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Abstract 

The costs associated with aging reinforced concrete infrastructure in Ontario continue to rise as 

highway infrastructure, such as bridges, continuously deteriorate. The use of de-icing salts on these 

bridges in the winter often leads to the corrosion of the reinforcing steel, cracking the concrete and 

reducing the service life of the structure. To meet a minimum required service life of 75 years for 

bridge infrastructure, the Ministry of Transportation of Ontario uses stainless steel grades UNS 

S31653 (316LN) and UNS S31803 (2205) for corrosion resistance [1], [2]. However, with the wide 

variety of existing stainless steel grades and the continuous development of new grades, the selection 

of the most appropriate grade of stainless steel for current projects is limited by the time necessary to 

determine their corrosion resistance under realistic conditions. 

An experimental project was undertaken to determine, through a rapid screening test, if less costly 

grades of stainless steel would be competitive with 2205 or 316LN in their corrosion resistance. The 

relative corrosion resistance of three grades of stainless steel were compared: UNS S24100 (XM-28) 

and S32304 (2304) with S31803 (2205) as the “control”. The main objectives for this project were as 

follows: 1) to experimentally assess and evaluate the parameters of the Rapid Screening Test such 

that recommended parameters can be used to compare the relative corrosion resistance of new and 

existing grades of stainless steel, and 2) to assess the impact of the parameters on the probability of 

corrosion for each tested stainless steel grade using statistical analyses.   

The experimental procedure involved casting stainless steel specimens into concrete with admixed 

chloride concentrations of 4, 6, or 7.5% by mass of cementitious materials, measuring the open circuit 

potentials (Ecorr) of the specimens from 24 hours to 48 after casting, and immediately applying an 

anodic polarization potential of +100, +200, +300, or +400 mV to the specimens for 96 hours after 

the Ecorr monitoring period. During the applied polarization potential period, corrosion current density 

(icorr) values were monitored. Corrosion initiation was considered to have occurred if the icorr of a 

specimen surpassed the proposed pass/fail limit of 0.025 A/m2 for more than 2 hours. All specimens 

were autopsied at the end of the test and visually examined for any signs of corrosion. The results of 

the electrochemical testing and the observations made during and after autopsying the bars were 

found to differ. The detection of corrosion initiation in the electrochemical testing was then changed 
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to reflect the results of the autopsied bars. If any bar had an increase in icorr by at least one order of 

magnitude, it is considered to have corroded.  

Logistic regression models were created to model the probability of corrosion in each of the tested 

grades of stainless steel based on the electrochemical testing and autopsy results. It was determined 

that increasing the admixed chloride concentration of the concrete has a far more significant impact 

on the corrosion initiation of the bars than the applied polarization potential. Theoretical critical 

chloride thresholds of the XM-28, 2304, and 2205 bars directly exposed to admixed chlorides in 

concrete were estimated to be 7.1%, 7.1%, and 9.4% by mass of cementitious materials, respectively. 

However, based on the limited pitting corrosion damage observed in the photomicrographs, it is 

believed that 2304 has a higher chloride threshold than XM-28. The threshold values of the 2304 and 

2205 specimens may not be accurately estimated due to the imbalanced number of corroded versus 

non-corroded specimens for each of these grades. 

Based on the experimental and analytical results, 7.5% admixed chlorides by mass of cementitious 

and an applied polarization potential of +300 mV are the recommended parameters for the Rapid 

Screening Test. The proposed relative ranking of stainless steel specimens is based on the number of 

corroded specimens, the order of magnitude of the corrosion rates experienced by the specimens, and 

the severity of the pitting corrosion observed on the specimens. The ranking of the relative corrosion 

performance of the stainless steel grades tested in the Rapid Screening Test is as follows, in order of 

the most to least resistant: 2205, 2304, and XM-28. Based on the results of this test, it is 

recommended that 2304 would be a suitable alternative to 2205 as corrosion resistant reinforcing bars 

in concrete highway structures. It should be noted that chloride concentrations in excess of 5% by 

mass of cementitious material in concrete highway structures have not been reported in the available 

literature to date. 
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Chapter 1 – Introduction  

1.1 Background 

Concrete has been used as a predominant structural material since the Roman Empire because of its 

durability and ease of construction [3]. Even to this day, concrete is widely used in structural applications, 

such as buildings, marine construction, and highway infrastructure. The durability of concrete stems from 

its low permeability, its non-reactive nature in most environments, and its inherent compressive strength. 

However, the low tensile strength of concrete can lead to significant cracking and failure of concrete 

structural members if reinforcing bars (sometimes referred to as rebar) are not present within the concrete. 

Reinforcing bars are typically made of materials with high tensile strength, such as steel, to compliment 

the high compressive capacity of concrete. The resulting highly durable composite material is used in 

most structural applications in a variety of loading conditions, but it is highly susceptible to another form 

of deterioration – corrosion of the reinforcing bars [4].  

Typically, carbon steel (also known as black steel) is used as the reinforcing material in reinforced 

concrete. Under normal conditions, the high pH of the concrete allows for the formation of a stable 

passive film on the steel rebar. However, this passive layer can deteriorate in the presence of chloride ions 

or through a reduction in the alkalinity of the concrete from carbonation. Either deterioration mechanism 

can lead to the corrosion of the reinforcing bars, resulting in a reduction in the cross-sectional area of the 

rebar and cracking of the concrete via the expansive corrosion products [5].  

Reinforced concrete infrastructure in Ontario is particularly susceptible to chloride-induced corrosion. 

The use of de-icing salts on concrete bridges and their substructure has been found to lead to extensive 

corrosion damage of their reinforcing bars. A report written in 2002 by the US Department of 

Transportation Federal Highway Administration [6] found that approximately 15% of all bridges in the 

United States are structurally deficient because of corroded steel and steel reinforcement. The annual 

direct cost estimate to repair and maintain these bridges was $8.3 billion, while the indirect costs, such as 

traffic delays and lost productivity, could be as much as 10 times more than the direct cost [6], [7].  

Corrosion of the reinforcing steel leads to the deterioration of the reinforced concrete, and as a result, 

reduces the service life of the structure [8], [9]. This is very concerning when one considers the current 

age of infrastructure in both the United States and Canada. Of the 614,387 bridges in the United States, 
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39% of the bridges are 50 years or older, and another 15% of the bridges are between 40 and 49 years old 

[10], as shown in Figure 1.1. The designed service life for these bridges was approximately 50 years old, 

meaning that most of these bridges will either need to be rehabilitated or decommissioned in the near 

future [10].  

 

Figure 1.1: Age of Bridges in the United States' [10] 

When compared to Ontario’s infrastructure, a 2015 report by the Association of Municipalities of Ontario 

[11] found that in 93 municipalities across Ontario, 34.9% of the bridges were found to be between 51-

100 years old, and that 1% of the bridges were over 100 years old. Furthermore, 26% of all bridges in 

Ontario were found to have a poor condition rating based on the Ministry of Ontario’s (MTO) Bridge 

Condition Index (BCI). The 2013 replacement cost for these bridges was estimated to be $1 billion.  

1.2 Research Objectives 

In accordance with the Canadian Highway Bridge Design Code [12], the Ministry of Transportation of 

Ontario (MTO) endeavors to provide bridge infrastructure that meets a minimum service life of 75 years 

[4]. To meet this constraint in environments exposed to de-icing salts and anti-icing agents, one option to 
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increase the service life of bridge infrastructure is to use steel reinforcing bars with improved corrosion 

resistance.  

The MTO currently uses stainless steel grades UNS 31653 (316 LN) and UNS 31803 (2205) for corrosion 

resistant reinforcing bars [1], [2]. However, there is a wide variety of stainless steel grades used for 

concrete reinforcement. In order to procure corrosion performance information of the newer steels to 

allow the most appropriate grade(s) of stainless steel in current projects, the MTO currently requires 

compliance with ASTM A955M, which involves between 5 and 22 months of testing. In the meantime, 

the European Union is proposing an adaptation of EN-480-14:2006 rapid screening test [13] to rapidly 

compare the relative corrosion resistance of different stainless steel rebar grades. This test is now included 

in the British Standard BS 6744-16 and is the basis of the current research project.  

The objectives of this project are as follows: 

1. To assess and evaluate the parameters of the adapted Rapid Screening Test (RST) such that the 

recommended parameters can be used to compare other new and existing grades of stainless steel; 

2. To investigate the impact of passivating the stainless steels in synthetic pore solution on the 

response of the steels in the adapted RST,  

3. To evaluate and rank the relative corrosion resistance of stainless steel rebar grades UNS 32205, 

UNS 32304, and UNS 24100 using the recommended parameters of the Rapid Screening Test, 

and  

4. To develop statistical models to assess the impact of various RST parameters on the probability 

of corrosion for each of the tested stainless steel grades.  

1.3 Scope 

The scope of this thesis is limited as follows: 

 Due to the nature of the modified rapid screening test, the results are not representative of a 

service life of at least 75 years. The purpose of this test is to provide a basis for a relative 

comparison between different stainless steel grades in terms of their corrosion behaviour in a 

concrete environment.  
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 The experimental procedure involved using electrochemical test methods to determine the 

corrosion rates of the stainless steels in a concrete environment. As such, the measured corrosion 

currents were averaged over the exposed area of each stainless steel specimen to determine the 

corrosion current density. However, localized corrosion is more likely, and thus, the corrosion 

rates do not fully capture the effects of localized corrosion pits and crevices.  

 By curing the concrete in a sealed environment for 24 hours before subjecting the test specimens 

to electrochemical testing, the concrete is considered to be unrepresentative of field concrete. 

Therefore, the results for corrosion initiation time, open circuit potential, and corrosion current 

density for each stainless steel grade are unrepresentative and should only be used on a relative 

comparative basis.  

 The stainless steels that were used in this study do not fully encompass all commercially available 

grades. Stainless steel grade UNS S32205 was used as a control specimen as it is known to be 

highly durable, while stainless steel grades UNS S32304 and UNS S24100 were used because of 

their significantly lower cost, their lower nickel concentrations, and their relatively low to no 

molybdenum content.  
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Chapter 2 – Literature Review 

2.1 Corrosion Resistant Reinforcement in Concrete 

In aggressive environments that are highly prone to cause carbonation- or chloride-induced corrosion of 

concrete reinforcing steel, the reinforcing steel in a bridge deck often dictates the operational life of the 

structure. Spalling of the concrete, induced by reinforcement corrosion can lead to the deterioration of the 

deck surface, and eventually structural insufficiency [14]. As a result, corrosion resistant reinforcement 

have been increasingly used in aggressive environments for the last 40 to 50 years due to their material 

longevity and lower life cycle cost compared to traditional carbon steel reinforcement [14], [15]. Various 

studies suggest that even though corrosion resistant reinforcement can initially cost up to four times that 

of carbon steel, the savings incurred from increased service life, reduced concrete deck thickness, and 

indirect user costs outweigh the initial costs [14]–[16]. Stainless steel reinforcement in particular has been 

shown to provide superior performance compared to traditional reinforcing bars [4], [17]–[20]. However, 

the wide variety of stainless steel grades and their differing chemical compositions and microstructures 

makes it difficult to determine an optimal grade for a particular service life and price range.  

2.2 Stainless Steel Reinforcement 

The use of stainless steel reinforcement in reinforced concrete for improved corrosion resistance is by no 

means a new concept. A concrete pier in Puerto Progresso, Mexico was constructed sometime between 

1937 and 1941 with stainless steel grade 304 reinforcing bars. At the time of the Arminox inspection of 

the dock in 1999 [21], the inspectors stated that no significant corrosion was observed on the stainless 

steel reinforcement, and that the estimated remaining service life of the structure was another 20 to 30 

years, equating to an 80 to 90 year service life. A similar pier had been constructed with carbon steel 

reinforcing bars approximately 30 years prior to the Arminox inspection, and severe corrosion of the 

reinforcing bars had essentially disintegrated the pier’s reinforcing steel.  

Over the last 20 years, the long-term cost savings, reduced liability, and aesthetic benefits of stainless 

steel have been recognized, particularly for bridge construction. For example, EN grade 14362 (UNS 

S32304) was used in the construction of the Padre Arrupe Bridge (completed in 2003) in Bilbao, Spain 

and for the Celtic Gateway footbridge (completed in 2006) in Holyhead, UK. The new Champlain Bridge 

in Montreal, currently under construction, is also being reinforced with UNS 32304 stainless rebar [22]. 
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The material’s durability, aesthetics, and low maintenance requirements were key factors for the selection 

as main structural elements in the bridges [23]. 

2.2.1 The Chemical Composition of Stainless Steel 

Stainless steel reinforcement has been found to provide at least 3-4 times the service life of traditional 

carbon steel in aggressive environments [21], [23]–[25]. This increase in service life has primarily been 

attributed to the high corrosion resistance provided by chromium, nickel, molybdenum, and other alloying 

elements [26], [27]. Stainless steels are iron-based alloys containing at least 10.5% chromium [26], and 

are classified into one of five categories: ferritic, austenitic, martensitic, duplex, and precipitation-

hardening. Austenitic, duplex, and ferritic grades are typically commercially available to today’s 

construction industry. As such, these three grades are the focus of this literature review. The chemical 

compositions of some commonly used austenitic, duplex, and ferritic grades of stainless steel are shown 

in Table 2.1. 

The addition of chromium in a stainless steel alloy has been shown to provide relatively uniform 

corrosion resistance [28], largely in part due to the high concentration of chromium at a stainless steel’s 

passive film (oxide)-electrolyte boundary [29]. Additional elements are added into different stainless steel 

alloys for a variety of reasons, such as improved corrosion resistance, strength, machinability, formability, 

and toughness [30], Table 2.2.  

The exceptional corrosion resistance inherent to austenitic stainless steels has been attributed to their 

relatively high nickel content, typically containing 8% nickel [23], [31]. On the other hand, the duplex 

and ferritic grades typically have nickel contents that are at most half of that of austenitic grades; 

containing 1-8% and 0% nickel, respectively [23], [31]. However, duplex S32205 (2205) has been shown 

to have better overall corrosion resistance than austenitic grades 304 and 316 due to its higher chromium 

content [32].  
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Table 2.1: Comparison of the composition and the mechanical properties of austenitic, duplex, and 
ferritic stainless steel – Adapted from [23] 

Stainless Steel 
Type 

Grade Composition (EN 10088) 

EN ASTM (UNS) Cr Ni Mo 

Austenitic 
1.4301 S30400 17.5 - 19.5 8.0 - 10.5 - 

1.4401 S31600 16.5 - 18.5 10.0 - 13.0 2.0 - 2.5 
      

Duplex 

1.4162 S32101 21.0 1.5 0.3 

1.4362 S32304 22.0 - 24.0 3.5 - 5.5 0.1 - 0.5 

1.4462 S32205/S31803 21.0 - 23.0 4.5 - 6.5 2.5 - 3.5 
      

Ferritic 

1.4510 S43036 16.0 - 18.0 - - 

1.4509 AISI 441* 17.5 - 18.5 - - 

1.4521 S44400 17.0 - 20.0 - 1.8 - 2.5 

*No UNS equivalent 

Table 2.2: Typical effects of various elements in stainless steel alloys – Adapted from [30] 

Material Properties Elements 

Corrosion Resistance Nickel, Molybdenum, Nitrogen 

Strength Carbon, Molybdenum, Titanium, Aluminum, Copper, Nitrogen 

Formability Nickel 

Toughness Nickel 

The Pitting Resistance Equivalent Number (PREN) has been used to compare the corrosion resistance of 

stainless steels based on their chemical composition, where Equation 2.1 is typically used for austenitic 

stainless steels, and Equation 2.2 is typically used for duplex steels [33]. 

 𝑃𝑅𝐸ଵ଺ே = (%𝐶𝑟) + 3.3 (%𝑀𝑜) + 16(%𝑁) Equation 2.1 

 𝑃𝑅𝐸ଷ଴ே = (%𝐶𝑟) + 3.3 (%𝑀𝑜) + 30(%𝑁) 
Equation 2.2 

However, the PREN equations were derived for the critical pitting temperatures of alloys in neutral or 

acidic solutions, [33], [34] and as such, they are not applicable to stainless steels in ambient temperatures 

in concrete with its high alkaline nature. It has been suggested [35], [36] that the contribution of nickel 

and manganese, among other elements, could significantly affect the accuracy of the PREN numbers in 



 

8 

alkaline media. Short of experimental testing, there are no quantitative metrics used to definitively 

compare the corrosion resistance of various stainless steel grades.  

2.2.2 The Cost of Stainless Steels and their Alloying Elements 

One of the major barriers associated with specifying stainless steel alloys versus traditional carbon steel 

for concrete reinforcement is the high cost. A cost analysis of three Oregon coastal bridges built between 

1999 and 2003 [25] found that the use of stainless steel reinforcement resulted in a 10% premium 

compared to using carbon steel reinforcement. However, the use of stainless steel for concrete 

reinforcement is expected to yield over 100-year design life, substantially reducing inspection costs, 

maintenance and repair costs, and eliminating the costs associated with bridge deck replacement [15], 

[37].  

When selecting an optimal grade of stainless steel, one must not only consider the corrosion-resistance of 

the steel, but its associated cost. The variation in alloy component costs over the last 15 years, courtesy of 

ASW Inc., are plotted in Figure 2.1. It was found that when comparing different grades of stainless steels, 

the per unit price of molybdenum and nickel are as much as 8 to 30 times that of chromium and 

manganese [4].  

 

Figure 2.1: Raw material cost (US $/lb) comparison of various stainless steel grades 
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2.3 Corrosion Testing 

Standard corrosion resistance testing of stainless steel reinforcing bars in concrete can take several years. 

Testing of these bars that are embedded in concrete can resemble realistic conditions. It can be 

advantageous if the goal is to simulate the chloride diffusion into the concrete, as is the case with real 

structures. However, since the rebar is expected to resist corrosion for decades, the testing times for 

corrosion initiation and propagation are unrealistic without some form of acceleration [38]. Furthermore, 

corrosion initiation of stainless steel reinforcing bars can be difficult to determine because of the 

difficulties associated with detecting localized pitting of the alloys [39].  

Two ASTM standards are currently used to evaluate the corrosion performance of reinforcing steel in 

concrete: ASTM G109 for black steel [26] and ASTM A955 specifically for stainless steels [27]. The 

ASTM G109 method evaluates the corrosion of the rebar in concrete using half-cell and macro-cell 

measurements, while the ASTM A955 specifies two procedures.  Procedure 2 is very similar to the G109 

test but the concrete contains a simulated crack to accelerate the ingress of chlorides into the concrete. 

Procedure 1 is the same in principle, but the steel is immersed in a synthetic concrete pore solution, rather 

than embedded in concrete.  All three tests measure the corrosion current between an anode and a 

cathode, calculated from the voltage drop across an external standard resistor.  

One of the major concerns with the ASTM A955 Procedure 2 test is that the long testing duration (75-96 

weeks) makes it difficult for highway jurisdictions to evaluate and select new corrosion protection 

methods offered by industry [40]. The test uses 280 mm x 150 mm x 115 mm concrete specimens with 

two layers of reinforcement, Figure 2.2. The two layers of reinforcement are electrically connected with a 

100 Ω resistor, and the concrete specimen is subjected to alternating wet-dry ponding cycles containing a 

sodium chloride solution. The typical test duration for the G109 test requires a minimum of 6 months of 

monitoring the concrete specimens [40].  
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Figure 2.2: ASTM A955 Concrete Test Specimen.  Adapted from [41] 

Annex 2 Procedure 1 of ASTM A955 describes a “rapid macrocell test” used to measure the corrosion 

rate and corrosion potential of stainless steel reinforcing bars in separate cathodic and anodic cells, 

illustrated in Figure 2.3. The anodic cell contains one bar  in synthetic concrete pore solution with 15% by 

weight (wt.%) of solution sodium chloride (NaCl), while the cathodic cell contains two reinforcing bars 

of the same grade of steel in chloride-free synthetic concrete pore solution, Figure 2.3. A 10 Ω resistor is 

used to electrically connect the two cells, and a salt bridge provides an ionic path between the solutions in 

the two cells. The typical test duration for the A955 test requires a minimum of 15 weeks of monitoring. 

