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Two duplex stainless steels rebars: UNS32304SS and UNS32101SS, were 

selected to investigate the corrosion initiation and propagation in reinforced concrete 

specimens. The investigation is divided in two phases with two different methods to 

accelerate the transport of chlorides through the concrete and initiate corrosion in a short 

period of time. After corrosion had initiated and propagated for some time; selected 

specimens were terminated for visual examination.  On specimens selected for autopsy, 

the rebars in the top row showed corrosion to various degrees.  Corrosion had propagated 

to such extent on the terminated specimens that the specimen showed cracks.  Stray 

current might have caused accelerated corrosion on rebars where corrosion had initiated. 

Based on chloride concentrations measured at the rebar trace, corrosion initiated: on 

S32101 rebars on average at 7.9 kg/m3, and S32101 rebars on average at 6.0 kg/m3.  The 

findings suggest that S32304 rebars corroded at a slower than S32101. 
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INTRODUCTION 

1.1 Research Background 

Corrosion of the reinforcing steel due to chloride ions is a major problem that 

bridges and other structures face when exposed to marine environments.  There are two 

periods that model the service life of a reinforced concrete structure: 1) time to corrosion 

initiation, (once a critical chloride threshold concentration (CT) is exceeded) and 2) 

corrosion propagation stage [1] [2]. The time to corrosion initiation of corrosion resistant 

alloys (CRAs) embedded in concrete is expected to be significantly longer than for 

carbon steel. The prolonged time to corrosion initiation is due to the high CT of these 

alloys.  CRAs have the property of resisting higher concentration of chloride reaching the 

surface of the reinforcement before corrosion initiates; than typical reinforcing steel 

alloys used (such as carbon steel [1] [2]). Once CT is exceeded corrosion initiates. Then, 

the corrosion propagation stage begins.   

Corrosion propagation stage is usually assumed to last a few years (typically five 

years). This duration applies to carbon steel rebar embedded in concrete of moderate 

durability. It is unknown how long would the propagation stage would last for CRAs or 

how corrosion would spread during the propagation stage. Most experimental work has 
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Figure 1  Schematic illustrations of the initiation and propagation stage in 

reinforced concrete [1] 

 

been done to determine the time to corrosion initiation and chloride threshold with the 

specimens terminated shortly after corrosion has initiated. Several authors have 

investigated corrosion of the CRAs as an alternative to carbon steel reinforcement as an 

approach to achieve bridge repair-free service life in excess of 75 years. Currently a 

couple of US state DOTs (Virginia and Oregon) require CRAs rebars be used in new 

bridge construction exposed to aggressive chlorides environments. Previous studies [1] 

[2] [3] have identified duplex stainless steel and austenitic stainless steel (with high 

PREN and with Ni and Mo) as alloys with a high chloride threshold. One of the methods 

developed to determine the chloride threshold concentration was to do an anodic potential 

hold (+200 mVsce) on the studied alloy while exposed to simulated pore solution with 

chlorides [4] [5] Tests in solution provided comparable ranking of the different alloys. 

However, not enough time was usually allowed during initial immersion in simulated 
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pore solution for a mature/thick passive layer to form before adding the chlorides. A 

mature passive layer is expected to be present on CRAs embedded in concrete when the 

chlorides ions arrive. Based on previous studies, that reported chloride thresholds, a 

relative high chloride concentration was usually first added to the solution when the more 

corrosion resistant alloys were exposed. In recent years the use of corrosion resistant 

alloys (e.g. duplex stainless steels) has been suggested as a way to achieve a long 

maintenance-free service life [3]. Two corrosion resistance alloys (CRA) duplex stainless 

steels rebars: UNS32304 and UNS32101 embedded in concrete were selected in this 

study to investigate corrosion initiation and corrosion propagation stages.  

 

1.2 Research Objective 

The project objectives are as follows: 

1.  To develop methods that allows the initiation of corrosion via accelerated 

chloride transport in a short period of time. 

2. To better understand the corrosion propagation stage in CRAs reinforcements 

embedded in concrete. 

3. To autopsy and determine the extent of corrosion during the early period of the 

propagation stage. 
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2 LITERATURE REVIEW 

2.1 Stainless Steel 

 
Stainless steel is currently being considered during the design of new structures as 

reinforcement for the most critical areas of reinforced concrete structures (such as tidal 

zone and splash zone, in partially submerged structures or external areas in bridges) to 

improve the structural durability [1] [3] [6]. The two most common types of stainless 

steel used as reinforcement are: 

 

Table 1  Common types of stainless steel used as reinforcement 
 

Stainless steel 

group 

Example EN 

Grades 

Example US 

Grades 

Example UNS 

Grades 

Austenitic 
1.4301 304  S30400 

1.4436 316 S31600 

Duplex 

1.4462 2205 S31803/S32205 

1.4362 2304 S32304 

1.4162 2101 S32101 

 

When comparing duplex stainless steel to other austenitic stainless steel, lean duplex 

alloys have been found to have higher mechanical strength, equal or better corrosion (not 
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for all grades) resistance when exposed to environments containing chloride, and a cost 

efficient material [3] [6] when compared to austenitic and high grade duplex.  Different 

types of stainless steel may have different properties depending on the alloy chemical 

elements, composition and manufacturing process [3] [6] [7]. Table 2 shows the 

composition and some properties by element of stainless steel [6].  

 

Table 2  Chemical elements on steel and its properties 

Element Property 

Chromium (Cr) makes it stainless 

Nickel (Ni) increases formability and weld ability 

Molybdenum (Mo) increases corrosion resistance 

Nitrogen (N)  increases strength and corrosion resistance 

Copper (Cu)  increases corrosion resistance 

Carbon (C)  decreases corrosion resistance, increases strength 

Titanium (Ti)  reduces the negative effects of carbon 

Sulfur (S)  for better machinability and weld ability 

Manganese (Mn)  may substitute Nickel (austenite stabilizer) 

Silicon (Si)  increase the resistance to oxidation 

 

A measurement of the corrosion resistance of stainless steel containing nickel is called 

PREN (Pitting Resistance Equivalent Number) and can be expressed by the following 

formula: 

PREN = %Cr + 3.3(%Mo) + 16(%N) 
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This parameter could be used as a reference when choosing an adequate alloy to use in 

construction.  The higher the alloy PREN number is, the better its resistance to pitting 

corrosion [7].  Table 3 lists some PREN numbers as a function of the element 

concentration in stainless steel alloys. 

 

Table 3 PREN Numbers of different stainless steel 
 

Stainless 

steel group 

Example UNS 

Grades 
Cr Mo N 

PREN 

Number 

Austenitic 

S30400 17.5 -19.5 NS 0.11 17.5 – 20.8 

S31600 
16.5– 

18.5 

2.0 – 

2.5 
0.11 23.1 -28.7 

Duplex 

S31803/S32205 
21.0– 

23.0 

2.5 – 

3.5 
0.10 – 0.22 30.8 -38.1 

S32304 
22.0– 

24.0 

0.1 – 

0.6 
0.05 – 0.20 23.1 – 29.2 

S32101 
21.0– 

22.0 

0.1 – 

0.8 
0.20 – 0.25 24.5 – 28.6 

 

     Table 4 shows the exposure time and the chloride concentration at the rebar depth 

reported for different reinforcement types; these values are taken from concrete exposed 

outdoors to weekly wet/dry cycles with 15% NaCl. No corrosion was observed on any of 

these at these concentrations.  
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Table 4 Projected Chloride at the rebar depth (d=2.54 cm) for different 
reinforcement [2] 

 

316 1,726 13.9
304 440 10.2
2304 929 12.5

Reinforcement 
Type

Exposure Time, 
days [Cl-], kg/m3

 

2.2 Mechanism of Corrosion Steel/Concrete 

 
The electrochemical corrosion process of steel embedded in concrete can be 

illustrated by the following reactions in the presence of chloride ions in the solution [8] 

[9]. 

Iron + oxygen + water         products of corrosion 

 

This is an electrochemical reaction and is composed by four processes [9] [8] (see Figure 

2): 

I. The oxidation of iron (anodic process) that liberates the electrons in the metallic 

phase and gives rise to the formation of iron ions (Fe         Fe2+  + 2 e-) whose 

hydrolysis produce acidity (Fe2+ + 2H2O         Fe(OH)2 + 2H+) 

II.  The reduction of oxygen (cathodic process) that consumes the electrons produced 

in I and produces alkalinity : O2 +  2H2O +  4 e-         4OH-  

III.  The transport of electrons within the metal from the anodic regions where they 

become available, to the cathodic regions where they are consumed (since the 

electrons carry a negative charge, this gives rise to a nominal electrical current 

flowing in the opposite direction) 
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IV.  Finally, in order for the circuit to be complete the flow of current inside the 

concrete electrolyte from the anodic regions to the cathodic regions, transport of 

ions in the pore solution takes place. 

