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Abstract 

 
For many years, Reinforced Concrete has been used to construct buildings all around the globe. 

Corrosion-affected RC structures may lose durability, possibly reducing life expectancy or 

failing catastrophically if timely action is not taken. Critical content of chloride accumulated 

at the rebar-concrete interface may break the protective passive film of the rebar surface by the 

diffusion of chloride through the concrete cover. Specialized cementitious repair materials can 

be used to restore and extend the service life of RC structures that have been exposed and 

damaged due to corrosion caused by a marine environment. This research evaluated three 

different types of cementitious repair materials and a control mix. 

Electrochemical NDT techniques: Half-Cell Potential (HCP), Macrocell current and Linear 

Polarization Resistance (LPR) were used in this study to measure and monitor corrosion 

potential, current passed and the corrosion current on the three types of cementitious repair 

materials and control under examination throughout the duration of the research. The 

effectiveness of repair materials assessed in this study when monitoring the corrosion potential, 

current passed and corrosion current, when exposed to a chloride environment was compared 

to that of regular concrete using Ordinary Portland Cement. From the Electrochemical NDT 

results, it was found that Mix F outperformed Mix M, Mix P and control when exposed to a 

chloride environment. 

Further examination of the three different repair cementitious materials was done through 

Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX) analysis. Through 

the EDX microscopy analysis, it was found that Mix F cementitious repair material was the 

one showing the least amount of chloride per % atomic weight of sample compared to Mixes 

P, M and Control. As a result, Mix F was the most effective in delaying or retarding the 

transport of chloride ions reaching the rebar through the concrete matrix and initiating the 

corrosion process. 

Furthermore, observation of all the repair materials through SEM showed that the Mix F repairs 

have the densest microstructure. The results obtained in this study helped in the determination 

of the best cementitious repair material for the inhibition of corrosion of RC structures in 

contact with marine environments. 
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Chapter 1 Introduction 

1.1 Overview 
Concrete that has been structurally designed and has embedded steel reinforcement is known 

as reinforced concrete. The steel and concrete work together to utilize their best qualities, 

including the tensile strength of steel and the compressive strength of concrete so that stresses 

over considerable spans can be sustained.  

One of the reasons why concrete and carbon steel work well together is due to their similarity 

of coefficients of thermal expansion, 1.1 × 10−5 
◦
C−1 and 1.2 × 10−5 

◦
C−1 respectively. These 

similar values suggest that the two materials have great thermal compatibility, which is crucial 

when two materials are connected and acting as a system. 

Concrete is a versatile material suitable for many construction applications that require heavy 

load bearing capacity [1]. Although a material with intrinsic durability, concrete's resistance to 

a specific set of exposure circumstances depends on the proportions of its mixture, the 

reinforcement materials, finishing and sometimes the covering or protection used. There are 

many factors which can contribute to the deterioration of concrete, including freezing and 

thawing, exposure to salt as in marine environments, and wetting and drying. These factors 

and others can seriously affect the lifespan of any reinforced concrete structure [2].  

A passive layer protects the most common steel used in RC. Adequate formation of this layer 

depends on a high alkaline environment. The possibility of corrosion is increased if this layer 

is absent or deteriorated. In reinforced concrete, corrosion may occur in both the concrete 

matrix and the reinforcing bars, and it can occur in any environment. 

Deterioration of concrete tends to accelerate over time once initiated. Cracking allows ingress 

of chemical agents that further the corrosion process [3]. Salts from road de-icing and marine 

environments are major factors contributing to RC structure damage from corrosion. The 

exposure of RC to wet / dry cycles, like the one an RC structure will experience in a marine 

environment, can lead to capillary suction of water. Such capillary suction brings salts to the 

interface between the reinforcing steel and the concrete. Movement of Chloride ions in 

aggressive environments is a major cause of RC corrosion [4].  

Factors affecting durability of a repair material for the purpose of corrosion repair: 

1. Permeability 

2. Electrical resistivity 

3. Resistance to chemical attacks 

4. Bonding / adhesion to concrete substrate 

5. Low shrinkage 

6. Freeze / thaw resistance 

Many types of special cementitious repair materials are available and offered in the market for 

RC corrosion repair. Effective repair material choice depends on consideration of the exposure 
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environment and the existing substrate. The goal is for repairs to have as much longevity as 

possible, ideally beyond the intended lifetime of the structure. When selecting RC repair 

materials, planners must take into account substrate and repair material compatibility, 

particularly electrochemical, and the modulus of elasticity. In this research it is hypothesized 

that the microstructure of repair mixes would have a determining effect in the delay/inhibition 

of corrosion of steel when under cyclic wet/dry ponding. 

Durable repairs must have good bonding between substrate and the new material. Low 

permeability in the repair material will enhance protection from future chloride penetration. 

Existing substrates are normally older concrete. Therefore, drying shrinkage is not normally 

occurring in the substrate. Consequently, low shrinkage repair materials are a good choice in 

order to promote good bonding and crack prevention [5]. Electrochemical methods will be 

used to assess the effectiveness of the repair materials considered in this study. They are the 

most theoretically sound methods of monitoring corrosion since corrosion is an 

electrochemical process. In this study, rebar corrosion’s electrochemical processes are 

analyzed through HCP, Macrocell Current, and LPR.  

 

1.2 Proposed work 
The purpose of this work is to assess three different types of repair and control materials for 

corrosion repair of RC when exposed to a ponding methodology of wet and dry cycles 

simulating a marine environment. Ponding is here defined as an accumulation of water on an 

RC surface leading to a concentration of ions in the confined area, which react to cause 

corrosion of RC [6]. A wet/dry ponding procedure was done following ASTM G-109. The 

intention of the wet/dry ponding cycle was to simulate a real case scenario of an RC structure 

exposed to a tidal zone area of a marine environment on site. Additionally, assessment of 

corrosion repair and control materials in 50% RH and 20°C Temperature conditions at a Lab 

environment were also evaluated when not exposed to wet / dry cycles of NaCl. The exposure 

conditions considered in the present work are wet / dry cycles of sodium chloride ponding of 

RC specimens using concrete containing an Ordinary Portland Cement (OPC) mix as a 

substrate material. Cementitious-based and polypropylene-modified materials bonded to the 

existing concrete (substrate) were used as repair materials. Carbon reinforcement steel bars 

embedded and passing through both materials (concrete substrate material + repair material) 

are also part of the experimental set up. The same specimen configurations including substrate 

and repair materials were also assessed for corrosion repair. The specimens were prepared 

according to ASTM concrete standards for steel rebar preparation. The repair mixes were 

prepared according to manufacturer’s specifications. ASTM Standards G-109, ASTM C876, 

ASTM G-59 were also used for non destructive testing.   

The set-up models represent the following. See Figure 1.1: 

• RC structural member situated in the tidal zone of a marine environment  
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• RC structural members exposed to known RH and Temp in a lab environment (not 

exposed to wet / dry cycles of NaCl)  

 

 

Figure 1.1 Reinforced concrete pile exposed to different zones in a marine environment [7] 
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Figure 1.1 above shows a RC pile exposed to three zones in a marine environment. For the 

purpose of this research, this study will simulate the impact on a RC structure exposed to the 

tidal zone area. 

The exposure area at the splash zone is the marine environment zone where the RC area is wet, 

the surface of the RC is well-aerated, and there is no presence of fouling. An exposure area at 

the tidal zone is regarded as a marine environment zone where marine fouling is present, and 

oxygen is available. An exposure area at shallow water is regarded as a marine environment 

where seawater is usually saturated with oxygen. An exposure area deeply submerged in the 

ocean is a marine environment where oxygen content is lower than at the surface [8].  

 

 

Table 1.1 Summary of experimental research. Type of mixes, NDT tests, Exposure and Microscopy tests. 

 

*HCP = Half Cell Potential 

*LPR = Linear Polarization Resistance 

*MC = Macrocell Current 

*PRO =Ponding Repair Only 

*PR&S= Ponding Repair & Substrate 

*NP = No Ponding 

*SEM = Scanning Electron Microscopy 

*EDX = Energy Dispersive X-Ray 

 

The potential for corrosion, corrosion rate, and macrocell current were calculated with the help 

of the electrochemical techniques mentioned above, and the results will be presented for each 

one of the three repair materials and Control. At the end of the testing period, SEM image and 

EDX analyses were performed on each of the repair material specimens and will help in 

determining the advantageous properties of the repair materials used in this study. The 

relationship of the experimental NDT results using these electrochemical methods to measure 

corrosion potential, corrosion rate, and macrocell current was determined.  
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The results of Macrocell corrosion, Linear Polarization and HCP performed in this study 

showed a correlation regarding the level of corrosion where each of the different types of 

cementitious repair materials stand when under chloride exposure. The chemical constituents 

of each of the three repair materials plus control under the set-up conditions mentioned above 

and at the end of testing are presented.  
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Chapter 2. Background and Literature Review  

2.1 Concrete as a steel protector 
In RC, a passive oxide layer that surrounds the steel when in contact with an alkaline medium 

like the one that concrete offers, shields the reinforcing steel from corroding [9]. This alkaline 

medium is achieved during the hydration of Portland Cement. In this environment, 

thermodynamically stable compounds of iron and iron-base alloys form oxides and hydroxides. 

When RC is exposed to a salt concentration, the chloride ion content raises to a certain level 

known as the corrosion threshold. If the concrete surrounding the steel does not provide 

adequate protection and the passive layer has broken down, the corrosion of the steel continues 

at a higher rate.   

In an environment with a pH close to 12, a passive film forms on the surface of the rebar 

serving as protection from corrosion as shown in Figure 2.1 [10]. Portland cement, one of the 

main components of concrete hydrates, together with the calcium silicates, will react to form 

calcium silicate hydrates and calcium hydroxide [Ca(OH)2].  

Concretes containing an adequate amount of the minerals mentioned above are more resistant 

to chloride penetration from the environment. In terms of the aggregates contained in concrete, 

if they are highly porous or chloride contaminated, then the chances of reinforcement corrosion 

will increase [11].  

The penetration of chlorides into concrete highly depends on the concrete curing periods. The 

shorter the concrete curing periods, the higher the possibility of chloride ion penetration. In the 

case of blended cements, their pozzolanic reaction will make them more resistant to chloride 

penetration compared to the capacity of Portland cement’s hydration reaction and its resistance 

to chloride penetration. For blended cements, the water cement ratio (w/c), and the fineness of 

the cement and the pozzolanic components will determine the porosity and pore-size 

distribution. Blended cements containing fly ash, slag, and silica fume will reduce and refine 

the porosity of the concrete matrix [12]. Steel reinforcement embedded in concrete with a pH 

of approximately 12 to 13 environment normally has corrosion protection. A thin oxide layer 

at a high pH (12-13) will form on the steel and prevent metal atoms from dissolving [13]. 

Concrete's constituent parts are what define its overall porosity, pore-size distribution, and 

pore-solution pH [14]. Low permeability in concrete can greatly reduce the onset and 

propagation of corrosion. By using pozzolans and reducing the proportion of water to 

cementitious elements in the concrete, low-permeability concrete may be obtained. The 

corrosion rate of steel can be decreased by the use of pozzolans and slag. ACI 318-14, Building 

Code Requirements for Structural Concrete, provides useful information regarding measures 

to protect steel reinforcement embedded in concrete from corrosive materials. The use of  

corrosion inhibiting admixtures, and sealers and membranes on the concrete surface are some 

additional measures to protect steel reinforcement from corrosion [15]. 

 

http://www.concrete.org/Store/ProductDetail.aspx?ItemID=31811
http://www.concrete.org/Store/ProductDetail.aspx?ItemID=31811
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Figure 2.1 Protective layer of steel [10]  

 

2.2 Corrosion of steel embedded in concrete 
Corrosion will affect the structural performance of RC. This process happens by loss of steel  

in the rebar and by the effect of spalling concrete or breakdown of the steel-concrete bond [16]. 

The steel reinforcement that will be considered in this study is carbon steel. Carbon steel 

reinforcement consists of iron and carbon in a small proportion. Iron is mostly found in nature 

in a stable state as iron ore. It oxides as magnetite (Fe3O4) and hematite ( Fe2O3) [17]. Corrosion 

of iron or steel is an electrochemical process occurring through electrochemical reactions and 

involving the passage of electrical charge. It consists in two half cell reactions: oxidation, or 

anodic reaction and cathodic or reduction reaction. In this process, electrons are given off in 

the oxidation reaction, Eq. (1) and used in the reduction reaction, Eq. (2) [1]. 

Fe → Fe2++ 2e-    (1) Anodic or Oxidation reaction (dissolution of irons) 

2e− + H2O +1/2 O2 → 2OH−   (2) Cathodic or Reduction reaction (oxygen reduction) 

The anodic and cathodic reactions are the beginning of the rust creation process. Both the 

anodic and cathodic reactions are necessary for the corrosion process to occur, as is water and 

oxygen. Anodes are the portions of steel reinforcement that are actively corroding. Iron atoms 

lose electrons in this region of activity and travel as iron ions into the nearby concrete. Eq. (1). 