Other forms of testing of the steel embedded in concrete involve measuring the corrosion performance of 

stainless steel reinforcement using macrocell current measurements in simulated deck slab tests [24] or in 

concrete prisms with chlorides added to the mixing water [42]. Active corrosion was not observed for any 

stainless steel specimens for either the 4 or 2 year durations of either test, respectively.  
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Figure 2.3: ASTM A955 Rapid Macrocell Test Setup [41] 

2.3.1 Accelerated Corrosion Testing 

In an attempt to reduce the time required for determining corrosion performance of reinforcing steels, 

many researchers accelerate corrosion testing using a variety of testing methods that utilize different 

corrosion monitoring methods. A brief review of various corrosion monitoring techniques for determining 

the extent of rebar corrosion was summarized by Song and Saraswathy [33] is shown in Figure 2.4. Some 

of these test methods include the application of an electric field to accelerate the rate of chloride 

penetration into the concrete [43], [44] or using different wetting and drying techniques to utilize various 

transport mechanisms [45].  

However, these accelerated test methods need to be evaluated based on their required testing duration, 

their complexity, and the degree to which their results correlate with standard corrosion testing techniques 

currently employed by highway jurisdictions [40]. Soleymani and Ismail (2004) performed four common 

corrosion techniques on over 100 concrete specimens to estimate the corrosion behaviour of their 

respective reinforcing steels. It was found that the four different tests were able to accurately correlate the 

corrosion activity of only 24% of the specimens [46].  
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● Method possesses the listed characteristic in an optimal degree. 

◊ Method possesses the listed characteristic in a less than fully-satisfactory degree. 

○ Method does not possess the listed characteristic. 

Figure 2.4: Features of Widely Used Methods of Corrosion Monitoring – Adapted from [40], [47]  

2.3.1.1 Accelerated Chloride Threshold Tests in Concrete 

Developed by Trejo and Pillai (2003), the accelerated chloride threshold (ACT) test is used to determine 

the critical chloride threshold of reinforcing steels in cementitious materials [48], Figure 2.5. By applying 

a potential gradient of up to 20V across two electrodes (one within the specimen, and one in the ponding 

well), chloride ions migrate to the reinforcing steel’s surface instead of slowly diffusing into the concrete 

via concentration gradients. The use of varying applied potentials for the electrical field were evaluated, 

and it was determined that the chloride profile in mortar specimens did not change significantly up to 10 

V. The electrical field was applied in intervals of 6 hours, and after a 42 hour wait period the polarization 

resistance of the reinforcement was measured. The chloride concentration at the steel reinforcement at the 

time of corrosion initiation was used to determine the chloride threshold value of the reinforcement [48]. 
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Figure 2.5: Accelerated Chloride Threshold (ACT) test setup [48]. Authorized reprint from ACI 
Materials Journal Nov-Dec 2003, Volume 100 No. 6. “Accelerated Chloride Threshold Testing: Part I-
ASTM A 615 and A 706 Reinforcement”.  

Castellote et al. (2002) developed a similar test method that also used an electrical field to accelerate the 

transfer of chloride ions. Using mortar specimens, the corrosion initiation of the specimens was monitored 

using polarization resistance techniques. However, the two electrodes were not embedded in the 

specimen, but placed on the underside of the concrete specimen (anode) and in the ponding well 

(cathode). Castellote et al. (2002) recommended an applied potential difference of 10 to 13 V to 

successfully achieve an adequate chloride profile using a 1 M sodium chloride solution [44]. 
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Figure 2.6: Equilibrium E/pH diagram for Iron (Fe) [49]. The a and b lines represent H+/H2 
equilibrium and OH-/O2 equilibrium, respectively.  

One of the primary concerns with this accelerated test method is that while accelerating the transport of 

chlorides into the cementitious material, the reinforcing steel is also being polarized. It has been found 

that the chloride thresholds for reinforcing steels are independent of potentials more anodic than -200 ± 

50 mVSCE [50] and that they linearly increase with electrochemical potentials more negative than -200 ± 

50 mVSCE [51].  

 𝐸ௌ஼ா = 𝐸ௌுா + 241 𝑚𝑉 Equation 2.3 

Furthermore, by applying potentials in excess of +200 mVSCE, which is approximately to the equilibrium 

potential for the oxygen/hydroxyl ion reaction in concrete media [52], Figure 2.6, the steel/mortar 
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interface may be altered, affecting the corrosion products that may form and the rate of the reaction [53]. 

The conversion between potentials measured using a saturated calomel electrode (SCE) and a saturated 

hydrogen electrode (SHE) is calculated using Equation 2.3. Finally, the use of an electrical field has been 

found to affect the pH of the mortar environment [48].   

2.3.1.2 Corrosion Tests in Pore Solution 

Corrosion testing of reinforcing steels in synthetic pore solution have often been used to obtain more 

rapid results compared to testing steel in concrete. Even though testing in synthetic pore solutions do not 

account for the solid concrete matrix or the interface effects with the concrete [54], these tests have been 

shown to predict the corrosion resistance and the chloride tolerance of a reinforcing bar in a fast and 

efficient manner [38].These solutions have been simulated using saturated calcium hydroxide (Ca(OH)2 ) 

solutions with a pH of 12.6 [55]–[57] or in synthetic pore solutions which are more representative of 

“realistic” concrete, containing potassium hydroxide (KOH) and sodium hydroxide (NaOH) in addition to 

Ca(OH)2 [27], [56], [58], [59]. The pH of these “realistic” simulations of concrete pore solutions have 

been found to range between 13 and 13.9. Chlorides can be incrementally added into these solutions in an 

attempt to capture the chloride threshold at which corrosion initiation occurs. Corrosion testing using 

synthetic pore solution can last up to 15 weeks [59]–[61].  

2.3.2 Precursors to the Rapid Screening Test  

The test evaluated in this thesis is a modification of the EN 480-14:2006 test, which uses an applied 

anodic potential and monitors the resultant anodic current from a given metallic reinforcing bar. This 

experimental procedure was originally applied by Hansson and Sørensen [62] to determine the influence 

of several variables on the critical chloride concentration and corrosion initiation of carbon steel. Carbon 

steel reinforcing bars were cast in mortar prisms, which were immersed in sodium chloride (NaCl) or 

calcium chloride (CaCl2) solutions containing Ca(OH)2. The specimens were then held at a constant 

applied potential of +100 mVSCE and the corrosion current densities of the bars were measured daily. It is 

important to note that the reinforcing steel specimens developed passive films in the mortar before the 

chlorides reached the steel surfaces. Once the chlorides reached the steel surface, the corrosion current 

density of each specimen was found to increase by three orders of magnitude over several days. The 

minimum and maximum average times required to initiate corrosion was observed to be 27 and 389 days, 
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respectively. The mortar specimens were then autopsied to analyze the chloride content in the mortar 

directly adjacent to where active corrosion of reinforcing bars was occurring.  

Sørensen et al. [63] slightly modified this test method for stainless steel grades UNS S30400 and S31600. 

Chlorides were admixed into the mortar specimens via the mixing water, ranging from 0-8% Cl- by 

weight of cement. The stainless steel specimens were also potentiostatically polarized at 0 mVSCE for 5 

days, at +150 mVSCE for 1.5 days, and at +200 mVSCE for 2.5 days. The corrosion current density of the 

specimens was recorded twice per day during the potentiostatic polarization of the bars. Corrosion 

initiation was observed only on a few of the stainless steel specimens, making a quantitative evaluation of 

the test method impossible. This was attributed to the existence of a dense and uniform passive film 

formed on the surface of the steel in the atmosphere prior to interaction with the chlorides [63].  

Modifications of this potentiostatic test have recently been used to determine the chloride levels and 

relative corrosion resistance ranking of stainless steel reinforcing bars in synthetic pore solution with 

incremental additions of chlorides [18], [38], [56], [59], and in concrete with admixed chlorides [33]. This 

potentiostatic method has been found to be extremely useful in determining the chloride tolerance of 

reinforcing bars because localized corrosion initiation is immediately detected by an increase in current 

[56].  

2.3.3 The Rapid Screening Test and its Adaptions 

EN 480-14:2006 outlines a test method for determining the influence of a given admixture on the 

corrosion behaviour of a steel reinforcing bar in concrete, mortar, or grout. The effect of the admixture on 

the corrosion behavior of the steel was evaluated by comparing specimens with and without the 

admixture. This test method combines the shorter testing duration of an accelerated potentiostatic tests 

with steel embedded in concrete, which more accurately simulate “realistic” conditions than simulated 

pore solutions.  

Schönning and Randström [13] proposed an adapted form of the EN 480-14:2006 test as a screening test 

to evaluate the relative corrosion resistance of stainless steel reinforcing bars. Admixed chlorides were 

considered as the admixture and minor modifications were made to the test such as using an applied 

potential of +200 mVSCE and increasing the testing duration from 1 to 4 days [13]. The procedure for the 

adapted test is as follows:  
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1. Ten stainless steel rebar specimens, Figure 2.7,  were cast into individual cylindrical mortar 

specimens with a water-to-cementitious material (w/cm) ratio of 0.5 with 4 wt. % admixed NaCl 

by mass of cementitious material added to the mixing water.  

2. The mortar specimens were cured for 24 hours within their molds, and then demolded and cured 

for another 24 hours in a saturated Ca(OH)2 solution at room temperature.  

3. While in the saturated Ca(OH)2 solution, the open circuit potential (OCP) of the specimens was 

monitored for 24 hours.  

4. A potentiostatic potential of +200 mVSCE was applied and held for at least 87 hours, during which 

time the corrosion current density was continuously monitored.  

5. If the corrosion current density was observed to exceed 0.025 mA/cm2 for more than 2 hours, 

corrosion was considered to have initiated and the monitoring was stopped. If at least 9 of the 10 

specimens did not surpass the proposed pass/fail limit for more than 2 hours, then the tested 

stainless steel rebar grade was said to have passed the test.  

Van Niejenhuis et al. [52] evaluated the test described above on the basis of whether similar rankings of 

stainless steels from the test would correspond with long term tests of the same stainless steels embedded 

in concrete. The test was evaluated based on the following four questions:  

i. Is an applied potential of +200 mVSCE appropriate? 

ii. Is 4 wt.% NaCl by mass of cementitious material an appropriate concentration? 

iii. Is the proposed pass/fall criterion of 0.025 mA/cm2 (0.250 A/m2) appropriate? 

iv. Does the concrete/mortar mixture design influence the results?  
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Figure 2.7: Cross-sectional view of a cast-in solution test specimen [13] 

Regarding the first question, as previously mentioned in Section 2.3.1.1, an applied potential of +200 

mVSCE corresponds to the equilibrium potential of the oxygen/hydroxyl ion reaction, Equation 2.4, occurs 

given the pH of concrete pore solution. At more anodic (positive) potentials, the half-cell reaction is 

anodic and results in oxidation of (OH)- and the formation of O2. At more cathodic (negative) potentials, 

the cathodic half-cell reaction  would reduce the dissolved oxygen [52]. Consequently, the authors opted 

to test the reinforcing bars at +100 mVSCE and +200 mVSCE.  

 𝑂ଶ + 𝐻ଶ𝑂 + 2𝑒ି = 4(𝑂𝐻)ି Equation 2.4 

For the second question, the authors stated that the highest level of Cl- by weight of cement reported in 

the field was 5%.  In order to provide a realistic comparison with the long term tests,  [64], the same 

concrete mixture design was selected to allow a direct comparison of the ranking of the stainless steels. 
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2.3.3.1 Modifications by Van Niejenhuis et al. [38]      

The stainless steels and their respective alloys that were tested are shown in Table 2.3. A typical concrete 

mixture for Ontario highway bridges was used, which contained 25% blast furnace slag and 75% Portland 

cement, a w/cm ratio of 0.4, but the maximum aggregate size was 12.5 mm to because of the 20 mm 

cover on the bars. Some tests were also conducted on an ordinary Portland cement mix. Chlorides were 

dissolved into the mixing water as NaCl.  

Table 2.3: Compositions of Alloys Tested (% by mass) by Van Niejenhuis et al. (2006) – Adapted 
from [52]. Reproduced with permission from NACE International, Houston, TX. All rights reserved. 
VanNiejenhuis, Bandura, and Hansson, Evaluation of the Proposed European Test Procedure for Ranking 
Stainless Steel Rebar, Corrosion Journal, Volume 72, Issue 6, 2016. © NACE International 2016.    

Steel Type C N Cr Ni Mo Mn 

S31653 0.025 0.140 18.000 10.540 2.030 1.170 

S24100 0.050 0.310 17.200 0.700 0.200 12.120 

S32205 0.023 0.140 22.710 4.950 3.030 1.460 

S32304 0.018 0.136 22.440 4.050 0.190 1.610 

S32101 0.022 0.211 21.430 1.510 0.180 4.810 

The electrochemical testing procedure used by the authors was similar to that of Schönning and 

Randström (2011). The only notable modification to the electrochemical testing was that the applied 

potentials of +100 mVSCE and +200 mVSCE were held for 95 hours instead of 87 hrs. 

A comparison of the ranking of the stainless steel bars, based on these modifications to the Rapid 

Screening Test versus long-term testing results in concrete, is shown in Table 2.4. The results of the 

Modified EN: 480-14 were not found to exactly match the results of the long-term testing. 
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Table 2.4: Comparative Ranking of Corrosion Resistance of Stainless Steel Between the Current 
Test and Long-Term Testing in Concrete [52].  Reproduced with permission from NACE International, 
Houston, TX. All rights reserved. VanNiejenhuis, Bandura, and Hansson, Evaluation of the Proposed 
European Test Procedure for Ranking Stainless Steel Rebar, Corrosion Journal, Volume 72, Issue 6, 
2016. © NACE International 2016.   

Stainless Steel 
Grade 

Modified EN: 480-
14 

Longitudinally Cracked 
Concrete 

Transversely Cracked 
Concrete 

S32205 1 1 1 

S32101 2 2 3 

S31653 3 5 5 

S24100 4 4 4 

S32304 5 3 2 

The authors found that the some of the metrics of the tests may have skewed the results. A summary of 

their recommendations are as follows: 

 The wide variation of half-cell potentials of the different grades of bars, coupled with the applied 

potentials of +100 mVSCE and +200 mVSCE resulted in different levels of anodic polarization. As 

a result, some bars were subjected to more aggressive conditions than others.  

 The influence of the air-formed passive films on each stainless steel grade are undetermined. The 

authors concluded that the specimens should be immersed in a synthetic pore solution to allow 

for the development of a passive film in a highly alkaline environment prior to being cast in 

concrete.  

 The proposed pass-fail limit should be lowered such that it correlates with visual observations of 

corrosion initiation. This was also recommended by Schönning and Randström (2011).  
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Chapter 3 – Experimental Procedure 

The experimental procedure for the experiments was based on the work of Schönning and Randström [13] 

and the recommendations of Van Niejenhuis, Bandura, and Hansson [52] on the EN 480-14:2006 test.  

Schönning & Randström [13] adapted the EN 480-14:2006 to evaluate the relative corrosion resistance of 

stainless steel reinforcing bars, and further modifications were made to the test based on the 

recommendations of Van Niejenhuis et al. [52] to simulate real world conditions, as explained below. For 

the purpose of this report, the adapted EN 480-14:2006 test is abbreviated to the Rapid Screening Test 

(RST). 

3.1 Specimen Design 

The RST specimens consisted of concrete cylinders with a centrally placed length of rebar. The cylinders 

were approximately 65 mm in diameter by 140 mm tall, allowing for a minimum of 25 mm of concrete 

cover on all sides, except for the top of the specimen with a protruding electrical wire, shown in Figure 

3.1.  

The experiments for the RST were designed to compare the relative corrosion resistance of three grades 

of stainless reinforcing steels under similar conditions. As previously stated in Section 1.3, three stainless 

steel grades were selected, shown in Table 3.1. Each of the stainless steels were 15M (US #5) bars in 

1220 mm (4 ft.) lengths.  

Table 3.1: Stainless Steel Rebar Grades 

UNS Designation Rebar Type 
S24100 XM28 
S32304 2304 
S32205 2205 

The American Society for Testing and Materials specifies that each stainless steel grade must comply 

with certain chemical requirements according to A276 [65], as shown in Table 3.2. The values listed in 

Table 3.2 for the first five elements are the maximum composition requirements. The chemical 

composition of each of the stainless steel grades reported by the respective manufacturers are shown in  
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Table 3.3. Both the 2205 and 2304 grades provided were found to be in compliance with ASTM A276, 

but the XM-28 grade was found to be non-compliant with respect to its carbon and silicon content.  

 

Figure 3.1: Cross-section of a Rapid Screening Test Specimen (Not to Scale) 

Table 3.2: ASTM A276/A276M - 17 Chemical composition (wt.%) requirements [65] 

UNS 
Designation 

Type 
Element 

C Mn P S Si Cr Ni Mo N 

S32205 2205 ≤0.03 ≤2.0 ≤0.03 ≤0.02 ≤1.0 
≤22.0 
- 23.0 

≤4.5 
- 6.5 

≤3.0 - 
3.5 

≤0.14 
- 0.20 

S32304 2304 ≤0.03 ≤2.5 ≤0.04 ≤0.03 ≤1.0 
≤21.5 
- 24.5 

≤3.0 
- 5.5 

≤0.05 
- 0.60 

≤0.05 
- 0.2 

S24100 XM-28 ≤0.15 
≤11.0 
-14.0 

≤0.045 ≤0.03 ≤1.0 
≤16.5 
- 19.0 

≤0.5 
- 2.5 

- 
≤0.20 
- 0.45 

 

  



 

23 

Table 3.3: Chemical compositions (%) reported by manufacturers 

UNS 
Designation 

Type 
Element 

C Mn P S Si Cr Ni Mo N 

S32205 2205 0.024 1.46 0.028 0.001 0.37 22.18 4.68 3.14 0.178 

S32304 2304 0.02 1.74 0.02 0.001 0.38 22.86 3.55 0.31 0.16 

S24100 XM-28 0.063 12.86 0.032 0.0036 0.73 18.06 0.92 - 0.326 

3.1.1 Rebar Preparation 

The bars were cut into 127 mm (5 in) lengths using a horizontal band saw and deburred using a belt 

grinder. A 5.3 mm diameter hole was then drilled 10 mm deep on one face and a 20-gauge copper wire 

was soldered into the hole to create an electrical connection. Once an electrical connection was 

established, the bars were weighed and labelled. Each stainless steel grade was designated its own wire 

colour to differentiate the different grades when the bars were embedded in concrete. Each grade of 

stainless steel and its designated wire colour are shown in Table 3.4. The bars ends were then covered and 

sealed with a Enplate Stop-off No. 1 (lacquer) such that a length of 80 mm of rebar was exposed to the 

environment, shown in Figure 3.2. Unless otherwise noted, bars were tested in the as-received surface 

condition subsequent to acetone cleaning. 

Table 3.4: Wire colour for each grade of stainless steel 

UNS Designation Wire Colour 
S32205 Red 
S32304 Green 
S24100 Orange 

3.2 Pore Solution 

A simulated concrete pore solution, Table 3.5, based on the composition of pore solution expressed from 

a 75% General Use (GU) and 25% blast furnace slag (BFS) cement mix with a water to cement (w/cm) 

ratio of 0.4 by Van Niejenhuis, Ogunsanya, and Hansson [66], was used to passivate some of the rebar 

prior to exposing the bars to chloride-contaminated concrete.  
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Figure 3.2: Rapid Screening Test Specimens with Lacquered Ends. From top to bottom, a) S24100 
(XM-28), b) S32304, and c) S32205 

Table 3.5: 75% GU/ 25% BFS Simulated Pore Solution Mix per Litre 

Chemical Compound Weight per L of Distilled Water (g) 
KOH 26.8 

CaSO4∙2H2O 0.3 
NaOH 5 

Ca(OH)2 0.1 

It was assumed that the passive film developed on the stainless steel embedded for some time in concrete 

will be different from that formed in the atmosphere and, therefore, steels immediately exposed to 

chlorides in the NaCl-containing concrete might behave very differently from those exposed to the salt 

after a period of time embedded in salt-free concrete. Consequently, five specimens in total for each grade 

of stainless-steel were passivated in the synthetic pore solution in a sealed container for 24 hours prior to 

placing the bars in concrete. Open circuit potentials were measured periodically with respect to a 

saturated calomel electrode (SCE) and observed to become stable within the 24 hr. period. 