 

Figure 2  Schematic representation of the electrochemical reaction steel/concrete 
 

These four processes complement each other which are to say that they occur at the same 

time. Steel reinforced concrete is a durable construction materials as the passive layer is 

formed at the steel surface, which is promoted by the concrete pore solution high alkaline 

environment (pH = 12.5 – 13.5) [1] [2]. However, when concrete is carbonated or 

chloride penetrates the concrete and reaches/exceeds the CT at the rebar surface corrosion 

would initiate. The form of corrosion in stainless steel alloys resulting from the attack of 

chloride is usually pitting corrosion.  The CT that initiates pitting corrosion for this alloys 

structures is affected by many factors [10] [11] .  The main factors are the concrete pH, 

i.e. the concentration of Hydroxyl ions in the pore solution, the ratio of Cl-/OH-, the 

potential of the steel and the presence of voids at the steel/concrete interface, and 

environmental conditions (e.g. relative humidity, temperature). Areas no longer protected 
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by the passive film act as anodes (active zone) with respect to the surrounding still 

passive areas where the cathodic reaction (primarily the oxygen reduction reaction (ORR) 

takes place). It has been reported that the ORR is slower in stainless steel alloys [12]. 

Figure 3 shows the morphology of the pitting attack.   

    

 

Figure 3  Schematic representation of pitting corrosion of steel in concrete 
 

2.3 Factors Affecting the Propagation of Corrosion 

 
The CT of the steel depends on several factors ranging from the concrete 

characteristics to the alloys composition. One of the key factors is to find out the CT of 

the alloys. This can be done by monitoring the open circuit potential (OCP) and its 

variation to more negative values.  [9] [11] [13].  This fact implies that the best way of 

defining the CT value may be a set of values in function of the steel potential when tested 

in simulated pore solution [11] [13] [14]. Factors affecting the corrosion propagation 
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period include: concrete porosity and interconnectivity of the pore system, concrete 

cover, degree of saturation, availability of water, availability of oxygen, resistivity (last 

three parameters both in the concrete), corrosion rate, environmental characteristics [15], 

characteristics of the alloy and its chemical composition. [9] [11] [12]The corrosion rate 

of steel in concrete can be limited by the concrete resistivity which is controlled by w/c, 

moisture content, and pozzolanic materials such as fly ash. Fly Ash usually reduces the 

porosity with time as hydration and the pozzolanic reaction progresses. It is widely 

understood that the corrosion rate of the submerged or fully saturated reinforced concrete 

is lower compared to atmospherically exposed reinforced concrete due to low oxygen 

concentration of the former. Previous studies have confirmed that the corrosion rate is 

reduced in such conditions due to insufficient supply of oxygen to the steel [9] [16]. More 

recently, Hussain investigated the coupled effect of oxygen and moisture on the corrosion 

of reinforcing steel in concrete [9] [16]. The results reported by Hussain revealed that the 

diffusion of oxygen is a vital limiting factor for corrosion of the rebar only when the 

reinforced concrete structure is either submerged or in a high RH environment with a 

dense concrete cover and low w/c ratio.   Moreover, it is known that the ORR is slower in 

stainless steel alloys than on carbon steel.  

Several manufacturers are producing CRAs reinforcements because of its corrosion 

resistant property.  The CT of this type of rebars is high, consequently it would take more 

time to reach this value (CT) and corrode when comparing to carbon steel in concrete. 

Many researchers have investigated reinforcements embedded in concrete until the CT 

take place in the steel and then terminate the specimens shortly afterward, leaving the 

corrosion propagation stage uninvestigated.  Few researchers have investigated the 
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corrosion propagation stage on the duplex stainless steels rebars; most experiments have 

been done with rebars embedded in mortar as the geometry of the samples, or rebars 

submerged in solution [3] [13] [17] [2] .  This research is using different geometry 

(simulated bridge deck) and with rebars embedded in concrete. 

2.4 Accelerated Corrosion Test 

 
To analyze and investigate the propagation stage, it would be necessary to shorten 

the time to corrosion initiation via accelerated chloride transport methods [10] [13] [18], 

among others have proposed methods to determine chloride threshold on freshly prepared 

specimens (usually mortar) that are exposed to cycles of wetting and drying with a 

chloride solution to activate corrosion in the reinforcement [1] [19] Also, samples 

exposed to an electric field between an electrode close to the reinforcement and a stable 

counter electrode [10] [13] [18] have been used to accelerate the transport of chlorides. 

Migration tests (e.g. Rapid chloride permeability, Nordtest Build 492 [20]) have also 

been developed to obtain chloride permeability into concrete after a short period of time. 

A combination of these methods influenced: the experimental design of the specimens 

and the exposure methods used in phases I and II (described in chapter 3) to accelerate 

chloride ion transport used in this investigation. These methods are found to be very 

effective to achieve the CT on the rebars in a short period of time when comparing with 

the natural chloride transport process. In the developed approach; no or only minor 

disturbance of the passive film at the alloy surface occurred during the curing period and 

phase I.  The implemented accelerated chloride transport can be done in a few months 

rather than several years. [10] [11] [18]. It is important to point it out that the time to 
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corrosion initiation  is not  just a function of the applied method, but also the type of 

concrete, concrete cover and alloy composition [10] [11] [18].  The accelerated methods 

have been validated in comparison of traditional non accelerated methods; this mean that 

the data collected and results are reliable. [10] [11]  

 

2.5 Migration Ions Transport 

 
Migration is the transport of ions in this case in concrete under an electric field 

through the pore system of the concrete filled with water. Figure 4 shows a schematic 

illustration of the migration test for a reinforced concrete specimen. It is very important 

that the concrete is saturated to ensure the migration of the ions.  In the migration 

process, the ions are not able to move by the shortest route like in bulk solution, but they 

have to find their way along the water-filled tortuous capillary pore system of the 

concrete [11].  Therefore, the pore volume, pore solution composition, pore geometry, 

interconnectivity and distribution of the concrete are the factors that governed the 

velocity of migration.   

Electrical current flow from ion migration in concrete is important for 

electrochemical rehabilitation techniques like chloride removal and for our case to 

accelerate chloride transport so that CT can be reached in a short period of time. 
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Figure 4 schematic representation of the migration test 
 

 

One important factor when the chloride migration test is used is that the applied 

electrical field (and the resulting current) do not alter the microestructure of the concrete, 

sush that during the migration test the chloride transport properties in concrete remain 

constant.  However, during the applied current field not only the ions of chloride are 

moving but also other ions present in the pore of the solution concrete [11].  The electric 

field has to be well applied and a reasonable magnitude to prevent/minimize changes, in 

particular the pH of the concrete pore solution. The electric field can potentially polarize 

the embedded reinforcement due to ionic current flowing thru the concrete. 



 

14 

3 APPROACH 

3.1   Specimens and Materials 

 
Reinforced concrete specimens were prepared at the state materials office (SMO) of 

Florida Department of Transportation (FDOT).  The selected geometry simulates a bridge 

deck (simulated deck slab with 30cm wide, 30cm long and 15cm high as shown in 

Figure 5. The specimens were made in two batches with the same procedure and mixture 

composition: 658 cementitious content (lb./yd3), #89 limestone gravel as coarse 

aggregate, standard Florida’s river sand, 10% fly ash as cementitious replacement and 

0.42 water/cementitious (w/cm) ratio (see Table 5 for details).  

 

Table 5  Mix design  
 

 

 

 

 

 

 

Raw Material 
Material                

Source / Mine 

1 yd³ 
Unadjusted 

Batch Wt. (lb) 
Remarks 

Cement Cemex 592.2 
 

Fly Ash FL Rock - Class F 65.8 10.00% Cement Replacement 
Standard Sand GA-397 1214.64 -0.57 lb water surplus 
#89 Limerock 87-090 1601.58 10.59 lb water surplus 

Water Local 274 
 

Air Entrainer Grace Darex AEA 2.02 oz 
0.31 oz/cwt 

Typical Range: 0.5-3 oz/cwt 

Admixture Grace WRDA 60 39.50 oz 
6.00 oz/cwt 

Range: 3-6 oz/cwt 

Admixture Grace ADVA Cast 600 4.55 oz 
0.69 oz/cwt 

Typical Range: 3-6 oz/cwt 
Entrained Air 

 
0.079828 4.00 vol % air 
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The first batch is named batch-1 and the second batch is named batch-2.  Six specimens 

per batch were casted, which consisted of five specimens with 6 rebars and one blank 

specimen (i.e. with no rebar). 

 

 

Figure 5 Specimen at cast 

 

Each specimen with reinforcement was fabricated with six embedded bars, three 

of which are located in a top layer (one inch concrete cover) and the other three are 

located in a bottom layer (see Figure 5 for dimensions and schematic of the specimen). 

Stainless steel UNS32101 rebars were embedded in batch-1 samples and UNS32304 

rebars were embedded in batch-2 samples (see Table 6 for the composition of the alloys).  

The rebars on the top layer (were facing the bottom during casting) are 2.5 cm below 

from the concrete top surface (concrete cover).  Each rebars is approximately 1.65 cm in 

diameter (#5) and approx. 35 cm long. It can be observed from Figure 6 and Figure 7 that 

the rebars project out approximately 2.5 cm from the concrete block on both sides. The 

rebar section outside of the concrete block was wrapped at both ends with a plastic heat 
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shrink tubing (and about 2 cm on both ends of each embedded rebar).  An activated 

titanium mesh was placed on the top side of the concrete (embedded into the concrete by 

a few mm) when the specimens were casted (see Figure 6 dotted line on front view, depth 

not to scale).  No chlorides were added to the concrete at casting.  

