity or active condition of the steel) 

Rp= polarization resistance (ohms); Rp= (change in potential)/ (applied current) 

The change of potential must be kept to less than 20 mV for the equation to be valid and 

remain linear. The measurement can be made either by fixing the level of current applied 

and monitoring the potential change, or increasing the current to achieve the desired 

potential. The corrosion rate in mm year-1 can be calculated by the following equation: 

 6(11 10 ) / ( )px x B R A=   (2-13) 

A= surface area of steel in square centimeters 

Corrosion current also can be used to determine the risk of corrosion. The criteria for 

corrosion is shown in Table 2.4. It should be noted that the temperature and relative 

humidity can affect the measurements. Also, defining the measurement area is a critical 

point to accurately measure the corrosion rate (Broomfield, 1997). The guard ring system 

is designed to confine the measurement area to increase the accuracy of corrosion rate 

measurements. 

Table 2.4 Criteria of Corrosion Rate of Linear polarization (Broomfield, 1997) 

Device with the sensor controlled guard 
ring device 

Device without the sensor controlled guard 
ring device 

Icorr Corrosion Rate Icorr Corrosion Risk 

< 0.1 μA cm-2 Passive < 0.2 μA cm-2 No corrosion expected 

0.1 to 0.5μA cm-2 Low to moderate 0.2 to 1.0μA cm-

2 

Corrosion possible in 10-15 
years 

0.5 to 1μA cm-2 Moderate to high 1.0 to 10μA cm-2 Corrosion expected in 2-10 
years 

>1μA cm-2 High corrosion rate >10μA cm-2 Corrosion expected in 2 
years or less 
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2.5 Review of Bond 

2.5.1 Bond Mechanism 

 

Bond stress refers to the shear stress which develops at the interface of reinforced steel and 

the surrounding concrete. When the bond is developed efficiently, the concrete and steel 

form one composite structure. Bond stress only exists when the steel stresses change 

between any two sections. The bond stress is defined as a shear force per unit bar surface 

area (Park & Paulay, 1975). 

 

Bond resistance is often developed from three components: chemical adhesion, friction and 

mechanical interlocking between concrete and steel ribs (ACI 408R-03, 2003). Chemical 

adhesion is developed between the mortar and the steel surface which is the main resistance 

mechanism for plain bars. However, this kind of resistance is very easy to overcome. 

Previous research indicated that the ultimate flexural capacity of beams with smooth 

reinforcing steel was about 50% lower than that of beams with deformed reinforcing steel 

(Kayyali & Yeomans, 1995). After slip occurs, friction will develop additional bond 

stresses. Deformed reinforced steel can provide a much higher bond resistance by interlock 

between the surrounding concrete and the steel ribs.  

 

Based on the bond transfer mechanism, the bond resistance is governed by the concrete 

mechanical properties, the concrete cover thickness and bar spacing, transverse 

reinforcement, steel surface conditions and the reinforcing bar geometry (ACI 408R-03, 

2003). 
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2.5.2 Failure Progress 

 

Chemical adhesion and friction are the main components of bond stress before the first 

crack is formed. After cracking, these two components become insignificant and the bond 

stress is mainly provided by the interlocking of concrete and steel ribs. This means that 

plain bars are less effective after cracks have initiated. Deformation of the concrete 

surrounding the steel also occurs (Figure 2.4 b). This explains the initial slip which occurs 

in the first stage after cracking (Figure 2.4).  

 

After the first crack occurs, the behaviour of plain bars and deformed bars vary. In plain 

bars at this stage, the loss of adhesive bond occurs: bond transfer is mainly provided by 

friction. Bond stress at this stage is strongly influenced by transverse pressure, concrete 

shrinkage and bar roughness. Figure 2.4 shows that slip is present immediately after the 

loss of adhesion and friction stresses are unable to resist the applied stress and pull-out 

failure occurs (fib Bulletin, 2000). 

 

In the case of deformed bars with light-to-medium transverse reinforcement, longitudinal 

cracks will start to propagate along the length of the reinforcing steel in a radial pattern. 

The transverse reinforcement, such as stirrups and hoops, can prevent the crack opening 

and increase the bond force transfer (Park & Paulay, 1975). However, insufficient 

transverse reinforcement will be unable to prevent the propagation of longitudinal cracks. 

Eventually the longitudinal cracks will break through the concrete cover or between 

adjacent bars and bond failure will occur suddenly (fib Bulletin, 2000).  
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In the case of deformed bars with heavy transverse reinforcement, splitting cracks are 

prevented and bond failure will occur when the bar is pulled out. In this condition, the bond 

resistance changes from rib bearing to friction and leads to bar pull out (fib Bulletin, 2000). 

2.5.3 Influence Factors 

 

The factors influencing bond can be classified into three categories as structural 

characteristics, bar properties and concrete properties (ACI 408R-03, 2003).  

 

The first component of structural characteristics is concrete cover and bar spacing. When 

the concrete cover and bar spacing are increased, the failure mode changes from splitting 

failure to pull-out failure. The peak load is governed by the tensile response if there is no 

transverse confinement provided (ACI 408R-03, 2003). The reinforcing steel casting 

position is another factor which could influence the bond strength between concrete and 

the steel. The top-cast bars tend to have a lower bond strength than the bottom-cast bars 

(ACI 408R-03, 2003). Also, the presence of transverse reinforcement could increase the 

bond strength by confining the surrounding concrete to limit the progression of splitting 

cracks (Park & Paulay, 1975).  

 

In terms of bar properties, the bar size could be the first influence factor. ACI Committee 

408 indicates that a longer development or splice length is required for larger bar sizes. 

Moreover, the bond force at failure increases more slowly than the bar area (ACI 408R-03, 

2003). 
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Previous research has indicated that the bar geometry could influence the bond resistance 

as well. The two main failure modes are shear pullout failure and compression failure.  The 

compression failure can provide a better bond strength due to the bearing pressure provided 

by the concrete around the ribs. To avoid shear pullout failure, the geometry of the 

deformed bars must be controlled. The most efficient bond performance is provided when 

the ratio of rib height to rib distance is close to 0.065 (Rehm, 1968). To obtain the sufficient 

bond strength, the rib angle is another consideration. A rib angle of 30º has been found to 

work well (Swanson, 2003). Moreover, the quality of the concrete under the ribs can 

significantly affect the bond strength of deformed bars (Park & Paulay, 1975).  Surface 

condition is another important factor due to its effect on the friction between steel and 

surrounding concrete. Other important considerations include the cleanliness of the bar 

surface and the steel surface corrosion level (ACI 408R-03, 2003; Park & Paulay, 1975).  

 

Concrete properties including the compressive strength of concrete and the use of light 

weight concrete are other factors which could influence bond strength. Traditionally, the 

effect of concrete strength is represented by the square root of concrete compressive 

strength. However, we should notice that this method is adequate as long as the concrete 

strength does not exceed about 55MPa (ACI 408R-03, 2003).  

2.6 Bond Strength Testing Methods 

2.6.1 Pull-out Test 

 

Pull-out tests are one of the most commonly used methods to study bond strength under 

different influence factors. The basic test procedure involves casting a reinforcing bar into 
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a concrete prism and applying an axial tensile load to the reinforcement. A standard test 

set up can be seen in Figure 2.5 (a). Failure modes of pull-tests can be classified as splitting 

failure and pull-through failure (Swanson, 2003). With the stress increasing in the 

reinforcing steel, the circumferential tensile stresses likewise increase in the surrounding 

concrete. Splitting failure occurs when the stresses exceed the maximum tensile strength 

of concrete (Park & Paulay, 1975). However, when heavy transverse reinforcement is 

provided, longitudinal splitting cracks may not occur and the specimen will fail by pull-

through failure. Research performed by Ferguson and Thompson (1965) indicated that 

extra concrete cover increased bond resistance but cannot help to reduce the surface crack 

width.  

 

Recent research studies have also examined bond strength through variations of the 

common pull-out test, such as push-in and combined pull-out and push-in tests (Abrishami 

& Mitchell, 1996). Due to the nonuniformity of the bond stress distribution, average bond 

stress is used in codes. Previous studies indicate that there are significant variations of 

actual bond stress distribution (Figure 2.6) (Ferguson & Thompson, 1965).  

 

There are several concerns associated with pull-out tests. The bond strength gained from 

pull-out test results of ribbed reinforcing bars are considerably higher than practical 

circumstances, such as the American and European design code values (Cairns & Abdullah, 

1995) which is a result of the compressive stresses induced in the concrete surrounding the 

bar. Cairns and Abdullah have suggested that pull-out tests should not be abandoned 

although correction factors need to be applied. However, more research is needed to 
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establish appropriate correction factors. The loading condition of the concrete surrounding 

the bar is the main concern related to pull-out tests. In the pull-out tests, the surrounding 

concrete is only under circumferential tension force. However, in the real circumstances 

transverse flexural cracks are generated and cross the tension bars. This transverse cracks 

could affect the bond strength (Swanson, 2003). Another concern is that compared with 

practical situations, the concrete cover is usually higher in the standard pull-out tests. In 

this case a higher bond resistance would occur.  

2.6.2 Beam-end Test 

 

The ASTM beam-end test method is designed to represent a more realistic stress situation 

for practical structural flexural components. A general beam-end specimen design is shown 

in Figure 2.7. This method can be used to compare the bond strength of reinforcing bars 

under different conditions, such as bars with coatings and different bar sizes. However, the 

bond resistance obtained from this test method is generally higher than the development or 

splice tests and the test results are not directly applicable to the design of concrete members 

(ASTM Standard, 2010). In this test method, concrete cover thickness is an important 

consideration which is an influence factor of bond failure.  

 

In both test methods, the practical bending condition of beams is not represented. Only 

pure axial forces are applied. However, these test methods are relatively simple and easy 

to set up. The combined pull-out and push-in test method could also be used to produce a 

realistic bond stress distribution (Abrishami & Mitchell, 1996).  
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2.7 Epoxy-Coated Reinforcement  

 

To reduce the influence of corrosion of reinforcing steel, corrosion resistant reinforcement, 

such as epoxy-coated reinforcing steel, stainless steel and MMFX steel, are widely used in 

the industry. Epoxy-coated reinforcement was developed in the early 1970s in North 

America (Manning, 1996). Epoxy resin works as a protection film and electrical insulator 

applied on the surface of reinforcing steel. However, this protection could reduce the bond 

between reinforcement and concrete. Previous research has indicated that epoxy coatings 

significantly reduced the bond strength compared with uncoated bars. Depending on 

different failure modes, a reduction of approximately 35% and 25% in bond strength is 

possible compared with uncoated bars occurs with splitting failure and pullout failure mode 

respectively (Treece & Jirsa, 1990). Previous research has recommended the use of a 

development length modification factor of 1.2 for high relative rib area bars and 1.5 for 

conventional bars for normal weight concrete, which have been adopted by the CSA 

Concrete Design Code (CSA, 2010). Treece & Jirsa (1990) also indicated that bond 

strength reduction was insensitive to bar size and concrete strength. Moreover, when the 

coating thickness was in the range of 5 mm to 14 mm the influence of coating thickness 

was minimized (Treece & Jirsa, 1990).  