The electrons that are still in the bar then go to cathode locations where they mix with the 

oxygen and water in the concrete. Reduction reaction is the name of the process occurring at 

the cathode. Eq. (2). Figure 2.2 below represents the electrochemical process of corrosion of 

embedded steel described above. 
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Figure 2.2 Corrosion process of embedded steel through anodic, cathodic, oxidation and hydration reaction [1]. 

 

As the electrochemical process progresses, the Fe ions move through the concrete pore water 

to the cathodic sites where together they form iron hydroxides, which tend to react further with 

oxygen that is surrounding the embedded reinforcing steel. Equations 3, 4 and 5 show ferrous 

hydroxide becoming ferric hydroxide and then ferric oxide. 

Fe2+ +  2OH-  → Fe(OH)2 Ferrous Hydroxide    (3) 

4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3  Ferric Hydroxide   (4) 

2Fe(OH)3 → Fe2O3·H2O + 2H2O  Hydrated ferric oxide (rust)  (5) 

The corrosion process and mechanism of steel in concrete has been discussed in much literature 

[1], [13–15], and it continues to be an important area of ongoing research. The main 

components of a corrosion cell are: 

• Anode 

• Cathode 

• Electrolyte 

Every length of rebar can have anode and cathode sites. The anode is the location on a steel 

reinforcing bar where corrosion is taking place and metal is being lost. Iron atoms lose 

electrons at the anode and change into iron ions (Fe 2+). Anodic reaction is the name given to 

this oxidation process. The location on a steel bar where metal is not consumed is called the 

cathode [18]. When the reaction products react further with dissolved oxygen, the volume of 

the reaction forming rust increases. The formation of rust creates internal stress within the 

concrete matrix that will cause cracking and spalling of the concrete cover [14] .  

Rusted rebar expands in volume. Decrease in strength and ductility as well as concrete cover 

cracking of RC can be caused by reinforcement corrosion due to volumetric expansion of 
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corrosion products [18]. Deterioration of the steel – concrete interface bonding will cause loss 

of the cover confinement [19]. The diminished mechanical properties of corroded rebars will 

in turn decrease the load capacity of a structural member, converting a ductile failure mode 

into a brittle failure [20]. All of these factors can contribute to the risk of RC structural failure. 

Extensive research on the repair of corrosion in RC structures has shown that corrosion of 

embedded metals in concrete can be delayed. Durability of structures can be increased by 

placing special types of cementitious repair that are chemically more resistant to chloride 

attacks, especially in the case of structures that are exposed to a marine environment [22–25]. 

Another focus of research has been conducting experiments demonstrating that reducing the 

permeability of concrete also can increase the corrosion resistance when using specialized 

Permeability Reducing Admixtures [24].  

 

2.3 Concrete repair materials  
As concrete structures increase in age, concrete repair and increased maintenance is frequently 

required. In order to slow the corrosion's deterioration process in reinforced concrete 

structures, new materials and repair techniques are being developed and made available on the 

market. Their effectiveness in preventing the ingress of aggressive external agents such as 

chloride ions is examined in this study. Concrete repair evaluation and selection should be 

made considering the physical properties of repair materials, including the importance of 

specific material properties for various repair applications and environments. The application 

of repair materials should be done with proper equipment, and with the removal of all chloride-

contaminated concrete surrounding the steel. Surface rust must be removed. The new repair 

material is then applied at the metal concrete interface [25].  

 Repair materials needed for concrete deteriorated due to steel rebar corrosion can be 

categorized as follows: 

a) Cement-based materials  

b) Polymer modified cement-based materials 

c) Polymer or Resin materials [26] 

The repair material used in the experimental work of this study is overlay cement-based and 

polymer-based repair materials for corrosion repair. These three different kinds of repair 

materials were chosen for this experimental study as they are all advertised as corrosion repair 

materials.  Identification and discussion of relevant material properties will be described. One 

important aspect to be considered when selecting an appropriate repair material for RC 

corrosion repair is the compatibility between the properties of concrete replacement and 

overlay materials and the properties of the substrate [2]. 

The coefficient of thermal expansion should be similar to that of the substrate in concrete repair 

applications. All the relevant properties affecting the compatibility of the substrate and repair 

material must be identified and addressed prior to the repair [27].  
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Some relevant properties of repair materials that must be considered: 

1. Volume stability: The negative effects of inadequate volume stability include shear 

stresses at the interface, cracking or debonding of the repair material.  

2. Mechanical properties: Effective bonding is essential. Substrate and repair materials 

must act as a system to avoid failure.  

To some extent, other properties can compensate for less-than-ideal chemical or physical 

properties. Researchers have performed assessment in bonding of repair materials using NDT 

methods [28].  Among the more relevant mechanical properties of repair materials: 

1.1 Elasticity 

1.2 Static modulus of elasticity 

1.3 Coefficient of thermal expansion 

1.4 Creep 

1.5 Bond strength 

1.6 Compressive strength 

1.7 Tensile strength 

1.8 Flexural strength 

One of the most important elements for a successful patch repair is the repair material's 

compatibility with the substrate. Electrochemical potential differences between substrate and 

repair can lead to the formation of macrocell corrosion. For compatibility, similarities between 

physical and electrochemical properties, as well as volume changes must be considered [29–

31]. 

Substrate-repair compatibility’s main factors: 

• Repair and substrate drying shrinkage compatibility 

• Minimalized thermal expansion or contraction differences 

• The modulus of elasticity for repair and substrate should be close in value to reduce potential 

strains caused by poorly distributed load sharing. 

• Differences in creep 

Substrate and repair differing strengths and moduli of elasticity could potentially decrease the 

service life of corrosion repaired RC structures. High tensile strength and the formation of 

cracking that may reach the repair and substrate interface can be induced by the drying 

shrinkage of repair materials, consequently reducing the long-term efficiency of the RC 

structure. Additionally, the load-sharing ability of the patch may eventually become less 

effective due to creep of the repair material under prolonged stress [32]. 

It is widely acknowledged that the electrochemical property differences between the repair and 

substrate are the driving force of corrosion in repair systems. Electrochemical incompatibility 

causes electrochemical imbalance potential between different locations of the reinforcing steel 
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because of the dissimilar environments caused by a repair. This promotes the initiation of 

corrosion and furthers or accelerates the process. It has been reported that incompatibility of a 

repair material against that of its substrate could have a great influence in the success of the 

repair, and hence its durability as a corrosion repair material-substrate system component [2], 

[32–34].  

Industry partners involved in the area of restoration and rehabilitation of RC structures will be 

able to successfully design concrete repair projects by having a better understanding of the 

compatibility / incompatibility issues in concrete repair composite systems. Thermal expansion 

compatibility between repair and substrate materials is imperative to ensure mechanical 

properties like tensile stress and shrinking are maintained when the structural element is under 

stress forces. Moreover, coefficient of thermal expansion (CTE) values between different 

layers in Portland cement concrete (PCC) such as in pavement, bridge decks, concrete exposed 

to marine environments, or in other concrete corrosion repairs should be compatible. 

Otherwise, splitting cracks or spalling will be observed as a consequence of thermal instability 

between two layers [35]. 

In this study, three different materials and a control will be evaluated using three NDTs and 

microscopy analysis. Velu Saraswathy et al [21], through experimental results reported that 

modified mortar systems treated with fly ash and micro silica have lesser permeable voids 

because of the smaller size of the micro silica particles compared to normal cement particles. 

Less permeable gaps and less water absorption occurred in the cement matrix's denser packing. 

D.D. L. Chung  et al. [36], also investigated the corrosion resistance of cement-based materials 

containing silica fume content and found that SF improves a broad range of essential features, 

including steel corrosion resistance, freeze-thaw durability,  abrasion resistance, bond strength, 

and chemical attack resistance, as compared to polymer-modified mortars. The NDTs 

performed and further microscopy analysis in this experiment will be seen to increase 

understanding of what is required to delay the onset or inhibit the corrosion process in RC 

repairs. 

Safwan et al. [37],  also investigated the resistance of SF concrete to corrosion-related damage 

and found  it performed better than regular control concrete. Desi Wang et al. [38] studied the 

long-term durability of concrete against combined freezing-thawing and sulfate attack. Both 

FA and SF were proven to increase concrete resistance, agreeing with the findings of D.D. L. 

Chung. Desi Wang’s experimental results showed that, in comparison, SF performed better 

than FA leading to significant improvements in concrete durability. 

Mailvaganam, N. P. and Taylor, D. A. [39] studied the compatibility of repair systems for 

concrete structures. Their experimental investigation revealed that it is necessary to think of 

the repair and substrate as components of a composite system, which consists of different 

materials. In order to understand how different factors affect the performance of repair systems, 

even though materials vary, the objective must be to improve physical and chemical property 

compatibility. The Daniel Cusson et al. [40] research study reported the importance of 

comprehensive data on the performance of repair products. A significant portion of early repair 
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failures in North American concrete buildings have been linked to incompatibility between 

repair materials and that of substrate concrete. 

The K. U. Aavani et al. [41] research found the use of silica fume beneficial for corrosion 

repair. Their studies show how SF material properties affect chloride transfer into concrete and 

highlights the importance of a material’s porous structure. Silica fume’s fine glassy spheres 

have a specific surface area of 20,025 m2 / kg (97,650 ft2 / lb). The silica fume's particle size, 

which enables them to fit into the microscopic gaps typically filled by water, results in a denser 

mixture. It is important to note the difference between the specific surface area of silica fume 

and that of Portland cement. Portland cement’s specific area is 300 to 400 m2/kg (1465 to 1950 

ft2/lb).   

In summary, the use of concrete cementitious materials with low permeability is a crucial 

element in the long-term durability of RC structures repair. Chloride ion penetration or 

diffusion is better resisted by low permeability concrete, which prevents oxygen, water, and 

chlorides from getting to the steel reinforcing bars. Electrochemical compatibility of repair and 

substrate are also essential to durable repairs.  

 

2.4 Electrochemical NDT methods 
Numerous test techniques have been developed to evaluate the corrosion resistance of repair 

materials. Both destructive and non-destructive test techniques may be used to monitor 

corrosion initiation and diffusion. In destructive testing, a sample of the rebar is retrieved by 

taking a core from a structure and determining the rebar’s loss in weight and therefore, the rate 

of corrosion can be assessed. In non-destructive testing, many electrochemical methods are 

available in the market. Destructive methods carry limitations in terms of disturbing the 

integrity of the structure and the repairs that need to be done afterwards [42].  

In this study, three NDT methods were used to monitor the corrosion rate, corrosion potential, 

and macrocell current of three repair materials. They include Half Cell Potential method (HCP) 

[43-44], Linear Polarization Resistance (LPR) [45 - 46]  and Macrocell current [47 - 48]. To 

augment what was learned from the experimental NDTs, SEM and EDX microscopy analysis 

was used to further investigate the morphology and chemical constituents of the repair 

materials tested. 

2.4.1 Half-cell potential (HCP) 
Half-cell potential (HCP), also known as corrosion potential Ecorr and open circuit potential 

(OCP) is one of the simplest techniques for evaluating and detecting corrosion in both the lab 

and the field after visual evaluation of rust spots and corrosion-induced cracking. The HCP 

performed in this study is measured with a three-electrode configuration––counter electrode, 

working electrode (steel reinforcement) and reference electrode, as shown in Figure 2.3 (a). 

According to ASTM C876 [43], the HCP of steel may be used to determine the corrosion risk 

or likelihood. The copper sulphate reference electrode (CSE) is mostly used in field 
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applications. This electrode is used to describe HCP values in ASTM C876. Standard silver / 

silver chloride (SSCE) electrodes and saturated calomel electrodes (SCE) are usually employed 

in laboratory experiments. 

For the measurement of the corrosion potential of the reinforcing steel embedded in concrete, 

the half-cell potential employs a reference electrode that is sufficiently stable and capable of 

producing repeatable potential. The potential for corrosion of steel embedded in concrete or 

cement mortar is shown by a range of voltage values measured against the reference electrode. 

The main problem with this test is that corrosion potential does not clearly indicate the rate 

and nature of corrosion, even though half-cell data can be useful in determining the likelihood 

of corrosion for general uniform corrosion [49 - 50] . When conducting measurements on site, 

Ellie Sassine et al [51], significantly improved the interpretation of Half-cell potential data in 

terms of absolute / gradient values.  