Table 6 Reinforcement chemical composition 
 

 

 

Specimens were casted at the state materials office of FDOT, and 24 hours later 

the molds were removed. Then specimens were placed in a high moisture environment 

(fog curing room) for about 45 days at SMO-FDOT. The specimens were then 

transported to Florida Atlantic University (FAU) laboratories at SeaTech.  The specimens 

were exposed for 15 days to laboratory humidity and temperature (65-70% RH and 

22°C). While at SeaTech, the samples were inverted (i.e. bottom at cast is now top of the 

specimen). During these 15 days, a reservoir was made of acrylic, and was attached with 

a marine contact adhesive and sealant (See Figure 7) on the top face of the specimen. 

Each rebar was drilled and tapped on one end to accommodate stainless steel machine 

screws that were then used as electrical contacts (See Figure 7). Stainless steel screws 

were installed and adjusted with two washers, a nut and butterfly nut on one side of each 

rebar to ensure good electrical connection. These connections were used during the 

electrochemical measurements (see Figure 8 for potential measurements set-up).  



 

17 

 

Figure 6  Sample schematic, dimensions and specifications 

 

 

 

Figure 7 Picture of the specimen 
 
 



 

18 

3.2 Chloride Transport Methods  

A methodology was implemented to accelerate the chloride transport and it is 

divided into two phases: Phase I (wet and dry cycles) and Phase II (application of electric 

field).   

3.3  Method during Phase I  

 
Phase I took place when the specimens reached 60 days of age (45 day fog room + 

15 laboratory room temperature) During these initial 60 days the passive layer likely 

formed naturally on the rebar surface and continued to grow. During Phase I, the 

specimens were exposed in an elevated temperature room (37.8 °C) for 120 days. The 

elevated temperature room has a system of three heaters; each one is connected to a 

digital temperature controller to make sure the room is always at the desired temperature; 

it also has two fans to circulate the air around the room.  Specimens were exposed to dry 

and wet cycles by alternating three days dry and four days wet. The solution was 20% 

sodium chloride (percentage by mass) and was added to the reservoir during the wet 

exposure days.  This method allows the chloride to be transported through concrete faster 

due to the higher temperature (hence higher diffusivity) but similar to what is typically 

done in the laboratory under room temperature. Also, it is likely that the passive layer 

continue to form, as the chlorides might have not reached the rebar surface within the 120 

days of exposure or a low chloride concentration might be present at the rebar depth. In 

the wet part of the cycle, the NaCl solution is transported through the pores of the 

concrete to the rebars by diffusion and capillary suction. During phase I, open circuit 

potential (OCP) measurements were taken twice per week for each rebar on the top row 
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named A, B, C and for the three bottom interconnected-rebars. The readings were made 

with a high impedance voltmeter and a saturated calomel electrode (Figure 8). Linear 

polarization was performed only once during this period on selected specimens and on 

selected rebars. 

 

Figure 8  OCP measurement components 
 

3.4  Phase II Electric Field Method 

 
During phase II, the specimens were placed back in the laboratory temperature 

(22ºC), in a high humidity chamber (see Figure 9).  The high humidity chamber was 

made of a prismatic plastic container of 62cm width, 90cm length and 20cm height. The 

bottom 2 cm of each chamber was filled with fresh water. Then, three white plastic 

(HDPE) square pieces of about 4 cm height, 4 cm width and 70 cm length were placed on 

the bottom surface to support the samples and also to prevent the water at the bottom 

from directly wetting the specimens.  Two specimens were accommodated for every 

chamber. Once transferred from the elevated temperature room, the side faces of the 
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specimens were sprayed with water every day for 7 days to increase the moisture content 

of the concrete. This wetting continued during phase II as required (usually twice per 

week). It is very important that the specimens are as saturated as possible prior the 

application of the electric field method in order to have an efficient chloride to transport 

via migration [15].  

 

Figure 9 High humidity chamber 

A second activated titanium mesh was placed on the solution reservoir. The 20% 

sodium chloride solution remained in the reservoir all the time and was periodically 

changed (every three to four weeks). An electric field was then applied periodically to 

accelerate the chloride transport via migration. A 20 V potential difference was applied 

between the two Ti MMO meshes and was provided by a power supply (initial and later 

test used 15 V, see appendix (A)). The positive pole was connected to the bottom mesh, 

which was already embedded into the concrete, and the negative pole was connected to 

the top mesh placed on the solution reservoir (see Figure 10). With this set-up the electric 

field accelerate the chloride transport down through the concrete by migration.  The 

voltage applied to the specimens with the electric field was removed periodically to 
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monitor the off potential evolution and to identify when corrosion might have initiated.  

Table 12 in appendix (A) displays the applied voltage schedule showing the days when 

the electric field was applied for each specimen.  

 

Figure 10  Electric field set up 
 

Batch 1 samples were transported to the high humidity chamber on day 120 of Phase I 

and Batch 2 samples were transported one week later. The electric field was applied first 

on batch 1 samples with 15 Volts, but after that week the potential difference was set up 

to 20 Volts between the two Ti MMO meshes for all samples in batch 1 and batch 2. This 

voltage adjustment was made to accelerate the chloride transport. A numerical model was 

implemented and the computed potential difference between the top surface and the top 

of a rebar with 2.5 cm concrete cover is 2.48 V when applying 15V and 3.25 V when 

applying 20 V between the two Ti MMO meshes. These two values were obtained by 

assuming that the rebar were conductive, if the rebars are assumed to be insulators (due to 
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passive layer) the potential difference at the rebar surface are lower: 1.78 V (15V) and 

2.38 V (20V). The actual potential difference between the reservoir and the rebar top (2.5 

cm concrete cover) likely is somewhere in between. While the electric field was 

removed, LPR and EIS were measured on rebars: A, B, C and Bottom-interconnected 

(the latter, only after day 24 and on selected specimens). These measurements were made 

one day or more after electric field removal. OCP was measured a few seconds, one hour, 

24 hours and every other day if the specimen was left disconnected. After the specimens 

were left disconnected for more than 20 days the potential measurements were performed 

once a week. 

 

3.5 Linear Polarization Resistance (LPR) and Electrochemical Impedance 
Spectroscopy (EIS)   

 
The solution resistance Rs was measured via EIS. The magnitude measured at a 

frequency of approx. 60 Hz was assumed to be the Rs of the system.   

The linear polarization value measured is labeled on the axis as “Rp_meas”. The 

Rp_meas contains the solution resistance of the system. The linear polarization test was 

performed from 15 mV below OCP to OCP at a scan rate of 0.1 mV/sec. 

The LPR values shown in the results section are the Rp-meas minus Rs. An area of 

1 cm was assumed during the test, but the actual area under the ponding section is ~42 

cm2 for each rebar. For the bottom 3 interconnected-rebars as they are interconnected the 

measured area is 126 cm2.  Performed measurements were divided in two different sub-

stages on each sample; one to five days of electric field disconnection was the time to 
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allow the rebars to depolarize similar to what is done on a depolarization test; sub-stage 

two was after five days of electric field disconnection and assumes that rebar potentials 

have stabilized.   

 

3.6 Autopsy of Terminated Specimen  

 
Two specimen(s) for each batch (Batch-1-1, Batcht-1-2, Batch-2-1 and Batch 2-2) 

that became active were designated for autopsy. These specimens were sectioned, the 

rebars of both layers exposed and evaluated according to the following procedure: 

1. Testing/exposure was terminated, the solution in the reservoir removed, and the acrylic 

reservoir removed,  

2. Four (or two) cores were obtained from in between the rebars on the empty space 

where no rebars are on the way. Each core is drilled from the top surface all through 

the bottom surface of the specimen as shown in Figure 11.  The obtained cores were 3 

cm in diameter.  

3. Two of the cores (one per each side) were sliced for chloride profiles. Six slices were 

obtained with a wet saw. Each slice was marked every 0.635 cm (actual slice is thinner 

due to thickness of the blade).  Then each slice was pulverized to perform chloride 

analysis. 
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Figure 11 Cores cuts and dimensions 
 
4. Two saw cuts were then made on each specimen. Each cut was made perpendicular to 

the top surface and parallel to the rebar length. The cut was made at equi-space 

between the center rebar and each of the two outer bars (see Figure 12 (a)). 

5. For each of the three resultant concrete sections, additional secondary saw cuts were 

made on each of the new exposed cut faces and on the side faces. The cuts were made 

parallel to the top surface such that the top and bottom rebars could be exposed. The 

cut was made to a depth approximately 10 mm from each rebar.  This procedure was 

performed at both levels of these rebars (see Figure 12 (b)). 

6. Each specimen section was split open by placing a chisel in one of the secondary saw 

cuts from step 5 and tapping gently with a hammer until fracture occurred.  This 
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exposed both the rebar and its trace, which were then examined for corrosion products 

and photographed. 

7. The rebars surface condition (with corrosion products if already corroding) was 

captured in pictures as seen just after opening them.  Then, a plastic brush was used to 

remove as much of the corrosion products from these rebars.  After this partial 

cleaning, close up pictures were taken with a stereo microscopy. This was done to 

appreciate in more detail the corrosion extent. Finally, the corrosion product was 

removed from each rebar segment per ASTM G-01. This was achieved by repeatedly 

conducting a procedure of immersion in cleaning solution (93.5 wt% HCl + 0.7 wt% 

Sb2O3 + 4.7 wt% SnCl2) and then brushed to remove any remaining corrosion products 

(multiple times if needed until the rebar weight stopped changing). After this 

additional clean-up, additional close up pictures were taken with a stereo microscope 

to document and appreciate in more detailed the penetration of the corrosion products 

(once these have been removed) into the rebar (i.e. to identify how much rebar section 

was lost).  