 

The main difficulties associated with the application of epoxy-coated reinforcement is the 

cracking of the coating at bends in the bar and damage during transportation and handling 

(Manning, 1996). Moreover, when the epoxy coating was damaged on up to 2% of the 

rebar surface, significant reduction of corrosion activity occurred compared with rebar 
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without coating (Erdoğdu, Bremner, & Kondratova, 2001). Research studies also indicated 

that perfect coating is not achievable in practice (Manning, 1996).  
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Figure 2.1 Graphical aid for convention different reference electrodes 

(E.McCafferty, 2010) 

 

 

Figure 2.2 Pourbaix diagram of iron-water at 25 ℃ ( (E.McCafferty, 2010) 
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Figure 2.3 Relationship between carbonation front of concrete and corrosion 

threshold (Broomfield, 1997) 

Figure 2.4 Bond Stress and Failure Modes for Plain Bars and Deformed Bars  

(fib Bulletin, 2000) 
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Figure 2.5 Pull-out Test Set-ups (Abrishami & Mitchell, 1996) 

 

 
Figure 2.6 Bond Stress Distribution of Standard Pull-out Test (a) and Combined 

Pull-out and Push-in Test (Ferguson & Thompson, 1965) 
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Figure 2.7 ASTM Beam-end Test Specimen (ASTM Standard, 2010) 
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Chapter 3 

CORROSION RESISTANCE OF STEEL REINFORCEMENT WITH 

CEMENTITIOUS COATINGS1 

3.1 Introduction 

 

The direct application of CCCW coatings on the reinforcing bar surface was studied in this 

test program. The main objective of this program was to investigate the long-term 

effectiveness of CCCW coatings in severe corrosive environments.  

 

The test setup simulates a marine environment. Due to a lack of oxygen concentration in 

the concrete in the submerged portion of the test specimens, corrosion activity of the steel 

cannot be sustained in fully immersed samples. The sample was designed with a length of 

390 mm (15 in.). To simulate the ideal corrosive environment, mortar samples were 

partially immersed in a solution of 3.5% sodium chloride and the depth of the solution was 

maintained at approximated 100 mm similar to tests conducted by Trepanier, Hope, & 

Hansson (2001). 

 

Based on the suggestions from Kelso Coatings, the material supplier, there were 3 types of 

coating applied on the steel surface, which were CN2000 B, CN2000 B+C and CN2000 

1 This chapter has been submitted as the following paper: Pei, P., Noel, M., Fam, A. and Green, M. (2015) 

"CORROSION RESISTANCE OF STEEL REINFORCEMENT WITH CEMENTITIOUS COATINGS ", 

ACI Materials Journal, under review. 
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C+D. CN2000 B and CN2000 C+D were also applied on the concrete surface of additional 

test samples. The total number of samples was 102.  The duration of exposure to the 

corrosive environment was one year. Following the corrosion test the embedded steel was 

removed from the concrete and subjected to a visual inspection. 

 

One control uncoated steel bar of each diameter (15M and 35M) was also placed in the 

saltwater bath to investigate the corrosion progress throughout the test and to obtain a 

baseline for comparison.   

3.2 Experimental Program 

 

The half-cell potential (HCP) measurement method was employed to quantify the 

progression of the corrosion activity and assess the corrosion protection provided by the 

CCCW waterproofing coatings. This method measures the difference in potential between 

the test sample and a reference electrode to predict the level of electrochemical corrosion 

activity in the test sample.  HCP measurements provide information on the probability of 

corrosion activity but do not assess the actual rate of corrosion. For the tests in this study, 

a silver/silver chloride reference electrode was used. With this electrode, when the 

measured HCP value is higher (i.e., less negative) than -106 mV, there is a 90% probability 

of no corrosion. Alternatively, when the HCP is lower than -256 mV (i.e., more negative), 

there is a 90% probability that corrosion has occurred (referred to herein as the active limit). 

Between -106 mV and -256 mV, the level of corrosion is uncertain. Measurements that are 

more negative than -400 mV are indicative of a severe corrosion condition. 
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3.2.1 Specimen Design and Fabrication 

 

In total, 102 test specimens were included in this study.  The specimens consisted of two 

different diameter reinforcing bars (CSA 15M and 35M, approximately equivalent to #5 

and #11 US sizes) that were embedded into a mortar cylinder with a diameter of 2 inches 

(50 mm) or 3 inches (75 mm) as shown in Figure 3.1. The steel bars were cut to a length 

of 350 mm (14”) with 200 mm (8”) at one end (left uncast) sand blasted to white metal and 

coated with Devoe Bar-Rust 235 epoxy paint. The tops of the epoxy-coated ends of the 

bars were drilled to provide a good electrical connection location for the half-cell potential 

probes. Before applying the CN2000 coatings, the whole rebar specimen, including the 

uncoated end, was washed in distilled and de-ionized water and dish detergent to remove 

contaminants from the sample’s surface which may interfere with the testing. The samples 

were then dried with paper towel. All the specimens were labeled. Details can be seen in 

Appendix A. 

 

The concrete side cover was 17.5 mm (0.7”) for the 2 inch specimens and 20 mm (0.8”) 

for the 3 inch specimens. The bottom mortar cover had a thickness of 40 mm (1.6”). The 

corrosion behavior was measured for two mortar water-to-cement (W/C) ratios, 0.5 and 

0.7, as formerly used by Trepanier et al. (2001). These high W/C ratios were used to 

produce a highly permeable mortar to increase the rate of corrosion. The cement used in 

this experiment was Lafarge’s HE (high early) and the sand was air-dried in ambient 

conditions. The mix quantities are shown in Table 3.1. 
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Table 3.1 Concrete Mix Quantities 

W/C Component Quantity in One Batch, kg (lb.) 

0.5 
Cement 11.82 (26.06) 
Water 5.91 (13.03) 
Sand 40.30 (88.85) 

0.7 
Cement 12.63 (27.84)  
Water 8.86 (19.53)  
Sand 43.1 (95.02)  

 

The test matrix for this study is shown in Tables 3.2 and 3.3.  The embedded ends of the 

steel bars were either coated with CCCW coating materials or left uncoated as a control 

group. The coating material was prepared according to the suggestions provided by Kelso 

Coatings Inc. Three types of coatings were applied to the steel surface: CCCW coating B, 

CCCW coating B+C and CCCW coating C+D. Additionally, samples were created in 

which the outer concrete surface was coated with layers of CCCW coating B and CCCW 

coating C+D instead of on the surface of the reinforcing bar. One uncoated steel bar of 

each diameter was also placed directly in the salt-water bath to establish a baseline for 

comparing the corrosion progress throughout the one year test period. At the end of 

corrosion test, the embedded steel was removed from the concrete and subjected to a visual 

inspection to assess the level of deterioration. 
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Table 3.2 Test Matrix of Coated Steel Groups 

Bar 

size 

Coating 

Type 
Layers Application Method w/c ratio Specimens 

15M 

None -- -- 0.5 5 

B 1 Dipped 0.5 5 

C+D 1 Dipped 0.5 5 

C+D 2 Rolled 0.5 5 

B+C 1 Dipped 0.5 5 

35M 

None -- -- 0.5 6 

B 1 Dipped 0.5 6 

C+D 1 Dipped 0.5 6 

15M 

None -- -- 0.7 5 

B 1 Dipped 0.7 5 

C+D 1 Dipped 0.7 5 

C+D 2 Rolled 0.7 5 

B+C 1 Dipped 0.7 5 

35M 

None -- -- 0.7 6 

B 1 Dipped 0.7 6 

C+D 1 Dipped 0.7 6 

 

Table 3.3 Test Matrix of Coated Cylinder Groups 

Bar size 
Coating 

Type/Layers 
Application Method w/c ratio Specimens 

15M 
2B + 1(C+D) Paint Brush 0.5 5 

2B + 2(C+D) Paint Brush 0.5 5 

35M 2B + 2(C+D) Paint Brush 0.5 6 

 

Specimen preparation is shown in Figure 3.2. The mix quantities of CCCW coating B were 

800 ml (27 oz) water for every 3 kg (6.6 lbs) CCCW coating B mix. For CCCW coating 
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B+C, the mix quantities were 500 ml (17 oz) water and 1 kg (2 lbs) CCCW coating B for 

every 1.5 kg (3 lbs) CCCW coating C. Coating type C+D used a mix ratio of 1 kg (2 lbs) 

CCCW coating C for every 1 kg (2 lbs) CCCW coating D. All the bars with one coating 

layer were dipped and then shaken 20 times to obtain a distributed film; the measured 

thickness of the cured coating was approximately 1 mm (0.04 in.). Specimens with two 

coating layers had the second layer rolled onto the surface of the reinforcing bar after the 

first layer had dried. The coating on the concrete cylinder surface was applied with a paint 

brush and covered the entire surface of the cylinder, including the bottom surface. All of 

the coated samples were subsequently hung to air-dry. Samples coated with CCCW coating 

B required more curing time than the other coatings, and hence these bars were wrapped 

in plastic to be transported from Kelso Coatings’ facility to the laboratory facilities at 

Queen’s University. Upon removal of the plastic, some of the coating came off of the ribs 

leaving an exposed surface which showed signs of corrosion before being embedded into 

the mortar cylinders (Figure 3.2d). If these samples had cured properly before 

transportation, the results of this group would likely have been noticeably improved.  

3.2.2 Test Setup 

 

The specimens were randomly divided into two groups and soaked in two tubs at the same 

time. A wooden rack was fabricated and used to prevent the cylinders from tipping over in 

the saline solution, as shown in Figure 3.3. The sodium chloride solution was maintained 

at a depth of approximately 100 mm in each tub for the duration of the testing. The HCP 

readings were taken twice per week for the first 6 months and once per week for the 

remaining duration of the test. Although the tests were conducted indoors and the air and 
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water temperatures were recorded regularly, the temperature was not controlled 

specifically. The temperature fluctuation ranged from 8 ℃ to 26 ℃. The water and ambient 

air temperatures were recorded at the same time as the HCP readings. 

 

Based on the suggestion of ASTM C876-09 Standard (2009), to avoid contamination 

problems when the concrete was submerged in the seawater, the reference electrode used 

in this test was silver/silver chloride (Ag/AgCl). The filling solution of the electrode was 

4M potassium chloride (KCl) saturated with silver chloride (AgCl). The fabrication and 

maintenance process for the electrode was conducted as per the ASTM C876-09 Standard 

(2009) and the manufacturer’s instructions. According to ASTM C876-09 (2009), the 

impedance range of the voltmeter should be at least 10 MΩ. The multi-meter employed in 

this test program read to the 1/100 of a millivolt and had an impedance range of 10 GΩ. 

Because of the high internal resistance of the corrosion circuit, any high external current 

may influence the accuracy of the reading. To avoid any potential interference, it was 

ensured that the testing tubs were located in a region of the lab in which no electrical lines 

were in the immediate vicinity. 

 

The reference electrode was submerged in the center of the tubs in the chloride solution 

when taking the measurements to form a closed circuit. To assess the repeatability of results, 

three samples were picked up randomly every time and measured at three different 

positions. Moreover, after each set of measurements one sample was selected randomly 

from each sample group and re-measured. The detailed test setup and reference electrode 

arrangement is illustrated in Appendix E. 
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3.3 Experimental Results and Discussion 

3.3.1 Control Group 

 

The control group with the lower W/C ratio (0.5) and 15M bars demonstrated a higher level 

of corrosion resistance compared to the specimens in the other 3 control groups because of 

this mortar’s lower permeability compared to the mortar with W/C of 0.7. The 35M bars 

in the group with a W/C ratio of 0.5 reached the active limit (-256 mV) between 6 to 153 

days of saltwater exposure (Figure 3.4a), while the corresponding 15M bars passed the 

active limit between 40 to 199 days (Figure 3.4b) despite having a slightly reduced concrete 

cover. The large range of the time to reach the active limit may be due to variability of the 

mortar material and the initial condition of the steel reinforcement. Such variability is 

typical of corrosion testing. The 15M control groups with a higher W/C ratio (0.7) showed 

evidence of active corrosion from the onset of testing while the 35M control group began 

to show signs of corrosion activity after approximately 30 days (Figure 3.5). All of the test 

samples in the control groups approached values of approximately -500 mV at the final 

stages of the test when the HCP measurements stabilized, which is indicative of severe 

corrosion. These results would suggest that the water-cement ratio is a critical factor for 

limiting the level of corrosion of reinforcing steel in reinforced concrete structures.  