As previously indicated, the Half-cell potential test can only provide a qualitative evaluation 

of whether the steel rebar is corroded or not, not the rate of corrosion. When conducting a more 

thorough corrosion examination in the field, this electrochemical approach is often employed 

as a first and preliminary inspection. The half-cell potential approach just needs an electrical 

connection to the steel reinforcement. 
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(a) 

 
(b) 

 

Figure 2.3 (a) Longitudinal Section view of beam specimen used for electrochemical measurement: LPR and 

HCP. (b) Cross section view of beam specimen showing Macrocell current measurement [47]  . 
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Table 2.1 Interpretation of corrosion activity of electrochemical methods 

 

2.4.2 Macrocell current 
Macrocell corrosion, also known as galvanic or localized corrosion, results in the formation of 

anodic and cathodic areas, appearing as corrosion macrocells. In this phenomenon, an 

exchange of electrons through a metallic connection between passive and active corrosion 

system occurs due to local differences in the steel electrochemical states. An illustration of 

macrocell corrosion formation can be observed in Figure 2.4. High concentration of chlorides, 

or partial carbonation of concrete may cause localized differences in the steel reinforcing 

network leading to a local depassivation of the steel.  

In cold climates where de-icing is required, RC bridge decks and parking structures are 

particularly susceptible to macrocell corrosion when exposed to chloride ions (through salt 

application) and high moisture contents. In such cases, corrosion resistivity of the RC 

decreases, increasing the likelihood of macrocell corrosion [47].  

Half-Cell 

Potential 

Reading 

(mV) [43] 

Copper-

Copper 

Sulfate-

Electrode 

(CSE) 

Corrosion 

Activity 

Corrosion 

Current 

Density 

(icorr) 

(μA/cm2) 

[45] 

Mean 

Corrosion 

Penetration 

Rate (CR) 

(μm/year) 

Corrosion 

Classification 

Total 

Charge 

Passed 

(C) [47] 

Macrocell 

Corrosion 

Status 

>-200 Greater 

than 90% 

probability 

of no 

corrosion 

≤ 0.1 ≤1.2 Very low or 

passive 
≤150 Passive 

-200 to -

350 

An 

increasing 

probability 

of 

corrosion 

0.1 – 0.5 1.2 - 6 Low to 

moderate 

>150 Active 

<-350 Greater 

than 90% 

probability 

of  

corrosion 

0.5 – 1 6 – 12 Moderate to 

high 

- - 

  >1 >12 High - - 
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Concrete electrical resistivity represents an important parameter in the formation of macrocell. 

Electrical conductivity influences the ionic microcell current intensity, leading to local 

dissolution of steel. The macrocell current method measures the current passing through a net 

of connected rebars. An illustration of macrocell current measurement can be observed in 

previously shown Figure 2.3 (b). According to observations made by V. Sarawasthy et al. [21], 

macrocell current results measured for different corrosion repair mortars can be greater than 

100%, depending on the chemical constituents and compatibility of  the repair materials. 

Additionally, Choorackal A. et al [55] found through their research that the severity of 

macrocell corrosion depends on the driving potential existing between the repair and substrate 

concrete.  

Researcher Bernard Elshner et al. [56 - 57] also studied the factors influencing macrocell 

corrosion of steel in concrete. Through experimental studies, they observed that chloride 

induced corrosion is associated with micro and macrocell corrosion. Microcell corrosion 

occurs when anodes and cathodes are immediately adjacent and there is no macrocell current 

on the reinforcement. 

Research work performed by Quian Shiyuan et al. [58] observed through theorical and 

experimental results on macrocell corrosion that, although the potential incompatibility 

between repair-substrate interface serves as a driving force for the corrosion, the degree of 

corrosion highly depends on the individual corrosion kinetics of the anode or cathode.  

 

 

 
 

 

Figure 2.4 Localized (Macrocell) depassivation of steel due to chloride induced corrosion in RC [59] 

 

2.4.3 Linear Polarization Resistance (LPR) 
LPR is a non-destructive technique for corrosion measurement [60]. Linear Polarization is 

defined as the relationship between the potential applied to an RC structure and the current 

values obtained. The shift under the slope of a linear plot between the potential applied and the 

current indicates the Linear polarization resistance or Rp [61]. Resistance Polarization refers 
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to the resistance of steel from oxidation, and is measured by applying an external voltage [62]. 

Polarization can be described as a kinetic deviation from equilibrium due to an electric current 

passing through a galvanic cell. Polarization may occur at the cathode (cathodic polarization) 

or at the anode (anodic polarization) [63]. LPR can also be converted to Icorr or corrosion 

current using the Stern-Geary equation [64 – 66], given in Eq. (7). The corrosion current 

density icorr is defined as the amount of electric current flowing through a unit cross sectional 

area and is expressed as the corrosion current per unit area of polarization as shown in Eq. (8). 

A constant value of B equal to 52 mV and 26 mV for steel in the passive and active modes, 

respectively is suggested according to Stern-Geary equations. The corrosion rate (CR) [67], is 

defined as the loss of the corroding metal in micrometers per year (µm/year) and it can be 

calculated following Faraday’s law in terms of penetration rate or mass loss rate (MR) 

following Eq. (10). 

𝑅𝑝 = (
 ∂ΔΕ

∂𝑖
)  𝑖 = 0,

𝑑𝐸

𝑑𝑡
→ 0      (6) 

Where ΔΕ = E – Ecorr, E = applied potential, Ecorr = corrosion potential 

𝐼corr =  
Β

𝑅𝑝
        (7) 

Where 𝐼corr = Corrosion Current (in A) and 𝑅𝑝 is polarozation resistance (Ohm). ASTM G-

59. 

𝑖𝑐𝑜𝑟𝑟 =  
𝐼𝑐𝑜𝑟𝑟

𝐴𝑠
        (8) 

Where icorr = Corrosion current density (in A/cm2) and As, is the area of exposed steel in cm2 

. 

𝐵 =  
𝛽𝑎 𝛽𝑐

2.303 (𝛽𝑎 𝛽𝑐) 
)       (9) 

Where 𝐵 = Stern-Geary constant (V), 𝛽𝑎 = anodic Tafel constant and 𝛽𝑐 = cathodic Tafel 

constant. 

Corrosion rate (assuming uniform corrosion) 

𝐶𝑅 =  
𝐾𝑎𝑤

𝑛𝐹𝛿
 𝑖𝑐𝑜𝑟𝑟 =  𝛼𝑖𝑐𝑜𝑟𝑟 (µm/year)    (10)  

Where 𝐾 = 315.360, is a unit conversion factor,  𝑎𝑤 = is the atomic weight in grams, 𝑛 =  is 

the number of moles of electrons transferred, 𝐹 =  Faraday constant                                                 

(𝐹 =  96,485 C/ mol), 𝛿 =   is the density of the metal in g/cm3  , 𝑖𝑐𝑜𝑟𝑟 =  corrosion current 

density in µa/cm2 )   

A relationship between current and metal loss can be established for calculating the corrosion 

rate of a metal. A current of 1mA and a steel density of (7652kg/m3) will result in a metal loss 

of 9.2g a year. This volume of metal can also be converted into a loss of section or diameter of 

steel once an area over where the loss of steel is calculated. For example, if a 16 mm diameter 
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rebar is corroding with a 100 mA/m2 for 20 years, then, the cross section would have reduced 

to 11.6 mm [68]. The area of steel considered is the surface area of the reinforcing bar in the 

measurement region being evaluated [69]. For a carbon steel bar a constant α will be 

approximately αFe 11.6 µA/cm2 µm/year which is equivalent to a metal loss for a current 

density of  1µA/cm 2 considered for this experimental research [69]. 

The rate of corrosion of steel embedded in concrete will depend on the specific properties of 

the material and the environmental conditions to which the material is exposed. Table 2.1 

shows information on different ranges of corrosion rate for RC structures.   

Several electrochemical methods such as potentiodynamic polarization, (either lineal or 

cyclic), can be used to determine the resistance polarization. In the present investigation, a 

three-electrode configuration, including a working electrode (i.e. steel bar), a reference 

electrode, and a counter electrode was used to measure linear polarisation utilising potentiostat 

equipment. An illustration of LPR measurement is shown in previously indicated figure 2.3a. 

A carbon steel embedded bar is exposed and connected to a potentiostat (WE). A stainless-

steel counter electrode (CE) and a reference electrode (RE) are also connected to a Potentiostat. 

NDT Linear Polarization Resistance measures the rate of general corrosion rate for metals at 

or near the corrosion potential. In this method a small perturbation ΔE(t), is defined with 

respect to the corrosion potential or OCP to maintain linearity, the perturbation                            

(ΔE = E – Ecorr) is applied to a metal sample, once the value of ΔE is obtained, the resultant 

current is recorded, and the Rp is obtained. Figure 2.3 (a) shows a schematic view of LPR, 

HCP, and Macrocell NDTs. 

The slope of the polarization curve is calculated in order to obtain the Rp of the system (i.e., 

potential-current curve), as given in Eq. (6). The calculated value of Rp obtained from the 

above equation, is the sum of the true polarization resistance of steel and concrete resistance, 

which must be considered. Several authors, including Saraswathy Velu et al., [70 – 72] , state 

that LPR is a quick and non-intrusive corrosion monitoring technique that only needs to be 

connected to the reinforcing steel. The data offers more thorough information than a 

straightforward potential survey and offers a valuable insight into the steel reinforcement's 

instantaneous corrosion rate. LPR as an NDT offers a reliable, albeit time-consuming, 

assessment of corrosion measurement. 

 

2.5 Microstructure and chemical analysis of cementitious repair materials 
The implementation of Scanning Electron Microscope (SEM) with Energy Dispersive X-Ray 

(EDX) microanalysis of clinker and cementitious materials will provide information about the 

microstructure, morphology and the chemical constituents of concrete samples. Some of the 

advantages of this technology include the ability to show high-contrast images of the 

microstructure, and simultaneous chemical analysis [73]. SEM and EDX can provide data on 

the morphology and chloride content of samples from the field or from experimentation in the 

lab. 
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2.5.1 Scanning Electron Microscope images (SEM) 
The SEM methodology employs a scan using a high-energy electron beam across a specimen 

surface while measuring signals from the interaction between the beam and the specimen. The 

information (or signal) from the sample is detected and images of the sample surface is shown 

on a screen monitor [74]. In addition to SEM, an X-ray detector can be attached to the SEM 

for conducting elemental analysis.  

2.5.2. Energy Dispersive X-ray (EDX) 
EDX Spectra is a graphical display that presents information about which chemical elements 

are present in the sample and in what concentration. X-ray signals from the electron beam-

specimen interaction are obtained [75]. Peak positions in an EDX spectra are specific to a 

particular element, and their relative abundance is shown per the intensity (height) of the 

spectra peaks. The units shown on the horizontal axis represent the kiloelectronvolts (keV). 

Information on the quantitative and qualitative chemical analysis can be obtained through the  

x-ray signal from the EDX analysis. An accelerating voltage of at least 12 to 20 keV range is 

necessary for cement products to get adequate beam energy without excessive absorption of 

lower energy x-rays. For SEM imaging higher beam energies are preferred as they result in 

greater resolution [73]. In this study, the EDX provided important information on the chemical 

constituents of the samples. 

The figure below provides information about the expected performance of concrete when using 

materials according to a specific particle size and surface area. In the case of this experimental 

research, mix repairs containing Silica Fume are expected to result in high performance 

concrete due to SF’s particle size and large surface area compared to other repair mixes shown 

in Fig 2.5. This is particularly the case for mix F, containing Silica Fume. During the SEM / 

EDX examination of the repair hydrated mixes, it was also found that Mix F contained the 

lowest %at weight of chloride compared to the rest of the repair mixes.  
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Figure 2.5 Particle-size and specific-surface-area scale related to concrete materials [76] 
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Chapter 3. Experimental Investigation 

3.1 Material and Specimen preparation 
Four types of materials were prepared: a normal concrete mix using Ordinary Portland Cement 

(OPC) and three types of cement-based repair materials. The preparation of the concrete mix 

material was done with the purpose for it to serve as the substrate or the parent material 

receiving the cement-based materials. The mix design for the concrete mix is shown in Table 

3.1  Quikrete Portland cement GU, [77] also referred to as cement-type 1 with a w/c = 0.40 

was utilized for the concrete mix in accordance with ASTM C150 [78]. Tap water was 

introduced as the mixing water. Fine aggregate was used, meeting the ASTM C33 [79] 

requirement. The fineness modulus of fine and coarse aggregates are 2.85 and 6.48 respectively 

[80]. Air entraining agent (AEA) meeting ASTM C260 [81] and a high-range reducing agent 

(HWRA) meeting ASTM C494 [82] was used to reduce water usage and increase the entrained 

air content.  

The other three commercially available mixes, are termed as Mix M [83], P [84] and F [85]. 

Table 3.2 shows the corresponding water to material (w / m) ratio as recommended by each 

manufacturer.  