8. The concrete section above the rebar trace of the top-row rebars was milled to obtain 

the chloride concentration above the rebar trace. (Portions with corrosion products if 

present were avoided) 
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Figure 12 Schematic illustration of the concrete sectioning for specimens as listed in 
dissection steps 4 and 5 above  

 

3.7 Chloride Analysis  

 
To analyze the chloride concentration at the rebar trace and at different depths 

titrations were performed.  The method used measures the total amount of chlorides and 

followed a slightly modified that follow FDOT method 5-516 (FM 5-516) [21]. The 

details of the method can be seen in Appendix (B).  Firstly, a blank sample must be 

prepared to ensure that the procedure will provide a valid concentration. The results and 

analysis will be presented in the next Chapter. 
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4 RESULTS/DISCUSSION 

4.1  Phase I 

 
The plots on Figure 13 show typical potential evolution vs. time for samples batch 1-5 

and batch 2-1. The potential evolution during phase I for the other samples from batch I 

and II are listed in appendix (A) Figure 39 and Figure 40. Initially the measured potential 

of the rebars embedded in batch 1 specimens ranged between ~-50 and ~-200 mVsce. 

The potential of rebars embedded in specimens of batch 2 ranged from ~-100 to ~-240 

mVsce. The potential values of UNS32304 (batch 2) rebars are more negative than the 

potential values of UNS32101 (batch 1) rebars. Over the first 80 days the potential values 

of all rebars tend to shift slightly more positive values. Towards the end of phase I (last 

two sets of measurements) some of the rebar potentials dropped slightly (by ~ approx. 25 

mV). The observed potential values suggest that corrosion did not take place on neither 

of the CRA rebars during phase I. The average of the last five potential measurements in 

phase I for UNS32101 rebars was -121 mVsce while the average of the last five 

measurements potential value observed for UNS32304 rebars was -179 mVsce.  
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Figure 13  Batch 1 & batch 2 potential measurements over time for Phase I 

4.2   Phase II     

The number of days is counted with respect to day one of phase II in sections 4.2 

and 4.3 (i.e. for batch-1 specimens day 1 is 12/14/2012, and for batch-2 specimens day 1 

is 12/20/2012). 

4.2.1 Potentials Measurements upon Electric Field Removal  
 

Figure 15 shows plots of the potential evolution vs. time measured during phase II 

on rebars of batch 1-1 and batch 1-2 (S32101) specimens measured after the electric field 

has been removed.  All potential values shown were measured with the electric field 

removed (after one or more days). Here the filled symbols correspond to measurements 

taken between one and five days after the electric field has been disconnected; empty 

symbols correspond to measurements taken after more than five days of the system being 

disconnected. Figure 14 shows a graphic explanation of this arrangement. This 

methodology allows to observe the recovery (i.e. depolarization) and stabilization of the 

rebar potential after each electric field application.   
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As indicated above Figure 15 shows the potential evolution of the reinforcement 

during phase II measured on specimen batch 1-1. The initial measured potential values 

ranged from ~-96 mVsce to ~-126 mVsce before applying any electric field. After 

spraying water on the samples in the high humidity chamber and the initial electric field 

application for one week, the potential values of the rebars became slightly more positive 

(compared to the initial values). Then, upon subsequent application of additional electric 

field periods, the measured potential values dropped considerably.  By day 61, four days 

after removing the electric field, the rebar OCP values ranged from ~-277 mVsce (Rebar 

A) to ~-357 mVsce (Rebars B and C); then by days 98 (after 38 day of electric field being 

disconnected), the OCP values of rebars A and B had shifted to more positive OCP 

values and remained stable at ~-83 mVsce and ~-136 mVsce respectively; but, rebar C 

only recovered slightly and the potential remained at ~-320 mVsce. Finally, after 

additional periods of electric field applications, on day 166 four days after removing 

electric field the rebar OCP values ranged from ~-440 mVsce to ~-484 mVsce. The 

potential of the top three rebars ranged between ~-341 mVsce and ~-572 mVsce by day 

188 (~46 days after this last disconnection), suggesting that corrosion might have 

initiated. Batch-1-1 specimen was terminated on day 189. 

Figure 15 also shows the rebar potential evolution measured on specimen batch 1-

2. The plot for Batch-1-2 shows that initially the potential values ranged from ~-82 

mVsce to ~-100 mVsce.  The last set of potential values measured during phase I 

(elevated temperature room) ranged from ~-115 mVsce to ~-125 mVsce. Thus, the 

potential values measured at the beginning of phase II are somewhat nobler; this 

difference can be explained by the lower temperature in the lab during phase II than 
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phase I.  After spraying water on the samples in the high humidity chamber and the initial 

electric field application for one week, the potential value of rebar B (located top middle 

row) dropped significantly to a potential of -244 mVsce.  The other rebars remained at 

potential values of ~-72 mVsce. Then, after application and removal of additional electric 

field application; the potential of all rebars ranged drops from ~-100 mVsce to ~-300 

mVsce.  No electric field was applied from day 50 for 45 days (i.e. up to day 95).  During 

this period of time, rebar A and C recovered to potential values of ~-81 mVsce to ~-135 

mVsce respectively (i.e. noble potential values); but, rebar B only recovered slightly and 

then remained at about ~-310 mVsce potential value.  Then, the electric field was applied 

for additional period of time to try to initiate corrosion on the other two rebars on the top 

row.  By day 140; all three rebars show potential values more negative than ~-300 mVsce 

and remained stable at this potential value over the next few days. Rebar C eventually 

recovered to a potential value of ~-231 mVsce by day 157.  This suggests that corrosion 

might have initiated at rebars A and B by day 152 of phase II.  Batch-1-2 specimen was 

terminated on day 158. 

The potential evolution of the rebar in the other three specimens batch-1-3, 1-4, 

and 1-5 have similar behavior than that described above for Batch-1-1 and Batch-1-2 

specimens. After several applications of the electric field (i.e. chloride have been 

transported to the rebar surface) the potential values measured on the top row rebars 

dropped significantly.  By day 188, rebar potential values below ~-300 mVsce were 

observed on: two rebars of Batch-1-3 specimen, three rebars on Batch-1-4, and two 

rebars on Batch-1-5 (all rebars on the top layer). Figure 41 in Appendix (A) contains the 

potential evolution vs. time measured during phase II for all specimens on batch 1.   
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Figure 14 Plots symbols clarification 
 
 

 

Figure 15  Batch 1 samples OCP measurements over time for Phase II 
 
 

Figure 16 shows the rebars potential evolution measured on batch-2-1 and batch-

2-2 specimens during phase II.  All potential values shown were measured after the 

electric field was removed for one day or more days (see Figure 14 for explanation of the 

symbols).    

Figure 16  shows that the initial potential values measured on the rebars of batch-

2-1 specimen ranged from ~-160 mVsce to ~-192 mVsce. Upon applying electric field 

for several periods (see appendix (A)), the measured potential values dropped 

considerably.  On day 61 the potential values ranged from ~-252 mVsce to ~-399 mVsce 

four days after the electric field had been disconnected. After 38 days of no electric field 

application (i.e. by day 100)the potential values of the rebars shifted to more positive 

values and then remained stable at potential values that ranged from ~-163 mVsce to ~-

249 mVsce. After additional periods of electric field were applied the rebar potential 
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values ranged from ~-440 mVsce to ~-484 mVsce by day 162. By day 183, after the 

electric field was disconnected for 21 days the potential value of rebar A was ~-203 

mVsce and rebars B and C potential values were ~-301 mVsce and ~-305 mVsce, 

respectively, suggesting that corrosion might have initiated on rebars B and C. 

Figure 16 also shows the rebar potential evolution measured on specimen batch-2-

2. The plot for rebars of Batch-2-2 specimen shows that the initial potential measured 

values ranged from ~-150 mVsce to ~-170 mVsce.  However, the last set of potential 

values measured during phase I (elevated temperature room) in this specimen ranged 

from ~-180 mVsce to ~-185 mVsce.  Hence, the potential values measured at the 

beginning of phase II are somewhat nobler; this difference could be explained by the 

lower temperature in the lab during phase II than phase I.   After specimen batch 2-2 

spent a few days on the high humidity chamber the rebar potential values tended to shift 

to slightly more positive values, then, after additional electric field application; the 

potential of all rebars dropped and ranged from ~-400 mVsce to ~-350 mVsce.  .  No 

electric field was applied after day 50 for 45 days (i.e. up to day 95).  During this period 

rebar A and C recovered to potential values of ~-160 mVsce to ~-170 mVsce respectively 

(i.e. noble potential values); but, rebar B only recovered slightly and then remained at ~-

277 mVsce potential value.  Then, the electric field was applied for additional period of 

time to try to initiate the corrosion on the other two rebars on the top row.  By day 135; 

all rebars show potential values that were more negative than ~-300 mVsce. Then, after 

17 day (i.e. by day 152) of the electric field being disconnected, the rebar potential of C 

recovered to a nobler potential value of ~-202 mVsce. The potential for rebars A and B 

stayed below ~-300 mVsce. This suggests that corrosion might have initiated at rebars A 
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and B by day 152 of phase II.  Batch-2-2 specimen was terminated on day 154.   