3.3.2 Coating Type CCCW-B 

 

A single layer of CCCW coating B was applied to a total of ten samples, five of each bar 

size (15M and 35M). Prior to embedment in the mortar, the samples coated with CCCW-

B showed visual signs of existing surface corrosion that was likely a result of the coating 

application process in which the samples were wrapped in plastic immediately after coating 
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to allow for transportation. Wrapping the freshly coated bars likely damaged the un-cured 

coating and trapped moisture for the duration of transportation and storage leading to gaps 

in the coating layer (see Figure 3.1).  It is likely that the observed performance of the 

CCCW-B coating would have been improved if this damage during fabrication had not 

occurred. 

 

All of the 15M bars within the 0.5 W/C ratio group reached the active limit before day 153 

(Figure 3.6b) while the 35M bars within the 0.5 W/C ratio group passed the active limit by 

day 145 (Figure 3.6a). The HCP values for the other two test groups, which had a higher 

W/C ratio (0.7), quickly descended beyond the active corrosion level into the range of 

severe corrosion activity reaching values below -500 mV (Figure 3.7). All the HCP values 

stabilized within the last 2 to 3 months of the test. 

 

Compared with the corresponding control groups, the bars coated with CCCW-B 

demonstrated a slightly improved performance, with the exception of the 35M bars in the 

test group with a W/C ratio of 0.7.  These bars demonstrated a noticeable improvement in 

performance during the first stage of the test (about 3 months) when compared to their 

corresponding control group.  

3.3.3 Coating Type CCCW-C+D 

 

Coating type CCCW-C+D was applied in either one layer or two layers, with two layers 

applied only on 15M bars. The CCCW-C+D coating type generally showed the best 

capability in terms of reducing corrosion activity of all the coatings tested in this research 
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program. When applied to the 15M bars in the test group with a W/C ratio of 0.5, this 

coating type delayed the time to reach the active corrosion level by approximately 4 months 

compared with the corresponding control group.  These C+D coated bars reached the active 

corrosion level by day 243 and HCP values did not fall below approximately -350 mV 

(Figure 3.8b) while four out of five bars in the corresponding control group showed 

evidence of active corrosion within 120 days and HCP values stabilized at approximately 

-500 mV. HCP values for the 15M and 35M bars with a single coating layer in the groups 

with a higher W/C ratio (0.7) reached the active limit by day 114 and 124, respectively, 

and the values stabilized around -500 mV for the remainder of the test (Figure 3.9). The 

potential for severe corrosion was delayed by approximately 3 to 4 months compared to 

the corresponding control groups.  

 

Specimens with two coating layers did not show significant improvements over the one 

layer specimens. One possible explanation for this result is that the efficiency of added 

coating layers is lower than that of the first layer; the protection provided by a single 

coating layer is significant compared to an uncoated bar, but the improved protection 

provided by adding additional layers of coating is negligible. The two layer specimens with 

W/C ratios of 0.5 and 0.7 reached the active limit by day 174 and 114, respectively, and 

HCP values stabilized at approximately -500 mV, similarly to the one layer specimens 

(Figure 3.10).  
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3.3.4 Coating Type CCCW-B+C 

 

CCCW coating B+C was only applied on 15M bars. During the first stage of the test 

(approximately 3 months), both test groups showed a stable trend and HCP values 

remained in the uncertain region. The bars in the test group with a W/C ratio of 0.5 passed 

the active limit by day 182 and the HCP values eventually stabilized at approximately -400 

mV while bars in the test group with a W/C ratio of 0.7 passed the active limit by day 121 

and HCP values stabilized at approximately -500 mV as shown in Figure 3.11. Compared 

with the corresponding control group, bars coated with CCCW-B+C showed an improved 

performance, especially at the final stage as the HCP stabilized at a higher level (-400 mV) 

compared with the control group (-500 mV). The bars in the test group with a high W/C 

ratio (0.7) also demonstrated markedly improved performance over the corresponding 

control group during the initial stage of the test.  

3.3.5 Coated Cylinders 

 

All of the coated-cylinder samples demonstrated excellent resistance to corrosion and 

Figure 3.12 shows the HCP of the coated cylinders versus time. Specimens with 15M bars 

were coated with two layers of CCCW-B and one or two layers of CCCW-C+D. All of the 

samples were in the non-active range and HCP measurements remained at a very high level 

with the exception of one specimen that dropped below the active limit at day 282. The test 

groups with 35M bars were each coated with two layers of CCCW-B and two layers of 

CCCW-C+D which also stayed in the non-active range.  
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3.3.6 Plain Bar 

 

One of each bar size was also placed directly in the saltwater solution and Figure 3.12 

shows the change in HCP with time for the uncoated bars. Within only two days, these 

samples reached an HCP of approximately -600 mV. This group was designed to observe 

the surface condition of the reinforcing bars and to serve as a baseline for comparison with 

the coated bars. 

3.3.7 Average Time to Corrosion Activity 

 

The time for the average HCP to reach the various thresholds of corrosion activity for each 

group are compared in Figure 3.13. The test groups are arranged in order of decreasing 

time to reach the severe corrosion level indicating poor corrosion resistance.  The groups 

where the cylinder was coated demonstrated superior performance over the other tested 

samples with almost perfect corrosion prevention over the one year test period.  On the 

other extreme, the plain bars reached the severe corrosion activity threshold almost at the 

onset of the test. 

 

Figure 3.13 also shows that the water-cement ratio of the mortar is of critical importance 

for corrosion prevention. Test groups with the lower W/C ratio (0.5) performed better 

than groups with a higher W/C ratio (0.7) in almost all cases. The only exception was for 

the group of 35M bars coated with CCCW-C+D embedded in the lower quality mortar 

which outperformed the corresponding uncoated control group with the higher quality 

mortar because of the protection provided by the coating. 
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Among the coated bar groups, the CCCW-C+D material seemed to demonstrate the best 

overall corrosion protection performance.  The average HCP values for one group (B-1-

C+D-0.5-35M) never even reached the active limit.  In all cases, when bars were coated 

with CCCW-C+D and the mortar had a W/C ratio of 0.5, it took 9 months or longer to 

reach the severe corrosion activity threshold. 

 

Figure 3.13 shows that, in general, bars coated with either CCCW-B or CCCW-B+C 

performed better than the corresponding control groups, although the degree of 

improvement varied.  The single exception was group B-1-B-0.5-15M which had a slightly 

inferior performance to group C-0.5-15M.  As previously discussed, this inferior 

performance was a result of the curing procedure which damaged the coating layer.  In all 

other cases, the coated bars outperformed the uncoated bars for the same bar size and 

mortar type. 

3.3.8 Visual Inspection 

 

Although the HCP measurement method is commonly used to monitor the corrosion of 

reinforced concrete, this non-destructive test method cannot indicate the corrosion rate. 

Moreover, due to the limited size of each test specimen, only one reading was taken at each 

test to indicate the HCP level of the whole sample. As a result, localized corrosion may 

introduce errors in HCP measurements. To verify that the potential measurements were 

representative of the actual corrosion activity inside the mortar samples, the samples were 

split open following the one year test.  While a quantitative mass loss analysis was not 
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possible given the localized nature of the corrosion, a visual inspection of the embedded 

rebar was conducted to compare the level of corrosion in the various test groups. 

 

Two samples from each test group were selected randomly for the visual inspection and 

Figure 3.14 shows photos of some of the specimens.  The control groups showed clear 

evidence of significant corrosion activity (Figure 3.14a; Figure 3.14b).  Most of the 

corrosion product was localized around the level of the water line, which is consistent with 

corrosion typical of marine structures. Corrosion at the water line was expected since the 

area around the water level was full of oxygen, water, and chlorides which are the essential 

components of corrosion activity. Most of the corrosion products consisted of “red rust” 

while “black rust” was also observed on some samples below the water level. Black rust is 

generally the result of a lack of oxygen during the corrosion process.  The corroded areas 

tended to follow the perimeter of the bars and diffused through the concrete cover, but in 

some cases occurred only on one side of the steel.  

 

Compared with other coating types, samples with coating type CCCW-B showed evidence 

of the most severe corrosion, which was consistent with the HCP readings. All of the 

inspected samples coated with CCCW-B had relatively large corroded surface areas 

compared to other sample groups. The rust products were more dispersed along the length 

of the bar than for the control groups, which is likely a result of the initiation of corrosion 

at various points along the length prior to embedding the bars.  Relatively large amounts 

of corrosion products (red rust) were generated on the steel surface (Figure 3.14).  

Approximately half of the coating material was adhered to the steel surface and the rest 

45 
 



was transferred to the concrete, which is expected given that CCCW-B has the best 

capability of adhering to the concrete matrix out of the various coatings tested.  

 

The test groups with coating type B+C showed signs of moderate corrosion. After splitting 

the samples open, the coating material was mainly adhered to the steel surface and small 

amounts of the material were transferred to the surrounding concrete. Small areas of 

localized corrosion (approximately 1-2 cm2, 0.2-0.3 sq. in) were found on the surface of 

the bars.  

 

Bars coated with CCCW-C+D showed the best surface condition after the corrosion test of 

the coated bar groups. Only one bar from a test group with a W/C ratio of 0.7 displayed 

obvious visual signs of corrosion on the steel surface. The corrosion products found in this 

group were black in color. Tiny “red rust” spots were also found on the surface of some 

samples. Most of the coating was adhered to the steel surface after breaking the sample and 

had to be scraped off of the bar to examine its surface. 

 

Based on the HCP test results, the concrete-coated groups demonstrated excellent 

resistance to corrosion. The visual inspection supported these findings because all of the 

samples, except for one sample from the 15M group, had a very clean reinforcing bar 

surface with no signs of corrosion. Sample C-2B+1(C+D)-0.5-15M-2 was the only one that 

passed the active limit from this group in the final stage of the HCP test. A moderate 

corroded spot was found near the water level and small amount of “black rust” was 

generated on the surface of the reinforcing bar (Figure 3.14). 
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The surface condition of steel coated samples before the HCP test is illustrated in Appendix F. 

Also, more detailed surface condition of samples after the HCP test were shown in Appendix F. 

3.4 Discussion 

 

When examining the test results it is important to note that the method employed to induce 

accelerated corrosion in this research program represents a very severe environmental 

condition especially since the permeability of the mortar is lower than that expected for 

high quality concrete.  While some of the uncoated samples started to corrode within only 

a few days, similar corrosion activity typically takes years or decades in normal in-service 

structures with good quality concrete and adequate concrete cover.  Hence, the time to 

active corrosion listed in the preceding sections should not be considered as absolute values 

(for example, three months to corrosion with coating “X”) but rather considered relative to 

the uncoated control samples.   