 

25 

3.3 Concrete 

3.3.1 Concrete Mix Design 

The concrete mix design, shown in Table 3.6, complies with Ontario Provincial Standard Specifications 

(OPSS) 1002 and 1350 [67], [68], with the exception of the curing time and the aggregate size.   

Table 3.6: Ontario bridge mix design 

Concrete Mix Design 

Constituent 
Amount  
(per m3) 

Gravel (9mm) 1045 kg 

Sand 705 kg 

GU Cement 297 kg 

Slag or Fly ash 98 kg 

Euclid Air Extra 237 mL 

Superplasticizer 900 mL 

Water 158 L + abs 

w/cm ratio 0.40 ratio 

The coarse aggregate in the concrete was limited to 9 mm, instead of the 19 mm aggregate specified by 

OPSS 1002 [67] to ensure a relatively uniform distribution throughout the small specimens and 25 mm 

cover.   

Chlorides were introduced to the concrete by admixing sodium chloride (NaCl) into the mixing water. 

Chloride concentrations of 4, 6, and 7.5% by mass of cementitious material were applied in different 

iterations of the RST. As shown by Van Niejenhuis, Ogunsanya, and Hansson [66], 4, 6, and 7.5% 

admixed chlorides by mass of cementitious material correspond to approximately 14, 18, and 19% of 

chlorides in the pore solution of the concrete.  

To ensure compaction of the concrete, the concrete was cast in two lifts and thoroughly compacted by 

hand using a tamping rod. Once each mould was filled, Figure 3.3, the moulds were vibrated on a 

vibrating table to release any air bubbles trapped in the concrete.  
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Figure 3.3: Concrete Moulds for the Rapid Screening Test Specimens 

OPSS 904 [69] states that the minimum curing time for this concrete should be a minimum of 4 days 

when the curing temperature is above 0˚C, and that burlap should be applied 24 hours immediately after 

the concrete has been placed. Due to the nature of the RST, the concrete specimens containing the 

stainless steel bars were removed from their moulds 24 hours after the concrete was placed. 

The RST specimens were initially cured in a humidity room at 100% relative humidity (RH) at room 

temperature for 24 hours. However, in the early stages of the testing, it was determined that curing the 

relatively small specimens of concrete in 100% RH had a significant impact on the open circuit potential 

(OCP) and corrosion current density of the embedded stainless-steel grades. This could be attributed to 

the change in the w/cm ratio of the specimens over the 24 hours. This is further discussed in Chapter 4. 

After observing this phenomenon, the RST specimens were instead cured in a sealed environment for 24 

hours to minimize any changes in the w/cm ratios.  

3.4 Electrochemical Testing 

After curing for 24 hours, the RST specimens were removed from their respective moulds and placed in 

sealed containers containing distilled water saturated with Ca(OH)2, a titanium mesh acting as a counter 

electrode, and a Mg/MgO2 reference electrode. The Mg/MgO2 reference electrodes were calibrated 

against SCE electrodes every week. The specimens were completely immersed in the saturated Ca(OH)2 

water. The counter electrode, the reference electrode, and the wires protruding from the RST specimens 

were then attached to a potentiostat, as shown in Figure 3.4.  

Prior to measuring the open circuit potential (OCP) of each stainless steel specimen, the manganese 

dioxide reference electrodes used to monitor the OCP of each specimen were measured against a 
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calibrated saturated calomel electrode to ensure that the manganese dioxide reference electrodes were 

properly calibrated. The average difference in potential between the manganese dioxide electrodes and the 

saturated calomel electrodes was found to be +150 mV, which was found to agree with literature for a 

saturated Ca(OH)2 solution [70]. 

 

Figure 3.4: Schematic diagram of experimental test cell [52]. Reproduced with permission from 
NACE International, Houston, TX. All rights reserved. VanNiejenhuis, Bandura, and Hansson, 
Evaluation of the Proposed European Test Procedure for Ranking Stainless Steel Rebar, Corrosion 
Journal, Volume 72, Issue 6, 2016. © NACE International 2016.  

Six specimens of each stainless steel grade were tested for each chloride/potential combination with two 

specimens of each steel being tested on a weekly basis. 

First, the open circuit potential (OCP) of each specimen was monitored for 24 hours and was recorded 

every 5 minutes. Immediately after the 24 hour period, each specimen was subjected to an anodic 

potentiostatic polarization (also referred to as an applied overpotential) of 100, 200, 300, or 400 mV with 

respect to its OCP for 96 hours, as shown in Figure 3.5, and the resultant corrosion current flowing 

between the specimen and the counter electrode was recorded every 15 min for the 96 hr period. The steel 
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was considered to have “passed the test” if the corrosion current density did not exceed a critical level of 

0.025 A/m2 for a 2 hour period. Specific considerations were made such that the applied overpotentials 

would not exceed the equilibrium potential of +200 mVSCE for the oxygen/hydroxyl ion reaction in 

concrete media [52].  

 

Figure 3.5: RST potential measurements for a 2304 specimen. The data for the first 24 hours 
represents the OCP measurements, while the data after 24 hours represents the applied potential during 
the potentiostatic polarization. Test parameters: 300 mV applied polarization potential and 6% admixed 
chloride 

3.5 Autopsying of RST specimens after testing   

At the end of the test, the cylinders were visually examined for any signs of corrosion. Thereafter, the 

stainless steel bars were removed from the concrete by using split tensile loading. Photographs were taken 
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of broken concrete and the rebar, as shown in Figure 3.6. The bars were then removed from the concrete 

and then photographed on each side 

 

Figure 3.6: Broken 6% admixed chloride specimen cylinder with a 2205 bar after 96 hr at +300 mV 
polarization  

The corrosion products on the stainless steels were removed using a 10-15% hydrochloric acid bath, as 

prescribed by the American Iron and Steel Institute for chromium-nickel stainless steels [71]. The bars 

were exposed to the acid bath for less than one minute, after which they were rinsed with distilled water. 

The corroded bars were not weighed after being cleaned due to the inability to remove pieces of concrete 

that had adhered to the steel’s surface, which would skew the mass loss calculation. Photomicrographs 

were taken, at various magnifications, of the corroded stainless steel specimens upon removal of the 

corrosion products.  
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3.6 Testing of Concrete Cylinders 

Concrete cylinders were made with each concrete batch in accordance ASTM C31/C31M [72], and their 

compressive strength was tested in accordance with ASTM C39 [73]. Bulk and surface resistivity 

measurements were also taken for each cylinder immediately prior to testing. The dimensions of the 

cylinders were 100 mm in diameter and 200 mm in length.  

3.7 Summary of Parameters Tested 

The number of specimens of each stainless steel grade tested in the RST at varying admixed chloride and 

polarization potential values is given in in Table 3.7. The minimum number of replicates was 6 specimens 

for a given admixed chloride and polarization potential, however, some additional specimens were tested 

for bars passivated in pore solution or for curing specimens in the humidity room.  

Table 3.7: Number of Specimens of Each Stainless Steel Grade Tested 

Polarization Potential (mV) 
Admixed Chlorides by Mass of Cementitious Material (%) 

4.0 6.0 7.5 

100 10 6 0 
200 0 8 6 
300 0 6 6 
400 6 6 6 

For the sake of brevity, batches will be used to denote the admixed chloride content and polarization 

potential from here on in. For example, a 4-400 batch refers to the batch containing 4% admixed chloride 

by mass of cementitious material and tested with an applied overpotential of 400 mV.  

For the 10 specimens in the 4-100 batch, 5 specimens were tested in their as-received condition and 5 

specimens were tested after they had been passivated in synthetic pore solution for 24 hrs. For the 8 

specimens in the 6-200 batch, 2 specimens were cured in the humidity room while the remaining 6 

specimens were cured in the sealed environment. This is further discussed in Chapter 6. 
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Chapter 4 – Experimental Results 

The following section describes the physical properties of the materials that were tested, as well as the 

results from the modified Rapid Screening Test (RST). 

4.1 Concrete 

Compression tests and electrical resistivity measurements were performed on the concrete cylinders cast 

together with the RST batch specimens. The tests were completed at 28 days after casting, and the 

average values of compressive strengths, surface resistivity and bulk resistivity of the concrete cylinders 

are presented in Table 4.1, Table 4.2, and Table 4.3, respectively. 

Table 4.1: Average concrete compressive strength (MPa) by chloride content (wt.% by mass of 
cementitious material) 

Chloride Content (wt. % by mass 
of cementitious material) 

Average Compressive Strength (MPa) 

3 Day 7 Day 14 Day 28 Day 

4 28.01 37.87 43.02 50.87 
6 19.76 27.52 36.32 44.46 

7.5 12.67 21.76 - 36.87 

Table 4.2: Average surface resistivity (kΩ cm) by chloride content (wt.% by mass of cementitious 
material) 

Chloride Content (wt. % by mass 
of cementitious material) 

Average Surface Resistivity (kΩ cm) 

3 Day 7 Day 14 Day 28 Day 

4 2.48 5.15 7.31 12.73 
6 1.19 2.35 4.43 7.56 

7.5 ≤1.00 1.78 - 5.79 

Table 4.3: Average bulk resistivity (kΩ cm) by chloride content (wt.% by mass of cementitious 
material) 

Chloride Content (wt. % by mass 
of cementitious material) 

Average Bulk Resistivity (kΩ cm) 

3 Day 7 Day 14 Day 28 Day 

4 1.36 3.01 4.27 7.54 
6 0.77 - 2.92 5.14 

7.5 0.53 1.05 - 3.72 
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4.2 Stainless Steel Alloys 

The measured chemical composition of each of the stainless steel alloys used in the experimental 

procedure are shown in Table 4.4. These measurements were collected by using X-ray fluorescence 

(XRF), and all alloys fall within the acceptable ranges for chemical composition. It should be noted that 

XRF is unable to determine the composition of light elements (e.g. carbon and nitrogen) because it cannot 

accurately detect elements with an atomic mass less than aluminum [4]. 

Table 4.4: Chemical composition of stainless steels by XRF analysis 

UNS Designation 
  Chemical Composition (%) 

Type C Mn P S Si Cr Ni Mo N 

S32205 2205 <LOD 1.4 <LOD <LOD 0.62 21.63 4.44 2.96 <LOD 

S32304 2304 <LOD 1.79 <LOD <LOD 0.69 22.44 3.19 0.32 <LOD 
S24100 XM=28 <LOD 12.68 <LOD <LOD 0.89 17.09 0.85 0.19 <LOD 

Where “<LOD” represents element levels that are below the level of detection by the XRF 

4.3 Passivation of Steel Specimens in Synthetic Pore Solution 

To determine if any change in composition or character of the air-formed passive films on immersion in 

the highly alkaline test environment would significantly affect the corrosion behaviour of the tested 

stainless steel alloys, five sets of specimens were immersed in synthetic pore solution for 24 hours, as 

described in Chapter 3.  Their open circuit potentials of the were measured during that period and are 

shown in Figure 4.1. One set of specimens was monitored for 48 hours to determine if the measured 

passivation potential of the specimens had reached a plateau and little change was noted between the 24 

and 48 hrs.  In all cases, there was a gradual increase in potential over the test period, suggesting the 

passive film was becoming more protective.  
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Figure 4.1: Stainless steel passivation potentials in a synthetic concrete pore solution. (75% GU/ 
25% BFS mix with a 0.4 w/cm ratio) 

4.4 Electrochemical Testing 

The Rapid Screening test was performed on nine batches of specimens, as indicated in Table 3.7. The 

open circuit potential (Ecorr), corrosion current density (icorr), and time to corrosion were able to be 

determined. The following sections present the results of the Rapid Screening Test associated with each 

“batch” of the rapid screening test. A “batch” refers to the admixed chloride content and applied 

polarization potential of the set of specimens, as described in Section 3.7.  

For the purpose of ranking of the steels, active corrosion of a specimen was considered to have initiated if 

its corrosion current density surpassed the proposed pass-fail limit of 25 mA/m2 for 2 hours. Visual 

observations of corrosion are discussed in Section 4.5. 

It should be noted that the 4-100 and 6-100 batches were kept, in their cylinders but without a cap, in a 

humidity room at 100% RH for the first 24 hours. All other specimens were kept in a sealed condition in 

the laboratory. The impact of these different procedures is discussed in Chapter 6.  
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Individual plots of open circuit potential (Ecorr) and corrosion current density (icorr) for a given casting 

week are shown in Appendix A. The concrete slump data that corresponds to each weekly batch are 

shown on each figure, when applicable. Note that the legend in each figure states the both the bar number 

and specimen number for a given specimen. For example, 2205 AR 1.1 denotes stainless steel grade 2205, 

the first specimen taken from bar one, and tested in its as-received state (AR).   

4.4.1 RST 4-100 Batch 

The 4% admixed Cl-, +100 mV polarization (4-100) batch was used to determine whether any change in 

the air-formed passive film on the stainless steel during immersion in synthetic pore solution was 

sufficiently significant to justify this “pre-passivation” procedure for future batches. Five specimens of 

each stainless steel grade were tested in their as-received (AR) condition and another five specimens were 

tested after they had “pre-passivated” in synthetic pore solution (PP) for 24 hours. Individual plots of both 

Ecorr and icorr data are shown in Appendix A. The average Ecorr of the AR and PP specimens are shown in 

Figure 4.2. The differences in the average and standard deviations of the open circuit potentials of the AR 

and PP stainless steel specimens measured shortly after immersion in the Ca(OH)2 solution and, again 24 

hr later, are shown in Table 4.5 and Table 4.6. It was concluded that the differences in potential were not 

significant enough to warrant further passivation of the stainless steel grades in synthetic pore solution for 

subsequent tests. The average OCP values between the replicates of each stainless steel grade were found 

to not vary by more than 58 mV at end of the 24 hr period. 

By applying a polarization potential of +100 mV to the 4-100 batch specimens, the most positive potential 

was found to be -238 mVSCE, which is well below the thermodynamic oxygen equilibrium potential of 

approximately +200 mVSCE given the alkalinity of concrete medium. All 4-100 batch specimens were 

cured in the humidity room. A discussion of the impact of curing of the RST specimens in the humidity 

room is given in Chapter 6. 
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Figure 4.2: 4-100 Batch – Average Open Circuit Potentials over 24 hours (mVSCE). Note that AR 
denotes the stainless steel specimens that were tested in their as-received condition, and that PP denotes 
the specimens that were tested after they were immersed in synthetic pore solution. 

Table 4.5: 4-100 Batch – Averages of Open Circuit Potentials for the As-Received and Passivated in 
Synthetic Pore Solution Specimens 

Time (h) 

Average Open Circuit Potentials (mVSCE) 

2205 2304 XM-28 

AR PP AR PP AR PP 

0 -395 -344 -308 -411 -422 -354 

24 -473 -460 -440 -517 -498 -477 
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Table 4.6: 4-100 Batch - Standard Deviation of Open Circuit Potentials for the As-Received and 
Passivated in Synthetic Pore Solution Specimens 

Time (h) 

Standard Deviation of Open Circuit Potentials (mVSCE) 

2205 2304 XM-28 

AR PP AR PP AR PP 

0 52 111 50 239 38 44 

24 51 56 58 60 32 49 

The corrosion current density values of all the specimens for the 4-100 batch were observed to be lower 

than the proposed pass-fail limit, indicating that active corrosion had not been initiated in any of the 

specimens. 

For the RST specimens tested during the week of May 31, 2017, shown in Appendix A, two things should 

be noted. First, the electrical wire connected to the stainless steel 2304 PP 2.1 specimen was disconnected 

when the concrete formwork was removed, so, no data are shown for this specimen. Secondly, the 

electricity at the University of Waterloo went out sometime after 9:10 am on June 5, 2017. As a result, the 

corrosion current density data, shown in Figure A.10, are shown only to approximately 72 hours. Based 

on the performance of the other RST specimen sets for the 4-100 batch, it was believed that these 

specimens would not undergo corrosion initiation even if the test were to run for the full 96 hours.  

For all subsequent batches, two specimens of each stainless steel grade in their as-received condition were 

tested at three weekly intervals for a total of six replicates. The plots of both the weekly Ecorr and icorr data 

are shown in in Appendix A. In the case of the 6% admixed Cl-, +200 mV polarization (6-200) batch, 

eight specimens of each stainless steel grade were tested: 6 sets of specimens were cured in a sealed 

environment (similar to the other batches) and 2 sets were cured in the humidity room. Only the 6 sets of 

specimens cured in the sealed environment are considered for data analysis.  A discussion of the impact of 

curing of the RST specimens in the humidity room is given in Chapter 6. 

4.4.2 RST 4-400 Batch 

The average Ecorr values of specimens for the 4% Cl-, +400 mV polarization (4-400) batch monitored over 

the first 24 hr after de-moulding the cylinders, are shown in Figure 4.3, The average OCP values for each 

stainless steel grade did not vary by more than 40 mV at the end of the OCP monitoring period. By 

applying a polarization potential of +400 mV to the 4-400 batch specimens, the most positive potential 

was found to be -17 mVSCE. 
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The corrosion rates of three specimens of XM-28 were found to exceed the proposed pass-fail limit, as 

shown in Figure 4.3, and the bars were considered to have undergone active corrosion initiation. The 

times at which the specimens surpassed the proposed pass-fail limit, referred to as the corrosion initiation 

time, are shown in Table 4.7. The corrosion rate of all other specimens remained approximately an order 

of magnitude below the 0.025 A/m2 level. 

Table 4.7: 4-400 Batch – Corrosion Initiation Time (hr) of Corroded As-Received Specimens  

Stainless Steel Grade Specimen Corrosion Initiation Time (hr) 

XM-28 7.5 88.75 
XM-28 7.6 7.75 
XM-28 7.7 23.75 

4.4.3 RST 6-100 Batch 

The average Ecorr values of the specimens for the 6% Cl-, +100 mV polarization (6-100) batch, monitored 

over the first 24hrs after de-moulding the cylinders, are shown in Figure 4.4. The average OCP values 

between each stainless steel grade were found to not vary by more than 114 mV at the end of this period.  

At an anodic polarization of +100 mV, the most positive specimen potential was -208 mVSCE at the end of 

the OCP monitoring period.  

The corrosion current density values of all the specimens for the 6-100 batch were less than the proposed 

pass-fail limit over the 4-day polarization period, indicating that these conditions were not sufficient to 

initiate active corrosion.  
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Figure 4.3: 4-400 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top], Corrosion Current Densities over 96 hours 
[Bottom]. 
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Figure 4.4: 6-100 Batch – Average Open Circuit Potentials over 24 hours (mVSCE) 

4.4.4 RST 6-200 Batch 

Eight specimens of each stainless steel grade were tested for the 6% Cl-, +200 mV polarization (6-200) 

batch: 6 sets of specimens were cured in a sealed environment and 2 sets were cured in the humidity 

room. Only the 6 sets of specimens cured in the sealed environment are considered for data analysis. A 

discussion of the impact of curing of the RST specimens in the humidity room is given in Chapter 6. The 

average Ecorr values of the six specimens are shown in Figure 4.5.  The average OCP values between each 

stainless steel grade were found to not vary by more than 123 mV at the end of the OCP monitoring 

period. At a polarization potential of +200 mV the most positive potential of the specimens was -85 

mVSCE.  