The cementitious repair materials used in this research, mixes M, P and F, can be classified as 

cementitious mortar, polymer-modified cement mortar, and cementitious concrete repair, 

respectively. Table 3.3 shows the fresh properties of all the mixes. Air content and slump were 

assessed following ASTM standards ASTM 231 [86] and ASTM C143 [87]. Table 3.4 shows 

the properties of carbon steel, which is the steel reinforcement used in this study. All of the 

mixtures were cast according to ASTM C192 [88].  

 

Table 3.1 Mix design of Control  

 

 

 

 

 

Sample ID/ 

Mix 

Proportions 

(kg / m3) 

Portland 

Cement 

 (kg / m3) 

Coarse 

Aggregates 

(kg / m3) 

Sand 

 

(kg / m3) 

Water 

 

(kg / m3) 

HWA 

 

(kg / m3) 

AEA 

 

(kg / m3) 

Control 180 450 1053 762 2.25 2.25 
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Sample ID/ Mix 

Proportions (kg / m3) 

Cement-Repair 

(kg / m3) 

Water 

(kg / m3) 

Mix M 1562 118.75 

Mix P 1250 137.5 

Mix F 1746 291 

 

Table 3.2 Mix design of cementitious - repair material provided by manufacturers 

 

Category Mix Slump (mm) Air content (%) 

Substrate S 70 7 

Repair M 60 5.5 

Repair P 20 5 

Repair F 80 6 
 

Table 3.3 Fresh Properties of concrete and repair mixes 

 

Steel 

Reinforcement 

Diameter 

(mm) 

Modulus of 

Elasticity 

(MPa) 

Tensile Strength 

(Fy) 

(MPa) 

Grade of 

Steel 

(W) 

Carbon Steel 11.3 mm 200,000 MPa 400 MPa 400 

 

Table 3.4. Steel Reinforcement properties 

 

3.2 Curing and additional preparation of RC / Cementitious material repair 

specimens for corrosion experiments. 
Twenty-one RC beams measuring 530 x 150 x 150 mm (length x height x width) were 

constructed according to ASTM G109 [47], (see Figure 2.3). Seventeen of the twenty-one 

concrete beams were prepared to undergo the ponding wet / dry cycles. Four specimens were 

prepared to undergo corrosion at 50% RH and 20°C Temp lab set up (No wet/dry chloride 

cycles). A minimum of three samples per experimental set up is recommended as per ASTM 

G-109 to test the effect of different mixes to a chloride environment. The results of this testing 

aim to reflect what would happen in the real world (site) when using repair mixes, and a 

substrate material that is compatible to that of the repair and the same environmental 

conditions. 

Specimen preparation of the RC beams is described below: 

i) A total of three (3) 11.3 mm longitudinal carbon steel rebars of length 660.4 mm 

were placed inside a steel form beam mold for each RC specimen.  
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ii) The rebars were wire power brushed and rinsed with deionized water to remove 

any contaminants or pre-existing rust. This was performed with the purpose of 

facilitating the uniform formation of the rebar surface’s passive film. 

iii) Each rebar had stainless steel screws installed and welded in place.   

iv) An epoxy solution was used for sealing, and vinyl tubing was used for electrical 

insulation. 

v) For the preparation of the concrete corrosion repair, an area of 250 mm x 100 x 50 

mm (length, width, height) was reserved along the top surface of the RC beam. This 

was the active area of experimentation.  

vi) Fresh concrete mixture was placed in each mold in three equal layers, each layer 

was vibrated for 10 seconds to achieve consistency in all the specimens.  

vii) The steel molds were covered by plastic sheets for 24 hours. 

viii) Ambient conditions were (18 +/- 2° C). Mixes M, P, F were applied to the 

indentations on the top surfaces of the beams. After 24 hours of curing in ambient 

conditions at (18 +/- 2° C), the inserted form blocks were removed from the 

substrate of 6 specimens and three types of repairs. Mix M, P, F were applied to the 

notches. 

ix) The side surface of the repaired section was left unroughened as the current repair 

codes and standards [89] have no such stipulation. 

x) After undergoing the repair, the specimens were moist cured for 28 days and 

covered with a burlap material in an ambient temperature (18 +/- 2° C). 

xi) Four concrete beam specimens were also constructed and were left as no-ponding 

beams, one for each repair mix (M, P and F) and one for a regular concrete mix.  

xii) The bottom and top surfaces were unsealed. The vertical sides were sealed with 

epoxy.  
xiii) 3 mm Plexiglas was used for a salt solution ponding dam with dimensions of 431.7 

x 114.4 x 76.2 mm. The dam was epoxied to the top surface of the 8 beam 

specimens. 

xiv) Specimens were placed onto non-electrical-conducting supports of at least 13 mm 

(0.5 inch) thickness. This ensured adequate air flow during testing. 

xv) A plastic loose fitting was placed on top of the ponding to minimize evaporation. 

 

In the schematic view previously shown in Figure 2.3, moisture and chloride ions penetrate 

downward from the dam. The two bottom rebars (cathodes), which are dryer and have better 

access to oxygen than the top rebar, go through reduction while the top rebar (anode) 

experiences oxidation or corrosion. 

Wetting-drying cycles were applied on the beam specimens after a thorough curing process. 

This alternate cyclic wetting and drying is often used, particularly to simulate marine 

environments, to evaluate the corrosion propagation phase in reinforced concrete structures, 

and it is also used to simulate the ingress of chloride ions and oxygen through the concrete 
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cover. This wet/dry cycling condition will trigger the initiation of corrosion since for corrosion 

to take place it will need the presence of oxygen, water, and diffusion of chloride ions.  Each 

wet / dry cycle involved two weeks of ponding salt solution (wetting cycle) and two weeks of 

drying (drying cycle). A three percent (3 %) by-weight salt solution was prepared and ponded 

on 17 beam specimens during the wetting cycle. An ACS grade sodium chloride solution 

chloride (NaCl) with 99% purity was used [90]. At the end of the second week (end of the 

wetting cycle), the salt solution was vacuumed off and the specimens were allowed to dry 

naturally (drying cycle) for two weeks.  

Corrosion monitoring was periodically measured using a Multimeter and a Potentiostat [91]. 

A three-electrode arrangement was used to take measurements. The top rebar served as a 

working electrode (WE), a reference electrode (RE) known as copper-sulfate-electrode (SCE) 

was used. An AISI type 316 stainless steel shim was used as a counter electrode (CE),  and 

immersed in the ponding dam [92]. A center line was drawn on top of the concrete specimens 

for proper placement of the RE and to ensure measurements were all constant between RE and 

WE. 

 

3.3. Specimen Testing  

3.3.1 Ponding test wet / dry cycles 
A high impedance potentiostat [91] and a multimeter with 1μV resolution [93] were used to 

perform the tests. The tests were conducted following ASTM G109 [47] . In this work after 16 

weeks of wet / dry cycles, NDT methods were used to determine the corrosion potential, 

corrosion rate and macrocell current of the repaired specimens. 

 

3.4. Electrochemical Non-Destructive Test (NDT) methods  
Three different types of electrochemical NDT techniques were used to monitor the corrosion 

activity on RC-repaired material specimens: Half cell potential, Corrosion rate, and Macrocell 

current. 

3.4.1 Half Cell Potential  
HCP data was collected at the end of the wetting cycle in all the specimens using  commercially 

available non-destructive Gamry 600 + potentiostat equipment [91]. An embedded rebar inside 

the concrete specimens served as a working electrode and the CSE acted as a reference 

electrode. HCP readings were taken when the charge in potential over a 10-second interval was 

less than 0.2 mV. ASTM C0876-15 [43] was used to interpret corrosion activity results in terms 

of corrosion potential. As stated previously, HCP is a useful tool for monitoring the probability 

of corrosion. See Figure 2.3 (a). 
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3.4.2 Macro-cell corrosion rate  
The macro-cell current was measured once every four weeks at the end of the wetting cycle on 

all the beams according to the ASTM G109 procedure [47]. A high impedance multimeter with 

an accuracy of 1 μV was used to measure the voltage across a resistor (R = 100 Ohm).   

Exposure to chloride ions and moisture leads to the formation of macrocell corrosion in 

concrete beams. Under the specimens set up, the top reinforcement acts as an anode while the 

bottom rebars act as a cathode. A decrease in the concrete resistivity will cause separation 

between the cathodes and the anodes allowing the ingress of current flow and corrosion due to 

the potential difference between the anode and cathode [43], [54]. See Figure 2.3(b). According 

to Ohms law, the macrocell corrosion current is determined by dividing the measured voltage 

by the resistance value (100 ohms). 

Testing of each sample was monitored, and NDT data was collected for 16 weeks. 

3.4.3 Linear Polarization  
The corrosion rate (CR) was measured in accordance with ASTM G59, at the end of the wetting 

cycle at different times of exposure using the Linear Polarization Method (LPR) [45]. For all 

specimens, a high impedance voltmeter built in a commercially available non-destructive 

Gamry 600+ potentiostat was used [91]. See Figure 2.3 (a). LPR is a reliable, non-destructive 

technique for measuring corrosion [60]. In this study, the resistance of the steel to be polarized 

is calculated by applying a fixed potential ΔE, for a fixed duration of  270 sec and the resulting 

ΔI is recorded.  

The resultant Resistance polarization (Rp expressed in Ohms) is determined from the slope of 

a linear curve of an applied potential (E) vs. current density as per equation (6). The corrosion 

current density was calculated from the Stern-Geary equation formula using Rp values [94] 

and ASTM G59 [45]. Corrosion current (Icorr) was calculated according to equation (7). The 

corrosion current density (𝑖corr) was obtained as per equation (8). 

As per RILEM recommendations [95], in this study B was assumed  equal to 26 mV which 

indicates an (Ecorr < -0.3V) for steel in active condition, while for steel in passive conditions 

a value of B equal to 52 mV (Ecorr > -0.2 V) is normally used. 

The corrosion penetration rate (CR), expressed in (µm / year), was calculated according to 

equation (10). The corrosion rate parameters were calculated according to Faraday's law as 

follows. K = 315,360; it refers to a unit’s conversion factor, F is the Faraday constant                    

(F = 96,485 Cmol -1 ), n refers to the number of moles of electrons transferred, aw is the atomic 

weight in grams, δ is the density of the metal in g/cm3, and icorr is the corrosion current density 

in μA / cm2 [96]. 
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3.5 Scanning Electron Microscope (SEM) and Energy Disperse X-Ray 

Spectra (EDX) 

3.5.1 Equipment and specimen preparation 
Four types of repair materials termed Mix M, P, F and Control were prepared for SEM and 

EDX analysis: a normal concrete mix containing regular (OPC), two types of cement-based 

repair materials and 1 type of polymer repair-based material.  

A total of twenty (20) samples of powder hydrated cement-based and polymer-based repair 

materials were examined using SEM and EDX technology at the sub-micro scale level to 

determine the morphology, physical characteristics, and chemical composition as they are 

considered essential in the case of the study of cementitious based repair materials for 

corrosion repair. The repair mixes hydrated powder samples were extracted by using drill 

equipment from German Instruments Inc. They were then placed into Eppendorf tubes and 

taken to the Advanced Microscopy Facility.  

The Advanced Microscopy Facility (AMF) of the University of Victoria was visited to conduct 

the micro-scale examination of the characteristics of the repair materials using a scanning 

electron microscopy linked with an energy-dispersive X-ray analyzer (SEM / EDX) equipment 

Hitachi S-4800 [97]. 

The procedure for the SEM observation of cementitious repair samples is as follows:  

i) Specimen stubs: aluminium type, nonmagnetic stubs were used to mount the 

samples. 

ii) Conductive tape: double sided carbon conductive tape was used for fixing sample 

to the specimen stub. 

iii) Samples were fixed in place by attaching them to the conductive double-sided tape. 

iv) Tweezers were used when sampling so as not to touch the sample surface. 

v) Alignment of the SEM microscopy was performed as per S-4800 instruction 

manual [97]. 

The SEM microscope works under vacuum conditions, and it uses electrons instead of light to 

form images. There are three types of signals when using the SEM: SE: Second image, BSE: 

Back Scattered image and X-Rays. The SEM images captured in this research are 

Backscattered electron (BSE) [97]. 