 

In general, the CCCW coatings significantly delayed the time to onset of corrosion. Given 

the severe environmental exposure of the specimens in this test, delaying corrosion by a 

few months in test conditions likely corresponds to a period of many years when 

extrapolated to normal conditions.  However, a direct relationship does not exist to 

explicitly quantify the expected life of a reinforced concrete structure containing coated 

reinforcing bars.  Rather, the exploratory study reported here is intended to serve as a 

starting point for further research by highlighting the potential of cementitious coatings for 

reinforcing steel. 
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3.5 Summary 

 

The corrosion resistance of steel reinforcing bars coated with a cementitious capillary 

crystalline waterproofing coating material was tested using the half-cell potential method 

according to ASTM C876.  The coating is characterized by a novel eka-molecular sieve 

type structure which is breathable yet highly impermeable to water and possesses self-

healing characteristics.  The test program monitored the corrosion activity of 102 

reinforcing bar samples embedded in mortar and immersed in a 3.5% concentration sodium 

chloride solution for a period of one year. For some samples, the coating was applied 

directly on the embedded reinforcing bar while for other samples the reinforcing bar was 

uncoated but the outside surface of the concrete was coated. Three different types of 

proprietary coatings were applied. It was found that the coatings significantly delayed the 

onset of corrosion; in particular, the material CN2000 C+D applied on the reinforcing steel 

surface dramatically improved the corrosion resistance of the reinforcement over the 

uncoated control samples. Samples that underwent concrete surface coating demonstrated 

no signs of corrosion after one year of exposure to the chloride solution.  
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Figure 3.1 Details of Corrosion Test Specimens 

 

 
Figure 3.2 Specimen Fabrication a) Bars with Coatings, b) Cylinder with Coatings, c) 

Bar with CCCW-B, d) Close-up of Bar with CCCW-B, e) Bar with CCCW-B+C, f) 

Bar with CCCW-C+D 
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Figure 3.3 Saline Water Baths for Corrosion Study 
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Figure 3.4 Half-Cell Potential of Control Group with W/C=0.5 
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Figure 3.5 Half-Cell Potential of Control Group with W/C=0.7 
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Figure 3.6 Half-Cell Potential of Coating Type CCCW-B with W/C=0.5 
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Figure 3.7 Half-Cell Potential of Coating Type CCCW-B with W/C=0.7 
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Figure 3.8 Half-Cell Potential of Coating Type CCCW-C+D One Layer with 

W/C=0.5 
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Figure 3.9 Half-Cell Potential of Coating Type CCCW-C+D One Layer with 

W/C=0.7 
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Figure 3.10 Half-Cell Potential of Coating Type CCCW-C+D Two Layers 
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Figure 3.11 Half-Cell Potential of Coating Type CCCW-B+C 
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Figure 3.12 Half-Cell Potential of Cylinder Coated Groups and Plain Bars 

 

 
Figure 3.13 Average Time to Corrosion Activity 
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Figure 3.14 Visual inspection of corroded samples a) C-0.7-15M, b) C-0.5-35M, c) 

Cylinder-15M, d) Cylinder-35M, e) B-1-B-0.5-15M, f) B-1-B+C-0.7-15M, g) B-1-

C+D-0.7-15M, h) B-1-C+D-0.7-35M 

 

 

 

 

 

 

 

60 
 



Chapter 4 

DEVELOPMENT LENGTH OF STEEL REINFORCEMENT WITH 

CORROSION PROTECTION CEMENTITIOUS COATINGS2 

4.1 Introduction 

 

The deterioration of concrete structures due to the corrosion of reinforcing steel is currently 

a major concern in North America. A recent report indicates that about 11% of bridges in 

the USA are structurally deficient and need repair (Transportation For America, 2013). In 

Canada, more than 40% of bridges are over 40 years old and the total maintenance or 

rehabilitation cost is estimated at $10 billion (Cusson & Isgor, 2004). Corrosion-resistant 

alternatives to conventional steel reinforcement such as epoxy-coated reinforcing steel, 

stainless steel and MMFX steel, have been used to varying levels of success and each 

possess their own set of drawbacks. 

 

Epoxy-coated reinforcement was developed in the early 1970s in North America. Epoxy 

resin works as a protective film and electrical insulator coating the surface of reinforcing 

steel. One of the main difficulties associated with the application of epoxy-coated 

reinforcement is the cracking of the coating at bends in the bar and damage during 

transportation and handling (Manning, 1996). Localized pitting corrosion at the location of 

2 This chapter has been submitted as the following paper: Pei, P., Noel, M., Fam, A. and Green, M. (2015) 

"Development length of steel reinforcement with corrosion protection cementitious coatings", Cement and 

Concrete Composites, under review. 
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damage or defects in the coating layer can cause a significant reduction in strength; damage 

to the coating layer comprising less than 2% of the rebar surface area has been reported to 

greatly detriment structural performance compared with uncoated bars (Erdoğdu et al., 

2001). Research studies have also indicated that perfect coating is not achievable in 

practice (Manning, 1996).  

 

In addition to durability issues, approximately 35% and 25% reductions in bond strength 

compared with uncoated bars have been reported for splitting failure and pullout failure 

modes, respectively (Treece & Jirsa, 1990). The CSA A23.3 Concrete Design Code 

increases the design development length by a factor of up to 1.5 for epoxy-coated 

reinforcing steel (CSA, 2010).  

 

Unlike epoxy, the cementitious capillary crystalline waterproofing (CCCW) material used 

in this study (CN2000 B) has demonstrated self-healing capabilities (Kelso Coatings, 

2009b) and therefore may not be susceptible to similar durability issues. In the presence of 

moisture, the coating material may be able to engage in a continuous hydration reaction 

and propagate into the concrete matrix (Kelso Coatings, 2008b, 2009a).  A previous study 

has demonstrated the excellent corrosion protection provided by these coating materials, 

which can be applied either to the interior or exterior concrete surface or directly onto the 

rebar. Figure 4.1 shows the variation of half-cell potential with time which reflects the 

probability of corrosion activity, for the case of coating applied directly to the bars, 

compared to uncoated control steel bars. The behaviour shows the enhanced corrosion 

protection provided by the coatings, which delayed the time to reach the active corrosion 
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limit by approximately 50% to 150%. Based on the success achieved with respect to 

corrosion protection, it was natural to investigate the effect of rebar coating on bond 

strength. 

 

The research program described herein focused on the bond strength of reinforcing steel 

coated with CCCW materials commercially known as CN2000. CCCW coating B is a rigid 

cementitious coating material with breathing and waterproofing abilities which could react 

with moisture to penetrate into the concrete matrix (Kelso Coatings, 2009b). CCCW 

coating C is a polymer/latex material with a high elastic range that provides some flexibility 

to the coating. CCCW coating D is a cement-based material which reacts with CCCW 

coating C to form a flexible membrane (Kelso Coatings, 2001). Based on the results of 

previous research investigating the corrosion mitigation capabilities of various coatings, 

two combinations of coating material were selected for use in this study, namely CCCW 

coatings B+C and C+D. Both short term (7 days) and long term (3 months) effects of 

exposure to moisture on the bond behaviour of the coatings were investigated in these tests. 

A total of 48 pull-out tests were conducted. 

 

CCCW coating materials have been used in a variety of projects around the world and have 

demonstrated excellent sealing and corrosion resistance (Kelso Coatings, 2015). One of the 

most important characteristics of CN2000 coating materials is their self-healing ability 

(Kelso Coatings, 2008b, 2009a, 2009b). Compared with other coating materials, such as 

epoxy, this characteristic could eliminate durability issues associated with improper 

application or damage during construction. Previous research has shown that CCCW 
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coating B+C and CCCW coating C+D can mitigate corrosion of steel reinforcement when 

applied either on the exterior concrete surface or directly on the reinforcing steel bars. The 

primary objective of this paper then is to investigate the effect of coating the bars on the 

bond strength between the rebar and concrete and on the development length. 

4.2 Experimental Program 

4.2.1 Specimen Design and Fabrication 

 

The most popular and commonly used test methods to assess the bond strength of internal 

reinforcement are beam-end tests and pull-out tests. Beam-end tests have the advantage of 

realistically simulating the stress distribution in a reinforced concrete flexural member, yet 

they require a complex test setup and are relatively expensive to conduct. Conventional 

pull-out tests, on the other hand, are simple to conduct but do not represent realistic 

conditions by inducing compressive stresses in the concrete surrounding the bars which 

artificially enhance the bond strength, leading to unconservative results.    

 

A modified pull-out test was employed for this project which combines the advantages of 

both beam-end and conventional pull-out tests. This test was designed to simulate the bond 

failure mode of the tensile reinforcing steel in flexural members and to eliminate 

compressive stresses in the concrete in the vicinity of the reinforcing bar being tested. Self-

reacting inverted T-shaped concrete beams were designed to satisfy the test requirements 

so that the steel test frame would bear directly against the bottom flange of the concrete 

beam placing the entire web of the T-beam in tension (Figures 4.2 and 4.3). This ensures 

that the concrete around the reinforcing bar is in tension as is the case in practice. However, 
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this design does not exactly simulate the condition of reinforcing steel in a flexural member 

since the load is applied directly on the rebar instead of the concrete. 

 

The design concrete strength, fc’, in this test was 40MPa and the design yield strength of 

the reinforcing steel, fy , was 400MPa. High-early strength cement was used for the concrete. 

Two different diameter reinforcing bars were tested which were CSA 15M and 25M. The 

bars to be tested were embedded in the vertical webs of the T-beams at various embedment 

lengths (Figure 4.2). In total, six T-shaped beams were fabricated and each one contained 

eight test samples. Labeling details can be seen in Appendix B. 

 

Prior to the fabrication of the T-beams, one end of each rebar sample was sand blasted to 

white metal and coated with CCCW coating material (Figure 4.4). For coating CCCW 

coating B+C, the mix quantities were 500 ml water and 1 kg CCCW coating B for every 

1.5 kg of CCCW coating C. Coating type C+D used a mix ratio of 1 kg CCCW coating C 

for every 1 kg of CCCW coating D. The coatings were applied in a single layer by dipping 

the bars in the coating material and then shaking 20 times to obtain a uniformly distributed 

film. The thickness of the film was measured and recorded in Appendix D. 

 

The concrete forms were made from plywood with vertical stiffeners to prevent bulging. 

The concrete pour was completed in two phases to simplify the design of the formwork. 

Nominal 30 MPa concrete was used for the base portion of the beams poured during the 

first phase. The web portions of the beams were poured one month later; nominal 40 MPa 

concrete was used for the second phase and the slump before the pour was approximately 
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200 mm. To ensure proper consolidation, the concrete was poured only halfway to the 

height of the web portion and then vibrated using an electric vibrator. Following vibration 

of the first lift, the second half of the concrete was poured and vibrated.  

 

The web portion of the T-beams had a height of either 1300 mm or 500 mm to 

accommodate the various embedment lengths. The web width of the T-beams was 200 mm 

and was reinforced with 15M vertical stirrups at a spacing of 90 mm to prevent the 

formation of wide horizontal concrete cracks during testing.  The reinforcing test bars were 

placed near one face of the web of the T-section with a clear cover of 38 mm similar to the 

provisions of the ASTM A944 standard test method for beam-end bond tests (ASTM 

Standard A944, 2010); the eccentric loading creates a slight stress gradient in the web 

similar to a flexural member in bending while the limited cover allows the bond strength 

to be governed by splitting of the concrete cover as is typically the case in beams. The 

reinforcing steel bars were staggered from side to side along the web at a horizontal spacing 

of 300 mm to prevent any interactive effects between consecutive tests (Figure 4.2). The 

orientation and cover of the reinforcing bars were carefully controlled to minimize any 

misalignment or variation in the concrete cover. Bond breakers consisting of PVC tubes 

were used to debond a 50 mm length at the loaded end of each pullout bar (Figure 4.2). 

The bond breakers were added to avoid uncontrolled concrete cracks at the top surface of 

the concrete.  

   

A steel frame was designed to complete the self-reacting test setup. A hydraulic cylinder 

jack was placed on top of the steel frame to apply the load and a steel coupler was used as 
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a gripping device for the steel bars (Figure 4.3). Thirty-two pullout tests from four T-beams 

were conducted after one week of curing. The remaining two beams, which consisted of a 

total of 16 test samples (15M bars), were covered with plastic film and water cured 

continuously for three months prior to testing. The specimen design details and fabrication 

process can be seen in Appendix G. 

4.2.2 Test Matrix 

 

In total, six test beams—four beams for the 15M test rebars and two beams for the 25M 

test rebars—were constructed and each of the beams contained eight samples. The number 

of samples with coating type CCCW C+D were doubled, given that this coating type was 

found to provide the best corrosion protection. 

  

The theoretical development length, ld, of the uncoated steel bars were calculated using the 

Canadian concrete design code CSA A23.3-04  (CSA, 2010) using the following equation: 

 1 2 3 41.15
( ) '

y
d b

cs tr c

fk k k kl A
d k f

=
+

  (4-1) 

where 

  
10.5

tr yt
tr

A f
k

sn
=    

The factors k1 through k4 are used to account for variations in bar location, bar coating 

(epoxy), concrete density and bar size as detailed in Clause 12.2.4 of A23.3-04 (CSA, 

2010). 
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To determine the embedment length, le, the theoretical development length was multiplied 

by 0.3, 0.5, 1.2 and 1.6 giving a total of four embedment lengths for each bar size. These 

lengths were chosen to allow bars with shorter embedment lengths to fail by pullout or 

splitting bond failures, while the longer embedment lengths were expected to fail by steel 

yielding. This approach ensures that the development length of the bars can be interpolated 

from the resulting data points.  The rebar lengths included the embedment length plus 1000 

mm extruding outside the concrete web to accommodate the steel frame, hydraulic jack, 

load cell and rebar anchor. 