  

The potential evolution of the rebar in the other three specimens batch-2-3, 2-4, 

and 2-5 have similar behavior than that described above for Batch-2-1 and Batch-2-2 

specimens. After several applications of the electric field (i.e. chloride have been 

transported to the rebar surface) the OCP values dropped significantly.  By day 188 rebar 

potential values below ~-300 mVsce were observed on: two rebars of Batch-2-3 

specimen, one rebars on Batch-2-4specimen, and no rebars on Batch-2-5 specimen. 

Figure 42 in Appendix (A) contains the potential evolution vs. time measured during 

phase II for all batch 2 specimens.  

 

     

Figure 16 Batch 2 samples OCP measurements over time for Phase II 
 

4.2.2 Solution Resistance -Electrochemical Impedance Spectroscopy (EIS) 
Measurements 

 
The electrochemical impedance spectroscopy measurement (EIS) was performed 

to measure the solution resistance (Rs) for the same electrode configuration than that 

used when measuring LPR.  Figure 22 shows the evolution of the solution resistance (Rs) 
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- i.e. the modulus of the impedance obtained at ~60 Hz - values  as a function of time 

measured for rebars on Batch-1-1 and Batch-1-2 specimens.   

Figure 17 shows that the initial value of Rs ranged from 0.47 kΩ to 0.51 kΩ for 

rebars in Batch-1-1 specimen. Then, over the first 150 days the value of Rs did not 

change much and fluctuated little around the initial range of measured values. However, 

at day 168 the values of Rs dropped significantly; for rebar A the Rs value was 0.34 kΩ 

(from 0.48 kΩ), and for rebars B and C the values were about 0.25 kΩ (from 0.44 kΩ).  

This drop in Rs might be indicative that by day 168 a crack might have form on batch-1-1 

specimen.  This was verified by Figure 21 where it was shown that there was no crack on 

the specimen during the inspection performed on day 168; but, a crack was first observed 

during the inspection carried out on day 177   

Figure 17 also shows the evolution of Rs over time for rebars on Batch-1-2 

specimen. The rebars in this specimen had initial Rs values that ranged between 0.46 kΩ 

and 0.56 kΩ; then on day 63 it showed a sudden drop in the measured Rs values to values 

that ranged from 0.27 kΩ to 0.46 kΩ.  This sample was the first one in which corrosion 

initiated from Batch-1 based on the potential evolution described in the previous section. 

This specimen was terminated and upon autopsy the three rebars showed corrosion to 

various degrees (See section 4.3). However, cracks were observed only above one of the 

rebar at the time of the autopsy. It is believed that this sample was the first one where a 

crack took place according to the Rs values vs. time and autopsy results for specimen 

batch-1-2. 

The Rs evolution for the rebars of the other specimens (1-3, 1-4, and 1-5) is 

included in Figure 43 in Appendix (A).  Rebars on specimen 1-3 showed an abrupt drop 
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on the Rs values measured; this drop was observed by day 168; however there was no 

crack evidence for this specimen during the inspection performed on day 188. Sample 1-4 

showed a drop in Rs values on day 108; after this day the values of the Rs continue to 

drop, but only slightly.  Rebars on specimen 1-5, showed an abrupt Rs drop on measured 

values by day 168.  

 

Figure 17 solution resistance plot over time for samples batch 1-1 and 1-2 
 
 

Figure 18 shows Rs evolution over time for rebars in Batch-2-1 specimen; the 

initial values of Rs ranged from 0.50 kΩ to 0.57 kΩ. Then, over time the value of Rs 

fluctuated and dropped slightly to values that ranged from 0.45 kΩ to 0.53 kΩ by day 

111. Then, the Rs values remained stable until day 188: at this point the Rs values ranged 

from 0.43 kΩ to 0.54 kΩ.  

 Figure 18 shows the evolution of Rs over time on rebars in Batch-2-2 specimen.   

The initial Rs values measured on rebars of specimen ranged from 0.53 kΩ to 0.64 kΩ; 

then on day 111 a modest drop in the Rs values was recorded. The Rs values dropped to 

values that ranged from 0.42 kΩ to 0.55 kΩ.  This sample was the first one from Batch 2 

to initiate corrosion and have a large crack at the time of the autopsy (this sample was 
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terminated). It is believed that this sample was the first to show a crack according to the 

Rs, potential and linear polarization values and autopsy results for batch-2 specimens. 

The Rs evolution of other samples (2-3, 2-4, and 2-5) can be seen in Figure 44 in 

Appendix (A).  The Rs values of those samples showed a small drop over time. Also 

these specimens show either a small crack (2-4 and 2-5) or not crack (2-3) on day 188.  

 

Figure 18 Solution resistance plot over time for samples batch 2-1 and 2-2 
 
 

4.2.3 Linear Polarization Resistance (LPR) and Electrochemical Impedance 
Spectroscopy (EIS) Measurements 
 

 Figure 19 shows the LPR evolution measured on the specimens of batch 1-1 and 

1-2 during phase II. The LPR value shown has the solution resistance subtracted but the 

shown values are not corrected for area.  The initial LPR measurement values were 

performed on day 39 for batch 1-1 and on day 24 for batch 1-2 (Days counted from the 

beginning of phase II and three days after disconnection of the electric field application).     

Figure 19 shows the initial values of LPR measured on rebars of batch 1-1 

specimen. The LPR ranged between 3.7 KΩ and 10.4 KΩ by day 39, after three days of 

the electric field being disconnected. Then, after additional electric field application the 

measured LPR values dropped considerably. By day 108, the LPR values ranged from 0.8 
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KΩ to 1.1 KΩ - three days after disconnecting the electric field. On day 157, i.e., after 28 

days of disconnection of the electric field the LPR values increased to values that ranged 

from 3.5 KΩ to 4.6 KΩ. Upon additional electric field application, the LPR values 

dropped considerably. On day 168 the LPR values of rebars were very small, ranging 

from 0.2 KΩ to 0.7 KΩ - one day after the last electric field application.  Then, after 20 

days (i.e., by day 188) of the electric field being disconnected, the LPR values slightly 

increased and became stable at a range of LPR values between 0.4 KΩ and 1.5 KΩ. This 

suggests that by then corrosion or electrochemical reactions are taking place at a high 

rate.   The lower potential values and smaller LPR values are believed to be due to the 

presence of chlorides at the rebar’s surface exceeding the critical concentration, which is 

likely at a concentration high enough to initiate corrosion.  The application of the electric 

field polarizes the rebars (due to the ionic current); this polarization might have caused 

corrosion to initiate at a lower chloride concentration than would be observed under 

natural exposure. The smaller LRP values measured during the propagation (once 

corrosion has initiated) are also influenced by the residual effects of the additional 

electric field applications and any remaining ionic current present (i.e., stray current on 

those where corrosion had initiated), this likely caused a faster rate of corrosion which in 

turn produced corrosion products at a higher rate than if corrosion had initiated naturally.   

Figure 19 shows that the initial values of LPR measured on rebars of batch 1-2 

specimen, for rebars A and C had LPR values of 7.9 KΩ and 9.9 KΩ respectively, and 

rebar B was 1.2 KΩ by day 24, and three days after disconnecting the electric field. These 

initial LPR values were taken after several periods of electric field application.  Then, 

after additional electric field applications occurred, the LPR values drop considerably. On 
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day 57 the LPR values ranged from 4.9 KΩ to 6.6 KΩ for rebars A and C respectively, 

and the LPR value for rebar B was 0.7 KΩ. These tests were performed one day after 

disconnecting the electric field. On day 98, i.e., 42 days after  disconnecting the electric 

field, the LPR values measured on rebars A and C shifted back up (7.7 KΩ to 9.9 KΩ 

respectively), and the LPR value for rebar B was 2.4 KΩ.  Upon additional electric field 

application, the LPR values dropped considerately. By day 110 the LPR values measured 

on all rebars were very small, ranging from 0.2 KΩ to 0.9 KΩ. These tests were done 5 

days after removing the electric field.  Afterwards, the LPR values of rebars A and C 

slightly increased and became stable at 2.1 KΩ and 4.6 KΩ respectively by day 188 (i.e., 

46 days after last disconnection).  The LPR value measured on rebar B remained at 

~0.3 KΩ.  The negative potential (<-300mVsce) and LPR < 4 kΩ observed on rebar B 

after prolonged electric field disconnection, might suggest that corrosion had initiated on 

rebar B.  

The LPR evolution of other samples (batch 1-3, 1-4, and 1-5), also have similar behavior 

as described for batch 1-1 and 1-2 specimens.  After several applications of the electric 

field, the LPR values dropped. By day 188, the LPR values measured on rebars B and C 

were below 4 kΩ by day 188 on specimens 1-3 and 1-4. For specimen 1-5, the LPR value 

measured on rebar B was also below 4 kΩ by day 188. Figure 45 in Appendix (A) 

contains the LPR evolution measured during phase II for batch 1 specimens. 
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Figure 19  Rp_meas-Rs over time for Phase II plots of samples Batch 1-1 and 1-2  
 

Figure 20 shows the LPR evolution measured during phase II on the rebars of 

batch-2-1 and batch-2-2 specimens. The LPR values shown have the Rs value subtracted 

from the measured value but the shown values are not corrected for area.  The initial LPR 

measurement values were carried out 26 days after the initiations of phase II and three 

days after disconnecting the electric field application.    