Backscattered-Electron (BSE) Imaging works under the kinetic energy principle, where the 

interaction of the electrons produces signals and later an image. The SEM (BSE) has been used 

in many fields, including material science, nanoscience, biomedical, and microbiology, as well 

as for the chemical analysis and the research of cement / cementitious materials chemical 

components. Table 3.5 below shows a summary of all the SEM / EDX images obtained at the 

AMF lab.  
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Figure # Ponding Repair Only  Image  Image 

3.1 to 3.4.1 Mix M (PRO) SEM  EDX 

Mix P (PRO) SEM  EDX 

Mix F (PRO) SEM  EDX 

Control (PRO) SEM  EDX 

 Ponding Repair+Subst    

3.5 to 3.8.1 Mix M (PR&S) SEM  EDX 

Mix P (PR&S) SEM  EDX 

Mix F (PR&S) SEM  EDX 

Control (PR&S) SEM  EDX 

 No ponding Repair   

3.9 to 3.11.1 Mix M (NP) SEM  EDX 

Mix P (NP) SEM  EDX 

Mix F (NP) SEM  EDX 

 

Table 3.5 Description of SEM and EDX images according to the analysed elements 

 

3.5.2 SEM /EDX IMAGES of Mixes M, P, F and Control (PRO) 
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Figure 3.1 SEM Morphology of hydrated Mix M  Figure 3.1.1 EDX Chemical constituents of Mix M 

 

 

 
 

 

Figure 3.2 SEM Morphology of hydrated Mix P  Figure 3.2.1 EDX Chemical constituents of Mix P 

 

  

 
 

 

Figure 3.3. SEM Morphology of hydrated Mix F Figure 3.3.1. EDX Chemical constituents of Mix F 

 

  

                                                               

 

Figure 3.4. SEM Morphology of hydrated Control mix    Figure 3.4.1. EDX Chemical constituents of Control 
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Figures 3.1 to 3.4 and 3.1.1 to 3.4.1 show the morphology and the chemical constituents 

respectively of 3 different cementitious materials and control mix hydrated for (PRO) samples. 

 

3.5.3 SEM / EDX IMAGES of Mixes M, P, F and Control (PR&S) 

 

Figure 3.5 SEM Morphology of hydrated Mix M  Figure 3.5.1 EDX Chemical constituents of Mix M 

 

 

                 
 

 

Figure 3.6 SEM Morphology of hydrated Mix P  Figure 3.6.1 EDX Chemical constituents of Mix P 
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 Figure 3.7 SEM Morphology of hydrated Mix F Figure 3.7.1 EDX Chemical constituents of Mix F 

 

  

            
 

 

Figure 3.8 SEM Morphology of hydrated Control mix   Figure 3.8.1 EDX Chemical constituents of Control mix 

 

Figures 3.5 to 3.8 and 3.5.1 to 3.8.1 show the morphology and the chemical constituents 

respectively of 3 different cementitious materials and control mix hydrated for (PR&S) 

samples. 
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3.5.4 SEM / EDX IMAGES of Mixes M, P, F and Control (NP) 

 
 

                                                         

 

Figure 3.9 SEM Morphology of hydrated Mix M  Figure 3.9.1 EDX Chemical constituents of Mix M 

 

 

                                                                   
 

 Figure 3.10 SEM Morphology of hydrated Mix P  Figure 3.10.1 EDX Chemical constituents of Mix P 

 

 

Figure 3.11 SEM Morphology of hydrated Mix F Figure 3.11.1 EDX Chemical constituents of Mix F 

 

 

                                                            
       

Smooth surface 
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Figures 3.9 to 3.11.1 show the morphology and the chemical constituents of 3 different 

cementitious materials mixes hydrated for (NP) samples. 

 

3.6 Energy Dispersive X- Ray (EDX) 
Energy Dispersive X-Ray Analysis is an x-ray technique used to identify the elemental 

composition of materials. Its applications include materials and product research [98]. The 

EDX system used at the AMF at the University of Victoria is an attachment to the Electron 

Microscopy instrument Scanning Electron Microscopy (SEM). A spectrum showing peaks 

with information corresponding to the different elements that make up the composition of the 

samples being analysed is the result of the data generated by the EDX imaging capability. This 

technique can provide quantitative chemical element composition [98]. 

The procedure for the EDX observation of cementitious repair samples is as follows:  

i) EDX set up: during this procedure, the key is to be aware that the resolution limit 

of EDX is not the same as the resolution of the SEM. This depends on both the 

specimen and the instrument settings [97].  

ii) Determine the necessary accelerated voltage to cause enough excitation in the 

electron shell of elements contained in the specimens of interest. By setting the 

accelerating voltage accordingly, characteristic x-rays from the chemical elements 

likely to be present in the specimen are obtained. It is important to have a good 

understanding of the electron acceleration voltage value of each chemical element 

that may be present in the sample that is being analyzed.  

iii) Determine the electron energy Eo minimum required. Higher Eo yields higher x-

ray counts, which translate into collecting more data quickly. 

iv) Adjust the acceleration voltage Energy Eo to get a clear spectrum, so that the 

elements and peaks present in the sample can be observed. 

 

3.6.1 EDX SPECTRA of Mixes M, P, F and Control (PRO) 
In Figures 3.1.1 to 3.4.1 Energy Dispersive X-ray spectra show the effects of exposure to wet 

/ dry sodium chloride cycles of Mixes M, P, F and Control. All PRO Mixes show the presence 

of several chemical components, mostly Calcium and Silica, however in different %at weight 

proportion. Table 3.6 below shows a summary of the chemical components present on PRO 

powder hydrated samples. 

3.6.2 EDX SPECTRA  Mixes M, P, F and Control (PR&S)  
In Figures 3.5.1 to 3.8.1, Energy Dispersive X-ray spectra show the effects of exposure to wet 

/ dry Sodium chloride cycles of Mixes M, P, F and Control. Table 3.6 below shows a summary 

of the chemical components present on PR&S powder hydrated samples. 
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3.6.3 EDX SPECTRA Mixes M, P, F (R&S) No ponding 
In Figures 3.9.1 to 3.11.1 Energy Dispersive X-ray spectra show the effects of exposure to wet 

/ dry Sodium chloride cycles of Mixes M, P, and F. Table 3.6 below shows a summary of the 

chemical components present on non-ponded powder hydrated samples. 

The purpose of performing the EDX analysis of all three different cementitious materials was 

to find the chemical composition, especially the Ca / Si ratio present in the three different repair 

mixes. Table 3.6 shows the chemical composition of three different cementitious repair 

materials and Control after being analyzed using SEM / EDX technology.  

 

3.7 Chloride Concentration and chemical components 
In table 3.6 below, a summary of the chemical components found in the 20 cementitious repair 

hydrated powder samples is shown. As mentioned previously, a high percentage of Silica and 

Calcium chemical constituents was mostly present in all the powder samples. Additionally, a 

small percentage of chloride was observed in all the powder samples, with Mix F showing the 

lowest amount of chloride by % at weight per sample. 
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Mix 

Type Exposure 

Si 

(*%at) 

Ca 

(*%at) 

Al 

(*%at) 

Na 

(*%at) 

Mg 

(*%at) 

Fe 

(*%at) 

Cl 

(*%at) 

M 

Ponding 

Rep 

51.84 12.16 26.18 9.22 0.06 0.52 0.023 

P 31.98 33.24 22.96 4.25 3.71 3.83 0.020 

F 48.87 12.89 3.37 0.28 0.30 1.17 0.003 

Control 73.15 12.15 10.67 3.29 0.00 0.96 0.037 

Mix 

Type Exposure 

Si 

(*%at) 

Ca 

(*%at) 

Al 

(*%at) 

Na 

(*%at) 

Mg 

(*%at) 

Fe 

(*%at) 

Cl 

(*%at) 

M 

Ponding 

R&S 

31.7 49.56 9.71 3.59 1.73 3.49 0.210 

P 18.5 52.66 24.26 0.83 0.57 2.99 0.180 

F 47.43 30.62 14.47 1.47 0.91 3.47 0.033 

Control 73.15 12.15 10.67 3.29 0.00 0.96 0.037 

Mix 

Type Exposure 

Si 

(*%at) 

Ca 

(*%at) 

Al 

(*%at) 

Na 

(*%at) 

Mg 

(*%at) 

Fe 

(*%at) 

Cl 

(*%at) 

M 

No 

Ponding 

50.77 16.11 18.14 5.26 1.27 2.45 0.000 

P 88.53 7.56 2.51 0.45 0.24 0.61 0.090 

F 56.77 16.11 18.14 5.26 1.27 2.45 0.000 

*%at = % atomic weight 

Table 3.6 Chemical composition of specimens and characterization of repair materials by EDX analysis  
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Chapter 4. Results and Discussion 

4.1 Visual Observation  
After removing the sodium chloride solution from the ponding container at the end of the last 

wet / dry cycle, specimens were inspected visually. Small cracks were clearly observed on 2 

out of 3 of the Mix M repair specimens after completing 16 weeks of exposure to the salt 

solution. This type of crack could be the result of thermal cracking or drying shrinkage of the 

material. Signs of rust are clearly noticeable on the substrate concrete of Mix P. Signs of rust 

are clearly noticeable on 2 out of 2 of the control Mix. No signs of corrosion, cracks or staininig 

was observed on Mix F. See Figure 4.1. 

Corrosion potential, macro cell corrosion, and corrosion current density and rate results on all 

the specimens confirm that some cementitious materials are more vulnerable than others when 

exposed to a chloride attack or corrosive environment. 

    

(a) (b) (c) (d) 

Figure 4.1 Visual observation of repair mixes and control. a) Mix M, (cracks can be observed); b) Mix P, 

(corrosion stains on surface; c) Mix F, (no cracks or corrosion stains can be observed); d) Mix Control, 

(corrosion stains on surface). 
 

4.2 Electrochemical Techniques 
As mentioned above, three different types of NDTs, Half Cell Potential (HCP), Linear 

Polarization Resistance (LPR), and Macrocell Current were performed for all the 21 RC 

specimens. After curing, the specimens were exposed to wet and dry cycles of sodium chloride 

for 120 days. The wet and dry cycles were performed to simulate RC structures exposed to a 

marine environment. This test was done to the ASTM G-109 standard to simulate a marine 

environment.  

4.2.1 Half-Cell Potential (HCP)  
Half Cell Potential results or the probability of corrosion for RC specimens prepared with 

Mixes M, P, F and Control were obtained following ASTM C876. Wet and dry sodium chloride 

cycles that simulated the exposure of specimens to a marine environment were performed on 

three different types of specimen set ups, and the monitoring of HCP measurement was done 

once every 4 weeks for the duration of the test (120 days). 
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Repair material exposed to chloride only 
 

 

 

 
 

 

Figure 4.2 HCP Cementitious repair material vs. Control and Std. deviation (PRO) 

 

As shown in Figure 4.2, each plotted point represents one HCP measurement at every cycle 

for every one of the repair mixes and control exposed to sodium chloride ponding. As can be 

observed in Figure 4.2, HCP recorded values taken before ponding of the specimens, Mix F 

data showed the lowest value: (-15 mV) compared to all repair mixes and Control. Then, at the 

end of the testing period (120 days) Mix F, again, shows the lowest HCP values at -19 mV. 

Figure 4.2 also indicates the standard deviation bar with information regarding the HCP 

average data for the samples representing Mixes M, P, F and Control respectively during the 

sodium chloride wet / dry testing period. 
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Repair material plus substrate interface exposed to chloride 
 

 

 
 

Figure 4.3. HCP Cementitious repair material vs. Control and Std. deviation (PR&S) 

 
As shown in Figure 4.3, each plotted point represents one HCP measurement at every cycle 

for all of the repair mixes and Control exposed to sodium chloride ponding of repair material 

& substrate interface. It can be observed that for HCP recorded values taken before ponding of 

the specimens for Mix F, the data showed the lowest value of all repair mixes and Control. 

Then, throughout the testing period, Mix F, again, shows the lowest HCP values at the end of 

the testing period at -67 mV. 

The HCP data analysis revealed that corrosion potential in Mixes M and P is between 2 to 3 

times higher in the specimens where the sodium chloride ponding setup is expanded to the 

repair substrate interface as compared to the specimens where only the repair material was 

exposed to NaCl. This can be explained by the effect of the compatibility of the repair materials 

to the substrate transition zone between the repair materials as opposed to the substrates that 
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are less electrochemically compatible. This finding agrees with other researchers who have 

performed related experiments, [32], [21], [99] , including Cusson et al. [100]. Figure 4.3 also 

indicates the standard deviation bar with information regarding the HCP data for the samples 

representing Mixes M, P, F and Control respectively during the sodium chloride wet / dry 

testing period. 

The difference in corrosion potential values among Mix M, P, F and Control can be explained 

by the denser microstructure of Mix F compared to Mixes M, P, and Control. This finding 

agrees with researchers K. U. Avani et al. [41], who found the use of cementitious materials 

containing silica fume beneficial for corrosion repair. Their studies show how SF material 

properties affect chloride transfer into concrete and highlight the importance of a material’s 

porous structure. The corrosion resistance of concrete repair mortars were also evaluated by 

Velu Saraswathy et al [21]. Their results showed that modified mortar systems treated with fly 

ash and micro silica have lesser permeable voids because of the smaller size of the micro silica 

particles compared to normal cement particles. Less permeable gaps and less water absorption 

occurred in the cement matrix's denser packing. 