  

The test matrix is summarized in Table 4.1 and embedment length values are given in Table 

4.2.  To avoid any influence of the adjacent sample, bars with the shortest embedment 

lengths (i.e. with minimum spread of cracking upon failure) were tested first and the bars 

were arranged to maximize differences in embedment lengths between adjacent bars. For 

the 15M bars, 0.5 ld, 1.6 ld and 0.3 ld, 1.2 ld samples were arranged alternatively into one 

beam (Figure 4.2). In the case of 25M bars, due to having only one beam with the required 

web height of 1300 mm, 1.6 ld and 1.2 ld samples were arranged into one beam.   

Table 4.1 Pull-out Test Matrix 

Bar 
Diameter 

15M 25M 

Coating 
Type 

Control B+C C+D 
(x2) 

Control B+C C+D 
( x2) 

Curing 
Time 

1 week 3 
months 

1 week 3 
month 

1 week 3 
month 

1 week 1 week 1 
week 

Embedded 
Length 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

0.3ld 
0.5ld 
1.2ld 
1.6ld 

* Note Embedment length of some 1.2ld and 1.6ld specimens were changed during the test 
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Table 4.2 Calculated Embedment Length of Pull-out Test (in mm) 

le/ld 0.3 0.5 1.2 1.6 

15M 87 146 349 466 

25M 216 359 862 1150 

 

After the initial series of tests, it was found that the actual pullout strengths of the test specimens 

were higher than expected (i.e. development lengths are smaller than those predicted by code 

equation).  As a result, and in order to be able to obtain a reasonable number of data points 

corresponding to bond failure, the embedment length for several of the untested bars which were 

expected to reach yielding were shortened by coring through the concrete cover and cutting the 

rebar at the desired location (Figure 4.5).  The embedment length of eight specimens from the one-

week test group and eight from the three-month test group were reduced from 1.2 ld or 1.6 ld to 

either 0.3 ld or 0.5 ld. After coring, the actual new embedment length of the bars was measured and 

recorded. The detailed changed embedded length was illustrated in Appendix I. 

4.2.3 Test Setup 

 

Two steel test frames with different heights were designed and fabricated. A hydraulic 

cylinder was mounted on the top of the steel frame to apply the tensile force to the steel. 

The hydraulic cylinder was connected to a hand pump which was used to manually control 

the applied load. A pressure transducer was connected to the side of the hand pump and a 

load cell measured the load applied to the steel rebar. A steel spherical seat was installed 

between the hydraulic cylinder and the steel coupler to minimize any effects of eccentric 

loading. The test setup is shown in Figure 4.3. 
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A calibrated load cell with a capacity of 220 kN was used for the 15M bar tests in addition 

to a pressure transducer which was connected to the hand pump. Due to the limited capacity 

of the load cell, only the pressure transducer was used when testing the 25M bars. The data 

recorded from the pressure transducer and the load cell were in good agreement and only 

the data recorded from the pressure transducer was analyzed to ensure consistency between 

the two bar sizes.  

 

Linear potentiometer displacement transducers (LP) were also used during the tests to measure the 

loaded-end slip of the bars relative to the concrete surface. The LP was clamped to the reinforcing 

bar above the top surface of the web of the T-beam to measure the slippage. A small aluminum 

plate was mounted on the concrete surface with epoxy glue to provide a smooth reference surface 

for the LP.  

A data acquisition system comprised of a desktop computer running StrainSmart software was used 

in this test. The LP, load cell and load transducer were connected to a data collection board 

(VISHAY Model 5100B Scanner) that interfaced directly with the desktop computer.  

4.2.4 Tension Test 

 

Five ancillary 15M bars and four 25M bars were tested in uniaxial tension according to 

ASTM A370 (ASTM Standard, 2014) to get the Young’s modulus, yield stress and 

maximum stress. All of the samples were cut from the pull-out test specimens which had 

the lowest failure loads and hence had only been previously subjected to low tensile 

stresses within the elastic range (less than 50% of the theoretical yield stress). All of the 

samples were cut to a length of 350 mm to accommodate a 200 mm gauge length and 75 

mm grip length on both ends. 
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An MTS hydraulic test frame was used for the tension tests and a one inch (25 mm) MTS 

extensometer was placed in the middle of each sample to measure strain. The tests were 

conducted in displacement control and the displacement speed was 5 mm per minute. All 

of the 15M bars were loaded to fracture. However, due to the grip limitation of the MTS 

frame, only Young’s modulus was evaluated for the 25M bar group since the yield stress 

was not reached.    

 

The detailed test results for the tension tests can be seen in Table 4.3 and a typical stress-

strain curve for a 15M bar is shown in Figure 4.6. The extensometer was removed prior to 

rupturing the bar to avoid damage to the instrumentation, hence the descending branch of 

the stress-strain curve is not shown. The tension test setup and detailed results graphs can 

be seen in Appendix H. 
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Table 4.3 Tension Test Results 

15M  

 Young’s 

Modulus 

(MPa) 

Yield Load 

(kN) 

Yield 

Stress 

(MPa) 

Max Load 

(kN) 

Max Stress 

(MPa) 

#1 188014 90 451 127 636 
#2 192789 90 451 128 640 
#3 202633 85 426 115 573 
#5 198360 100 500 137 686 
#6 186339 90 451 128 639 

Average 193627 91 456 127 635 
Standard 

Deviation 
6145 5 24 7 36 

25M  

#1 197579 - - - - 
#2 190046 - - - - 
#3 204057 - - - - 
#4 187305 - - - - 

Average 194747 - - - - 
Standard 

Deviation 
6561 - - - - 

 

4.2.5 Testing of Pull-out Specimens 

 

The tensile load was applied to the steel rebar gradually and consistently using the hand 

pump, with each test which reached yielding lasting about 20 minutes. Prior to each test, 

plaster was placed under both feet of the steel test frame to ensure a flat bearing surface on 

the concrete and axial loading on the reinforcing steel  

 

Short term tests were conducted after seven days of water curing over a period of six days. The 

average concrete compressive strength of the web was 39 MPa with a standard deviation of 1.3 

MPa. The concrete cylinder compressive test results was illustrated in Appendix J. 
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The 15M control group was tested first to obtain an overview of the tests and give a baseline for 

comparison with the other tests. Following the control group, the coated bar groups with 0.3, 0.5 

and 1.6 ld embedment lengths were tested. The 15M control sample with the shortest embedment 

length (0.3 ld) pulled out at a tensile load close to the design yield strength of the 15M bar (80 kN), 

and the remaining tests in the control group exceeded the yield strength of the bars. Due to this 

unexpected result, and as indicated earlier, all of the samples from the short-term curing group with 

1.2 ld embedment length as well as samples from the long-term curing group with 1.2 ld and 1.6 ld 

embedment length were shortened by coring to give an embedment length of either 0.3 ld or 0.5 ld. 

 

The remaining tests from Phase 1 occurred 21 days after the first group and were completed in one 

day. The average concrete compressive strength in the web portion of the beams was 41 MPa with 

a standard deviation of 1.1 MPa. The total number of tests in the short-term curing group was 32. 

 

The long-term tests were conducted after three months of continuous wet curing. The purpose of 

these tests was to investigate whether the continued hydration reaction would influence the bond 

strength of the coating material, given that fact that this coating has the ability of continuous 

hydration and can propagate into the concrete matrix (Kelso Coatings, 2008b, 2009a).  The average 

compressive strength of the web portion of the beams at the time of testing was 50 MPa and the 

standard deviation was 0.9 MPa. The test procedure was the same as for the short-term tests and 

the tests were completed in two days. 

4.3 Results and Discussion 

 

The information collected during each test include the applied load and slip of the 

reinforcing steel embedded in the concrete. The LP connected directly to the reinforcing 
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bar at the “loaded end” recorded not only the slip of the bar but also the elongation over 

the length from the location of the LP to the top of the embedded portion of the bar. The 

true slip of the bar can be obtained by deducting the elongation using the following 

calculation: 

 
s b

P LTrueSlip LP
E A

 ⋅
= −  ⋅ 

  (4-2) 

Where 

 

LP= Displacement measured by LP 

P= the load at a given time 

L=length from the point of LP to the top of the bonded region  

Es=Young’s modulus of steel taken as the average from the steel tension tests 

Ab=steel bar cross-section area 

 

The test results are summarized in Table 4.4 and Table 4.5 and are shown in Figures 4.7 

through 4.9. The variability of the test results is likely due to variability of the concrete. 

Typical crack patterns at failure are shown in Figures 4.10 through 4.12 and the typical 

surface conditions of the reinforcing steel surface after pull-out failure are shown in Figure 

4.13. The CCCW C+D coating, which is relatively flexible and soft, was highly damaged 

after pull-out and the coating was largely sheared off. Conversely, the CCCW B+C coating 

is more rigid and was less damaged after failure.  

 

Load-slip curves for the short-term tests are shown in Figures 4.14 through 4.19.  The 

curves for the 3-month tests are similar and are not included here.  Slip data from sample 
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25M-Control-1.6ld-1 was invalid because the LP was accidently displaced during the test; 

hence the load-slip curve for this specimen is not shown. 
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Table 4.4 Pull-out Test Results (Short-term) 

 Specimen Name Yield Load 
(KN) 

Yield Stress 
(MPa) 

Max Load 
(KN) 

Max Stress 
(MPa) 

 
 

 
 

15M 
 
 
 
 
 
 
 
 
 
 

Control-0.3ld-1 - - 82 411 

Control-1.2(0.3)ld-1 - - 80 400 

Control-0.5ld-1 84 420 108 539 

Control-1.6ld-1 101 503 130 649 

B+C-0.3ld-2 - - 51 254 
B+C-1.2(0.3)ld-2 - - 54 269 

B+C-0.5ld-1 - - 77 387 
B+C-1.6ld-1 82 410 116 580 

C+D-1.2(0.3)-2 - - 29 144 
C+D-0.3ld-2 - - 10 50 
C+D-0.3ld-4 - - 15 73 

C+D-1.2(0.5)ld-1 - - 50 250 
C+D-0.5ld-3 - - 38 192 
C+D-0.5ld-1 - - 35 177 
C+D-1.6ld-2 86 429 112 562 

C+D-1.6ld-1 85 426 109 545 
 
 
 
 

25M 
 
 

 

Control-0.3ld-1 - - 203 406 
Contro1.2(0.3)ld-1 - - 199 399 

Control-0.5ld-1 213 425 241 483 
Control-1.6ld-1 - - 370 740 

B+C-1.2(0.3)ld-1 - - 175 350 
B+C-0.3ld-1 - - 175 350 
B+C-0.5ld-1 - - 203 406 
B+C-1.6ld-1 227 454 282 564 
C+D-0.3ld-2 - - 98  195 
C+D-0.3ld-1 - - 85 170 

C+D-1.2(0.3)ld-1 - - 82 164 
C+D-0.5ld-1 - - 137 274 
C+D-0.5ld-2 - - 156 312 

C+D1.2(0.5)ld-2 - - 144  288 
C+D-1.6ld-1 230 460 294. 589 
C+D-1.6ld-2 228 457 285 571 

NOTE: The value in the brackets indicates the embedment length after coring. 
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Table 4.5 Pull-out Test Results (long-term) 

 Specimen Name Yield Load 
(KN) 

Yield Stress 
(MPa) 

Max Load 
(KN) 

Max Stress 
(MPa) 

 
 
 
 
 
 

 

15M 
  
  
  
  

Control-0.3-2 93 466 100 501 
Control-1.2(0.3)-2 89 447 97 487 

Control-0.5-2 93 466.4 106 531 

Control-1.6(0.5)-2 84 421 114 572 

B+C-0.3-1 - - 75 376 

B+C-1.2(0.3)-1 - - 57 285 

B+C-0.5-2 - - 88 440 

B+C-1.6(0.5)-2 - - 66 329 

C+D-0.3-3 - - 20 100 

C+D-0.3-1 - - 27 136 

C+D-1.2(0.3)-3 - - 47 233 

C+D-1.2(0.3)-4 - - 29 146 

C+D-0.5-2 - - 28 140 

C+D-0.5-4 - - 37 186 

C+D-1.6(0.5)-3 - - 73 367 

C+D-1.6(0.5)-4 - - 60 298 

 

4.3.1 Control Group 

 

Both the 15M and 25M short-term control (uncoated) groups with the same le/ld ratios 

performed in a similar manner. Most of the 25M control group samples with 0.3 ld 

embedment length had a sudden block pullout failure mode with large visible cracks and a 

conical section of the concrete cover which broke off with the bar. The bars in the 15M 

control group with an embedment length of 0.3 ld failed in a splitting failure mode with one 
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longitudinal concrete crack along the bar location and one horizontal crack at the bottom 

of the embedded bar (Figure 4.10).  