Figure 20 shows that initial LPR values measured on rebar of sample batch 2-1 

ranged between 4 KΩ and 14.1 KΩ by day 24 (3 days after the electric field has been 

disconnected).  Then after some additional periods of electric field application the LPR 

value measured on the rebar dropped considerably. On day 57 the LPR values ranged 

from 2.4 KΩ to 9.5 KΩ. These measurements were performed one day after the electric 

field has been disconnected.  Subsequently, the measured LPR values increased and 

ranged from 15 KΩ to 26 KΩ by day 92, after the electric field had been off for 35 days.  

Upon additional electric field application(s) the measured values of the LPRs dropped 

considerately. On this specimen day 165 was the last day when the electric field was 

applied. The measured LPR values were smaller (i.e. below 5 KΩ) three days after 

electric field had been disconnected (day 168).  Then the values of rebars B and C 
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slightly recovered and became stable at 4.5 KΩ and 6.7 KΩ by day 188 (46 days after the 

last disconnection). For rebar A the LPR value recovered considerably to a value of 

13 kΩ by day 188. Rebars B and C showed a negative potential (<-300mVsce) on day 

188, and a LPR below 7 kΩ. This set of values might suggest that corrosion might have 

initiated on these two rebars.  

Figure 20 also shows that the initial values of LPR measured on rebars of sample 

batch 2-2 ranged between 4 KΩ and 14 KΩ by day 24 (i.e., three days after electric field 

had been disconnected).  Then after additional periods of electric field application the 

LPR values measured dropped. On day 57 the LPR values ranged from 2.5 KΩ to 

11.1 KΩ for measurements performed three days after electric field had been 

disconnected.  The electric field remained off for the following 35 days. The LPR values 

measured for rebars A and C increased considerably to a value 30.0 KΩ, while the LPR 

value of rebar B only recovered slightly and became stable at 7.1 KΩ by day 92.  Upon 

additional electric field application the measured LPR values dropped considerably. The 

measured LPR values were small and ranged from 0.9 KΩ to 6.5 KΩ, on tests performed 

two days after the electric field had been disconnected.  Then the LPR values of rebar A 

slightly increased and became stable at value 7.0 KΩ. The LPR value of rebar B 

remained stable at 2.5 KΩ by day 151 (41 days after last disconnection). However, the 

LPR of rebar C increased to a value of ~24 KΩ.  The negative potential (<-300mVsce) 

and LPR < 7 kΩ observed after prolonged electric field disconnection might suggest that 

corrosion had initiated on rebars A and B. 

The LPR evolution of the rebars on the other specimens (batch 2-3, 2-4, and 2-5) 

also shows similar behavior as described above.  The LPR values measured on rebars in 
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sample 2-3 were below 5 kΩ on day 188.  However, the LPR values of rebars B and C in 

sample 2-4 were below 5 kΩ on day 188.  The LPR values of all rebars in sample 2-5 

were above 9 kΩ on day 188. Figure 46 in Appendix (A) contains the LPR evolution 

measured during phase II for specimens of batch 2.  

     

Figure 20 Batch 2 samples Rp_meas-Rs over time for Phase II 

 

4.2.4 Observed Surface Cracks  
 

Several days to several weeks after corrosion had initiated on one or more rebars, 

the top concrete surface (i.e., reservoir face) of some specimens of both batch-1 and 

batch-2 started to show cracks. The propagation of the crack(s) was recorded and mapped 

in drawings. Each drawing was made in an engineering paper with 1.00:3.75 scale. The 

reported lengths are based on measurements made on the specimen and crack(s).   

Figure 21 shows the propagation of the crack(s) on the top surface of specimen 

batch1-1 at the indicated dates.  The red line(s) in the drawings represents the new crack 

which was identified on the day of the inspection and the black line represents the crack 

recorded on the previous inspection. No cracks were observed on day 168 on specimen 

batch-1-1.  Then, at the next inspection on day 177, there was a crack as shown in Figure 
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21 by the red line. This was a very thin crack less than 0.01 centimeter (cm).  By day 185; 

the crack had propagated to other directions and the previously recorded crack became 

wider than before, but still less than 0.01 cm wide. The new crack branches can be seen 

by the red line. Finally, by day 186 the crack did not change in length with respect to the 

previous inspection. 

 

Figure 21 Diagram of the crack evolution over time for specimen batch 1-1 
 

Figure 22 shows lateral pictures for specimen batch 1-1 after performing the 

secondary saw-cuts.  As shown in the figure, a crack was observed that was about 11 cm 

long and was observed on each of the three shown cuts corresponding to each top three 

rebars.  It is not clear if the corrosion products from more than one rebar contributed to 

these observed cracks. According with the visual observation after autopsy (see section 

4.3.1); it is possible that the lateral crack might have initiated from the corrosion products 

of rebar B or rebar C. The crack was observed on both sides of the transversal faces (i.e. 
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the crack was all across segment that contains rebar B) and extended to the other 

segments that contain rebars A and C. 

 

 

 

Figure 22 Lateral cracks pictures for specimen Batch 1-1 
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Figure 23 shows the propagation of the crack(s) on the top surface of specimen 

batch 2-1 at the indicated dates.  The red line indicates the new crack length which was 

identified in the day of the inspection and the black line indicates the crack(s) length 

recorded on the previous inspection. For this sample by day 168 there were two cracks on 

both ends above rebar B (center rebar on top). Each crack length was about 4 centimeters 

(cm) long and less than 0.01 cm width.  Then, during the next inspection on day 177 the 

cracks length did not change.  Finally, by day 186 the cracks length still remained the 

same.   

When comparing the crack evolution observed on batch 1-1 (Figure 21) and 

batch 2-1 (Figure 23) specimens, it is relevant to mention that the crack observed on 

specimen batch 1-1 grew up significantly from day 162 to day 179.  On the other hand, 

the recorded cracks on batch 2-1 specimen did not change during all inspections. This, 

crack evolution suggest that when the rebars on batch-1 (S32101) specimens corrode, the 

corrosion rate is faster than the corrosion rate observed on corroding rebars (S32304) 

from batch-2 specimens.    

 
Figure 23 Diagram of the crack evolution over time for specimen batch 2-1 
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Figure 24 shows a picture of the top view of Batch-1-2 specimen. The picture also 

contains a highlighted view of the observed cracks (red lines drawn for emphasis).  This 

specimen has a crack on each side of the middle rebar. It is speculated that corrosion 

initiated on rebar B first and due to the additional electric field applied to attempt to 

initiate corrosion on rebars A and C, this caused corrosion to proceed at a high rate (due 

to stray current) which eventually lead to a crack(s) to be visible on the top surface of the 

sample.  

All the other specimens of batch-1 (1-3, 1-4, 1-5) have visible crack(s) when 

inspected on day 162.  During the inspection performed on day 200 all of the visible 

cracks observed on day 162 have grown over time. Figure 47 in Appendix (A), shows 

how the crack maps evolved with time for every batch-1 specimens (except for batch-1-2 

specimen which was terminated on day 158). 

 

 

Figure 24 final crack picture of specimen batch 1-2 



 

46 

Figure 25 shows a picture of the top view of Batch-2-2 specimen taken on day 

152. The picture also contains a highlighted view of the observed cracks (red lines).  The 

specimen has a crack on one side above the center rebar B.   This crack extents parallel to 

the rebar approximately 7 cm long; about 3 cm of the specimen edge two crack branches 

expand perpendicularly to the left and to the right (each one approximately 6 cm long).  

Similar to what was described above for Batch-1-2 specimen, it is speculated that 

corrosion initiated on rebar B first and due to the additional electric field applied to 

attempt to initiate corrosion on rebars A and C, this accelerated corrosion on rebar B (due 

to stray current) which eventually lead to a crack to be visible on the top surface of the 

sample.  

As indicated above, specimen Batch-2-1 showed one crack on each side 

(approximately 4 cm long each one) above and along rebar B (center rebar). These cracks 

were visible during the inspection performed on day 162; during subsequent inspections 

(up to day 185) the cracks lengths remained the same.  Specimen Batch-2-3 showed no 

cracks during the initial inspection (day 162) nor after the inspection done on day 186.  

Sample 2-4 showed one crack on rebar B, approximately 7 cm long on the inspection 

done on day 162; after inspection done on day 185 the crack remained the same length. 

Sample 2-5 showed no cracking at the initial inspection (day 162); but during the final 

inspection on day 185, it showed a crack approximately 5 cm long. Figure 47 in 

Appendix (A) shows the results of the crack propagation for every specimen per 

inspection day for batch-2 (except for specimen Batch-2-2). 
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Figure 25 final crack picture of specimen batch 2-2 
 
 

4.3 Specimens Terminated and Dissected 

Four specimens, two per each batch 1 and batch 2, were selected to be terminated 

and autopsy for internal visual examination of the corrosion propagation that took place 

on the corroding reinforcing bars. 