D.D. L. Chung et al [36] also investigated the corrosion resistance of cement-based materials 

containing silica fume content and found that SF improves a broad range of essential features, 

including steel corrosion resistance, the freeze-thaw durability, abrasion resistance, bond 

strength with embedded steel rebars, and the resistance to chemical attack, as compared to 

polymer-modified mortars. Safwan et al. [37] also investigated the resistance of SF concrete 

to corrosion related damage and found  that it outperformed that of regular control concrete.  
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Repair material plus substrate interface not exposed to chloride 
 

 

 

 

Figure 4.4 HCP Cementitious repair material vs. Control and Std deviation (NP) 

 

As shown in Figure 4.4, each plotted point represents HCP measurement during the testing 

period (120 days) for each of the repair mixes and control exposed in the lab at 50% RH and 

20°C Temperature. As can be observed in Figure 4.4, HCP recorded values taken of the RC 

material repair specimens, Mix F data showed the lowest value raising from -15 mV to -89 mV 

of all HCP recorded values for repair mixes and control at the end of testing period. This range 

of values are in agreement with the values reported by B. Elsener et al. [101]. Figure 4.4 also 

indicates the standard deviation bar with information regarding the HCP data for the samples 

representing Mixes M, P, F and Control. Additionally, the difference in corrosion potential 

values among the three different mixes can be explained by the potentially denser 

microstructure of Mix F compared to Mix M and P as mentioned above. 
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4.2.2 Macrocell Corrosion Results 
The Macrocell current of RC specimens repaired with three different types of Mixes M, P, F 

and Control exposed to wet / dry ponding cycles of sodium chloride was assessed by measuring 

the total charge passing through a 100-ohm resistor every month for the duration of the test 

following ASTM G-109. 

 

Repair material exposed to chloride only 
 

 

 
 

 

 

Figure 4.5 MC Cementitious repair material vs. Control. and Std. deviation (PRO) 

 

In Figure 4.5, each plotted point represents the total integrated current of the RC repair 

specimens and Control exposed to sodium chloride ponding. The current was recorded at every 
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cycle for each of the RC repair mixes and control specimens. As it can be observed in Figure 

4.5, the Macrocell current values taken before ponding of the specimens all show zero (0) 

current passing through for all the mixes and Control. Fluctuation of current values can also 

be observed throughout the repair mixes and Control during the testing period. At the end of 

the testing period however, the cumulative current for Mix F shows the lowest value at 0.47 

Coulombs, compared to the Macrocell current values for repair mixes M, P and Control. Figure 

4.5 also indicates the standard deviation bar with information regarding the Macrocell current 

data for the samples representing Mixes M, P, F and Control respectively. 

 

Repair material plus substrate exposed to chloride 
 

 
 

 
 

 

Figure 4.6 MC Cementitious repair material vs. Control. Std deviation (PR&S) 
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In Figure 4.6, each plotted point represents the total integrated current of the RC repair 

specimens and control exposed to sodium chloride ponding of the repair cementitious material 

and substrate interface. As it can be observed in Figure 4.6, the Macrocell current values taken 

before ponding of the specimens all show zero (0) current passing through for all the mixes 

and Control. At the end of the testing period, the cumulative currents for Mixes Control and F 

show the lowest values at (2.27) and (1.17 C) respectively, compared to the corrosion current 

recorded values for repair mixes M and P: (86.29 C) and (94.31 C) respectively. Figure 4.6 

also indicates the standard deviation bar with information regarding the Macrocell current data 

for the samples representing Mixes M, P, F and Control during the wet / dry testing period. 

The macrocell current data analysis for RC repair specimens & substrate interface revealed 

that the total accumulated current passing through the macrocell is around 35 times higher for 

Mixes M, and P, and only 1.6 times higher for Mix F in the specimens where the sodium 

chloride ponding setup expanded to the transition zone area. The wide difference found in the 

macrocell current results between different ponding set up for mixes M, P and F can be 

attributed to the compatibility between repair material and substrate of the repair. 

Mailvaganam, N. P. and Taylor, D. A. [39] reported on the compatibility of repair systems for 

concrete structures. Their experimental investigation revealed that it is necessary to think of 

the repair and substrate as components of a composite system, which consists of different 

materials, in order to understand how different factors affect the performance of repair systems. 

Even though materials vary, the objective must be to improve physical and chemical property 

compatibility. The Daniel Cusson et al. [40] research studies reported the importance of 

comprehensive data on the performance of repair products. A significant portion of early repair 

failures in North American concrete buildings have been linked to incompatibility between 

repair materials and substrate concrete. Also, the use of concrete cementitious materials with 

low permeability is a crucial factor in the long-term durability of RC structures repair. Chloride 

ion penetration or diffusion is better resisted by low permeability concrete. This prevents 

oxygen, water, and chlorides from getting to the steel reinforcing bars.  

K. U. Aavani et al. [41] found the use of silica fume beneficial for corrosion repair. Their 

studies show how SF’s material properties affect chloride transfer into concrete and highlight 

the importance of a material’s porous structure. Cusson et al. [100] observed that after 3 years 

of assessing patch repairs that contained corrosion inhibitors, the potential difference between 

the patch and the substrate increased over time. Also, Pruckner, F., and Gjørv, O.E [102] 

reported that the electrochemical potential imbalance can be as high as 500 mV because of 

differences in physical properties such as porosity and chemical composition. 
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Repair material plus substrate interface not ponded 
 

 

 
 

 

 

Figure 4.7 MC Cementitious repair material vs. Control. Std. deviation (NP) 

 

In Figure 4.7, each plotted point represents the total integrated current of the RC repair 

specimens and Control exposed to 50% RH and 20°C Temperature at the lab environment. The 

macrocell current values taken before ponding of the specimens all show zero (0) current 

passing through for all the mixes and Control. Fluctuation of current values can also be 

observed throughout the repair mixes and Control during the testing period. At the end of the 

testing period however, the cumulative current for Mixes F and M show the lowest corrosion 

current value: (0.47 C) and (0.70 C) respectively, compared to the corrosion current values for 

mixes P and Control: (0.99 C) (0.87 C) respectively. Figure 4.7 also indicates the standard 

deviation bar with information regarding the Macrocell current data for the samples 
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representing Mixes M, P, F and Control during the known RH and Temperature exposure 

period. 

The Macrocell current data analysis for RC repair exposed in the lab environment revealed that 

mix P and Control present the highest value of current charge passing with time. This finding 

indicates that RC repair Mix F is the more resistant to current passing compared to repairs M, 

P and Control. This can be explained by the effect of the larger surface area, dense packing 

cement matrix and less permeability that the Silica Fume provides to repair material Mix F. 

This observation agrees with the findings from V. G. Papadakis [103].  

4.2.3 Linear Polarization Resistance 
Corrosion Current Density and Rate Results 

 

Repair material only exposed to chloride and Corrosion Density   
 

 

 

 

Figure 4.8 CCD Cementitious repair material vs. Control. Std. deviation (PRO) 
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In Figure 4.8, each plotted point represents the corrosion current density data from the LPR 

method for the RC repair mixes and Control. The corrosion current density values at the end 

of the testing period (120 days) show very similar values for Mixes P and F. Control sample is 

showing the highest corrosion current density value recorded (0.020 µA/ cm2). Fluctuation of 

current values can also be observed throughout the repair mixes and Control during the testing 

period. At the end of the testing period however, the corrosion current for Mix F shows the 

lowest corrosion current values: (0.014 µA/ cm2) compared to the corrosion current recorded 

values for repair mixes M, and Control. Figure 4.8 also indicates the standard deviation bar 

with information regarding the corrosion current density data for the samples representing 

Mixes M, P, F and Control respectively. 

While the corrosion current density and rate result of each of the repair material specimens 

indicates that Mix F presents the lowest corrosion rate during the 16 weeks of exposure, the 

repair material identified as Mix P showed the highest corrosion rate result during the 16 weeks 

of exposure. The results show the importance of Silica Fume content in cementitious materials 

to protect RC structures against exposure to sodium chloride environments. 
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Repair material only exposed to chloride. Corrosion Rate 
 

 

 
 

 

 

Figure 4.9. CCR Cementitious repair material vs. Control. Std. deviation (PRO) 

 

In Figure 4.9, each plotted point represents the corrosion rate obtained using the LPR method 

at every cycle for the RC repair mixes and Control exposed to sodium chloride ponding of the 

repair material only. The corrosion rate at the end of the testing period (120 days) shows Mix 

F as the lowest value at (0.162 µm/year) compared to the corrosion rate values for repair mixes 

M, P and Control. Control sample is showing the highest corrosion rate (0.235 µm/year). 

Fluctuation of corrosion rate values can be observed during the testing period. Figure 4.9 

indicates the standard deviation bar with information regarding the corrosion rate data for the 

samples representing Mixes M, P, F and Control respectively. The corrosion rate result at the 

end of the testing period for all the mixes is considered low according to the range that can be 
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seen in table 2.1, with the corrosion rate for mix F being the lowest one of all at CR = 0.162 

µm/year.  

 

Repair material plus substrate exposed to chloride. Corrosion Rate 
 

 

 
 

 

Figure 4.10 CCR Cementitious repair material vs. Control Std. deviation (PR&S) 

 

In Figure 4.10, each plotted point represents the corrosion rate obtained using the LPR method 

at every cycle for every one of the RC repairs mixes and exposed to sodium chloride & 

substrate interface. The corrosion rate values at the end of the testing period (120 days) show 

Mix F as the lowest value at (0.11 µm/year) compared to the corrosion values for repair mixes 

M, P and Control. The P sample is showing the highest corrosion rate (0.41 µm/year). Figure 

4.10 also indicates the standard deviation bar with information regarding the corrosion rate 
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data for the samples representing Mixes M, P, F and Control. The corrosion rate result at the 

end of the testing period for all the mixes is considered low according to the range described 

in table 2.1. The corrosion rate for mix F is the lowest one of all at CR = 0.11 µm/year. 

In this figure 4.10, we can observe how mixes M and P fluctuate in a less stable way compared 

to Mixes F and Control when exposed to sodium chloride. This is because repair mixes M and 

P are not as thermodynamically stable as mixes F and Control. 

 

Repair material plus substrate exposed to chloride. Corrosion Density 
 

 

 
 

 

Figure 4.11. CCD Cementitious repair material vs. Control. Std. deviation (PR&S) 
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In Figure 4.11, each plotted point represents the corrosion current density obtained using the 

LPR method for every one of the RC repairs mixes and control specimens exposed to sodium 

chloride and substrate interface. The corrosion current density values at the end of the testing 

period (120 days) show Mix F as the lowest value at 0.014 µA/cm2. Compared to the corrosion 

values for repair mixes M, P and Control, the control sample is showing the highest corrosion 

current density value recorded (0.022 µA/cm2). Figure 4.11 also indicates the standard 

deviation bar with information regarding the corrosion rate data for the samples representing 

Mixes M, P, F and Control. In this graphic we can observe how mixes M and P fluctuate in a 

less stable way compared to Mixes F and Control when exposed to sodium chloride. This is 

because repair mixes M and P are not as thermodynamically stable as Mixes F and Control.  

Repair material plus substrate not exposed to chloride. Corrosion Density 
 

 

 
 

 

Figure 4.12 CCD Cementitious repair material vs. Control Std. deviation (NP) 
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In Figure 4.12, each plotted point represents the corrosion current density data from using the 

LPR method for each of the RC repair mixes and control specimens not exposed to chloride. 

The corrosion current density values at the end of the testing period (120 days) with Mix P and 

F as the lowest values at 0.009 µA/cm2, and 0.012 µA/cm2 respectively compared to the 

corrosion values for repair mixes M, and Control.  

Control sample is showing the highest corrosion current density value at 0.116 µA/cm2. 

Fluctuation of corrosion current values can also be observed during the testing period. Figure 

4.12 also indicates the standard deviation bar with information regarding the corrosion rate 

data for the samples representing Mixes M, P, F and Control.  

 

 Repair material plus substrate not exposed to chloride. Corrosion Rate 
 

 

 
 

 

Figure 4.13 CCR Cementitious repair material vs. Control. Std. deviation (NP) 

 

In Figure 4.13, each plotted point represents the corrosion rate obtained using the LPR method 

for each of the RC repair mixes and Control specimens. The corrosion rate values at the end 
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of the testing period show Mixes P and F were the lowest at 0.099 and 0.138 μm/year 

respectively. Control sample is showing the highest corrosion rate value at 1.343 μm/year. 

Fluctuation of corrosion rate values can also be observed during the testing period. Figure 4.13 

also indicates the standard deviation bar with information regarding the corrosion rate data for 

the samples representing Mixes M, P, F and Control. The corrosion rate result at the end of the 

testing period for all the mixes is considered low according to the range described at table 2.1, 

with the corrosion rate for mix P being the lowest at CR = 0.099 µm/year.  