 

As the embedment length increased, the crack widths at failure decreased and the failure 

mode changed from pull-out failure to splitting failure or steel yielding. The samples with 

the shortest embedment lengths (0.3 ld) all failed before yielding and samples with longer 

embedment lengths all reached the yield stress. Moreover, the load-slip curves indicate that 

no slip occurred until the load reached approximately 40 kN (200 MPa) for 15M bars and 

150 kN (300 MPa) for 25M bars (Figures 4.14 and 4.17).  

 

Given the increase in concrete compressive strength in the long-term group, all of the 

control samples reached yielding. The typical long-term failure modes ware similar to the 

short-term tests. 

4.3.2 CCCW Coating Type C+D 

 

The short-term CCCW coating type C+D test group with the shortest embedment length 

(0.3 ld) shows a relatively high scatter in the observed failure loads (Figure 4.7). The 15M 

reinforcing bars at this embedment length pulled out at a low load and with no visible crack 

(Figure 4.11). Moreover, slip also initiated at very low loads. The peak bond stress typically 

occurred when the slip reached values between 2-4 mm which is higher than the other 

groups (Figure 4.15).  

 

Unlike the 15M bars, all of the bond-slip curves from the 25M bar group show a clearly 

defined peak load and descending branch (Figure 18). The load reached about 90 kN (180 
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MPa) prior to slip initiation for the groups with an embedment length of at least 50% of ld. 

Both the 15M and 25M bars with 1.6 ld embedment length reached yielding. The 25M bars 

with shorter embedment lengths failed by pullout either by shearing off the coating or by 

splitting failure (Figure 4.11). 

 

In the long-term group, the maximum load reached in the test also shows a high variability. 

The maximum loads reached were about 45 kN (225 MPa) and 70 kN (350 MPa) for 0.3 ld 

and 0.5 ld embedment lengths, respectively (Figure 4.8). 

4.3.3 CCCW Coating Type B+C 

 

The test group with CCCW coating type B+C showed a slight reduction in bond strength 

compared with the uncoated control group. Compared with CCCW coating type C+D, the 

CCCW coating type B+C coating is slightly less effective for corrosion protection, but its 

increased rigidity appears to have resulted in improved bond performance. This test group 

also showed less scatter than the C+D group. As the embedment length increased, the 

failure mode changed from block pull-out failure with large visible cracks to splitting 

failure or yielding of the steel (Figure 4.12). The slip values corresponding to the peak 

stress are also smaller than those for bars coated with CCCW coating type C+D (Figures 

4.16 and 4.19).  

 

Increased scatter in the test results was observed for the long-term test group, and no clear 

evidence of a change in bond behavior over time was observed.   
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4.3.4 Analysis of Bond Factor for Design 

 

Figures 4.7 to 4.9 show the regression analysis results of the long-term and short-term tests 

with different coating types. The square root of the concrete compressive strength was used 

to normalize the test results (ACI 408R-03, 2003) in Figure 4.9. The test results exhibit a 

relatively large scatter. This may be partially attributable to the inherent variability of the 

bond strength between reinforcing steel and the surrounding concrete, due to a number of 

factors (ACI 408R-03, 2003). Variation in the coating thickness and composition are also 

likely contributing factors; the use of an automated coating process may reduce this 

variability for commercial applications. 

 

Previous research suggests that the relationship between bond strength and embedment 

length is approximately linear, particularly for smaller bars (Mathey & Watstein, 1961). 

Hence, a linear relationship was assumed in the regression analysis and the least squares 

method was used to obtain the equation of the regression line. 

 

The analysis results show that the development length of the control (uncoated) bars was 

much less than the theoretical development length calculated using the Canadian concrete 

design code. The development lengths of the uncoated bars were approximately 35% and 

40% of the design development length for 15M and 25M bars, respectively (Table 4.6).  

 

The bars coated with CCCW coating type C+D had the lowest bond strength at all 

embedment lengths. The experimental development length of 15M bars coated with 

CCCW coating type C+D was approximately 120% of the design development length. The 
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25M bars with CCCW coating type C+D showed a better performance, as the experimental 

development length was about 80% of the theoretical development length. The CCCW 

coating type B+C performed considerably better with an experimental development length 

between 45 and 60% of the design value. 

 

To compare the long-term and short-term regression analysis results, and given the change 

in concrete strength over time, the bond strengths were normalized by dividing failure loads 

by the square root of the concrete compressive strength. It can be seen from Figure 9 that 

the results from the control group and the group coated with CCCW coating type C+D 

matched each other after normalization, suggesting that the higher bond strengths measured 

after three months were simply a result of the increase in concrete strength with time. The 

average normalized strengths of the CCCW coating type B+C group had a relatively larger 

difference, although this is likely a result of the high scatter in the experimental results. 

Moreover, the test results did not indicate that the bond strength of bars coated with CCCW 

coating type B+C increased after three months of water curing beyond that expected from 

the increased concrete strength.  

 

Based on the previous analysis, the bond factors—the ratio between the experimental 

development length of the coated bars compared to the uncoated bars—for the reinforcing 

bars coated with CCCW coating types B+C and C+D are summarized in Table 4.6. The 

variation of the calculated bond factors between 15M and 25M bars is likely partially 

attributable to the smaller cover-to-diameter ratio of the 25M bars, as well as the larger 

volume-to-surface area ratio. Thus, according to the calculated values, a bond factor of 2.0 
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is recommended for the 15M reinforcing steel coated with CCCW coating type B+C for 

design purposes and 1.2 for the 25M steel coated with CCCW coating B+C. These values 

are in the same range as the bond factors for epoxy-coated steel reinforcement (CSA, 2010; 

Treece & Jirsa, 1990).  For CCCW coating type C+D, a bond factor of 3.5 is suggested for 

15M reinforcing steel and a bond factor of 2.0 is suggested for 25M bars. Note that these 

factors are relative to the experimental results of the uncoated control group and not the 

design values.  Given the high conservatism inherent in the design equation, using a bond 

factor of 1.0 would still allow the bars to develop their yield strength in most applications.  

In cases where the required development length is unattainable, hooks, bends or other 

anchorage methods may be used. 

Table 4.6 Calculated bond factor of CN2000 B+C and CN2000 C+D 

Coating Type Average Ratio of Experimental to 
Theoretical Development Length 

Calculated Bond Factor 

 15M (short-
term) 

15M (long-
term) 

25M 15M (short-
term) 

15M (long-
term) 

25M 

Plain Bar 34% 31% 40% - - - 

CN2000 B+C 54% 60 % 47% 1.6 2.0 1.2 

CN2000 C+D 120 % 105% 77% 3.5 3.5 2.0 

4.4 Summary 

 

The bond strength and development length of steel reinforcing bars coated with 

cementitious capillary crystalline waterproofing materials were evaluated using a modified 

pull-out test method. The coatings possess self-healing capabilities and are characterized 

by a novel eka-molecular sieve type structure to prevent moisture penetration. Following a 

study on corrosion protection, in which the coating showed a great promise, it was decided 
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to investigate the effect of the coating on bond strength.  A self-reacting inverted T-shaped 

beam was designed to simulate the stress conditions of flexural structural members. Six T-

beams were fabricated, each of which contained eight rebar test samples. Tests were 

conducted at approximately seven days and at three months after casting to investigate 

curing effect on bond. Although the bond strength of the coated samples were reduced 

compared with the uncoated bars, theoretical development lengths obtained from current 

concrete design code equations were sufficient to reach the yield strength of the bars.  
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Figure 4.1 Average half-cell potential indicating time to corrosion activity for coated 

reinforcing bars 

 

Figure 4.2 Specimen Design 
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Figure 4.3 Test Setup 

 

Figure 4.4 Bar Coating: a) C+D coating, b) B+C coating 
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Figure 4.5 Coring process: a) coring setup, b) after coring, c) side view of core sample, d) 

top view of core sample 

 

Figure 4.6 Typical stress-strain curve for 15M bar 

 

 

 

 

 

 

 

0

100

200

300

400

500

600

700

0 0.01 0.02 0.03 0.04 0.05

St
re

ss
 (M

Pa
)

Strain (mm/mm)

86 
 



 

 

Figure 4.7 Short-term test results: a) 15M Bars, b) 25M Bars 

 

 

 

Figure 4.8 Long-term test results 
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Figure 4.9 Normalized test results 

 

Figure 4.10 Typical Failure Mode of Control Group: a) 15M 0.3ld, b) 15M 0.5ld, c) 25M 

0.3ld, d) 25M 1.6ld 
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Figure 4.11 Typical Failure Mode of C+D Group: a) 15M 0.3ld, b) 15M 0.5ld, c) 15M 1.6ld, d) 

25M 0.3ld, e) 25M 0.5ld, f) 25M 1.6ld 

 

 

Figure 4.12 Typical Failure Mode of B+C Group: a) 15M 0.3ld, b) 15M 0.5ld, c) 15M 1.6ld, d) 

25M 0.3ld, e) 25M 0.5ld, f) 25M 1.6ld 
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Figure 4.13 Surface Condition of Reinforcing Steel after Failure: a) 15M uncoated, b) 15M 

C+D coating, c) 15M B+C coating, d) 25M B+C coating 

 

 

Figure 4.14 Short-term 15M Control Group Load-Slip Curves 
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Figure 4.15 Short-term 15M CCCW Coating Type C+D Load-Slip Curves 

 

Figure 4.16 Short-term 15M CCCW Coating Type B+C Load-Slip Curves 

 

Figure 4.17 Short-term 25M Control Group Load-Slip Curves 
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Figure 4.18 Short-term 25M CCCW Coating Type C+D Load-Slip Curves 

 

 

Figure 4.19 Short-term 25M CCCW Coating Type B+C Load-Slip Curves 
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Chapter 5 

Conclusions  

5.1 Conclusions of Half-cell Potential Tests 

 

The corrosion resistance of steel reinforcing bars with CCCW coatings were evaluated 

using the half-cell potential measurement method and by visual inspection.  The steel bars 

were embedded in mortar cylinders and immersed in a concentrated chloride solution to 

accelerate the corrosion process.   

 

The following specific conclusions can be drawn from the results of this study: 

• Mortar quality has a significant effect on corrosion prevention.  Increasing the 

mortar W/C ratio from 0.5 to 0.7 resulted in a noticeable decrease in the time to 

corrosion activity. 

• CCCW coating C+D demonstrated the best resistance to corrosion of the various 

reinforcing bar coating types considered. The average HCP value for the test group 

with CCCW-C+D material applied on the 35M bar surface with a W/C ratio of 0.5 

showed a stable trend and did not descend beyond the uncertain range (-106 mV to 

-256 mV). For the remaining groups, the CCCW-C+D coating delayed the onset of 

corrosion by approximately 2 to 4 months compared with the corresponding control 

groups. No significant advantage was observed for bars coated with two layers 

rather than one.  