The corrosion rate of one specimen of XM-28 was found to exceed the proposed pass-fail limit at a 

corrosion initiation time of 27.92 hours, shown in Figure 4.5. None of the other specimens showed signs 

of initiation of active corrosion. 
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Figure 4.5: 6-200 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top], Corrosion Current Densities over 96 hours 
[Bottom]. 
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4.4.5 RST 6-300 Batch 

The average Ecorr of the 6% Cl-, +300 mV polarization (6-300) batch specimens are shown in Figure 4.6.  

The average OCP values between each stainless steel grade were found to not vary by more than 103 mV 

at the end of the OCP monitoring period. At a polarization potential of +300 mV the most positive 

potential of the six specimens was -9 mVSCE.  

The corrosion rate of one specimen each of the XM-28 and the 2304 was found to exceed the proposed 

pass-fail limit at a corrosion initiation time of 4.50 hours and 38.50 hours, respectively, as shown in 

Figure 4.6.  

4.4.6 RST 6-400 Batch 

The average values of Ecorr of 6% Cl-, +400 mV polarization (6-400) specimens are shown in Figure 4.7. 

The variation of OCP within each stainless steel grade was found to not vary by more than 55 mV at the 

end of the 24 hr period. At an applied polarization potential of +400 mV to the 6-400 batch specimens, 

the most positive potential was found to be +109 mVSCE, which is below the. evolution potential of 

approximately +200 mVSCE given the alkalinity of concrete media.  

The corrosion rate of five specimens of XM-28 were found to exceed the proposed pass-fail limit at 

varying corrosion initiation times, shown in Table 4.8. The corrosion current density plots for each these 

specimens are shown in Figure 4.7.  

Table 4.8: 6-400 Batch – Corrosion Initiation Time (hr) of Corroded As-Received Specimens 

Stainless Steel Grade Specimen Corrosion Initiation Time (hr) 

XM-28 6.1 2.75 

XM-28 6.2 1.75 

XM-28 6.3 56.50 
XM-28 6.4 4.00 
XM-28 6.5 16.75 
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Figure 4.6: 6-300 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top], Corrosion Current Densities over 96 hours 
[Bottom]. 
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Figure 4.7: 6-400 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top Left], Corrosion Current Densities over 96 hours 
[Top Right and Bottom]. 
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4.4.7 RST 7.5-200 Batch 

The average Ecorr of the 7.5% Cl-, +200 mV polarization (7.5-200) batch specimens are shown in Figure 

4.8. The average OCP values between each stainless steel grade were found to not vary by more than 113 

mV at the end of the OCP monitoring period. At an applied polarization potential of +200 mV to the 7.5-

200 batch specimens, the most positive potential was found to be -166 mVSCE, which is below the. 

evolution potential of approximately +200 mVSCE given the alkalinity of concrete media 

The corrosion rate of six XM-28 specimens and three 2304 specimens were found to exceed the proposed 

pass-fail limit at varying corrosion initiation times, shown in Table 4.9. The corrosion current density 

plots for each these specimens are shown in Figure 4.8. 

Table 4.9: 7.5-200 Batch – Corrosion Initiation Time (hr) of Corroded As-Received Specimens 

Stainless Steel Grade Specimen Corrosion Initiation Time (hr) 

XM-28 8.7 8.50 
XM-28 8.8 10.50 

XM-28 8.9 17.00 

XM-28 9.0 2.50 
XM-28 9.1 4.75 
XM-28 9.2 11.50 

2304 7.7 29.25 
2304 8.0 59.50 

2304 8.1 90.50 

Large jumps in corrosion current density was observed for the 2205 7.7 and 7.8 specimens, as well as the 

2304 7.9 and 8.2 specimens. However, each of these jumps were found to decay almost immediately. 

Since the corrosion current densities of each of these specimens were not sustained for more than 2 hours 

above the proposed pass/fail limit, active corrosion was considered to have not initiated in these 

specimens. 
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Figure 4.8: 7.5-200 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top Left], Corrosion Current Densities over 96 hours 
[Top Right and Bottom]. 



 

46 

4.4.8 RST 7.5-300 Batch 

The average Ecorr of the 7.5% Cl-, +300 mV polarization (7.5-300) batch specimens are shown in Figure 

4.9. The average OCP values between each stainless steel grade were found to not vary by more than 122 

mV at the end of the OCP monitoring period. At an applied polarization potential of +300 mV to the 7.5-

300 batch specimens, the most positive potential was found to be +34 mVSCE. 

The corrosion rates of four XM-28 specimens, four 2304 specimens, and two 2205 specimens were found 

to exceed the proposed pass-fail limit at varying corrosion initiation times, shown in Table 4.10. The 

corrosion current density plots for each these specimens are shown in Figure 4.9. 

Table 4.10: 7.5-300 Batch – Corrosion Initiation Time (hr) of Corroded As-Received Specimens 

Stainless Steel Grade Specimen Corrosion Initiation Time (hr) 

XM-28 6.7 0.25 
XM-28 6.8 2.75 
XM-28 7.1 0.75 
XM-28 7.4 12.25 
2304 5.7 4.50 
2304 5.8 2.00 
2304 6.3 49.75 
2304 6.4 42.25 
2205 5.8 1.75 

A large jump in the corrosion current density was observed for the 2205 5.7 specimen. However, this 

jump was also found to decay almost immediately. The corrosion current density of the 2205 6.4 

specimen was found to have briefly surpassed the proposed pass/fail limit twice, and after each time it 

decreased and fell below the limit. Since the corrosion current density of these specimens were not 

sustained for more than 2 hours above the proposed pass/fail limit, active corrosion was considered to 

have not initiated in these specimens. 
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Figure 4.9: 7.5-300 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top Left], Corrosion Current Densities over 96 hours 
[Top Right and Bottom]. 
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4.4.9 RST 7.5-400 Batch 

The average Ecorr of the 7.5% Cl-, +400 mV polarization (7.5-400) batch specimens are shown in Figure 

4.10. The average OCP values between each stainless steel grade were found to not vary by more than 

205 mV at the end of the OCP monitoring period. At an applied polarization potential of +400 mV to the 

7.5-400 batch specimens, the most positive potential was found to be +137 mVSCE, which is well below 

the thermodynamic oxygen equilibrium potential of approximately +200 mVSCE given the alkalinity of 

concrete medium. 

Six specimens of XM-28, six specimens of 2304, and three specimens of 2205 were found to exceed the 

proposed pass-fail limit at varying corrosion initiation times, shown in Table 4.11. The corrosion current 

density plots for each these specimens are shown in Figure 4.10. 

Table 4.11: 7.5-400 Batch – Corrosion Initiation Time (hr) of Corroded As-Received Specimens 

Stainless Steel Grade Specimen Corrosion Initiation Time (hr) 

XM-28 8.1 0.25 
XM-28 8.2 0.19 
XM-28 8.3 0.25 
XM-28 8.4 0.25 
XM-28 8.5 0.25 
XM-28 8.6 0.25 
2304 7.1 0.25 
2304 7.2 1.75 
2304 7.3 2.50 
2304 7.4 3.50 
2304 7.5 2.25 
2304 7.6 1.75 
2205 7.3 3.75 
2205 7.4 93.75 
2205 7.6 39.25 
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Figure 4.10: 7.5-400 Batch: Average Open Circuit Potentials over 24 hours (mVSCE) [Top Left], Corrosion Current Densities over 96 
hours [Top Right and Bottom]. 
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4.4.10 Summary of Electrochemical Results 

Summaries of the number of corroded bars based on the electrochemical testing results for each stainless 

steel grade are shown Table 4.12. 

Table 4.12: Summary of Corroded Specimens based on Electrochemical Testing The number of 
corroded specimens is listed out of the total number of specimens tested.  

 Stainless steel grade XM-28. 

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.5% 

100 0/5* 0/6 - 
200 - 1/6** 6/6 
300 - 1/6 4/6 

400 3/6 5/6 6/6 

Stainless steel grade 2304.  

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.5% 

100 0/5* 0/6 - 
200 - 0/6** 3/6 
300 - 1/6 4/6 

400 0/6 0/6 6/6 

Stainless steel grade 2205. 

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.5% 

100 0/5* 0/6 - 
200 - 0/6** 0/6 
300 - 0/6 1/6 

400 0/6 0/6 3/6 

*Note: Only the 5 AR specimens are listed 
**Note: Only the 6 AR specimens cured in the sealed environment are shown.  
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4.5 Autopsy and Photomicrograph Results 

All RST specimens were autopsied after the test, but only those specimens which were observed to have 

corrosion products are discussed in this section. As discussed in Chapter 3, the steel specimens were 

photographed after they were removed from the concrete. Once the corrosion products were removed 

using the acid bath and washed in distilled water, photographs and photomicrographs of the corroded 

specimens were taken at various magnifications. The lacquer under each of the ends for each stainless 

steel specimen was removed to confirm that crevice corrosion had not occurred at these locations, Figure 

4.11. However, slight staining from the corrosion products on the exposed surface of the steel was 

sometimes observed in the lacquered regions at the top and/or bottom of the bar. 

 

Figure 4.11: Inspection of RST 6-300 2304 AR 4.3 Specimen for crevice corrosion beneath lacquer 
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The corroded area for each stainless steel grade varied with the admixed chloride concentration and the 

polarization potential. The more aggressive conditions were found to yield both more extensive and more 

severe corrosion. Autopsy photographs and photomicrographs of typical cases of mild and severe 

corrosion of each of the steel grades are shown in Figures 4.12 to 4.19, and Figures 4.20, 4.21, and 4.22, 

respectively. Autopsy photographs and photomicrographs of all specimens are shown in Appendices C 

and D, respectively. Photographs showing cracking of the concrete specimens, caused by the corrosion 

products of their enclosed stainless steel grade, are shown alongside their respective autopsy photos.  

 

Figure 4.12: RST 4-400 Batch – Corrosion Products on XM-28 AR 7.7. From top to bottom, a) 
original specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting 
corrosion identification on a pickled specimen. Slight staining at the top of the bar from the soldering 
process was observed prior to casting the bar in concrete. 



 

53 

 

Figure 4.13: RST 7.5-400 Batch – XM-28 AR 8.1 Corrosion Products causing Cracking of Concrete 
Specimen 
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Figure 4.14: RST 7.5-400 Batch – Corrosion Products on XM-28 AR 8.1. From top to bottom, a) 
original specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) 
pitting corrosion identification on the pickled specimen 
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Figure 4.15: RST 6-300 Batch – Corrosion Products on 2304 AR 4.3. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 

 

Figure 4.16: RST 7.5-400 Batch – 2304 AR 7.1 Corrosion Products causing Cracking of Concrete 
Specimen 
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Figure 4.17: RST 7.5-400 Batch – Corrosion Products on 2304 AR 7.1. From top to bottom, a) 
original specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) 
pitting corrosion identification on the pickled specimen 
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Figure 4.18: 6-400 Batch – Evidence of Pitting Corrosion on 2205 AR 5.5. From top to bottom, a) 
original specimen, b) corrosion products on specimen upon removal from concrete, and c) & d) pitting 
corrosion identification on the pickled specimen. Identification of pitting corrosion was observed 1 week 
after autopsy.  
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Figure 4.19: RST 7.5-400 Batch – Corrosion Products on 2205 AR 7.3. From top to bottom, a) 
original specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) 
pitting corrosion identification on the pickled specimen  
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Figure 4.20:Photomicrographs of Corroded Areas on XM-28. A) RST 4-400 Batch XM-28 AR 7.8, and b) RST 7.5-400 Batch XM-28 AR 
8.1 
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Figure 4.21: Photomicrographs of Corroded Areas on 2304. A) RST 6-300 Batch 2304 AR 4.3, and b) RST 7.5-400 Batch 2304 AR 7.3 
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Figure 4.22: Photomicrographs of Corroded Areas on 2205. A) RST 7.5-200 Batch 2205 AR 7.7, and b) RST 7.5-400 Batch 2205 AR 7.6 
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4.5.1 Summary of Autopsy Results 

Summaries of the autopsy results for the XM-28, 2304, and 2205 specimens are shown in Table 4.13. The 

following sections present the differences in corrosion detection between the electrochemical testing 

results and visual observation.  

Table 4.13: Summary of Corroded Specimens based on Visual Observation 

Stainless steel grade XM-28.  

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.50% 

100 0/5* 0/6 - 
200 - 1/6** 6/6 
300 - 1/6 4/6 

400 3/6 5/6 6/6 

Stainless steel grade 2304.  

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.50% 

100 0/5* 0/6 - 
200 - 0/6** 6/6*** 
300 - 1/6 4/6 

400 0/6 0/6 6/6 

Stainless steel grade 2205. 

Overpotential (mV) 
Admixed Chloride Content (wt.% of cementitious material) 

4% 6% 7.50% 

100 0/5* 0/6 - 
200 - 0/6** 2/6*** 
300 - 0/6 4/6*** 

400 0/6 2/6*** 4/6*** 

*Note: Only the 5 AR specimens are listed 
**Note: Only the 6 AR specimens cured in the sealed environment are shown.  
*** Differs from electrochemical testing results 
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It should be noted that pitting corrosion was frequently observed along a “black defect line” on the 2304 

specimens, shown in Figure 4.23. This defect line ran parallel to one of the longitudinal ribs on the bar, 

and it was observed on each 2304 specimen.  

 

Figure 4.23: Black Defect Line observed in 2304 AR 7.7 (7.5-200 batch) 

4.5.2 RST 6-400 Batch 

When the specimens were originally autopsied, no other specimens showed signs of corrosion or 

corrosion products. However, once the bars were exposed to air, any corrosion products (oxides) became 

rust coloured. As a result, corrosion products were observed on two of the 2205 specimens: 2205 AR 5.4 

and 5.5. The corrosion current density for each of these specimens did not surpass the proposed pass-fail 

limit. Their maximum corrosion current densities were found to only be 15 mA/m2 and 21 mA/m2, 

respectively. Periodic spikes in each bar’s corrosion current density were noted during potentiostatic 

polarization.  

It should be noted that it was not possible for some of the concrete on the XM-28 AR 6.3 to be removed. 

Corrosion products were observed to stain the rebar, but pitting and general corrosion were found to be 

located primarily on the ribs adjacent to the adhered concrete. The phenomenon was observed on many 

bars in other RST batches as well. Slight staining of the bar was also observed underneath the lacquer at 

the top of the bar. This staining was attributed to the expansive corrosion products. No corrosion was 

observed on the area that was beneath the lacquer.  
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4.5.3 RST 7.5-200 Batch 

Upon visual inspection, 2304 specimens 7.8, 7.9, 8.1, and 8.2 and 2205 specimens 7.7 and 7.8 were found 

to have corroded. The corrosion current density for each of the specimens was found to either not exceed 

the proposed pass/fail limit or to not exceed the limit for more than 2 hours. Periodic spikes of varying 

magnitude in each bar’s corrosion current density were noted during potentiostatic polarization. It should 

be noted that evidence of corrosion was observed on 2304 specimens 8.1 and 8.2, and 2205 specimens 7.7 

and 7.8 were noted approximately 5 months after the bars were autopsied.  

4.5.4 RST 7.5-300 Batch 

Upon visual inspection, 2205 AR 5.7 and 6.3 were found to have corroded. Based on the requirements of 

corrosion initiation for the electrochemical testing in the RST, these specimens were considered to not 

have corroded, as was similar to the case of the bars mentioned in Section 4.5.3. It should be noted that 

evidence of corrosion was observed on 2205 specimen 5.7 was noted approximately 7 months after the 

bar was autopsied.  

4.5.5 RST 7.5-400 Batch 

Upon visual inspection, 2205 AR 7.4 was found to have corroded. It should be noted that evidence of 

corrosion was observed on 2205 specimen 5.7 was noted approximately 7 months after the bar was 

autopsied.  

The corrosion current density for the 2205 bar surpassed the proposed pass-fail limit at 93.75 hrs. 

However, at the time of the autopsy, the author was unable to identify any signs of corrosion products or 

pitting corrosion on the reinforcing bar. Evidence of corrosion was observed on 2205 specimen 5.7 was 

noted approximately 1 week after the bar was autopsied.  
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Chapter 5 – Statistical Analysis 

5.1 Modelling Probability of Corrosion 

In order to predict the probability of corrosion of the 2205, 2304, and XM-28 bars used in the RST, a 

probabilistic corrosion model was developed using logistic regression. The goal of this analysis was to 

find the best fitting, most reasonable model that exemplified the principle of parsimony between a 

dependent variable (DV) and its predictors, or independent variables (IV) [74]. A numerical regression 

model was not used to predict corrosion behaviour properties, such as corrosion current density, because 

that form of model is typically used to predict the mean value of a dependent variable. When studying the 

corrosion behaviour of any metal, mean values of most corrosion parameters (corrosion current density in 

particular) are not only unrepresentative, but very misleading. The following sections describe the process 

used to create the logistic regression model and the subsequent analysis of the model’s outputs using the 

statistical analysis program “RStudio”.  

5.2 Logistic Regression 

A separate logistic regression model was created for each stainless steel (SS) grade tested in the RST. The 

dependent variables that were input into the model were binary values based on whether an individual 

specimen of a stainless steel grade had corroded (i.e. a 1) or had not (i.e. a 0). The independent input 

variables were the applied overpotential (mV) and admixed chloride concentrations (wt. % by mass of 

cementitious material) that corresponded to their respective dependent variables. In order to proceed with 

the regression analysis, the degree of multicollinearity between the independent variables had to be 

determined. Unless otherwise specified, the following sections will discuss the statistical analysis process 

in detail for the XM-28 corrosion behaviour data. The abbreviated results of the 2304 and 2205 corrosion 

behaviour are shown in Sections 5.4 and 5.5, respectively.  

5.3 XM-28 Regression Model 

5.3.1 Multicollinearity 

One of the basic assumptions of a regression model is that its independent variables (IV) are not 

correlated. If the IVs are correlated, or multicollinear, the model parameters are indeterminate and the 

standard errors of the estimated coefficients are infinitely large. One method to test the multicollinearity 
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of a regression model and its coefficients is the Farrar-Glauber (F-G) test [75]. This test consists of two 

tests which determine i) the existence and severity of multicollinearity as a function of the predictor 

variables (IVs), and ii) the source of the multicollinearity.  

The first involves the following hypothesis test:  

𝐻଴: 𝑇ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟𝑠 (𝑥௜) 𝑎𝑟𝑒 𝑜𝑟𝑡ℎ𝑜𝑔𝑜𝑛𝑎𝑙      vs.      𝐻஺: 𝑇ℎ𝑒 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟𝑠 (𝑥௜) 𝑎𝑟𝑒 𝑛𝑜𝑡 𝑜𝑟𝑡ℎ𝑜𝑔𝑜𝑛𝑎𝑙 

𝑓𝑜𝑟 𝑎𝑙𝑙 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑖 

Where H0 is the null hypothesis, and HA is the alternate hypothesis. To determine the orthogonality of the 

IVs, they are standardized and used in a standardized determinant, also referred to as a correlation 

determinant. The general form for the standardized determinant is as follows:  

 
ቮ 

1 𝑟௫భ௫మ
𝑟௫భ௫య

𝑟௫భ௫మ
1 𝑟௫మ௫య

𝑟௫భ௫య
𝑟௫మ௫య

1
 ቮ Equation 5.1 

where 𝑟௫೔௫ೕ
 represents the coefficient of correlation between predictors xi and xj. A standardized 

determinant value of 0 corresponds to the case of multicollinearity between all predictor variables, 

whereas a value of 1 corresponds to the case of orthogonality between all predictor variables. In practice 

however, the standardized determinant will lie somewhere between 0 and 1, with values closer to 0 and 1 

corresponding to stronger degrees of multicollinearity and orthogonality, respectively. To test the severity 

of multicollinearity, Farrar and Glauber (1967) proposed the following Chi-squared test statistic: 

 
𝜒ଶ = − ൤𝑛 − 1 ൬

1

6
൰ (2𝑘 + 5)൨ ∗ 𝑙𝑜𝑔௘[𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑛𝑡] Equation 5.2 

Where 𝜒ଶ is the Chi-square test statistic, n is the number of observations, and k is the number of 

independent variables in the model. The corresponding number of degrees of freedom (df) for the Chi-

squared test statistic is as follows: 

 
𝑑𝑓 =

1

2
𝑘∗(𝑘∗ − 1) Equation 5.3 

where k* is the number of independent variables in the model, including the intercept. In the case of the 

data for the XM-28 specimens, the standardized determinant was found to be equal to one: 
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ቮ 

1 𝑟௬௫భ
𝑟௬௫మ

𝑟௬௫భ
1 𝑟௫భ௫మ

𝑟௬௫మ
𝑟௫భ௫మ

1
 ቮ = อ 

1 0 0
0.3 1 0
0.3 0 1

 อ = 1 

Therefore, we accept the null hypothesis that the predictor variables are orthogonal.  