4.3.1 Specimen 1-1 Termination and Dissection 
 

Specimen batch 1-1 was selected for autopsy because the measured values of 

OCP and LPR suggested that corrosion had initiated.  Figure 28 shows pictures of the 

rebars and rebar trace taken within a few minutes after opening this specimen. These 

pictures capture the corrosion extent.   
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Figure 26 (a) shows a top view of rebar A. The picture shows the corrosion 

products observed upon exposure of the top surface of this rebar. The corrosion products 

have a dark brown and black color.  Spots of corrosion products are observed almost all 

along the rebar; but, it has three large spots: on the left (largest of the three), on the 

middle, and on the right.  Rebar B corrosion extent is shown in Figure 26 (b). The 

corrosion products have a dark brown and black color. The corrosion on this rebar extents 

from the left side all the way to the middle of the rebar and covers all the top surface 

about (11 cm long and 1 cm width).  This rebar is the one that has most corrosion 

products and likely the rebar that caused the crack observed on the surface. Corrosion 

products observed on Rebar C are shown in Figure 26 (c). The corrosion products have a 

dark brown and black color.  The corrosion is almost all along the rebar. but except for a 

large corrosion spot on the left, the other corrosion sites consisted of smaller spots than 

those observed for Rebars A and B. The biggest corrosion spot is on the left side of the 

rebar (about 5 cm long and 1 cm width).  The back side of each rebars A, B, and C 

showed no corrosion.  The condition of the three bottom rebars is shown in Figure 48 in 

the apendix. No corrosion products were observed on these rebars. It is suggested that the 

chloride concentration above the bottom rebars did not exceed CT; so, corrosion did not 

initiate at this depth (concrete cover about 10.5 cm).  
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(a) Autopsy and visual examination picture of specimen batch 1-1 rebar A  

 
 

(b) Autopsy and visual examination picture of specimen batch 1-1 rebar B  

 
 

(c) Autopsy and visual examination picture of specimen batch 1-1 rebar C  

Figure 26 Autopsy and visual examination of batch 1-1 
 
 
 

Rebar Trace 

Rebar  
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The corrosion products on the rebars were partially cleaned with a plastic brush 

and then cleaned as per ASTM G-01.   Figure 27 shows the surface of rebar B (batch 1-1 

specimen) after brushing and after acid cleaning.  The top part of the picture shows the 

corrosion on the surface of the rebar; but, without the excess of corrosion products.  After 

cleaning, pitting corrosion on the rebar surface was observed of various size and depths 

(Figure 27 bottom). Here we can see the craters where the pitting corrosion took place. 

Figure 49 and Figure 50 in the appendix (A) shows close-up pictures after cleaning for 

rebars A and C respectively of batch 1-1 sample; similar form of corrosion was observed 

for these rebars, but to a lesser extent. 

 

 

(a) Picture of Batch 1-1B after cleaning with a plastic brush 
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(b) Picture of Batch 1-1B after cleaning as per ASTM G-01 

Figure 27 Close-up picture of sample batch 1-1B rebar before and after cleaning 
 
 

4.3.2 Specimen 1-2 Termination and Dissection 
 

Specimen batch 1-2 was selected for autopsy because the measured values of 

OCP and LPR suggested that corrosion had initiated.  Figure 28 shows pictures of the 

rebars taken within a few minutes after opening the sample. These pictures capture the 

extent of corrosion Figure 28 (a) shows a top view of rebar A. The picture shows 

corrosion products on two sites of this rebar.  The color of the corrosion products is black 

on both side; the dimensions are: right side (5 cm long and 1.2 cm width) and the other 

site (4 cm long and 1.2 cm width).  Rebar B corrosion extent is shown in Figure 28 (b).  

The rebar have two corrosion sites, left side is (7 cm long and 1.2 cm width) and the other 

is (5 cm long and 1 cm width).  The corrosion product on this rebar is completely black 

color. Rebar C corrosion extent is shown in Figure 28 (c). Rebar C has two corrosion 
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sites.  The corrosion spot on the right side of therebar is (4.5 cm long and 1.1 cm width), 

and the other is (2 cm long and 0.8 cm width).  No corrosion spots were observed upon 

inspection on the back side of each rebar (not shown).The condition of middle bottom 

rebar is shown in Figure 28 (d). For this rebar, located at depth of 10.5 cm corrosion did 

not take place. The condition of all bottom rebars is shown in Figure 51. No corrosion 

products were observed on these rebars. It is suggested that the chloride concentration 

above the bottom rebars did not exceed CT; so, corrosion did not initiate at this depth 

(concrete cover about 10.5 cm). 

 

 

(a) Autopsy and visual examination picture of specimen batch 1-2 rebar A  

 

(b) Autopsy and visual examination picture of specimen batch 1-2 rebar B  



 

53 

 

(c) Autopsy and visual examination picture of specimen batch 1-2 rebar C  

 

(d) Autopsy and visual examination of specimen batch 1-2 middle bottom rebar 

Figure 28 Autopsy and visual examination of batch 1-2 

 

 

The surface of the rebars with corrosion product was cleaned with a plastic brush 

and then cleaned as per ASTM G-01.   Figure 29 shows the surface of batch 1-2 B rebar 

after brushing and after acid cleaning. Figure 29 shows in color pictures the corrosion on 

the surface of the rebar after brushing it.  After acid cleaning, pitting corrosion on the 

rebar surface can be seen as shown in Figure 29 by the collage of pictures in gray scale. 

Here we can see the craters where the pitting corrosion took place. Figure 52 shows 

close-up picture for batch 1-2 specimen rebars A and C after cleaning; similar form of 

corrosion was observed for these rebars, but to a lesser extent.  
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Figure 29 Close-up picture of sample batch 1-2B rebar before and after cleaning 
 

 

4.3.3 Specimen 2-1 Termination and Dissection 
 

Specimen batch 2-1 was selected for autopsy because the measured values of 

OCP and LPR suggested that corrosion had initiated.  Figure 30 shows pictures of the 

rebars taken within a few minutes after opening the sample. These pictures capture the 

extent of corrosion.   

Figure 30 (a) shows a top view of rebar A. The picture shows the corrosion 

products observed upon exposure of the top surface of this rebar. The corrosion products 

have a dark brown and black color.  Rebar A has a few small corrosion spots on the left 
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side of the rebar.  Rebar B corrosion extent is shown in Figure 30 (b). The corrosion 

products have a dark brown and black color. This rebar have corrosion products in both 

sides but the right side is the largest (about 4 cm long and 1 cm width).  Rebar C 

corrosion propagation is shown in Figure 30 (c). The corrosion products have a dark 

brown and black color.  The corrosion spots are found almost all along the rebar length. 

The biggest corrosion spot is on the left side of the rebar (about 6 cm long and 1 cm 

width).  The condition of the three bottom rebars are shown in Figure 53 in the appendix. 

No corrosion products were observed on these rebars. It is suggested that the chloride 

concentration above the bottom rebars did not exceed CT; so, corrosion did not initiate at 

this depth (about 10.5 cm). 

 

(a) Autopsy and visual examination picture of specimen batch 2-1 rebar A 

 

(b) Autopsy and visual examination picture of specimen batch 2-1 rebar B 
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(c) Autopsy and visual examination picture of specimen batch 2-1 rebar C 

Figure 30 Autopsy and visual examination of batch 2-1 
 

 

 

The rebars surface with corrosion product was cleaned with a plastic brush and 

then cleaned as per ASTM G-01.   Figure 31 shows the surface of batch 2-1B rebar after 

brushing and after acid cleaning.  Figure 31 (a) (top part of the figure) shows corrosion 

on the surface of the rebar after brushing it.  After acid cleaning, pitting corrosion on the 

rebar surface can be seen as shown in Figure 31 (b) (the bottom part of this figure). Here 

we can see the craters where the pitting corrosion took place. Figure 54 shows close-up 

pictures for batch 2-1 sample rebars A and C after cleaning; similar form of corrosion 

was observed for these rebars.  However, the corrosion was less than that observed on 

rebar 2-1B 
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(a) Picture of Batch 2-1B after cleaning with a plastic brush 

 

(b) Picture of Batch 2-1B after cleaning as per ASTM G-01 

Figure 31 Close-up picture of sample batch 2-1B rebar before and after cleaning 
 
 

4.3.4 Specimen 2-2 Termination and Dissection 
 
 

Specimen batch 2-2 was selected for an autopsy because to the measured values 

of OCP and LPR values indicated that corrosion had initiated.  Figure 32 shows pictures 

of the rebars taken within a few minutes after opening. This specimen was opened one 

day after the secondary cuts were made. These pictures capture the extent of corrosion on 

each rebar.  Figure 32 (a) shows a top view of rebar A.  Corrosion took place on one site 
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on this rebar. The corrosion products were black, about 5 cm long and it was located 

about 2 cm from the shrink wrap.  Corrosion extent on rebar B is shown in Figure 32 (b) 

and it was the largest of the three top rebars.  The corrosion on this rebar had a black 

color. Rebar C corrosion is shown in Figure 32 (c). Rebar C had corrosion only in one 

side but is away from the plastic heat shrink tubing. The corrosion site was very small 

and appears to have just initiated. The condition of bottom rebars is shown in Figure 55 

in the appendix. No corrosion products were observed on these rebars. It is suggested that 

the chloride concentration above the bottom rebars did not exceed CT; so, corrosion did 

not initiate at this depth (about 10.5 cm).  

 
 

 

(a) Autopsy and visual examination picture of specimen batch 2-2 rebar A  

 

(b) Autopsy and visual examination picture of specimen batch 2-2 rebar B  
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(c) Autopsy and visual examination picture of specimen batch 2-2 rebar C  

 

(d) Autopsy and visual examination picture of specimen batch 1-2 middle bottom rebar 

 

Figure 32 Specimen batch 2-2 termination rebar and autopsy picture 
 
 

The rebars were cleaned with a plastic brush and then following ASTM G-01.  