• Compared with the control groups, bars coated with CCCW-B+C with a W/C ratio 

of 0.5 demonstrated better corrosion resistance during the early stage of the test and 
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HCP values stabilized at a higher level (-450 mV) at the end of the test. HCP values 

for the test group with a W/C ratio of 0.7 stabilized in the uncertain range for the 

first 2 months before dropping to a similar level as the control group (-550 mV).  

• Bars coated with CCCW-B generally performed similarly or only slightly better 

than the control group. The average HCP value for bars embedded in mortar having 

a W/C ratio of 0.5 stabilized within the non-active range for the first 5 months, but 

dropped dramatically nearly midway through the one year test. The average HCP 

value for the test group with a W/C ratio of 0.7 remained within the non-active 

range for only the first 2 months before dropping sharply to -500 mV. Had the 

coating cured properly without being damaged, it is likely that the observed 

performance of the CCCW-B coating would have improved. 

• All of the cylinder surface-coated groups essentially prevented all corrosion for the 

duration of test. All of the groups maintained a very high HCP level and showed a 

stable trend. Only one sample from these groups had an HCP value that descended 

into the active range towards the end of the one year test.  This demonstrates the 

excellent performance of the CCCW coatings for repairing and waterproofing 

existing concrete structures. 
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5.2 Conclusion of Pull-out Tests 

 

An experimental study investigated the short-term and long-term bond strength of steel 

reinforcing bars coated with CCCW coating types B+C and C+D. A modified pull-out 

test method was applied in this study. The samples were embedded into the web portion 

of a self-reacting inverted T-shape concrete beam to avoid compression on the 

surrounding concrete during pull-out. The following conclusions can be drawn from the 

pull-out test results: 

 The development length of the reinforcing steel without any coating was significantly 

less than the calculated design development length, by 65% and 60% for the 15M and 

25M bars, respectively.  

 Reinforcing bars coated with CCCW coating type B+C and those coated with CCCW 

coating type C+D showed lower bond strength than uncoated bars, as their development 

lengths were generally longer by 17% to 250% than the uncoated bars. However, these 

longer development lengths are still generally less than those predicted by code 

equations. 

 Reinforcing bars coated with CCCW coating type B+C demonstrated better bond 

strength compared with bars coated with CCCW coating type C+D. This was evident 

by smaller slip and shorter development lengths compared to CCCW coating type C+D. 

 The experimental bond factor of the 15M bars coated with CCCW coating type B+C 

was 2.0. The 25M bars coated with CCCW coating type B+C showed a relatively higher 

bond strength and their calculated bond factor was 1.2.  These values are in the same 

range as those for epoxy-coated steel reinforcement. 

 There was no clear evidence to show that the bond strength was increased after three 
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months of continuous curing due to improved performance or hydration of the coating. 

Rather, the better bond was shown to be a result of the increased strength of the concrete 

itself. 

 The bond strength of bars coated with CCCW coating type C+D obtained from the pull-

out tests was lower than the other test groups. Most of the specimens in the bond tests 

failed by pull-out without visible cracks. Moreover, there was a relatively larger slip 

which occurred at the peak load. The calculated bond factor of the 15M bars was 3.5, 

compared to 2.0 for the 25M bars. 
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Appendix A 

Corrosion Test Specimen Labeling 

15M Bars 

1-2--3--4----5----6 

B-1-B-0.5-15M-4 

1 – B = Bar Coated, C = Cylinder Coated 

2 – Number of layers of particular coating (1 or 2) 

3 – Coating Type (B, B+C, C+D) 

4 – Water-to-cement ratio used in grout 

5 – Bar size 

6 – Specimen Number in Series 

 

35M Bars 

1- 2-3--4-----5---6--7 

B-1-B-0.5-15M-W-4 

1 – B = Bar Coated, C = Cylinder Coated 

2 – Number of layers of particular coating (1 or 2) 

3 – Coating Type (B, B+C, C+D) 

4 – Water-to-cement ratio used in grout (0.5 or 0.7) 

5 – Bar size 

6 – Original Labeling on Bar (L35, W, or GG) 

7 – Specimen Number in Series 
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Appendix B 

Pull-out Test Specimen Labeling 

15M Bars 

1--------2----3(4) ----5 

15M-B+C-1.2(0.3)-1 

1 –Bar size  

2 –Coating Type (Control, B+C, C+D) 

3 –Embedded length/ Development Length (CSA Code) 

4 – Changed Length 

5 –Specimen Number in Series 

 

25M Bars 

1- 2-3--4-----5---6--7 

B-1-B-0.5-15M-W-4 

1 – B = Bar Coated, C = Cylinder Coated 

2 – Number of layers of particular coating (1 or 2) 

3 – Coating Type (B, B+C, C+D) 

4 – Water-to-cement ratio used in grout (0.5 or 0.7) 

5 – Bar size 

6 – Original Labeling on Bar (L35, W, or GG) 

7 – Specimen Number in Series 
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Appendix C 

Measured Thickness of Coatings for Corrosion Tests 

  

Specimen Name 

Diameter (mm)     

Top Middle Average Total 
Average 

Average Coating 
Thickness 

B-1-B-0.5-15M-1 16.00 16.00 16.0 

16.2 0.1 

B-1-B-0.5-15M-2 16.05 16.26 16.2 

B-1-B-0.5-15M-3 16.36 16.13 16.2 

B-1-B-0.5-15M-4 15.9 16.67 16.3 

B-1-B-0.5-15M-5 16.69 15.88 16.3 

B-1-B-0.7-15M-1 17.21 16.68 16.9 

16.7 0.3 

B-1-B-0.7-15M-2 16.66 15.95 16.3 

B-1-B-0.7-15M-3 16.66 16.3 16.5 

B-1-B-0.7-15M-4 16.71 16.67 16.7 

B-1-B-0.7-15M-5 16.9 17.08 17.0 

B-1-C+D-0.5-15M-1 16.85 16.52 16.7 

16.6 0.3 

B-1-C+D-0.5-15M-2 16.65 16.61 16.6 

B-1-C+D-0.5-15M-3 16.37 16.05 16.2 

B-1-C+D-0.5-15M-4 17.22 16.10 16.7 

B-1-C+D-0.5-15M-5 16.80 16.54 16.7 

B-1-C+D-0.7-15M-1 17.03 18.63 17.8 

17.0 0.5 

B-1-C+D-0.7-15M-2 16.57 16.74 16.7 

B-1-C+D-0.7-15M-3 16.8 16.93 16.9 

B-1-C+D-0.7-15M-4 17.16 17.01 17.1 

B-1-C+D-0.7-15M-5 16.36 16.51 16.4 

B-2-C+D-0.5-15M-1 15.67 15.99 15.8 

15.8 0 

B-2-C+D-0.5-15M-2 15.49 15.87 15.7 

B-2-C+D-0.5-15M-3 16.52 15.86 16.2 

B-2-C+D-0.5-15M-4 15.73 15.85 15.8 

B-2-C+D-0.5-15M-5 15.54 15.61 15.6 
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Specimen Name 

Diameter (mm)     

Top Middle Average Total 
Average 

Average Coating 
Thickness 

B-2-C+D-0.7-15M-1 17.26 15.88 16.6 

16.5 0.3 

B-2-C+D-0.7-15M-2 16.8 15.68 16.2 

B-2-C+D-0.7-15M-3 16.96 16.47 16.7 

B-2-C+D-0.7-15M-4 17.41 16.27 16.8 

B-2-C+D-0.7-15M-5 16.78 15.51 16.1 

B-1-B+C-0.5-15M-1 16.89 16.47 16.7 

16.6 0.3 

B-1-B+C-0.5-15M-2 16.53 16.87 16.7 

B-1-B+C-0.5-15M-3 16.89 16.07 16.5 

B-1-B+C-0.5-15M-4 16.46 16.08 16.3 

B-1-B+C-0.5-15M-5 17.29 16.29 16.8 

B-1-B+C-0.7-15M-1 17.24 16.86 17.1 

16.8 0.4 

B-1-B+C-0.7-15M-2 16.84 16.65 16.7 

B-1-B+C-0.7-15M-3 16.49 16.41 16.5 

B-1-B+C-0.7-15M-4 17.03 16.11 16.6 

B-1-B+C-0.7-15M-5 17.42 17.22 17.3 

B-1-B-0.5-35M-GG-1 34.86 35.30 35.1 

35.2 0 

B-1-B-0.5-35M-GG-2 35.22 35.33 35.3 

B-1-B-0.5-35M-L35-1 35.16 35.13 35.1 

B-1-B-0.5-35M-L35-2 35.17 35.40 35.3 

B-1-B-0.5-35M-W-1 35.02 35.06 35.0 

B-1-B-0.5-35M-W-2 35.15 35.06 35.1 

B-1-B-0.7-35M-GG-1 34.67 34.68 34.7 

35.1 0 

B-1-B-0.7-35M-W-1 35.02 35.44 35.2 

B-1-B-0.7-35M-W-2 35.02 35.48 35.3 

B-1-B-0.7-35M-W-3 35.71 35.03 35.4 

B-1-B-0.7-35M-L35-1 35.29 35.1 35.2 

B-1-B-0.7-35M-L35-2 35.83 34.52 35.2 
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Specimen Name 

Diameter (mm)     

Top Middle Average Total 
Average 

Average Coating 
Thickness 

B-1-C+D-0.5-35M-L35-1 36.75 37.08 36.9 

36.9 0.6 

B-1-C+D-0.5-35M-L35-2 36.61 37.39 37.0 

B-1-C+D-0.5-35M-GG-1 37.6 37.24 37.4 

B-1-C+D-0.5-35M-GG-2 35.86 36.99 36.4 

B-1-C+D-0.5-35M-W-1 37.20 36.40 36.8 

B-1-C+D-0.5-35M-W-2 36.08 37.27 36.7 

B-1-C+D-0.7-35M-L35-1 36.62 36.82 36.7 

37.1 0.7 

B-1-C+D-0.7-35M-L35-2 36.67 36.98 36.8 

B-1-C+D-0.7-35M-L35-3 37.47 37.27 37.4 

B-1-C+D-0.7-35M-W-1 36.88 37.31 37.1 

B-1-C+D-0.7-35M-W-2 36.87 37.61 37.2 

B-1-C+D-0.7-35M-GG-1 36.9 37.2 37.1 

NOTE: The coating thickness was not actually zero; this was calculated assuming a nominal 
value for the bar diameter. The actual diameter before coating was not measured. 
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Appendix D 

Measured Thickness of Coatings for Pull-Out Tests 

Specimen Name 
Diameter ( mm )  

Top Middle Average Total 
Average 

Average Coating 
Thickness 

15M-B+C-0.3-1 15.26 16.85 16.06  
15.86  0  

15M-B+C-0.3-2 15.12 16.22 15.67  

15M-B+C-0.5-1 15.19 16.86 16.03  
16.04  0.04  

15M-B+C-0.5-2 15.29 16.81 16.05  

15M-B+C-1.2-1 15.89 16.76 16.33  
16.29  0.29  

15M-B+C-1.2(0.3)-2 15.25 17.24 16.25  

15M-B+C-1.6-1 15.35 16.68 16.02  
15.95  0  

15M-B+C-1.6-2 15.09 16.67 15.88  

25M-B+C-0.3-1 26.23 27.91 27.07  
26.56  1.36  

25M-B+C-0.5-1 24.8 27.31 26.06  

25M-B+C-1.2(0.3)-1 24.74 27.14 25.94  
26.01  0.81  

25M-B+C-1.6-1 24.25 27.91 26.08  

15M-C+D-0.3-1 17.28 17.86 17.57  

17.64  1.64  
15M-C+D-0.3-2 16.92 18.16 17.54  

15M-C+D-0.3-3 18.14 18.39 18.27  

15M-C+D-0.3-4 16.38 17.96 17.17  

15M-C+D-0.5-1 17.06 18.15 17.61  

17.50  1.50  
15M-C+D-0.5-2 16.96 18.75 17.86  

15M-C+D-0.5-3 17.17 17.67 17.42  

15M-C+D-0.5-4 16.5 17.74 17.12 
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Specimen Name 
Diameter ( mm )  