As previously stated, the second part of the F-G test is used to detect the source of multicollinearity. 

However, since the first test found that there was no collinearity between any of the predictor variables, 

the second test is not required. Therefore, there are no issues of collinearity between the IVs for the XM-

28 data. 

5.3.2 Global Model 

Prior to the selection of a usable model to predict the probability of corrosion for the XM-28 bars, a 

global model was constructed and its validity determined. The generalized formula for logistic regression, 

or the conditional distribution of the outcome variable y, is given as: 

 𝑦 =  𝐸(𝑌|θ) + 𝜀 Equation 5.4 

where 𝜀 is the error term, and 𝐸(𝑌|θ) is the conditional mean for logistic regression, or the expected value 

of Y given the set of independent variables θ. The conditional mean (π(x)) is denoted in Equation 5.6: 

The logit transformation is used to transform the logistic regression model such that the independent 

variables resemble a linear regression model. The logit transformation is denoted as follows: 

 
𝑔(𝑥) = ln ቈ

𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = 𝛽଴ + 𝛽ଵ𝑥ଵ + ⋯ 𝛽௜𝑥௜  Equation 5.5 

where g(x) is used to denote the logit transformation, and 𝛽௜ represent the estimated parameter 

coefficients.  

The error term for the logistic regression follows a binomial distribution with a mean of zero and a 

variance equal to 𝜋(𝑥)[1 − 𝜋(𝑥)] [74]. However, there is no common error term independent of the 

predictor values since the predicted values are constrained within the bounds of 0 and 1. Therefore, no 

error term was considered for the any of the logistic regression global models for each of the stainless 

steel grades.  
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The global model for the XM-28 specimens was determined to be as follows: 

 
𝐸(𝑌|𝑥) =  𝜋(𝑥) =  

𝑒ఉబାఉభ஺ାఉమ஻ାఉయ஺஻

1 + 𝑒ఉబାఉభ஺ାఉమ஻ାఉయ஺஻
 Equation 5.6 

 𝑔(𝑥) = ln ቂ
గ(௫)

ଵି గ(௫)
ቃ = 𝛽଴ + 𝛽ଵ𝐴 + 𝛽ଶ𝐵 + 𝛽ଷ𝐴𝐵 Equation 5.7 

where A represents the applied overpotential (mV), B represents the admixed chloride concentration 

(wt.% by mass of cementitious material), and AB represents the interaction term between the applied 

overpotential and the admixed chloride concentrations.  Based on 53 observations, shown in Table 4.13, 

RStudio was able to predict the following model parameters, Table 5.1. Note that only the data pertaining 

to the specimens that were tested in their as-received condition was included for the statistical analysis. 

Akaike’s Information Criterion (AIC) values are discussed in Section 5.3.3. 

To determine the validity of the XM-28 global model Equation 5.7, a comparison of the observed to 

predicted values is required. This comparison uses a form of the log likelihood function called the 

likelihood ratio test:  

 
𝐷 =  −2 ෍ ൤𝑦௜ ln ൬

𝜋ො௜

𝑦௜
൰ + (1 − 𝑦௜) ln ൬

1 −  𝜋ො௜

1 − 𝑦௜
൰൨

௡

௜ୀଵ

 Equation 5.8 

where D is the deviance, 𝜋ො௜ = 𝜋ො௜(𝑥௜) which represents the maximum likelihood estimate of the 

conditional mean, and yi represents the predicted value for the ith observed value. To assess the 

significance of the IVs, the deviance of the model with the IVs (the residual deviance) is compared to the 

deviance of the model without the IVs (the null deviance): 

 𝐺 = 𝐷ோ௘௦௜ௗ௨௔௟ − 𝐷ே௨௟௟ Equation 5.9 

where G is a test statistic, DResidual is the residual deviance, and DNull is the null deviance. Using a null 

hypothesis test that states that the βi coefficients will equal zero, the statistic G follows a chi-square 

distribution, denoted by χ2, with 1 degree of freedom. For the XM-28 global model, the statistic G was 

found to be χ2(3) = 34.59 with a p-value of 1.48 x 10-7. Therefore, the null hypothesis was rejected, and 

the model was found to be significant at a 5% significance level.  
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Table 5.1: XM-28 Logistic Regression Global Model Estimated Coefficients from RStudio 

Coefficients Estimate Std. Error z-value Pr(>|z|) Significance Level 

Intercept -40.32 14.54 -2.78 0.006 0.1% 

A 0.095 0.038 2.51 0.012 1% 

B 5.68 2.17 2.60 0.0093 0.1% 

A:B -0.013 0.0057 -2.21 0.027 10% 

5.3.3 Candidate Models 

A set of candidate models were created based on the global model to determine the most appropriate 

regression model given the RST data. The candidate models were determined to be as follows:  

Model 1: 𝑔(𝑥) = 𝑙𝑛 ቈ
𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = 𝛽଴ + 𝛽ଵ𝐴 Equation 5.10 

Model 2: 𝑔(𝑥) = 𝑙𝑛 ቈ
𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = 𝛽଴ + 𝛽ଵ𝐵 Equation 5.11 

Model 3: 𝑔(𝑥) = 𝑙𝑛 ቈ
𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = 𝛽଴ + 𝛽ଵ𝐴 + 𝛽ଶ𝐵 Equation 5.12 

Model 4: 𝑔(𝑥) = 𝑙𝑛 ቈ
𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = 𝛽଴ + 𝛽ଵ𝐴 + 𝛽ଶ𝐵 + 𝛽ଷ𝐴𝐵 Equation 5.13 

A common method for selecting candidate models is with information-theoretic methods, such as 

Akaike’s Information Criterion (AIC) [76], [77]. Akaike’s Information Criterion, Equation 5.14, is an 

approximate estimation of the relative distance between a given model, g(x), and the most optimal model, 

f(x). The optimal model, often referred to as the realistic model, is the model that reflects the complex 

nature of the process that is generated based on the observed data x. This complex function is not 

explicitly parameterized as it may not even have parameters analogous to the IVs in a modelling 

framework [76]. The lower the AIC value, the less information is lost between the approximate model and 

the real model.  

 𝐴𝐼𝐶 =  −2log (𝐿൫𝜃෠ห𝑦)) + 2𝑘 Equation 5.14 
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Where 𝐿൫𝜃෠ห𝑦) is the likelihood function of the parameter vector θ, given the independent variable (IVs) x. 

However, the addition of more and more IVs to a regression model may have a detrimental effect as a 

result of an increase in “noise” from estimated parameters which are may not be needed to achieve a good 

model [76]–[78]. With this in mind, Sugiura (1978) derived c-AIC, otherwise known as the corrected 

Akaike’s Information Criteria equation, or AICC:  

 
𝐴𝐼𝐶௖ = 𝐴𝐼𝐶 +  

2𝑘∗(𝑘∗ + 1)

𝑛 − 𝑘∗ − 1
 Equation 5.15 

This corrected AIC penalizes over-fitted models in an attempt to abide by the principle of parsimony. The 

XM-28 candidate models were evaluated on the basis of AICc, and each model’s respective AICc, 

Nagelkerke R2 [79], and AIC differences, Equation 5.16, are shown in Table 5.2. For the purpose of this 

thesis, all models are evaluated on the basis of Nagelkerke R2.  

 ∆௜= 𝐴𝐼𝐶௖೔
− 𝑚𝑖𝑛 𝐴𝐼𝐶௖ Equation 5.16 

where Δi represents the AICc differences, and 𝐴𝐼𝐶௖೔
 represents the AICc value for model i. Burnham and 

Anderson (1998) argue that the larger the Δi, the less plausible the fitted model is the best model for the 

given specimen set of data. They continue  to describe that, as a general rule of thumb, models with an 

Δi ≤ 2 have substantial support of being plausible, models with an Δi between 4 and 7 have considerably 

less support, and that models with an Δi of greater than 10 have essentially no support [76]. 

Table 5.2: XM-28 Candidate model information-theoretic evaluation 

Model AICc Nagelkerke R2 Δi 
1 63.94 0.305 16.244 
2 65.041 0.283 17.345 
3 51.82 0.549 4.124 
4 47.696 0.639 0 

Based on the results of the AICc, Table 5.2, Model 4 appears to be the model which best fits the given 

specimen set of data. Considering the models in terms of corrosion behaviour, logically it makes sense 

that the likelihood of corrosion in RST is a function of both the applied overpotential and the admixed 

chlorides, as well as the interaction between the two parameters.  
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5.3.4 Evaluation of the Selected Model 

The estimated coefficients for the parameters used in Model 4 were determined using the maximum 

likelihood method in RStudio, and can be seen in Table 5.1. A hypothesis test, which states that the given 

variable’s coefficient is zero, is constructed for each term in the regression model. The Z-values, Equation 

5.17, for each variable are used to determine the associated p-value using a one-sided Z-test.  

 
𝑍 =  

𝛽መ − 0

𝜎ොఉ෡
=

𝛽መ

𝜎ොఉ෡
 Equation 5.17 

Where Z is the Z-test statistic, 𝛽መ  is the standardized regression coefficient for a given parameter, and 𝜎ොఉ෡  

is the standardized error associated with 𝛽መ . As can be seen in Table 5.1, all of the estimated coefficients 

for Model 4 were found to be significant at a 5% significance level. As a result, the null hypothesis tests 

associated with each parameter were rejected. Therefore, the estimated regression model to predict the 

probability of corrosion for XM-28 specimens in the RST is modelled by Equation 5.18: 

 
𝑔(𝑥) = 𝑙𝑛 ቈ

𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = −40.317 + 0.095𝐴 + 5.658𝐵 − 0.013𝐴𝐵 Equation 5.18 

A confusion matrix was then constructed to validate the performance of the regression model, Table 5.3.  

Table 5.3: Confusion Matrix for XM-28 Regression Model No. 4 

Experimental Observations 
Predicted Values 

Not Corroded Corroded 

Not Corroded 24 (AA) 3 (AB) 
Corroded 5 (BA) 21 (BB) 

For the XM-28 regression model, any predicted values with probabilities greater than or equal to 50% 

were considered to be “corroded”. The true negative rate (i.e. sensitivity), false positive rate, true positive 

rate (i.e. specificity), the false negative rate, the accuracy, and the misclassification rate for Model 4 are 

shown in Equations 5.19 to 5.24, while their respective values are shown in Table 5.4. 

 
𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝑇𝑁𝑅) =  

𝐵𝐵

𝐵𝐴 + 𝐵𝐵
∗ 100%  Equation 5.19 
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𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝐹𝑃𝑅) =  

𝐵𝐴

𝐵𝐴 + 𝐵𝐵
∗ 100%  Equation 5.20 

 
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝑇𝑃𝑅) =  

𝐴𝐴

𝐴𝐴 + 𝐴𝐵
∗ 100% Equation 5.21 

 
𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑅𝑎𝑡𝑒 (𝐹𝑁𝑅) =  

𝐵𝐵

𝐴𝐴 + 𝐴𝐵
∗ 100% Equation 5.22 

 
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  

𝑇𝑁𝑅 + 𝑇𝑃𝑅

2
 Equation 5.23 

 
𝑀𝑖𝑠𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  

𝐹𝑃𝑅 + 𝐹𝑁𝑅

2
 Equation 5.24 

Table 5.4: XM-28 Model 4 Confusion Matrix Evaluation Parameters 

Confusion Matrix Evaluators Percentage (%) 
True Negative Rate 88.89 
False Negative Rate 11.11 
True Positive Rate 80.77 
False Positive Rate 19.23 

Accuracy 84.83 
Misclassification Rate 15.17 

The corresponding Receiver Operating Characteristic (ROC) curve for Model 4 was generated using 

RStudio and is shown in Figure 5.1. The ROC curve plots the true positive rate (i.e. the ability of the 

model to detect whether specimens did not corrode) versus the false positive rate (i.e. the inability of the 

model to detect whether a specimen did not corrode). Each individual point on the curve represents the 

sensitivity and specificity associated with each predicted data point compared to its corresponding 

observed value (i.e. whether the model predicts for the 4-400 batch versus what the experimental data 

shows). The top left point on the graph (0,1) represents the best-case scenario where the model would 

predict only true positives and not contain any false positive errors. The diagonal grey line in Figure 5.1 

(where y=x) represents the strategy of randomly guessing a set of predictor variables. Therefore, any 

model whose ROC curve appears above the diagonal is said to have useful information that is applied 

correctly [80].  
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Figure 5.1: ROC curve for the XM-28 Model 4 Logistic Regression Model 

The area under the ROC curve (AUROC) is often used as a summary of the accuracy of the test, with 

values between 0 and 1 [81]. However, because random guessing produces a diagonal with a 

corresponding AUROC of 0.5, any model with an AUROC less than 0.5 is impractical [80]. Model 4’s 

ROC was found to be 0.909, and therefore the model is once again confirmed to better represent the data 

than a random guess.  

5.3.5 Summary of the XM-28 Logistic Regression Model 

Based on logistic regression Model 4, the prediction model for the probability of corrosion of the XM-28 

specimens in the RST is given by Equation 5.18. A visual representation of the prediction model is shown 

in Figure 5.2. Note that none of the specimens for the 6-100 batch corroded, but the data point in Figure 

5.2 was slightly moved to a probability value of 0.02 so that it could be easily seen by the reader.  
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Figure 5.2: XM-28 Probabilistic Model based on RST data. Note that the triangular data points 
represent the fraction of observed specimens that corroded.  

5.4 2304 Regression Model 

5.4.1 Multicollinearity 

By using a null hypothesis that states that the predictors are orthogonal, the 2304 specimen corrosion 

behavior data was tested for multicollinearity. The standardized determinant of the data was found to be 

equal to one:  

ቮ 

1 𝑟௬௫భ
𝑟௬௫మ

𝑟௬௫భ
1 𝑟௫భ௫మ

𝑟௬௫మ
𝑟௫భ௫మ

1
 ቮ = อ 

1 0 0
0 1 0

0.3 0 1
 อ = 1 

Therefore, we accept the null hypothesis that the predictor variables are orthogonal, and no further testing 

for multicollinearity is required for the 2304 data. 
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5.4.2 Global Model 

Similar to the XM-28 data, the global model for the 2304 data was modelled by Equation 5.7. Based on 

53 observations, shown in Table 4.15 of Chapter 4, RStudio was able to predict the following model 

parameters, Table 5.5. 

Table 5.5: 2304 Logistic Regression Global Model Parameters from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 

Intercept -29.99 19.24 -1.56 0.12 100% 

A 0.022 0.061 0.36 0.72 100% 

B 4.28 2.81 1.52 0.13 100% 

A:B -0.0029 0.0089 -0.33 0.75 100% 

Once again, a null hypothesis test, similar to that of the one in Section 5.3.2, was used that states that the 

βi coefficients will equal zero. For the 2304 global model, the statistic G was found to be χ2(3) = 45.85 

with a p-value of 6.1 x 10-10. Therefore, the null hypothesis was rejected, and the model was found to be 

significant at a 5% significance level. 

5.4.3 Candidate Models 

A set of candidate models were created based on the global model to determine the most appropriate 

regression model given the RST data. The candidate models were determined to be the same as Models 1-

4 in Equations 5.10 to 5.14. The information-theoretics for each model are shown in Table 5.6. 

Table 5.6: 2304 Candidate model information-theoretic evaluation 

Model AICc Nagelkerke R2 Δi 
1 68.96 0.0464 41.70 
2 31.67 0.808 4.41 
3 27.26 0.809 0 
4 29.49 0.810 2.23 

Based on the results of the AICc, Table 5.6, Model 3 was chosen to be the model for the given specimen 

set of data. 

5.4.4 Evaluation of Selected Model 

The estimated coefficients for Model 3 were determined using the maximum likelihood method in 

RStudio and are shown in Table 5.7.  
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Table 5.7: 2304 Logistic Regression Model 3 Estimated Coefficients from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 
Intercept -24.28 6.09 -3.99 6.64 x 10-5 0% 

A 0.0021 0.0066 0.32 0.75 100% 
B 3.43 0.85 4.05 5.12 x 10-5 0% 

As can be seen in Table 5.7, two of the three estimated coefficients for Model 3 were found to be 

significant at a 5% significance level. As a result, the null hypothesis tests associated with each parameter 

were rejected. However, the p-value for the estimated coefficient for the polarization potential term (“A”) 

was found to be insignificant at 5% significance level. As previously stated, the author believes that the 

polarization potential does influence the corrosion behaviour of the 2304 specimens. The insignificance of 

the estimated coefficient for the “a” term was attributed to the lack of balanced data (i.e. 15 specimens 

corroded and 38 specimens did not corrode). As a result, the author believes that, for the given specimen 

set of data, the estimated coefficient for the “a” is insignificant, but it may be significant for a larger and 

more balanced specimen set of data. Therefore, the estimated regression model to predict the probability 

of corrosion for 2304 specimens in the RST is modelled by Equation 5.25: 

 
𝑔(𝑥) = 𝑙𝑛 ቈ

𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = −24.283 + 0.002𝐴 + 3.432𝐵 Equation 5.25 

A confusion matrix was then constructed to validate the performance of the regression model, Table 5.8.  

Table 5.8: Confusion Matrix for 2304 Regression Model No. 3 

Experimental Observations 
Predicted Values 

Not Corroded Corroded 

Not Corroded 34 (AA) 2 (AB) 
Corroded 1 (BA) 16 (BB) 

Similar to the XM-28 model, any predicted values with probabilities greater than or equal to 50% were 

considered to be “corroded”. The confusion matrix evaluation parameters were determined using 

Equations 5.19 to 5.24, while their respective values are shown in Table 5.9. 
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Table 5.9: 2304 Model 3 Confusion Matrix Evaluation Parameters 

Confusion Matrix Evaluators Percentage (%) 
True Negative Rate 94.12 
False Negative Rate 5.88 
True Positive Rate 94.44 
False Positive Rate 5.55 

Accuracy 94.28 
Misclassification Rate 5.72 

The corresponding Receiver Operating Characteristic (ROC) curve for Model 3 was generated using 

RStudio and is shown in Figure 5.3. Model 3’s ROC was found to be 0.96, and therefore the model is 

once again confirmed to better represent the data than a random guess. 

 

Figure 5.3: ROC curve for the 2304 Model 3 Logistic Regression Model 



 

78 

5.4.5 Summary of the 2304 Logistic Regression Model 

Based on logistic regression Model 3, the prediction model for the probability of corrosion of the 2304 

specimens in the RST is given by Equation 5.25. A visual representation of the prediction model is shown 

in Figure 5.4. Note that none of the specimens for the 6-100 or the 6-400 batches corroded, but the data 

point in Figure 5.4 were slightly moved to a probability value of 0.02 so that it could be easily seen by the 

reader.  

 

Figure 5.4: 2304 Probabilistic Model based on RST data. Note that the triangular data points represent 
the fraction of observed specimens that corroded. 

5.5 2205 Regression Model 

5.5.1 Multicollinearity 

By using a null hypothesis that states that the predictors are orthogonal, the 2205 specimen corrosion 

behavior data was tested for multicollinearity. The standardized determinant of the data was found to be 

equal to one:  
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Therefore, we accept the null hypothesis that the predictor variables are orthogonal, and no further testing 

for multicollinearity is required for the 2205 data. 

5.5.2 Global Model 

Similar to the XM-28 and 2304 data, the global model for the 2205 data was modelled by Equation 5.7. 