The author believes that casting more specimens at lab RH and Temperature could help in 

elucidating the results in terms of corrosion current and corrosion rate values for specimens 

not exposed to sodium chloride ponding. 

 

4.3 Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray 

Analysis (EDX) 
 

4.3.1 Influence of microstructure (SEM) analysis of repair materials in 

corrosion of RC 
From figures 3.1 to 3.4, figures 3.5 to 3.8 and figures 3.9 to 3.11, SEM analysis shows the 

difference in microstructure of the three different repair materials and Control. Mixes M, P and 

Control show a clear amorphous shape while Mix F shows a denser microstructure. Figure 3.1 

shows the morphology of hydrated Mix M sample with the formation of agglomerated 

amorphous shape material. In figure 3.2., the morphology of Mix P also shows formation of 

agglomerated amorphous shape material. Figure 3.3 shows the formation of spherical shaped 

particles, and a smoother material shape formation in mix F. In figure 3.4, the morphology of 

the Control sample also shows formation of agglomerated amorphous shape material. Hydrated 

samples observed in Figures 3.1 to 3.4 were ponded in sodium chloride for 120 days.  

Figure 3.5 shows the morphology of the hydrated Mix M sample, where formation of 

agglomerated amorphous shape material can be observed. Figure 3.6, morphology of Mix P, 

also shows the formation of agglomerated amorphous shape material. Figure 3.7, morphology 

of Mix F, shows the formation of spherically shaped particles, and a denser material shape 

formation. Figure 3.8, morphology of control sample, shows formation of agglomerated 

amorphous shape material. Hydrated samples observed on Figures 3.5 to 3.8 were ponded in 

sodium chloride for 120 days. 

Figure 3.9 shows the morphology of the hydrated Mix M sample, where formation of 

agglomerated amorphous shape material can be observed. Figure 3.10 shows the morphology 

of Mix P, where formation of agglomerated amorphous shape material can also be observed. 

Figure 3.11, morphology of Mix F, shows the formation of spherical particles, and a denser 

material shape formation. 
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The hydrated repair materials powder samples described above where exposed to a control 

temp of 20° C and RH of 50% at the lab for 120 days. It can be seen that there are amorphous 

shapes in Mixes M and P. In Mix F, the formation of spherical particles due to the Silica Fume 

presence can also be observed. The small fine glassy particles of SF create a denser 

microstructure for Mix F due to the large surface area of its glassy spheres. This feature makes 

it less permeable to chloride attack compared to the other repair mixes and control used during 

this research. 

The finding during the assessment of repair materials performed in this research agrees with 

K. U. Aavani et al. [41], whose research found the use of silica fume to be beneficial for 

corrosion repair. Their studies show how SF material properties affect chloride transfer into 

concrete and highlight the importance of a material’s porous structure. 

4.3.2 Influence of chemical constituents EDX Analysis on chloride content 

among mixes 
The chemical constituents of all mixes and Control are summarized in Tables 4.1 to 4.3. It can 

be appreciated that Mix F shows the lowest percentage of chloride content compared to the 

other mixes, including control, considered in this study for each one of the different ponding 

configurations as well as no ponding. It can be observed that for RC repaired materials exposed 

to wet / dry cycles of sodium chloride, Mix F shows the lowest chloride content at 0.003 % at 

weight of sample compared to Mix M, P and Control, showing a chloride content of: 0.023, 

0.020, 0.037 % at weight per sample, respectively. 

The concentration of chloride for mixes M, and P is between 4 to 5 times higher than for mix 

F and Control. For mixes F and Control the chloride concentration values are the lowest at 

0.033 and 0.037 % at weight of sample respectively. The concentration of chloride for mixes 

M and F (no ponding) show the lowest values 0.0 % at weight per sample and Mix P the highest 

value at 0.09% at weight per sample for RC repaired materials not exposed to wet / dry sodium 

chloride. 

SEM / EDX-ray spectra analysis showed the presence of seven elements (Si, Ca, Al, Na, Mg, 

Fe, and Cl). It was found that Si, Ca, and Al were the elements with higher at% per weight of 

sample. From the information obtained during the EDX analysis of hydrated powder samples 

examined during this research, it can be inferred that a lower Ca / Si ratio will lead to a lower 

Chloride concentration in the specimens. 

Other research, including that of T. Luping et al. [104], has shown that a reduced Ca / Si ratio 

in the C-S-H chemical structure is believed to alter the surface characteristics of cement gel 

and reduce the amount of chloride binding in hydrated cement mixes. The results obtained 

after performing SEM / EDX analysis at the end of the testing period are in good agreement 

with the NDT findings performed during this research, pointing at the usage of Mix F as the 

most suitable material for corrosion repair of RC structures.  

 



53 

 

Repair material only exposed to chloride 
 

 

 
 

*%at = % atomic weight 

Table 4.1 Characterization of repair material by EDX analysis (%at). Mixes M, P, F and Control (PRO) 

 

Repair material & Substrate exposed to chloride 
 

 

 
 

*%at = % atomic weight 

Table 4.2 Characterization of repair material by EDX analysis (%at). Mixes M, P, F and Control (PR&S) 
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Repair material & Substrate Not exposed to chloride 
 

 

 
 

*%at = % atomic weight 

Table 4.3 Characterization of repair material by EDX analysis (at%). Mixes M, P, F (NP) 
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*%at = % atomic weight 

Figure 4.14 Ca/Si vs. Cl content. Mixes M, P, F and Control. 

 

In Figure 4.14, it can be observed that there is a relationship between the Ca / Si ratio vs. Cl 

amount concentration in the repair mixes vs. control. However, for some of the mix samples it 

was found that the Ca / Si decreasing ratio did not correlate to a decrease of Cl content. The 

author believes that a binding Isotherm test as the one proposed by T. Luping et al. in [104] 

could help elucidate the real amount of binding chloride found in the hydrated powder repair 

mixes. 

4.3.3 SEM/EDX effect on corrosion determination (Durability): 
The information obtained from SEM / EDX analysis will provide crucial insight into the 

molecular morphology and structure of the main product of hydrated cementitious based 

materials such as Calcium silicate hydrates (C-S-H) in corrosion repair cementitious materials. 

The molecular composition of C-S-H will provide information about the study and 

improvement of the properties of cementitious materials. The structure of Calcium Silica 

Hydrate can also affect the chemical and physical properties of cementitious materials like 

strength, shrinkage, creep of the cement paste, as well as mechanical properties including 

elastic modulus, fracture risk, and toughness. 

Manzano et al. [105] studied the C-H-S mechanical properties by lattice dynamics simulation. 

Their experimental results showed that an increase in Ca / Si ratio led to a decrease in the 

volume, shear stress and elastic modulus of C-S-H. Qomi et al. [106] found through molecular 
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dynamics simulation that an increase in the Ca / Si ratio led to a decrease in the indentation 

modulus, and therefore the calcium-silica layers became defective and the mechanical stiffness 

and anisotropy decreased. The understanding of SEM / EDS microanalysis provides deep 

insight into the chemical composition of C-S-H [107]. An improvement in the performance of 

RC and cementitious repair materials can be achieved through the study in the mechanisms of 

chloride ions and C-S-H.   

 

4.4 Experimental results and correlation of NDT tests 
A correlation model that captures the experimental results obtained from assessing three 

different types of cementitious repair materials vs. Control using three different types of 

Electrochemical NDT methods will be presented. 

Microsoft excel software was used to present the relationship between NDT results of the 

repair materials and control performed in this research, along with their potential effects to 

protect concrete reinforcement steel against corrosion.  

 

 
 

 

Figure 4.15 Equivalent circuit and schematic set up of experimental RC for corrosion repair 

 

In this research study the Stern-Geary equation, which is derived from the Butler-Volmer 

kinetic, is used to determine the corrosion current density and corrosion rate using the LPR 

methodology. The experimental results obtained from performing the Linear polarization 

Resistance of the RC corrosion repair specimens was used to propose a formulation to calculate 

the conductivity of three different repair materials vs. the control considered in this study [108]. 
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The theory behind finding the conductivity of the RC repair materials is to have a better 

understanding of the phenomena involved in the chloride resistance in cement-based materials. 

The following graphics show a linear fitting since the total electrical conductivity of RC 

specimens was derived from the Linear Polarization Resistance through the Stern-Geary 

equation. 

Equations and parameters used for formulating the electrical conductivity of RC corrosion 

repair specimens, are the following: 

Stern-Geary Linear Polarization resistance, Rp in Ohm. (As stated in chapter 2) 

Equation - Derivation of Buttler- Volmer: 

𝑅𝑝 = (
𝜕

𝜕

ΔΕ

ι
)  𝑖 = 0,

𝑑𝐸

𝑑𝑡
→ 0      (6) 

Corrosion Current Icorr: 

𝐼corr =  
𝐵

𝑅𝑝
       (7) 

Stern – Geary constant B: 

 𝐵 =  
𝛽𝑎 𝛽𝑐

2.303 (𝛽𝑎 𝛽𝑐) 
      (8) 

Corrosion current density, icorr 

𝑖corr =
𝐼 corr

𝐴𝑠
       (9) 

Corrosion rate (Assuming uniform corrosion) 

𝐶𝑅 =  
𝑘𝑎𝑤

𝑛𝐹𝛿
 𝑖corr =  𝛼𝑖corr     (10) 

Conductivity of steel (𝜎𝑓) : 

𝜎𝑓 =  
𝑙𝑓∗𝑖corr

𝐵
       (11) 

Where lf = thickness of surface film 

Conductivity of concrete material (𝜎𝑐) 

𝜎𝑐 =
𝑙𝑐∗𝑖corr 

𝐵
       (12) 

Where lc = thickness of concrete cover 

 

Total Conductivity concrete & steel (𝜎𝑡) 

𝜎𝑡 =  𝜎𝑓 +  𝜎𝑐      (13) 
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Experimental values of corrosion current density obtained from performing the LPR test on 

RC repaired samples exposed to wet / dry NaCl using NDT equipment are considered for 

obtaining the conductivity of the beam specimens in figure 4.15. The conductivity data was 

obtained through equations 11 to 13. A linear relationship between conductivity of the RC 

system and the corrosion current density of the specimen, as expected, was obtained. 

 

Relationship between Corrosion Current Rate vs. Conductivity of RC 

(PRO)  
 

 

 
 

 

 

Figure 4.16 CCR vs. Conductivity. Cementitious repair material vs. Control (PRO) 
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In figure 4.16, we can also observe that the Control sample is the one showing the highest 

corrosion rate as well as the higher conductivity: 0.235 μm/y and 0.00086 kΩ/cm respectively 

at the end of the testing period. Followed by Mixes P and M, Mix F shows the lowest corrosion 

rate and conductivity at 0.162 μm/year and 0.00059 kΩ/cm respectively. Higher conductivity 

of the RC repair material correlates with higher corrosion current density. The summary of 

results shown in this graphic is in good agreement with the information obtained from 

experimental results using other electrochemical techniques performed in this study as well as 

the SEM and EDX-Ray analysis. All of these tests show Mix F as the best suited for corrosion 

repair of RC. 

Relationship between Corrosion Current Rate vs. Conductivity of RC.  

Repair & substrate interface (PR&S) 
 

 

 
 

 

Figure 4.17 CCR vs. Conductivity. Cementitious repair material vs. Control (PR&S) 
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In Figure 4.17, we can observe that the P sample is the one showing the highest corrosion rate 

as well as the higher conductivity of electrical signals at 0.614 μm/year and 0.00224 kΩ / cm 

at the end of the testing period. Mix F showed the lowest corrosion current rate and 

conductivity at: 0.161 μm/year and 0.00059 kΩ / cm. 

 

Relationship between Corrosion Current Rate vs. Conductivity of RC 

Repair material & Substrate no ponding 
 

 

 
 

 

Figure 4.18 CCR vs. Conductivity. Cementitious repair material vs. Control (NP) 
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Experimental values of corrosion current density obtained from performing the LPR test on 

RC repaired samples exposed to lab RH and temperature using NDT equipment are considered 

for obtaining the conductivity of the beam specimens (see Figure 4.15).  

In Figure 4.18, we can also observe that the control sample is the one showing the highest 

corrosion rate as well as the higher conductivity of electrical signals at 1.343 μm/year and 

0.0049 kΩ / cm at the end of the testing period. At the end of the testing period, mix F shows 

the lowest corrosion rate and conductivity value at 0.138 μm/year and 0.00050 kΩ / cm. A 

linear relationship between conductivity of the RC system and the corrosion current density of 

the specimen, as expected, was obtained. 

 

Relationship between Corrosion Current Rate vs. Macrocell of RC Repair 

material (PRO) 
 

 

 
 

 

 

Figure 4.19 CCR vs. Macrocell. Cementitious repair material vs. Control (PRO) 
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In Figure 4.19, it can be observed that Mixes M, and P show the highest Macrocell current 

with time, whereas Control and Mix F show the lowest Macrocell current. Additionally, 

Control specimens show the highest corrosion rate and Mix F the lowest corrosion rate. This 

difference in Macrocell current and corrosion density rate among mixes could be due to the 

electrochemical potential difference between control and repair mixes and the chloride ion 

movement among mixes. 