Top Middle Average Total 
Average 

Average Coating 
Thickness 

15M-C+D-1.2(0.5)-1 16.65 17.92 17.29  

17.36  1.36  
15M-C+D-1.2(0.3)-2 16.5 18.02 17.26  

15M-C+D-1.2-3 16.32 17.9 17.11  

15M-C+D-1.2-4 17.24 18.34 17.79  

15M-C+D-1.5-1 16.08 17.6 16.84  

16.97  0.97  
15M-C+D-1.5-2 16.06 17.37 16.72  

15M-C+D-1.5-3 16.29 17.87 17.08  

15M-C+D-1.5-4 16.45 18.04 17.25  

25M-C+D-0.3-1 26.06 27.9 26.98  
27.17  1.97  

25M-C+D-0.3-2 25.89 28.81 27.35  

25M-C+D-0.5-1 26.52 28.26 27.39  
27.26  2.06  

25M-C+D-0.5-2 26.35 27.91 27.13  

25M-C+D-1.2(0.3)-1 25.48 28.9 27.19  
27.11  1.91  

25M-C+D-1.2(0.5)-2 25.32 28.72 27.02  

25M-C+D-1.6-1 25.92 29.07 27.50  
27.26  2.06  

25M-C+D-1.6-2 25.32 28.72 27.02  

NOTE: The coating thickness was not actually zero; this was calculated assuming a nominal 

value for the bar diameter. The actual diameter before coating was not measured. 
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Appendix E 

Corrosion Test Detail Plan Draft 

Test Tub A 

 
 

Test Tub B  

 
 

 

 

 

 

 

Tub Side View 
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Appendix F 

Detailed Visual Inspection of Corrosion Resistance Test Samples  

 

 

Reinforcing bars coated with CN2000 B before embedded into the concrete 

 

Reinforcing bars coated with CN2000 B+C/C+D before embedded into the concrete 
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Visual Inspection of Control Groups 

 

Visual Inspection of Concrete Coated Groups 
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Visual Inspection of CN2000 B 

 

Visual Inspection of CN2000 C+D (15M) 
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Visual Inspection of CN2000 C+D (35M) 
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Appendix G 

Pull-out Test Specimen Design Draft and Fabrication Process 

Pull-out Test Design Draft 
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Specimen Fabrication Process 
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Appendix H 

Steel Tension Test Results 

 
Tension Test Samples and Setup 
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NOTE: This curve only shows up to the point when the extensometers were removed 
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Appendix I 

Changed Embedded Length Details 

 Specimen 
Changed 

Embedded Length 

Measured Embedded 

Length (mm) 

One-month Test 

Group 

25M-C+D-1.2-1 0.3 ld 219 

25M-C+D-1.2-2 0.5 ld 364 

25M-B+C-1.2-1 0.3 ld 213 

25M-Control-1.2-1 0.3 ld 217 

15M-C+D-1.2-1 0.5 ld 150 

15M-C+D-1.2-2 0.3 ld 95 

15M-B+C-1.2-2 0.3 ld 70 

15M-Control-1.2-1 0.3 ld 90 

Three-month Test 

Group 

15M-C+D-1.6-4 0.5ld 160 

15M-C+D-1.6-3 0.5ld 150 

15M-C+D-1.2-3 0.3ld 95 

15M-C+D-1.2-4 0.3ld 96 

15M-B+C-1.2-1 0.3ld 98 

15M-B+C-1.6-2 0.5ld 150 

15M-Control-1.2-2 0.3ld 98 

15M-control-1.6-2 0.5ld 154 
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Appendix J 

Concrete Cylinders Compressive Strength 

Cylinder Compressive Stress (Mpa) Test Date 

Web #1 39.0 Phase 1 Start 

(7/19/2014) Web #2 39.2 

Web #3 38.6 

Average 38.9 

Standard Deviation 0.3 

Base #1 33.2 

Base #2 26.4 

Base #3 28.55 

Average 29.38 

Standard Deviation 3.5  

Web #4 38.35 Phase 1 Over 

(7/22/2014) Web #5 37.65 

Web #6 40.16 

Average 38.72 

Standard Deviation 1.3  

Web #7 40.65 Phase 2 (7/30/2014) 

Web #8 42.2 

Average 41.4 

Standard Deviation 1.1  

Web #9 50.45 Phase 3 (10/23/2014) 

Web #10 49.12 

Average 49.78 

Standard Deviation 0.9  
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Appendix K 

Detailed Failure Modes, Yield Load and Maximum Load of Pull-out 

Test 

Short-term Test 

` Specimen Name Yield Load 
(KN) 

Max Load 
(KN) 

Failure Mode 

 

 

 

 

15M 

 

 

 

 

 

 

 

 

 

 

Control-0.3ld-1 - 82.19 Splitting with 2 main cracks 

Control-1.2(0.3)ld-1 - 79.98 pull-out with small cracks 

Control-0.5ld-1 83.99 107.70 Yield with 2 main cracks 

Control-1.6ld-1 100.53 129.70 Yield with no visible crack 

B+C-0.3ld-2 - 50.88 pull-out with big cracks 

B+C-1.2(0.3)ld-2 - 53.85 pull-out with big cracks 

B+C-0.5ld-1 - 77.39 pull-out with big cracks 

B+C-1.6ld-1 82.07 116.04 Yield with no visible crack 

C+D-1.2(0.3)-2 - 28.79 pull-out with no visible crack 

C+D-0.3ld-2 - 10.00 pull-out with no visible crack 

C+D-0.3ld-4 - 14.54 pull-out with no visible crack 

C+D-1.2(0.5)ld-1 - 49.91 pull-out with no visible crack 

C+D-0.5ld-3 - 38.34 pull-out with no visible crack 

C+D-0.5ld-1 - 35.31 pull-out with no visible crack 

C+D-1.6ld-2 85.75 112.35 Yield with no visible crack 

C+D-1.6ld-1 85.24 109.02 Yield with no visible crack 

 

 

 

Control-0.3ld-1 - 202.73 pull-out with big cracks 

Contro1.2(0.3)ld-1 - 199.24 pull-out with big cracks 

Control-0.5ld-1 212.68 241.27 Yield with big cracks 
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25M 

 

 

 

Control-1.6ld-1* - 369.82 Splitting with small cracks 

B+C-1.2(0.3)ld-1 - 175.09 pull-out with big cracks 

B+C-0.3ld-1 - 175.09 pull-out with big cracks 

B+C-0.5ld-1 - 202.83 pull-out with big cracks 

B+C-1.6ld-1 226.77 282.14 yield with 1 main longitudinal 
rack 

C+D-0.3ld-2 - 97.45  pull-out with big cracks 

C+D-0.3ld-1 - 84.77  Splitting with 2 main cracks 

C+D-1.2(0.3)ld-1 - 82.14  Splitting with big cracks 

C+D-0.5ld-1 - 136.85  Splitting with 1 main 
longitudinal crack 

C+D-0.5ld-2 - 156.20  Splitting with big cracks 

C+D1.2(0.5)ld-2 - 144.08   Splitting with big cracks 

C+D-1.6ld-1 230.09 294.32  Yield with no visible crack 

C+D-1.6ld-2 228.30 285.43 Yield with no visible crack 
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Long-term Test 

 Specimen Name Yield Load 
(KN) 

Max Load 
(KN) 

Failure Mode 

 
 
 
 
 
15M 
 
 
 
 
 

 

 

 

15M 
  
  
  
  
  
  
  
  
  

Control-0.3-2-3months 93.15 100.23 Yield with big cracks 

Control-1.2(0.3)-2-3months 89.34 97.3504 Yield with big cracks 

Control-0.5-2-3months 93.28 106.14 Yield with no visible 
cracks 

Control-1.6(0.5)-2-3months 84.24 114.32 Yield with no visible 
crack 

B+C-0.3-1-3months  75.27 Pull-out with big cracks 

B+C-1.2(0.3)-1-3months  57.08 Pull-out with big cracks 

B+C-0.5-2-3months  87.95 Yield with big cracks 

B+C-1.6(0.5)-2-3months  65.77 Splitting 

C+D-0.3-3-3months  20.05 Pull-out with no visible 
cracks 

C+D-0.3-1-3months  27.12 Pull-out with no visible 
cracks 

C+D-1.2(0.3)-3-3months  46.52 Pull-out with no visible 
cracks 

C+D-1.2(0.3)-4-3months  29.09 Pull-out with no visible 
cracks 

C+D-0.5-2-3months  28.03 Pull-out with no visible 
cracks 

C+D-0.5-4-3months  37.28 Pull-out with no visible 
cracks 

C+D-1.6(0.5)-3-3months  73.40 Pull-out with no visible 
cracks 

C+D-1.6(0.5)-4-3months  59.51 Pull-out with no visible 
cracks 

 

 

 

 

 

 

 

127 
 


	Chapter 1  Introduction
	1.1 Background
	1.2 CN2000 (CCCW) Waterproofing Material
	1.3 Research Significance
	1.4 Research Objectives
	1.5 Outline of the Thesis

	Chapter 2   Literature Review
	2.1 Introduction
	2.2 Review of Corrosion
	2.2.1 Corrosion Mechanism
	2.2.2 Reference Electrodes

	2.3 Corrosion of Steel in Concrete
	2.3.1 Chloride Attack
	2.3.2 Carbonation

	2.4 Corrosion Monitoring Techniques
	2.4.1 Half-cell potential Measurement
	2.4.2 Linear Polarization

	2.5 Review of Bond
	2.5.1 Bond Mechanism
	2.5.2 Failure Progress
	2.5.3 Influence Factors

	2.6 Bond Strength Testing Methods
	2.6.1 Pull-out Test
	2.6.2 Beam-end Test

	2.7 Epoxy-Coated Reinforcement

	Chapter 3  CORROSION RESISTANCE OF STEEL REINFORCEMENT WITH CEMENTITIOUS COATINGS0F
	3.1 Introduction
	3.2 Experimental Program
	3.2.1 Specimen Design and Fabrication
	3.2.2 Test Setup

	3.3 Experimental Results and Discussion
	3.3.1 Control Group
	3.3.2 Coating Type CCCW-B
	3.3.3 Coating Type CCCW-C+D
	3.3.4 Coating Type CCCW-B+C
	3.3.5 Coated Cylinders
	3.3.6 Plain Bar
	3.3.7 Average Time to Corrosion Activity
	3.3.8 Visual Inspection

	3.4 Discussion
	3.5 Summary

	Chapter 4  DEVELOPMENT LENGTH OF STEEL REINFORCEMENT WITH CORROSION PROTECTION CEMENTITIOUS COATINGS1F
	4.1 Introduction
	4.2 Experimental Program
	4.2.1 Specimen Design and Fabrication
	4.2.2 Test Matrix
	4.2.3 Test Setup
	4.2.4 Tension Test
	4.2.5 Testing of Pull-out Specimens

	4.3 Results and Discussion
	4.3.1 Control Group
	4.3.2 CCCW Coating Type C+D
	4.3.3 CCCW Coating Type B+C
	4.3.4 Analysis of Bond Factor for Design

	4.4 Summary

	Chapter 5  Conclusions
	5.1 Conclusions of Half-cell Potential Tests
	5.2 Conclusion of Pull-out Tests

	Appendix A  Corrosion Test Specimen Labeling
	Appendix B  Pull-out Test Specimen Labeling
	Appendix C  Measured Thickness of Coatings for Corrosion Tests
	Appendix D  Measured Thickness of Coatings for Pull-Out Tests
	Appendix E  Corrosion Test Detail Plan Draft
	Appendix F  Detailed Visual Inspection of Corrosion Resistance Test Samples
	Appendix G  Pull-out Test Specimen Design Draft and Fabrication Process
	Appendix H  Steel Tension Test Results
	Appendix I  Changed Embedded Length Details
	Appendix J  Concrete Cylinders Compressive Strength
	Appendix K  Detailed Failure Modes, Yield Load and Maximum Load of Pull-out Test