Based on 53 observations, shown in Table 4.16 of Chapter 4, RStudio was able to predict the following 

model parameters, Table 5.10. 

Table 5.10: 2205 Logistic Regression Global Model Parameters from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 
Intercept -342.48 46789.91 -0.007 0.994 100% 

A 0.84 116.97 0.007 0.994 100% 
B 45.46 6238.66 0.01 0.994 100% 

A:B -0.11 15.6 -0.007 0.994 100% 

Once again, a null hypothesis test, similar to that of the one in Section 5.3.2, was used that states that the 

βi coefficients will equal zero. For the 2205 global model, the statistic G was found to be χ2(3) = 18.45 

with a p-value of 3.55 x 10-4. Therefore, the null hypothesis was rejected, and the model was found to be 

significant at a 5% significance level. 

5.5.3 Candidate Models 

A set of candidate models were created based on the global model to determine the most appropriate 

regression model given the RST data. The candidate models were determined to be the same as Models 1-

4 in Equations 5.10 to 5.14. The information-theoretics for each model are shown in Table 5.11. 

Table 5.11: 2205 Candidate model information-theoretic evaluation 

Model AICc Nagelkerke R2 Δi 
1 51.89 0.108 10.16 
2 42.84 0.344 1.11 
3 41.95 0.417 0.22 
4 41.73 0.474 0 



 

80 

Based on the results of the AICc, Table 5.11, Model 4 appears to be the model which best fits the given 

specimen set of data. However, based on the Δi values, Models 2 and 3 should also be considered. 

However, Model 2, shown in Table 5.12, does take the polarization potential into account, which is 

believed to affect the corrosion behaviour of the bar. The estimated coefficients of Model’s 3 and 4 are 

shown in Table 5.13 and Table 5.14, respectively. Even though the Model 4’s Δi and Nagelkerke R2 

values are better than that of Model 3, the significance of Model 4’s estimated coefficients appear to only 

be significant at the 95% significance level. As a result, Model 3 was chosen to be the model for the given 

specimen set of data.    

Table 5.12: 2205 Logistic Regression Model 2 Estimated Coefficients from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 
Intercept -11.46 3.93 -2.91 0.0036 0.1% 

A 1.50 0.55 2.71 0.0068 0.1% 

 

Table 5.13: 2205 Logistic Regression Model 3 Estimated Coefficients from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 

Intercept -13.69 4.49 -3.05 0.0023 0.1% 
A 0.0083 0.0051 1.64 0.1 100% 
B 1.46 0.56 2.56 0.0094 0.1% 

 

Table 5.14: 2205 Logistic Regression Model 4 Estimated Coefficients from RStudio 

Coefficients Estimate Standard Error z-value Pr(>|z|) Significance Level 
Intercept -342.48 46789.91 -0.007 0.994 100% 

A 0.84 116.97 0.007 0.994 100% 
B 45.46 6238.66 0.01 0.994 100% 

A:B -0.11 15.6 -0.007 0.994 100% 

5.5.4 Evaluation of the Selected Model 

The estimated coefficients for Model 3 were determined using the maximum likelihood method in 

RStudio and are shown in Table 5.13. All the estimated coefficients for Model 3 were found to be 

significant at a 5% significance level. As a result, the null hypothesis tests associated with each parameter 
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were rejected. Therefore, the estimated regression model to predict the probability of corrosion for 2304 

specimens in the RST is modelled by Equation 5.26: 

 
𝑔(𝑥) = 𝑙𝑛 ቈ

𝜋(𝑥)

1 −  𝜋(𝑥)
቉ = −13.688 + 0.0083𝐴 + 1.461𝐵 Equation 5.26 

A confusion matrix was then constructed to validate the performance of the regression model, Table 5.15. 

Table 5.15: Confusion Matrix for 2205 Regression Model No. 3 

Experimental Observations 
Predicted Values 

Not Corroded Corroded 

Not Corroded 40 (AA) 3 (AB) 
Corroded 7 (BA) 3 (BB) 

Similar to the XM-28 model, any predicted values with probabilities greater than or equal to 50% were 

considered to be “corroded”. The confusion matrix evaluation parameters were determined using 

Equations 5.19 to 5.24, while their respective values are shown in Table 5.16.  

Table 5.16: 2205 Model 3 Confusion Matrix Evaluation Parameters 

Confusion Matrix Evaluators Percentage (%) 
True Negative Rate 30.00 
False Negative Rate 70.00 
True Positive Rate 93.02 
False Positive Rate 6.98 

Accuracy 61.51 
Misclassification Rate 38.49 
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Figure 5.5: ROC curve for the 2205 Model 3 Logistic Regression Model 

The corresponding Receiver Operating Characteristic (ROC) curve for Model 3 was generated using 

RStudio and is shown in Figure 5.5. Model 3’s ROC was found to be 0.87, and therefore the model is 

once again confirmed to better represent the data than a random guess. 

5.5.5 Summary of the 2205 Logistic Regression Model 

Based on logistic regression Model 3, the prediction model for the probability of corrosion of the 2205 

specimens in the RST is given by Equation 5.25. A visual representation of the prediction model is shown 

in Figure 5.6. Note that none of the specimens for the 6-100 or the 7.5-200 batches corroded, but the data 

point in Figure 5.6 were slightly moved to a probability value of 0.02 so that it could be easily seen by the 

reader.  
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Figure 5.6: 2304 Probabilistic Model based on RST data. Note that the triangular data points represent 
the fraction of observed specimens that corroded.  

5.6 Summary of Logistic Regression Models 

In general, the logistic regression models for the XM-28 and 2304 corrosion behaviour data seem fairly 

accurate, with Nagelkerke R2 values of 0.64 and 0.73, respectively. However, the logistic regression 

model for the 2205 corrosion behaviour data appears to be less accurate, with a Nagelkerke R2 value of 

0.39. Furthermore, the accuracy of the 2205 regression model was found to be approximately 58%, 

whereas the accuracy of the XM-28 and 2304 regression models were found to be approximately 85% and 

91.5%, respectively. This disparity in accuracy for the 2205 regression model can be attributed to severely 

disproportionate data; 8 specimens were observed to corrosion and 45 were found to not corrode.  

5.6.1 Theoretical Critical Chloride Thresholds 

Using the logistic regression models for the XM-28, 2304, and 2205 data, one can theoretically predict 

the critical chloride threshold of each of the tested stainless steel grades. By setting the polarization 

potential value in each of their respective equations to 0 and setting the probability of corrosion to 50%, 
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one can solve for the supposed critical chloride threshold (CT). The values for the theoretical critical 

chloride thresholds are shown in Table 5.17. 

Table 5.17: Theoretical Critical Chloride Thresholds for the Tested Stainless Steel Grades 

Stainless Steel Grade 
Theoretical Critical Chloride Threshold (wt.% 

by mass of cementitious material) 
2205 9.4 
2304 7.1 

XM-28 7.1 

Note that these threshold values are based only on the data gathered for this adapted Rapid Screening Test 

and are discussed further in Chapter 6.  These values are not representative of stainless steels used in 

reinforced concrete in reality. The bars used in reinforced concrete structures are allowed to develop a 

passive film in an alkaline medium for many years prior to coming into contact with chlorides. A more 

accurate estimate of the critical chloride threshold values for each of the stainless steel grades exposed to 

admixed chlorides in concrete would require more data.  
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Chapter 6 – Discussion 

The following section discusses any trends, outliers, or observations related to the results presented in 

Chapter 4 and Chapter 5.   

6.1 Rapid Screening Test Parameters 

The parameters used for the Rapid Screening Test may not be representative of conditions in reality. To 

the author’s knowledge, the maximum chloride concentration by mass of cementitious material observed 

in the field is approximately 5%. However, the application of highly concentrated chloride brines in 

recent years is expected to increase the chloride content in the concrete cover of highway structures. This 

topic will be discussed in more detail by Van Niejenhuis and Hansson [66]. Regarding the applied 

polarization potentials, it is unlikely that reinforcing bars would experience anodic polarization in service 

but could do so if subject to stray currents, for example from electrified rail trains and power stations in 

the locale [82].  

6.2 The Effect of Admixed Chlorides by NaCl 

The decrease in concrete resistivity with higher admixed chloride concentrations is expected due the 

increased concentration of ions in the concrete pore solution, leading to increased ionic conduction. 

However, the measurable decrease in the strength of the concrete with increased NaCl salt was not 

expected and is currently under investigation by Van Niejenhuis and Hansson [66].  

6.3 Open Circuit Potential 

6.3.1 The Effect of Passivation in Pore Solution on the Open Circuit Potentials of the 

Steel Embedded in Concrete 

The open circuit potentials (OCP) of the 2205 and XM28 bars passivated in synthetic concrete pore 

solution were found to be more positive than their as-received counterparts. The 2304 specimens that had 

been passivated in synthetic pore solution, or pre-passivated, were observed to wildly fluctuate when they 

were initially measured during the OCP monitoring period of the RST (i.e. 24 to 48 hours after casting), 

as shown in Appendix A and B. One can theorize that the 2304 specimens that were tested may have had 

some material defects or different surface treatment of the specimens (i.e. pickling, sandblasting, etc.) by 
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the manufacturer compared to the 2205 and XM-28 bars, and as a result, their interaction with the 

synthetic pore solution yielded varied results. However, the exact reason as to why this phenomenon may 

have occurred is currently unknown to the author. The influence of various surface treatments and 

finishes is currently being investigated by Ibrahim Ogunsanya [83].  

The difference in open circuit potentials obtained from passivating the stainless steel specimens in 

synthetic concrete pore solution compared to the as-received specimens is considered to generally be 

insignificant. If the specimens were allowed reach equilibrium in concrete prior to encountering chlorides, 

the results of this test may be different and would simulate real-world conditions more accurately. 

However, as previously stated, one of the main advantages of this test is its rapid test duration, and by 

pre-passivating the bars, unnecessary time is added to said duration. Therefore, testing of the specimens in 

their as-received condition with an air-formed passive film was conducted and is recommended for future 

applications of the test.  

6.3.2 The Effect of Slump and Moist Curing 

Both the effect of curing the RST specimens in a moist environment and the effect of variable slump were 

investigated to determine if these factors influenced the open circuit potentials of the bars. The OCP 

values of the 2205, XM-28, and 2304 bars are plotted against the slump data in Figures 6.1, 6.2, and 6.3 

for their respective concrete mixes. Aside from the outliers listed below, the effects of increased slump 

and moist curing the specimens do not appear to significantly affect the open circuit potentials of the bars. 

However, it should be noted that there was significantly less scatter in the OPC values for all three grades 

in concrete with 4% admixed Cl- than in concretes with 6 0r 7.5% Cl-. This suggests the steels in the 

higher chloride concentrations experienced some degree of non-uniform chloride attack. 
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Figure 6.1: Open Circuit Potentials (mVSCE) of all 2205 AR specimens versus the slump (mm) of the 
concrete they were cast in. Open circuit potential values were taken 48 hours after casting.  

 

Figure 6.2: Open Circuit Potentials (mVSCE) of all XM-28 AR specimens versus the slump (mm) of 
the concrete they were cast in. Open circuit potential values were taken 48 hours after casting 
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Figure 6.3: Open Circuit Potentials (mVSCE) of all 2304 AR specimens versus the slump (mm) of the 
concrete they were cast in. Open circuit potential values were taken 48 hours after casting 

The outliers in Figures 6.1, 6.2, and 6.3 are as follows. The OCP of 2205 AR 3.6 in the 6-200 batch was 

found to be -216 mVSCE, while the OCP of the replicate bar cast in the same week was found to be -428 

mVSCE. Both specimens were found to have approximately the same passive icorr values. The OCP of XM-

28 AR 8.3 in the 7.5-400 batch was observed to be -613 mVSCE, while that of the replicate bar cast in the 

same week was -482 mVSCE. Both bars corroded under the applied 400 mV polarization with the same 

initiation time but the latter exhibited the higher icorr despite its less negative potential. Finally, the OCP of 

2304 AR 3.6 in the 6-200 batch was found to be -551 mVSCE, while the OCP of the replicate bar cast in 

the same week was found to be -350 mVSCE. Both specimens were found to have approximately the same 

passive icorr values.  

6.3.3 The Effect of Admixed Chlorides on the Open Circuit Potentials  

A summary of the average and standard deviations of the OCP values of each stainless steel grade is 

shown in Table 6.1. The average and standard deviations of the OCP values by each batch are shown in 

Appendix B to illustrate any effect of concrete mix. The average, maximum, and minimum OCP values 

for each of the stainless steel grades are shown in Figure 6.4.  
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Table 6.1: Open Circuit Potential (mVSCE) Statistics 48 hours after Casting 

RST 
Batch 

Open Circuit Potential (mVSCE) Statistics 48 hours after Casting 

2205 AR XM-28 AR 2304 AR 

Average 
Standard 
Deviation 

Average 
Standard 
Deviation 

Average 
Standard 
Deviation 

4-100 -473 51 -498 32 -440 58 

4-400 -474 14 -447 22 -487 26 

6-100 -428 42 -461 12 -347 32 

6-200 -376 33 -440 37 -317 32 

6-300 -414 37 -471 23 -368 46 

6-400 -439 90 -472 10 -417 27 

7.5-200 -406 43 -450 14 -334 48 

7.5-300 -392 32 -453 29 -331 56 

7.5-400 -367 36 -395 70 -290 25 

 

Figure 6.4: The average, maximum, and minimum open circuit potentials of the bars measured 
immediately on immersion in a saturated Ca(OH)2 solution (i.e. 24 hours after casting – circular 
symbols) and after a further 24 hours (i.e. 48 hours after casting – square symbols).  
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In general, the OCP of all of the bars became more negative over the 24 hour OCP monitoring period, 

although there was considerable variation between the minimum and maximum values. The cathodic shift 

over the 24 hour period suggests that the passive film on each bar is degrading with increased contact 

with the admixed chlorides. Marcus et al. [84] proposed that when the passive film is completely 

dissolved at a given location, the potential drop that occurs is at the metal-electrolyte interface, resulting 

in an active corrosion site. Localized thinning of the passive film results in significant metal dissolution, 

causing a large drop in potential.  

The variability within the OCP values for a given stainless steel grade can be attributed to the stochastic 

nature of corrosion in concrete. Factors such as the non-uniformity of the surface films on the ribbed bars 

and the heterogeneous nature of concrete contribute to the variability of the OCP values.   

There is no indication from the open circuit potential measurements that increasing the admixed chloride 

concentration from 6 to 7.5 wt. % of cementitious materials resulted in corrosion initiation prior to the 

application of the polarization potential. The maximum and minimum OCP values for each of the 

stainless steel types are in the same range for the different admixed chloride concentrations. However, the 

average OCP values for the XM-28 and 2304 specimens were found to become more negative from 4% to 

6% admixed chlorides, but to become more positive from 6% to 7.5% admixed chlorides. This could be 

attributed to corrosion initiating in the XM-28 and 2304 specimens in the 7.5% admixed chloride concrete 

batches prior to the application of the polarization potentials. The build-up of corrosion products on the 

XM-28 and 2304 bars would affect the OCP readings, leading to more positive OCP values. However, the 

OCP values for the 2205 specimens remained consistent from all three chloride contents suggesting that 

chlorides had little effect on the resistance of the passive film. This theory corresponds to the theoretical 

CT values of each the stainless steel grades calculated using the logistic regression models for each grade. 

Both XM-28 and 2304 grades were found to have threshold values of 7.1 and 7.1, respectively, while the 

2205 grade was found to have a threshold value of 9.4, again suggesting that corrosion may have initiated 

on the XM-28 and 2304 specimens prior to the application of the polarization potentials.    

6.4 Corrosion Initiation 

Based on the electrochemical test and autopsy results presented in Chapter 4, several observations can be 

made regarding corrosion initiation. Corrosion products were observed on the surface of all the specimens 

whose corrosion current density exceeded the proposed pass/fail limit for more than 2 hours (i.e. active 
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corrosion initiation had occurred). Moreover, all specimens whose corrosion current density jumped by 

approximately one order of magnitude, even briefly, had visible evidence of corrosion, even if they did 

not exceed the pass/fail limit. The only observed exception from these statements was the 2304 AR 7.8 

specimen in the 7.5-200 batch, shown in Figure 6.5. The bar’s corrosion current density did not 

experience any “jumps”, and its icorr was found to be at least one order of magnitude lower than the 25 

mA/m2 proposed pass/fail limit, remaining at a passive icorr value. However, corrosion was apparent on 

visual inspection of the autopsied bar. 

 

Figure 6.5: 7.5-200 Batch – Corrosion Products on 2304 AR 7.8. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 

After the momentary jumps in corrosion current density, the corrosion rates of the 2304 and 2205 

specimens reverted to their “pre-jump” values by the next set of readings, i.e. within 15 minutes. This 

behaviour is be attributed to momentary pitting of the bars, followed by the immediate repassivation of 

the bars. In concrete, this critical concentration of chlorides is often referred to as the critical chloride 

threshold.  

An alternative explanation for the spikes in the icorr plots for some of the 2304 and 2205 specimens is 

possible contamination of the bars. One example of potential contamination of the specimens could be the 



 

92 

“dark line” observed on the 2304 specimens Figure 4.23 in Section 4. These corroding areas were too 

small for any analysis that was within the scope of this project.  

The effect of the OCP values of the bars 48 hours after casting was investigated to determine its influence 

on the corrosion initiation of the specimens, shown in Figures 6.6, 6.7, and 6.8 for the 2205, XM-28, and 

2304 specimens, respectively. Only the specimens that had undergone corrosion initiation based on the 

electrochemical results (i.e. had surpassed the 25 mA/m2 limit for more than 2 hours) were considered in 

this investigation. It was determined that the OCP values immediately prior to the application of the 

polarization potential had no measurable effect on the corrosion initiation of the bars.   

 

Figure 6.6: 2205 AR Specimens: Open Circuit Potentials (mVSCE) of bars that surpassed the 
proposed pass/fail limit 
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Figure 6.7: XM-28 AR Specimens: Open Circuit Potentials (mVSCE) of bars that surpassed the 
proposed pass/fail limit 

 

Figure 6.8: 2304 AR Specimens: Open Circuit Potentials (mVSCE) of bars that surpassed the 
proposed pass/fail limit 

Although corrosion initiation has been previously defined as the corrosion current exceeding 25 mA/m2 

for more than 2 hours, an alternative definition of corrosion initiation is proposed. For the purpose of this 
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project, corrosion initiation is now defined as a jump in a bar’s icorr by at least one order of magnitude. 

The reasoning is as follows. Based on the original definition, the electrochemical results indicate that 

corrosion initiation has only occurred in the bars shown in Table 4.12. Observations noted during the 

autopsy of the bars did not show any visible evidence that corrosion had occurred. However, post-autopsy 

examinations of the bars (ranging from 1 week to 5 months after autopsy) showed relatively small areas 

of rust-coloured oxidation, indicating that corrosion had initiated, contrary to the original definition of 

corrosion initiation.  

6.5 Corrosion Current Density 

The selected logistic regression models for each stainless steel grade found that the corrosion initiation of 

the bars was significantly affected more by increasingly higher admixed chloride concentrations than the 

applied polarization potentials. This conclusion from the statistical analysis agrees with the experimental 

results. In general, higher admixed chlorides concentrations resulted in more bars actively corroding, as 

well as higher active icorr and passive icorr values for each bar, regardless of the applied polarization 

potential. Photomicrographs of pitting corrosion damage by varying the admixed chloride content per 

stainless steel grade are shown in Figure 6.10. Please note that no 2304 specimens corroded in the 6-400 

batch, so the 6-300 batch and 7.5-300 batch were used for the comparison in Figure 6.10. 

For a given chloride concentration, once a bar’s icorr surpassed the proposed pass/fail limit of 25 mA/m2, 

higher applied polarization potentials resulted in higher active icorr and passive icorr values. Note that the 

“passive” icorr values are considered to be the icorr values of any bar that is below the proposed pass/fail 

limit by at least one order of magnitude at the end of the applied polarization period (96 h). 