 

Relationship between Corrosion Current Rate vs. Macrocell current of RC. 

Repair & substrate interface vs. Control  

 

 
 

 

 

Figure 4.20 CCR vs. Macrocell. Cementitious repair material vs. Control (PR&S). 
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In Figure 4.20, it can be observed that control mix shows the highest corrosion current with 

time, whereas Mix F shows the lowest corrosion current with time. Mixes control and F show 

the lowest Macrocell current. Relationship between NDT methods Macrocell current and 

corrosion rate can not be established for mixes M, and P due to the great difference in driving 

potentials between mixes M, P and their substrates. It has been found that the incompatibility 

between mix repairs and substrate interface exposed to sodium chloride has a great impact in 

the Macrocell current. This finding has been confirmed by other researchers stated in the 

literature review.  

 

Relationship between Corrosion Current Rate vs. Macrocell current of RC. 

Repair vs. Control. No ponding 
 

 

 
 

 

Figure 4.21 CCR vs. Macrocell. Cementitious repair material vs. Control (NP) 
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In Figure 4.21, it can be observed that Mix F maintains a stable and low corrosion rate and 

Macrocell current during the testing period. Mixes F and M show the lowest Macrocell current. 

Mix P shows the highest Macrocell current, and the Control mix shows the highest corrosion 

rate of all mixes.  

 

Relationship between Corrosion Current Rate vs. HCP of RC Repair Mixes & 

Control  
 

 

 
 

 

Figure 4.22 CCR vs. HCP. Cementitious repair material vs. Control (PRO) 

 

There are fluctuating corrosion density rate results during the testing period (as shown in 

Figure 4.22), for all the Mixes, M, P, F, and Control. The Control repair mix shows the highest 

corrosion potential and corrosion rate of all the mixes, while Mix F shows the lowest HCP and 
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corrosion rate of all the mixes. It can be observed that mix F shows the lowest potential and 

corrosion rate at the end of testing. No clear relationship can be established between the HCP 

and Corrosion rate for mixes exposed to sodium chloride during the testing period. The author 

believes this is due to the difference in driving potentials between the mixes being tested. 

 

Relationship between Corrosion Current Rate vs. HCP of RC Repair & 

substrate vs. Control 
 

 

 
 

 

Figure 4.23 CCR vs. HCP Cementitious repair material vs. Control (PR&S) 

 

 

In Figure 4.23, it can be observed that Mixes F and Control show the lowest corrosion potential 

and corrosion current of all the mixes. Mixes M and P show the highest HCP and corrosion 

rate of all the mixes. These results are in agreement with that of other researchers mentioned 

in the literature review regarding compatibility of materials between repair material and 

substrate interfaces. The potential differences between mixes M and P make results more 
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scattered compared to those of Mixes F and Control. A second order polynomial equation was 

chosen to fit this relationship since this is the shape that is drawn from the data obtained after 

performing both HCP and LPR tests.  

 

 

 
 

 

Figure 4.24 Applied potential (E) vs. Corrosion current density (icorr) 

 

In Figure 4.24, a polynomial shape is observed when measuring the Linear Polarization 

Resistance of repair mixes and Control. 
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Figure 4.25 Applied potential (E) vs. Time (sec) 

 

In Figure 4.25, a polynomial shape is observed when measuring the Half Cell Potential of 

repair mixes and Control. 
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Relationship between Corrosion Current Rate vs. HCP of RC Repair & 

Control exposed at RH and Temperature. No ponding 
 

 

 
 

 

Figure 4.26 CCR vs. HCP Cementitious repair material vs. Control (NP) 

 

In figure 4.26, it can be observed that Mix F shows the lowest corrosion potential and corrosion 

rate value of all the mixes. Control mix shows the highest corrosion rate. Mixes M and P show 

the highest HCP of all the mixes.  
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Chapter 5. Experimental Results / Discussion 
 

5.1 Visual Observations 
At the end of the wetting/drying sodium chloride cycles, it was observed that RC specimens 

treated with cementitious repair Mixes M and P presented some visible cracks. Slight change 

in color and even signs of corrosion on the surface of Mix P after vacuuming the sodium 

chloride solution was observed. Mix F, however remained uncracked and free of corrosion 

stains. For the control mix, there was no sign of cracks at the end of the testing. The author 

believes that the fact that control specimens were casted continuously, with no repair 

indentation, had an impact in the visual results of control samples.  

 

5.2 Electrochemical Techniques  
After performing HCP, LPR and Macrocell electrochemical tests on three different types of 

cementitious repair material under chloride exposure, it is observed that all the values from the 

NDT’s methods in terms of degree of corrosion activity led to results were Mix F outperformed 

Mixes M, P and control when exposed to sodium chloride, even though the Mix F had a built-

in indentation when exposed to sodium chloride compared to control. 

Additional research like the one performed by Raghav et al [99],  reported that some chemical 

components such as silica fume being present in cement-based materials can react with 

concrete. SF can provide a physical contribution by filling the spaces found in the interfacial 

region of cement grains. This physical contribution is known as particle packing. Chemically, 

due to the high percentage (>90%) of highly amorphous SiO2, SF cement-based materials lead 

to the formation of hardened concrete.   

 

5.3 Bond and compatibility of cementitious repair materials: 
The effectiveness of repair cementitious materials to delay / retard corrosion in RC exposed to 

high-chloride environments is highly dependant on how the repair and substrate material react 

as a system to sodium chloride attack. 

Song et al [109], reported an improvement of the bond strength at an interface between the 

repair and substrate material was caused by the C-S-H secondary reaction between the silica 

fume in UHPC and the Ca(OH)2 in the old concrete substrate. This improvement was observed 

through mechanical testing and SEM observation. 
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5.4 Efficiency of cementitious repair materials 

Structural:  
Research conducted by S. Tang et al. [107] found that a cement mortar repair material modified 

with a small amount of polypropylene fibers and silica fume showed improved interfacial bond 

mechanical properties. They observed improvement between interfacial transition zones of 

substrates and repairs. 

Durability: 
External additives and the type of substrate to receive the repair can affect the quality of the 

repair material. An increase in roughness of the existing concrete has been proposed by Feng 

et al [110]  to enhance the bond strength and mechanical interlock between the substrate and 

the repair. In addition, Xiong et al [111] reported that the adhesion between the repair layer 

and the substrate interfacial transition could be improved by incorporating a silane coupling 

agent. P. Stutzman et al [75], reported that an improvement could be achieved regarding the 

bond strength and toughness of the interface between repair materials and concrete by applying 

nano-silica-modified silane as an interfacial coupling agent between the repair and a concrete 

structure.  

Sodium Chloride resistance and repair-substrate compatibility: 
As per the NDT results performed through all different repair materials vs. control, it was 

determined that Mix F and Control substrate materials had the best sodium chloride-induced 

corrosion resistance compared to Mixes M and P. This finding is attributed to electrochemical 

compatibility with the substrate. 

Best performing corrosion repair:  
As per the three different NDTs, and through SEM / EDX analysis performed during this 

experimental research, it was concluded that that Mix F was the most suited repair material for 

corrosion repair of RC structures. 
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Chapter 6. Conclusions 
 

Results of the experimental study of using electrochemical methods to assess the effectiveness 

of cementitious materials for corrosion repair can be summarized as follows: 

The usage of electrochemical techniques to measure corrosion potential (HCP), Macrocell 

corrosion, and Linear Polarization performed in this study proved to be useful techniques to 

assess the effect of three different types of cementitious repair materials and control when 

under chloride exposure and without chloride exposure, as well as for the degree of corrosion 

where each of the different types of cementitious repair materials developed at the end of the 

testing period. 

The chemical components contained in Mix F (silica fume), make it a more desirable repair 

due to its higher surface area, less available void space and less permeable environment for ion 

movement. Additionally, it provides electrochemical compatibility with the substrate when 

exposed to sodium chloride. Experimental results for Mix F show a lower corrosion potential, 

corrosion rate and Macrocell corrosion compared to repair Mix M and Mix P when exposed to 

sodium chloride.  

SEM / EDX technology provided more information about the morphology and chemical 

composition of these three different repair materials, plus the control after being exposed to 

chlorides. It was found that Mix F had the lowest chloride content by atomic percentage 

compared to mixes M, P and control after performing SEM / EDX analysis. 

A careful evaluation of the physical and chemical exposure of the repair material should be 

conducted before a final selection is made. As well, the physical and chemical compatibility 

of the repair and substrate must be of primary concern.   

The findings of this study will contribute to the development and choosing of a repair material 

that is adequate to the corrosion repair of RC structures exposed to high sodium chloride 

environments. Findings also show the importance of electrochemical compatibility between 

repair materials and substrates when exposed to wet / dry sodium chloride cycles. 

A modelling procedure that resembles the experimental set up conducted in this research was 

performed. A relationship between the three different NDT methods and the effect of three 

different cementitious repair materials applied to the substrate of a RC system for corrosion 

repair was found. This information will give us insight as to which repair material to choose 

for a RC structure that is exposed to NaCl. 
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6.1. Future work and Recommendations 
 

After assessing the performance of three different cementitious repair materials against the 

control using three different types of NDTs, there are still many aspects that need to be 

investigated further in the area of corrosion repair material and NDT methods. The need for 

further investigation of the following points will provide a better understanding of corrosion 

repair materials, as well as improvement for faster NDT methods to assess the corrosion repair 

of RC structures.  

1. The effectiveness of cementitious repair materials can be affected by their chemical 

composition and ability to withstand chloride attacks. It would be recommended to 

investigate other cementitious repair materials containing nanosilica and other 

nanowaste materials in order to reduce the carbon footprint emission and measure their 

resistance to chloride attack. 

2. Conduct assessment of corrosion rate on materials exposed to a natural marine 

environment on site and in a Laboratory control environment and compare the 

difference in results. 

3. Develop a data base of the chloride binding properties of different cementitious repair 

materials. Use this data to determine possible parameters for predicting Chloride 

diffusion and creating service life calculation models of RC exposed to a chloride 

environment.  

4. Standardize the type of corrosion repair materials to be used for corrosion repair 

treatment, maximizing compatibility with existing concrete substrates. 

5. Explore the application and use of UAV devices for assessment of corrosion repair of 

RC structures. 
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Appendix A Material Specifications 

Cementitious Repair Material. Mix F 

 

Target Flowcrete: Is one of the repair materials for corrosion repair termed as Mix F for the 

purpose of this study. 

Data sheet provided by the supplier is shown below. 
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Cementitious Repair Material. Mix P 

 

Planitop X: Is one of the repair materials termed as Mix P for the purpose of this study. 

Data sheet provided by the supplier is shown below. 
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Cementitious Repair Material. Mix M 

 

Master Emaco T 430: Is one of the repair materials termed as Mix M for the purpose of this 

study. Data sheet provided by the supplier is shown below
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Appendix B.  Equipment specifications 

Gamry Potentiostat / Galvanostat. Reference  600+ 
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Appendix C SEM/EDX Equipment Specifications 

Advance Microscopy Facility  
 

 

Hitachi S-4800 FESEM Extension EDX [112] 

• 0.5 kVv to 30kV acceleration voltage 

• 1nm resolution at 15kV, 1.4nm at 1Kv 

• Magnification from 30x to 800,000x 

• Maximum specimen size = 100nm 

• Super ExB filter technology 

• Dry vacuum system 

• X+Y motorized eucentric stage with trackball interface (tilt and Z by manual control) 

• Ring-type YAG backscatter detector 

• Bruker Quantax EDS System for X-ray spectroscopy 
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Appendix D.  

Measurement of fresh properties of concrete, preparation, and testing of RC 

repaired specimens 
 

 
         

 

Figure D1.1 Air Content Test    Figure D2.1 Slump Test 

 

 

    
   

 

Figure D3.1 Molding preparation of specimens Figure D4.1 Demolding of specimens (substrate and C) 
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Figure D5.1 Curing of specimens   Figure D6.1 Preparation of repair material indentation 

   

 

        
 

 

Figure D7.1 Casting of repair material Mix M  Figure D8.1 Casting of repair material Mix F 

 

 

        
 

 

Figure D9.1 Casting of repair material Mix P     Figure D10.1 Ponding of repair & substrate interface 
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Figure D11.1 Ponding of repair materials. M, P, F and C    Figure D12.1 No ponding of repair materials M, P, F 

and C 

 

 

     
 

 

 

Figure D13.1Macrocell testing,  Figure. D14.1 LPR and HCP testing, no ponding. Figure. D15.1. LPR and HCP 

testing, ponding 

 

 