Photomicrographs of pitting corrosion damage by varying the polarization potential for a given admixed 

chloride content are shown in Figure 6.11. 

A comparison between the average passive icorr values of each stainless steel grade and the applied 

polarization potential for the 6% admixed chloride concentration batches are shown in Figure 6.9. Note 

that the specimens for the 4% and 7.5% admixed chloride concentrations were not considered due to the 

lack of tested polarization potential batches and the high number of actively corroding bars, respectively. 

Active icorr values were not compared in the same manner as the passive icorr values because of the high 

variability of their values as a result of the various factors that affect said values, such as bar defects, the 

heterogeneous nature of concrete, and chloride concentration gradients within the concrete.  
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Figure 6.9: Average passive Icorr (A/m2) of each Stainless Steel Grade versus Applied Polarization 
Potential (mV) 
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Figure 6.10: Photomicrograph Comparison of Pitting Corrosion Damage by Increasing the 
Admixed Chloride Concentration. The specimens, read from left to right, are as follows: a) XM-28 AR 
7.6 (4-400 batch), b) XM-28 AR 8.2 (7.5-400 batch), c) 2304 AR 4.3 (6-300 batch), d) 2304 AR 5.8 (7.5-
300 batch), e) 2205 AR 5.4 (6-400 batch), f) 2205 AR 7.6 (7.5-400 batch) 
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Figure 6.11: Photomicrograph Comparison of Pitting Corrosion Damage by Increasing the Polarization Potential. The specimens, read from left to right, 
are as follows: a) XM-28 AR 8.7 (7.5-200 batch), b) XM-28 AR 6.8 (7.5-300 batch), c) XM-28 AR 8.2 (7.5-400 batch), e) 2304 AR 7.9 (7.5-200 batch), f) 2304 
AR 5.7 (7.5-300 batch), g) 2304 AR 7.5 (7.5-400 batch), h) 2205 AR 7.8 (7.5-200 batch), i) 2205 AR 7.6 (7.5-300 batch), and j) 2205 AR 7.6 (7.5-400 batch) 

XM-28 
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6.6 Cracking of the Concrete Specimens by Corrosion Products 

Cracking of the concrete specimens was only observed in the 6-400 batch and all the 7.5% admixed 

chloride batches. The general trend appears to be that if the corrosion current density of the bars was 

at least 1 A/m2 for more than 48 hours, the concrete specimens containing the bars would crack 

because of the corrosion products. None of the bars in the batches that were less aggressive than the 

6-400 batch were observed to have a corrosion current density greater than 1 A/m2. 

6.7 Corrosion Behaviour of the Stainless Steel Grades 

The current densities reported correspond to the measured current divided by the whole area of steel 

exposed to the concrete.  While this gives correct values for the passive current densities, it is 

incorrect once active corrosion is initiated. To be accurate, after initiation the measured current 

should be divided by the area of bar that is actively corroding.  In general, higher corrosion current 

densities were found to correspond to more frequent and severe pitting corrosion across the bars. 

Based on the statistical analysis, the theoretical CT of the XM-28 specimens was approximately the 

same as the 2304. However, based on the pitting corrosion of the XM-28 bars, the author believes that 

XM-28 is far more susceptible to severe pitting corrosion once corrosion has initiated, as shown in 

Figure 6.10 and Figure 6.11. 

In contrast to the deep pits observed on the XM-28 bars, corrosion of the 2304 specimens appears to 

be restricted to a shallow surface layer; it appears that the outermost layer of the steel was the only 

layer that corroded. The improved corrosion resistance of the 2304 specimens could be attributed to 

the higher chromium and nickel, and the small amount of molybdenum of this alloy compared to the 

XM-28 bars.  

When pitting corrosion was observed on the 2205 specimens, it was very mild in nature compared to 

the XM-28 and 2304 specimens. This improved corrosion resistance could be attributed to the higher 

nickel and molybdenum contents of the bar compared to both the XM-28 and 2304 bars.  
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Chapter 7 – Summary, Conclusions and Recommendations 

This chapter presents conclusions and recommendations based on the research presented in the 

previous chapters. Section 7.1 summarizes the conclusion of this project based on the experimental 

and analytical research. The recommendations based on this research are presented in Section 7.2, 

which is divided into subsections which summarize the recommendations for industry practice and 

the recommendations for future research.  

7.1 Summary and Conclusions 

Passivation of the stainless steels in the synthetic concrete pore solution suggests that the passive 

films developed on the tested bars were becoming more protective than the air-formed films on the 

“as-received” bars. However, the differences in potentials between the as-received specimens and the 

“pre-passivated” specimens were found to be insignificant. Therefore, all Rapid Screening Test 

batches after the 4% admixed Cl-, +100 mV polarization (4-100) batch tested the stainless steels in 

their as-received condition.  

The corrosion initiation results of the electrochemical testing and the observations made during and 

after autopsying the bars were found to differ. For this reason, a new definition of corrosion initiation 

was proposed for use in the electrochemical portion of the Rapid Screening Test: any increase in 

corrosion current density by at least one order of magnitude should be considered as corrosion 

initiation at a pit, even if the pit is found to re-passivate. Therefore, a relative comparison of the 2205, 

2304, and XM-28 specimens was determined by the number of specimens that have corroded in the 

Rapid Screening Test, as well as the order of magnitude of their respective corrosion current 

densities. The experimental results can be summarized as follows:   

 The higher the admixed chloride concentration in concrete, the more likely that a bar will 

initiate corrosion. Corrosion initiation was more frequent at higher admixed chloride 

concentrations and corrosion current density values, averaged over the whole bar area, were 

observed to be higher as well. The susceptibility of each of the stainless steel grades to 

chloride attack, in order of the most to least susceptible, are as follows: XM-28 ≈ 2304 > 

2205. Corrosion initiation was found be more influenced by the admixed chloride 

concentration than the applied polarization potential.  
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 The higher the polarization potential, the more severe the pitting corrosion was on each of the 

stainless steel grades. Higher corrosion current density values correlated with higher 

polarization potentials once corrosion initiation had occurred. More severe cases of pitting 

corrosion were also observed with higher corrosion current density values. A ranking of the 

stainless steel grades based on the severity of corrosion, in order of the most to least 

damaged, is as follows: XM-28 >> 2304 > 2205.  

 The open circuit potential of the bars immediately prior to the application of polarization 

potential did not significantly influence corrosion initiation. The variability of the open circuit 

potential values between the specimens of a given stainless steel grade can be attributed to 

many factors such as non-uniform chemical composition, irregular surface and surface 

roughness of the bars, and the heterogeneous nature of concrete. Varying the slump content 

and curing conditions does not appear to have a significant effect on the open circuit potential 

of the different stainless steel grades for any of the admixed chloride concentrations.  

 The corrosion products from steel specimens whose corrosion current densities were at least 1 

A/m2 for a minimum of 48 hours were found to crack the concrete specimens. This 

phenomenon was observed in all the batches that were more aggressive than the 6% admixed 

Cl-, +300 mV polarization (6-300) batch. 

A statistical analysis of the corrosion data for each of the stainless steel grades was conducted. It was 

determined that increasing the admixed chloride content of the concrete mixture has a far more 

significant impact on the corrosion initiation of the bars than does the applied polarization potentials. 

Based on the results of the logistic regression models, theoretical critical chloride thresholds were 

predicted. The values for these thresholds, by wt.% of cementitious material, are 7.1%, 7.1%, and 

9.4% for XM-28, 2304, and 2205, respectively. Note that the number of corroded versus non-

corroded specimens for 2304 and 2205 are imbalanced and as a result, the thresholds may be vastly 

different than the calculated values. Based on the severity of the pitting corrosion seen in the 

photomicrographs, it is believed that 2304 has a higher chloride threshold than XM-28. It must be 

emphasized that these threshold values should be used as relative values in the Rapid Screening Test, 

and not as an accurate estimate of the critical chloride threshold values for each of these stainless steel 

grades in reality. The table below, Table 7.1, summarizes the ranking of the reinforcing bars based on 

the results of the Rapid Screening Test. 
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Table 7.1: Ranking of Rapid Screening Test Specimens in terms of Corrosion Resistance 

Stainless Steel 
Grade 

Overall Ranking 
Electrochemical 

Results 
Autopsy Results 

Statistical 
Analyses Results 

S32205 1 1 1 1 

S32304 2 2 2 2 

S24100 3 3 3 2 

7.2 Recommendations 

7.2.1 Recommendations based on Experimental and Analytical Results 

Due to the short duration of the Rapid Screening Test, it is recommended that the stainless steels be 

tested in their as-received condition instead of pre-passivating the bars in synthetic concrete pore 

solution. Based on the definition of corrosion initiation stated in Section 6.4, the recommended 

parameters for testing new and existing grades of stainless steel are 7.5% admixed chlorides by mass 

of cementitious material and +300 mV of applied polarization potential. These parameters have been 

found to initiate corrosion in at least approximately 50% of the specimens of each of the stainless 

steel grades that were tested. In particular, 50% of the control specimens were observed to have 

corroded using these parameters. Using the recommended parameters, the proposed relative ranking 

of stainless steel specimens is based on the number of specimens that have corroded, the order of 

magnitude of the specimen’s corrosion current density, and the severity of the pitting corrosion 

observed on the specimens.  

Both the experimental results and the statistical analyses demonstrate that 2205 outperforms both 

2304 and XM-28, which is attributed to its chemical composition. The 2304 bars appear to undergo 

corrosion initiation similarly to the XM-28 specimens in the 7.5% admixed chloride conditions, but 

they appear to be far less susceptible to severe pitting corrosion than the XM-28 bars based on the 

corrosion damage shown in the photomicrographs. It is concluded that 2304 reinforcing bars can be 

specified in highway structures made of reinforced concrete to minimize maintenance and associated 

costs such as user delay and lane closures for the service life of the highway structure. Based on the 

autopsy results of the Rapid Screening Test, XM-28 appears to be far more susceptible to pitting 

corrosion than 2304 or 2205. It should be noted that chloride concentrations in excess of 5% by mass 

of cementitious material in concrete highway structures have not been reported in the available 

literature to date.  
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7.2.2 Recommendations for Future Work 

Although the work presented here is based on the best available information at the time of completing 

this work, future research could be done to improve upon the value of the results. This research could 

include improvements to both the experimental design as well as the statistical analysis of the data.  

7.2.3 Improved Experimental Design 

Various considerations could be made to improve upon the Rapid Screening Test, however, one must 

consider the short testing duration when trying to re-design the test to more accurately simulate 

realistic conditions for stainless steel reinforcing bars in concrete highway infrastructure. Specific 

improvements to enhance the corrosion behaviour knowledge of various stainless steel grades in 

reinforced concrete are detailed in the following paragraphs.  

7.2.4 Concrete Mix Design and Testing 

The concrete mix design that was used for the experimental work of this project met the 

specifications of the Ministry of Transportation of Ontario for highway bridges. The effect of other 

and or additional cementitious material contents, as well as lower w/cm ratios, on the corrosion 

performance of stainless steel bars in the Rapid Screening Test is currently unknown.  

Admixed chlorides were introduced into the concrete mix by admixed sodium chloride into the 

concrete mixing water. However, highly concentrated chloride brines have been used in recent years 

for deicing applications on Canadian highway infrastructure. These brines can include various 

combinations of the salts magnesium chloride, calcium chloride, and sodium chloride. The effect of 

these individual salts, or the combination thereof, on the corrosion behaviour of stainless steels in the 

Rapid Screening Test is currently unknown. Knowledge of their impact would be invaluable when 

trying to accurately simulate the realistic conditions of stainless steel reinforcing bars in highway 

concrete infrastructure.  

Finally, it is recommended that moisture content analyses of each concrete mix used for the Rapid 

Screening Test be conducted. By testing the moisture content of the concrete, one could more 

accurately determine if there is a correlation between additional water content in the concrete mix and 

the corrosion behaviour of the stainless steel bars.  
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7.2.5 Stainless Steel Grades 

The stainless steel reinforcing bar grades used for this project were limited to 2205, 2304, and XM-

28. These grades have been used in highway infrastructure, but their corrosion performance over 

extended periods of time (i.e. 75 to 100 years) is currently unknown. Testing a stainless steel grade 

with a known service life, such as 304, would be useful for determining a baseline for the Rapid 

Screening Test for benchmarking purposes. The corrosion performance of other stainless steel grades 

relative to the 304 grade could give some indication of their relative corrosion performance, which 

could be useful when determining the applicability of a given stainless steel grade for highway 

infrastructure projects.  

7.2.6 Recommendations for Statistical Analyses 

The logistic regression models used to predict the probability of corrosion for each of the stainless 

steel grades were based on two independent predictors: the admixed chloride concentration in the 

concrete, and the applied polarization potential. By following the recommendations for the improved 

experimental design in Section 7.2.3, additional data could be gathered to increase the number of 

independent predictors. These predictors could be, and are not limited to: cement content, 

cementitious material composition, moisture content in the concrete, the variation in a bar’s chemical 

composition, or even specific manufacturing processes related to the surface finishes and preparation 

of the bars. By using these metrics to predict the probability of corrosion in the tested stainless steel 

grades, one could more accurately predict the probability of corrosion. The relative comparison of the 

corrosion behaviour between the tested stainless steel grades could have not only a valid experimental 

basis, but it could be based on a statistical analysis that could more accurately simulate realistic 

conditions. 
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Appendix A 

Open Circuit Potential and Corrosion Current Density Plots by Batch 
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Figure A.1: -100 Batch Open Circuit Potential over 24 hours – Week of April 25, 2017 

 

Figure A.2: -4-100 Batch Corrosion Current Densities over 96 hours – Week of April 25, 2017 
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Figure A.3: -4-100 Batch Open Circuit Potential over 24 hours – Week of May 4, 2017 

 

 

Figure A.4: 4-100 Batch Corrosion Current Densities over 96 hours – Week of May 4, 2017 
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Figure A.5: 4-100 Batch Open Circuit Potential over 24 hours – Week of May 9, 2017 

 

Figure A.6: 4-100 Batch Corrosion Current Densities over 96 hours – Week of May 9, 2017 
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Figure A.7: 4-100 Batch Open Circuit Potential over 24 hours – Week of May 17, 2017 

 

Figure A.8: 4-100 Batch Corrosion Current Densities over 96 hours – Week of May 17, 2017 
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Figure A.9: 4-100 Batch Open Circuit Potential over 24 hours – Week of May 31, 2017 

 

Figure A.10: 4-100 Batch Corrosion Current Densities over 96 hours – Week of May 31, 2017 
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Figure A.11: 4-400 Batch Open Circuit Potential over 24 hours – Week of November 21, 2017 

 

 

Figure A.12: 4-400 Batch Corrosion Current Densities over 96 hours – Week of November 21, 2017 
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Figure A.13: 4-400 Batch Open Circuit Potential over 24 hours – Week of December 5, 2017 

 

Figure A.14: 4-400 Batch Corrosion Current Densities over 96 hours – Week of December 5, 2017 
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Figure A.15: 4-400 Batch Open Circuit Potential over 24 hours – Week of December 12, 2017 

 

 

Figure A.16: 4-400 Batch Corrosion Current Densities over 96 hours – Week of December 12, 2017 
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Figure A.17: 6-100 Batch Open Circuit Potential over 24 hours – Week of June 7, 2017 

 

Figure A.18: 6-100 Batch Corrosion Current Densities over 96 hours – Week of June 7, 2017 
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Figure A.19: 6-100 Batch Open Circuit Potential over 24 hours – Week of June 13, 2017 

 

Figure A.20: 6-100 Batch Corrosion Current Densities over 96 hours – Week of June 13, 2017 
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Figure A.21: 6-100 Batch Open Circuit Potential over 24 hours – Week of June 20, 2017 

 

Figure A.22: 6-100 Batch Corrosion Current Densities over 96 hours – Week of June 20, 2017 
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Figure A.23: 6-200 Batch Open Circuit Potential over 24 hours – Week of August 2, 2017 

 

Figure A.24: 6-200 Batch Corrosion Current Densities over 96 hours – Week of August 2, 2017 
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Figure A.25: 6 -200 Batch Specimens Cured in Humidity Room- Open Circuit Potentials over 24 hours – 
Week of August 9, 2017 

 

Figure A.26: 6 -200 Batch Specimens Cured in Humidity Room Corrosion Current Densities over 96 
hours – Week of August 9, 2017 
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Figure A.27: 6-200 Batch Open Circuit Potentials over 24 hours – Week of August 29, 2017 

 

Figure A.28: 6-200 Batch Corrosion Current Densities over 96 hours – Week of August 29, 2017 
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Figure A.29: 6-200 Batch Open Circuit Potentials over 24 hours – Week of September 5, 2017 

 

Figure A.30: 6-200 Batch Corrosion Current Densities over 96 hours – Week of September 5, 2017 
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Figure A.31: 6-300 Batch Open Circuit Potentials over 24 hours – Week of September 12, 2017 

 

Figure A.32: 6-300 Batch Corrosion Current Densities over 96 hours – Week of September 12, 2017 
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Figure A.33: 6-300 Batch Open Circuit Potentials over 24 hours – Week of September 19, 2017 

 

Figure A.34: 6-300 Batch Corrosion Current Densities over 96 hours – Week of September 19, 2017 



 

134 

 

Figure A.35: 6-300 Batch Open Circuit Potentials over 24 hours – Week of September 26, 2017 

 

Figure A.36: 6-300 Batch Corrosion Current Densities over 96 hours – Week of September 26, 2017 
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Figure A.37: 6-400 Batch Open Circuit Potentials over 24 hours – Week of October 10, 2017 

 

Figure A.38: 6-400 Batch Corrosion Current Densities over 96 hours – Week of October 10, 2017 
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Figure A.39: 6-400 Batch Open Circuit Potentials over 24 hours – Week of October 17, 2017 

 

Figure A.40: 6-400 Batch Corrosion Current Densities over 96 hours – Week of October 17, 2017 
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Figure A.41: 6-400 Batch Open Circuit Potentials over 24 hours – Week of October 24, 2017 

 

Figure A.42: 6-400 Batch Corrosion Current Densities over 96 hours – Week of October 24, 2017 
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Figure A.43: 7.5-200 Batch Open Circuit Potentials over 24 hours – Week of January 23, 2018 

 

Figure A.44: 7.5-200 Batch Corrosion Current Densities over 96 hours – Week of January 23, 2018 
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Figure A.45: 7.5-200 Batch Open Circuit Potentials over 24 hours – Week of February 7, 2018 

 

Figure A.46: 7.5-200 Batch Corrosion Current Densities over 96 hours – Week of February 7, 2018 



 

140 

 

Figure A.47: 7.5-200 Batch Open Circuit Potentials over 24 hours – Week of February 14, 2018 

 

Figure A.48: 7.5-200 Batch Corrosion Current Densities over 96 hours – Week of February 14, 2018 
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Figure A.49: 7.5-300 Batch Open Circuit Potentials over 24 hours – Week of October 31, 2017 

 

Figure A.50: 7.5-300 Batch Corrosion Current Densities over 96 hours – Week of October 31, 2017 
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Figure A.51: 7.5-300 Batch Open Circuit Potentials over 24 hours – Week of November 7, 2017 

 

Figure A.52: 7.5-300 Batch Corrosion Current Densities over 96 hours – Week of November 7, 2017 



 

143 

 

Figure A.53: 7.5-300 Batch Open Circuit Potentials over 24 hours – Week of November 14, 2017 

 

Figure A.54: 7.5-300 Batch - Corrosion Current Densities over 96 hours – Week of November 14, 2017 
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Figure A.55: 7.5-400 Batch Open Circuit Potentials over 24 hours – Week of January 10, 2018 

 

Figure A.56: 7.5-400 Batch - Corrosion Current Densities over 96 hours – Week of January 10, 2018 
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Figure A.57: 7.5-400 Batch Open Circuit Potentials over 24 hours – Week of January 17, 2018 

 

Figure A.58: 7.5-400 Batch - Corrosion Current Densities over 96 hours – Week of January 17, 2018 
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Figure A.59: 7.5-400 Batch Open Circuit Potentials over 24 hours – Week of January 23, 2018 

 

Figure A.60: 7.5-400 Batch - Corrosion Current Densities over 96 hours – Week of January 17, 2018 
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Appendix B 

Open Circuit Potential Statistics: Averages and Standard Deviations 
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Table B.1: 4-100 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR 2205 PP XM28 AR XM28 PP 2304 AR 2304 PP 

0 -395 -344 -422 -354 -308 -411 
4 -398 -336 -438 -385 -322 -433 
8 -423 -361 -450 -410 -346 -451 

12 -440 -392 -460 -430 -377 -461 
16 -445 -416 -472 -447 -403 -486 
20 -465 -438 -485 -462 -422 -503 
24 -473 -460 -498 -477 -440 -517 

 

Table B.2: 4-100 Batch – Standard Deviation of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviations of Circuit Potential (mVSCE) 

2205 AR 2205 PP XM28 AR XM28 PP 2304 AR 2304 PP 

0 52 111 38 44 50 239 
4 37 50 30 45 55 184 
8 36 48 18 45 58 146 

12 34 51 15 44 60 97 
16 43 54 19 44 62 79 
20 41 56 25 46 61 67 
24 51 56 32 49 58 60 

 

Table B.3: 4-400 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -302 -345 -245 
4 -351 -402 -284 
8 -405 -436 -340 

12 -432 -452 -380 
16 -447 -464 -409 
20 -462 -476 -431 
24 -474 -487 -447 
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Table B.4: 4-400 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 34 20 36 
4 46 19 45 
8 21 25 51 

12 14 24 44 
16 13 23 34 
20 13 21 28 
24 14 22 26 

 

Table B.5: 6-100 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -343 -389 -251 
4 -354 -409 -264 
8 -369 -422 -277 

12 -384 -433 -291 
16 -399 -443 -305 
20 -414 -453 -324 
24 -428 -461 -347 

 

Table B.6: 6-100 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 69 20 20 
4 60 17 17 
8 55 15 16 

12 51 13 15 
16 48 12 15 
20 45 12 20 
24 42 12 32 
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Table B.7: 6-200 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mV SCE) 

2205 AR XM28 AR 2304 AR 

0 -245 -317 -186 
4 -248 -345 -212 
8 -269 -352 -210 

12 -296 -373 -230 
16 -323 -399 -257 
20 -351 -422 -287 
24 -376 -440 -317 

 

Table B.8: 6-200 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mV SCE) 

2205 AR XM28 AR 2304 AR 

0 77 108 31 
4 75 107 56 
8 72 94 42 

12 65 82 39 
16 56 66 34 
20 44 50 32 
24 33 37 32 

 

Table B.9: 6-300 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -240 -340 -226 
4 -264 -374 -227 
8 -309 -402 -254 

12 -342 -431 -281 
16 -371 -448 -310 
20 -394 -450 -341 
24 -414 -471 -368 
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Table B.10: 6-300 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 40 76 65 
4 49 52 45 
8 56 30 49 

12 54 25 49 
16 51 21 49 
20 45 36 48 
24 37 23 46 

 

Table B.11: 6-400 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -277 -295 -221 
4 -308 -343 -240 
8 -355 -402 -285 

12 -381 -433 -327 
16 -405 -451 -361 
20 -424 -463 -392 
24 -439 -472 -417 

 

Table B.12: 6-400 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 101 43 18 
4 117 48 23 
8 106 32 31 

12 107 18 37 
16 104 15 38 
20 98 12 33 
24 90 10 27 
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Table B.13: 7.5-200 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -251 -322 -222 
4 -252 -373 -225 
8 -288 -384 -242 

12 -338 -403 -257 
16 -368 -420 -285 
20 -386 -436 -313 
24 -406 -450 -334 

 

Table B.14: 7.5-200 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 60 65 26 
4 35 43 23 
8 39 47 36 

12 52 34 41 
16 47 22 42 
20 41 17 45 
24 43 14 48 

 

Table B.15: 7.5-300 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -235 -307 -190 
4 -250 -343 -196 
8 -285 -373 -226 

12 -317 -396 -257 
16 -346 -417 -283 
20 -371 -436 -307 
24 -392 -453 -331 
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Table B.16: 7.5-300 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 15 25 8 
4 16 37 6 
8 17 42 16 

12 21 41 30 
16 25 36 36 
20 30 31 48 
24 32 29 56 

 

Table B.17: 7.5-400 Batch – Average Open Circuit Potentials (mVSCE) 

Time (hr) 
Average Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 -236 -395 -203 
4 -234 -407 -193 
8 -258 -425 -205 

12 -298 -449 -231 
16 -326 -414 -244 
20 -345 -485 -272 
24 -367 -495 -290 

 

Table B.18: 7.5-400 Batch – Standard Deviations of Open Circuit Potentials (mVSCE) 

Time (hr) 
Standard Deviation of Open Circuit Potential (mVSCE) 

2205 AR XM28 AR 2304 AR 

0 19 105 11 
4 16 106 10 
8 20 95 14 

12 21 90 22 
16 35 211 23 
20 41 77 21 
24 46 70 25 
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Appendix C 

Rapid Screening Test Autopsy Pictures 
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Figure C.1: RST 4-400 Batch – Corrosion Products on XM-28 AR 7.5. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on a pickled specimen 

 

 

Figure C.2: RST 4-400 Batch – Corrosion Products on XM-28 AR 7.6. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on a pickled specimen 



 

156 

 

Figure C.3: RST 4-400 Batch – Corrosion Products on XM-28 AR 7.7. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on a pickled specimen 

 

 

Figure C.4: RST 6-200 Batch – Corrosion Products on XM-28 AR 5.2. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on a pickled specimen 
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Figure C.5: RST 6-300 Batch – Corrosion Products on 2304 AR 4.3. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
 

 

Figure C.6: RST 6-300 Batch – Corrosion Products on XM-28 AR 5.4. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.7: RST 6-400 Batch – XM-28 AR 6.1 Corrosion Products Observed on Concrete Specimen  

 

 

Figure C.8: 6-400 Batch – Corrosion Products on XM-28 AR 6.1. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.9: RST 6-400 Batch – XM-28 AR 6.2 Corrosion Products causing Cracking of Concrete 
Specimen 

 

 

Figure C.10: 6-400 Batch – Corrosion Products on XM-28 AR 6.2. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.11: 6-400 Batch – Corrosion Products on XM-28 AR 6.3. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on a pickled specimen 

 

 

Figure C.12: RST 6-400 Batch – XM-28 AR 6.4 Corrosion Products causing Cracking of  Concrete 
Specimen 
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Figure C.13: 6-400 Batch – Corrosion Products on XM-28 AR 6.4. From top to bottom, a) original 
specimen, b) corrosion products on specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 

 

Figure C.14: 6-400 Batch – Evidence of Pitting Corrosion on 2205 AR 5.4. From top to bottom, a) 
original specimen, b) corrosion products on specimen upon removal from concrete, and c) & d) pitting 
corrosion identification on the pickled specimen. Identification of pitting corrosion was observed 2 weeks 
after the autopsy.  
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Figure C.15: RST 6-400 Batch – XM-28 AR 6.5 Corrosion Products causing Cracking of Concrete 
Specimen 
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Figure C.16: 6-400 Batch – Corrosion Products on XM-28 AR 6.5. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, c) oxidized corrosion 
products, and d) & e) pitting corrosion identification on the pickled specimen 
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Figure C.17: 6-400 Batch – Evidence of Pitting Corrosion on 2205 AR 5.5. From top to bottom, a) 
original specimen, b) corrosion products on specimen upon removal from concrete, and c) & d) pitting 
corrosion identification on the pickled specimen. Identification of pitting corrosion was observed 1 week 
after the autopsy.   



 

165 

 

Figure C.18: RST 7.5-200 Batch – XM-28AR 8.7 Corrosion Products causing Cracking of Concrete 
Specimen 

 

Figure C.19: 7.5-200 Batch – Corrosion Products on XM-28 AR 8.7. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.20: RST 7.5-200 Batch – XM-28 AR 8.8 Corrosion Products causing Cracking of Concrete 
Specimen 

 

 

Figure C.21: 7.5-200 Batch – Corrosion Products on XM-28 AR 8.8. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.22: 7.5-200 Batch – Corrosion Products on 2304 AR 7.7. From top to bottom, a) original 
specimen, and b) & c) corrosion products on the specimen upon removal from concrete. Identification of 
pitting corrosion was observed 5 months after the autopsy. 

 

 

Figure C.23: 7.5-200 Batch – Corrosion Products on 2304 AR 7.8. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.24: RST 7.5-200 Batch – 2304 AR 7.9 Corrosion Products causing Cracking of Concrete 
Specimen 

 

 

Figure C.25: 7.5-200 Batch – Corrosion Products on 2304 AR 7.9. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 
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Figure C.26: 7.5-200 Batch – Corrosion Products on 2304 AR 8.0. From top to bottom, a) & b) 
original specimen, and c) corrosion products on the specimen upon removal from concrete. The slight 
staining at the top of the bar in a) is due to soldering flux.  
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Figure C.27: RST 7.5-200 Batch – XM-28 AR 8.9 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.28: 7.5-200 Batch – Corrosion Products on XM-28 AR 8.9. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.29: RST 7.5-200 Batch – XM-28 AR 9.0 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.30: 7.5-200 Batch – Corrosion Products on XM-28 AR 9.0. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.31: RST 7.5-200 Batch – XM-28 AR 9.1 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.32: 7.5-200 Batch – Corrosion Products on XM-28 AR 9.1. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.33: RST 7.5-200 Batch – XM-28 AR 9.2 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.34: 7.5-200 Batch – Corrosion Products on XM-28 AR 9.2. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.35: 7.5-200 Batch – Corrosion Products on 2304 AR 8.1. From top to bottom, a) original 
specimen, and b) & c) corrosion products on the specimen upon removal from concrete. Identification of 
pitting corrosion was observed 4 months after the autopsy. The slight staining at the top of the bar in a) is 
due to soldering flux. 

 

Figure C.36: 7.5-200 Batch – Corrosion Products on 2304 AR 8.2. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.37: 7.5-200 Batch – Corrosion Products on 2205 AR 7.7. From top to bottom, a) original 
specimen, and b) & c) corrosion products on the specimen upon removal from concrete. Identification of 
pitting corrosion was observed 4 months after the autopsy. The slight staining at the top of the bar in a) is 
due to soldering flux.  

 

 

Figure C.38: Corrosion Products on 2205 AR 7.8. From top to bottom, a) original specimen, and b) 
corrosion products on the specimen upon removal from concrete. Identification of pitting corrosion was 
observed 4 months after the autopsy.  
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Figure C.39: RST 7.5-300 Batch – 2304 AR 5.7 Corrosion Products Leaking through  Concrete 
Specimen 

 

Figure C.40: 7.5-300 Batch – Corrosion Products on 2304 AR 5.7. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.41: RST 7.5-300 Batch – 2304 AR 5.8 Corrosion Products Leaking through Concrete 
Specimen, a) & b). Black corrosion products staining concrete, c).  

 

Figure C.42: 7.5-300 Batch – Corrosion Products on 2304 AR 5.8. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.43: 7.5-300 Batch – Corrosion Products on 2205 AR 5.7. From top to bottom, a) original 
specimen, b) corrosion products on the specimen upon removal from concrete, and c) pitting corrosion 
identification on the pickled specimen 

 

 

Figure C.44: 7.5-300 Batch – Corrosion Products on 2205 AR 5.8. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) pitting 
corrosion identification on the pickled specimen 



 

179 

 

Figure C.45: RST 7.5-300 Batch – XM-28 AR 6.7 Corrosion Products Cracking the  Concrete 
Specimen  

 

Figure C.46: 7.5-300 Batch – Corrosion Products on XM-28 AR 6.7. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.47: RST 7.5-300 Batch – XM-28 AR 6.8 Corrosion Products Cracking the  Concrete 
Specimen 

 

Figure C.48: 7.5-300 Batch – Corrosion Products on XM-28 AR 6.8. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.49: 7.5-300 Batch – Corrosion Products on XM-28 AR 7.1. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.50: RST 7.5-300 Batch – XM-28 AR 7.4 Corrosion Products Cracking the  Concrete 
Specimen 

 

Figure C.51: 7.5-300 Batch – Corrosion Products on XM-28 AR 7.4. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.52: 7.5-300 Batch – Corrosion Products on 2304 AR 6.3. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.53: 7.5-300 Batch – Corrosion Products on 2205 AR 6.4. From left to right, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) pitting 
corrosion identification on the pickled specimen 

 

 

Figure C.54: RST 7.5-300 Batch – 2304 AR 6.4 Corrosion Products Cracking the  Concrete 
Specimen 
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Figure C.55: 7.5-300 Batch – Corrosion Products on 2304 AR 6.4. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 

 

Figure C.56: RST 7.5-400 Batch – 2304 AR 7.1 Corrosion Products causing Cracking of Concrete 
Specimen 
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Figure C.57: 7.5-400 Batch – Corrosion Products on 2304 AR 7.1. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.58: RST 7.5-400 Batch – 2304 AR 7.2 Corrosion Products causing Cracking of  Concrete 
Specimen 

 

 

Figure C.59: 7.5-400 Batch – Corrosion Products on 2304 AR 7.2. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.60: RST 7.5-400 Batch – XM-28 AR 8.1 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.61: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.1. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.62: RST 7.5-400 Batch – XM-28 AR 8.2 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.63: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.2. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.64: 7.5-400 Batch – Corrosion Products on 2205 AR 7.3. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 

 

Figure C.65: 7.5-400 Batch – Corrosion Products on 2205 AR 7.4. From top to bottom, a) original 
specimen, and b) & c) corrosion products on the specimen after removal from concrete 
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Figure C.66: RST 7.5-400 Batch – 2304 AR 7.3 Corrosion Products causing Cracking of  Concrete 
Specimen 

 

Figure C.67: 7.5-400 Batch – Corrosion Products on 2304 AR 7.3. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.68: RST 7.5-400 Batch – 2304 AR 7.4 Corrosion Products causing Cracking of  Concrete 
Specimen 

 

Figure C.69: 7.5-400 Batch – Corrosion Products on 2304 AR 7.4. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.70: RST 7.5-400 Batch – XM-28 AR 8.3 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.71: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.3. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.72: RST 7.5-400 Batch – XM-28 AR 8.4 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.73: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.4. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.74: 7.5-400 Batch – Corrosion Products on 2205 AR 7.6. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.75: RST 7.5-400 Batch – 2304 AR 7.5 Corrosion Products causing Cracking of  Concrete 
Specimen 

 

Figure C.76: 7.5-400 Batch – Corrosion Products on 2304 AR 7.5. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 



 

197 

 

Figure C.77: RST 7.5-400 Batch – 2304 AR 7.6 Corrosion Products causing Cracking of Concrete 
Specimen 

 

Figure C.78: 7.5-400 Batch – Corrosion Products on 2304 AR 7.6. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen 
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Figure C.79: RST 7.5-400 Batch – XM-28 AR 8.5 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.80: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.5. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux. 
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Figure C.81: RST 7.5-400 Batch – XM-28 AR 8.6 Corrosion Products causing Cracking of  
Concrete Specimen 

 

Figure C.82: 7.5-400 Batch – Corrosion Products on XM-28 AR 8.6. From top to bottom, a) original 
specimen, b) & c) corrosion products on the specimen upon removal from concrete, and d) & e) pitting 
corrosion identification on the pickled specimen. The slight staining at the top of the bar in a) is due to 
soldering flux.  
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Appendix D 

Rapid Screening Test Photomicrographs 
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Figure D.1: RST Batch 4-400 Photomicrographs: a) pickled XM-28 AR 7.5.  
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Figure D.2: RST Batch 4-400 Photomicrographs: a) pickled XM-28 AR 7.6 and b) pickled XM-28 AR 7.7. Staining from corrosion products 
observed underneath the lacquer on XM-28 AR 7.6 
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Figure D.3: RST Batch 6-200 Photomicrographs: pickled XM-28 AR 5.2  
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Figure D.4: RST Batch 6-300 Photomicrographs: pickled XM-28 AR 5.4 
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Figure D.5: RST Batch 6-300 Photomicrographs: pickled 2304 AR 4.3 
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Figure D.6: RST Batch 6-400 Photomicrographs: a) pickled XM-28 AR 6.1 and b) pickled XM-28 AR 6.2 
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Figure D.7: RST Batch 6-400 Photomicrographs: a) pickled XM-28 AR 6.3 and b) pickled XM-28 AR 6.4. Staining from corrosion products 
observed underneath the lacquer on XM-28 AR 6.4 
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Figure D.8: RST Batch 6-400 Photomicrographs: pickled XM-28 AR 6.5  
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Figure D.9: RST Batch 6-400 Photomicrographs: a) pickled 2205 AR 5.4 and b) pickled 2205 AR 5.5 
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Figure D.10: RST Batch 7.5-200 Photomicrographs: a) pickled XM-28 AR 8.7 and b) pickled XM-28 AR 8.8 
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Figure D.11: RST Batch 7.5-200 Photomicrographs: a) pickled XM-28 AR 8.9 and b) pickled XM-28 AR 9.0 
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Figure D.12: RST Batch 7.5-200 Photomicrographs: a) pickled XM-28 AR 9.1 and b) pickled XM-28 AR 9.2 
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Figure D.13: RST Batch 7.5-200 Photomicrographs: a) pickled 2304 AR 7.7 and b) pickled 2304 AR 7.8 
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Figure D.14: RST Batch 7.5-200 Photomicrographs: a) pickled 2304 AR 7.9 and b) pickled 2304 AR 8.0 
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Figure D.15: RST Batch 7.5-200 Photomicrographs: a) corroded 2304 AR 8.1 and b) pickled 2304 AR 8.2.  
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Figure D.16: RST Batch 7.5-200 Photomicrographs: a) pickled 2205 AR 7.7 and b) pickled 2205 AR 7.8 
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Figure D.17: RST Batch 7.5-300 Photomicrographs: a) pickled XM-28 AR 6.7 and b) pickled XM-28 AR 6.8 
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Figure D.18: RST Batch 7.5-300 Photomicrographs: a) pickled XM-28 AR 7.1 and b) pickled XM-28 AR 7.4 
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Figure D.19: RST Batch 7.5-300 Photomicrographs: a) pickled 2304 AR 5.7 and b) pickled 2304 AR 5.8 
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Figure D.20: RST Batch 7.5-300 Photomicrographs: a) pickled 2304 AR 6.3 and b) pickled 2304 AR 6.4 
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Figure D.21: RST Batch 7.5-300 Photomicrographs: a) pickled 2205 AR 5.7 and b) pickled 2205 AR 5.8 
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Figure D.22: RST Batch 7.5-300 Photomicrographs: a) pickled 2205 AR 5.8 and b) pickled 2205 AR 6.4 
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Figure D.23: RST Batch 7.5-400 Photomicrographs: a) pickled XM-28 AR 8.1 and b) pickled XM-28 AR 8.2 
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Figure D.24: RST Batch 7.5-400 Photomicrographs: a) pickled XM-28 AR 8.3 and b) pickled XM-28 AR 8.4 
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Figure D.25: RST Batch 7.5-400 Photomicrographs: a) pickled XM-28 AR 8.5 and b) pickled XM-28 AR 8.6 
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Figure D.26: RST Batch 7.5-400 Photomicrographs: a) pickled 2304 AR 7.1 and b) pickled 2304 AR 7.2 
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Figure D.27: RST Batch 7.5-400 Photomicrographs: a) pickled 2304 AR 7.3 and b) pickled 2304 AR 7.4 
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Figure D.28: RST Batch 7.5-400 Photomicrographs: a) pickled 2304 AR 7.5 and b) pickled 2304 AR 7.6 
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Figure D.29: RST Batch 7.5-400 Photomicrographs: a) pickled 2205 AR 7.3 and b) corroded 2205 AR 7.4 
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Figure D.30: RST Batch 7.5-400 Photomicrographs: pickled 2205 AR 7.6 
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