Figure 33 shows the surface of rebar B embedded in batch 2-2 specimen, after brushing 

and after acid cleaning. The top part of the picture shows pitting corrosion on the surface 

of the rebar with significant amount on corrosion products for both sides.  . We can see 

this by the pits with crater shape where pitting corrosion took place. Figure 34 shows the 

rebar A before and after cleaning. For rebar A, a similar form of corrosion than on rebar 
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B was observed, but the pits were not as deep.  

 

 

Figure 33 Close-up picture of sample batch 2-2 B before and after cleaning 
 

 

Figure 34 Close-up picture of sample batch 2-2 A before and after cleaning  
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4.4 Chloride Analysis 

 
Figure 35 shows the chloride profile and the chloride at the rebar trace for 

batch 1-1 specimen. As expected the chloride content of the cores decreases as a function 

of depth.  The chloride content at the rebar trace for rebar A and C was higher compared 

to the concentration measured on the slice at the same depth (2.5);  but the chloride 

concentration measure at the trace of rebar B was slightly lower.  This can be caused by 

the fact that the concrete powder collected on this rebar trace was less than for the other 

two rebar traces. It is important to point out that the transport of the chloride is not quite 

uniform and depends on the pore structure and tortuosity. Also a certain amount of 

chlorides might have been consumed at the corrosion sites due to the autocatalytic nature 

of pitting corrosion.   

Figure 35 shows on the plot on the right side the chloride profile and the chloride at 

the rebar trace for batch 2-1 specimen. As expected the chloride content of the cores is 

decreasing as a function of depth.  The chloride content measured at the trace of rebar A 

and C was higher compared (as suggested by previous research [22]) to the concentration 

measured from the core at the same depth (2.5cm).  The chloride concentration measured 

at the trace of rebar A was slightly lower.  This could have been caused by the concrete 

heterogeneity and also the chloride migration reached higher concentrations at some 

areas of the concrete than others (due to the meshes shape).  It is important to point out 

that chloride transport also depend on the pore structure and tortuosity. 
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Figure 35 Chloride profile for specimens batch 1-1 and 2-1 
 

4.5 Chloride Threshold of Austenitic and Duplex Stainless Steels 

 

Table 7 and Table 8 shows the chloride concentration obtained from the concrete 

powder milled at the rebar trace of each rebar on the top row.  According to the chloride 

concentrations in these tables, it is clear that the specimen that were open first (i.e., 

specimens batch 1-2 and batch 2-2) have lower chloride concentration at the rebar trace 

than specimens that were open 30 days later.  It is important to point out that during those 

30 days one additional cycle of electric field potential was applied for 8 days with a 

potential difference of 15 volts.  On Table 8 the chloride average for specimen batch 2-2 

was taken from rebars A and B only because rebar C showed only a very small corrosion 

spot. Each table contains the concentration in kg/m3 units and in weight percent with 

respect to the total cementitious amount (WC%). The average WC% on specimen Batch 

1-1 was 2.6 percent and for Batch 1-2 it was 1.24 percent. Whereas, for Batch 2-1 

specimen WC% was 1.84 percent, and for Batch 2-2 the WC% was 1.22 percent. 
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Table 7 Chloride concentration at rebar trace (kg/m3) and chloride by weight 
cementitious persentage (WC%) for Batch 1-1 and Batch 1-2 

 

 

 

Table 8 Chloride concentration at rebar trace (kg/m3) and chloride by weight 
cementitious percentage (WC%) for Batch 2-1 and Batch 2-2 

 

 

Table 9 shows a comparison of the critical chloride threshold concentration (CT) 

corresponding to different steels (including austenitic and duplex) as reported from 

several authors. In a few instances corrosion did not initiate; for those cases the values 

shown are lower bound values, i.e., CT is greater than the value shown.  This data is 

compared with the results of this research and parallel ongoing research being conducted 

at FAU. It is important to point it out that the results may vary from author to author 

because the experiments were performed with different specimen geometry (small and 

large specimens), with different total surface area exposed, and different methods of 

chloride transport (i.e. dry/wet cycles, electric field application, chlorides cast during mix 

preparation). However, all rebars were embedded in mortar or concrete specimens. Trejo 

[17] reports  values of CT by weight cement % that are low compared with the values 

alloy
Specimen 

Rebar
kg/m3 WC % alloy

Specimen 

Rebar
kg/m3 WC %

1-1 A 10.77 2.76 1-2 A 4.31 1.10

1-1 B 8.10 2.08 1-2 B 6.57 1.68

1-1 C 11.52 2.95 1-2 C 3.69 0.95

1-1 (average) 10.13 2.60 1-2 (average) 4.86 1.24

S32101S32101

alloy
Specimen 

Rebar
kg/m

3 WC % alloy
Specimen 

Rebar
kg/m

3 WC %

2-1 A 5.80 1.49 2-2 A 4.15 1.06

2-1 B 8.35 2.14 2-2 B 5.41 1.39

2-1 C 7.35 1.88 2-2 C* 1.93 0.49

2-1 (average) 7.17 1.84 2-2 (average) 4.78 1.22

S32304 S32304
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reported by the others authors’ (see Table 9).    This lower CT values can be caused from 

the way in which the experiment was performed; small mortar geometry was used for the 

specimens (7.5 cm X 15 cm cylinder). The experiment used a migration cell to accelerate 

the chloride transport. An electric field was applied at periodic intervals by setting a 

potential difference of 20 V between a cathode in a reservoir with Cl- solution and an 

anode embedded at the depth of the reinforcement.  The electric field applied by Trejo 

was considerably larger than the one employed in this investigation (See approach section 

3). Table 9 also shows the CT values reported by Castellote [13] for carbon steel. The 

WC% reported by Castellote is close to 1%: a migration cell approach was used but the 

anode electrode was not at the rebar depth, and the potential difference was 12V across a 

mortar specimen 7 cm thick.  The rebar was embedded in mortar (7cm X 7 cm).  The 

electric field was applied between the NaCl reservoir and plate bottom (electrical 

connected, wet sponge, to the sample). Periodic intervals of potential difference were 

applied. The w/c was 0.37 for the mortars.  Table 9 also shows the CT values reported by 

Bertolini [23] for 316, 2101 and 2304 stainless steel. CT values for duplex range from 3 to 

5 % by weight of cement.  
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Table 9 Critical Chloride Threshold Value for different authors and steels by 
Weight by cement (WC) % 

 

 

 

 In Bertolini’s experiment, the rebars were embedded in mortar (25cm x 15cm x 5cm) 

and chloride was added by mass of cement upon casting for those that caused corrosion 

to initiation. Table 9 shows the CT values reported by Presuel [24]; the CT values were 

measured on mortar specimens and also on concrete specimens, for UNS32304 the values 

is close to 5%. The overall average of CT values from this investigation, were 1.9 for 

Author alloy kg/m3 WC %

w/c 

or 

w/cm

Corro

ded 

Y/N

Trejo
carbon 

steel
0.5 0.1 0.5 Y mortar geometry

[17]
microcomp

osite 
4.5 0.8 0.5 Y

S30400 5.0 1.2 0.5 Y

S31600 10.8 1.9 0.4 Y

Castellote 

[13]

carbon 

steel
1.1 0.4 Y

Bertolini S32101 3 to 5 Y

[23] S32304 3 to 5 Y Cl added to the mix 

S31600 8.0 Y

S30400 >4 N

S31600 >4 N

S32101 >4 N

S32304 >4 N

C2 S32304 25.0 3.9 0.5 N

C4 S32304 31.1 4.9 0.5 Y

C4 S32101 30.9 4.9 0.6 Y

C3 S30400 25.6 4.0 0.5 N

C1 S30400 24.1 3.8 0.5 N

S03-S32304 32.8 5.2 0.4 Y

S32304 13.9 6.5 0.5 Y SDS Geometry/ Concrete

S30400 13.9 6.5 0.5 Y*

S31600 16.1 7.7 0.5 N weekly dry/wet 15% NaCl solution

S32101 7.9 1.9 0.4 Y

S32304 6.0 1.5 0.4 Y

Schonning & 

Randstrom [5]

mortar geometry 

 Cl added to the mix

This 

Investigation dry/wet & migration Cl penetration 

method

mortar geometry 

dry/ wet -15% NaCl Solution

Presuel  [24] Outdoor exposure 

SDS Geometry / Concrete 10%FA as 

cementitious 

[F. Presuel, F. 

Gutierrez, 

personal 

communicatio

n]

Note

Counter at rebar depth - XX potential

mortar geometry

migration Cl penetration method

mortar geometry, migration cell, 12V 
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UNS32101 (averaging all values from specimen 1-1 and 1-2) and 1.5 for UNS32304 

(averaging value from specimen 2-1 and 2-2). These values are larger than those reported 

by Trejo’s but lower than Bertolini’s or Presuel’s. This observation confirms that the 

migration approach polarizes the steel due to the ionic current flowing and this appears to 

lower CT even if a mature passive layer is present. Specimens tested at an early (28 days 

to 2 months) age appear to have even lower CT values (Trejo’s [17]). Chlorides casted 

into the concrete as for specimens tested by Bertolini might have prevented or modified 

passive layer formation with the concrete pore solution, thus these CT might need to be 

considered as lower bound values.  

4.6 Localized corrosion penetration causing concrete cover to cracks  

 

Corrosion of the reinforcing steel causes the concrete cover (C) to crack, when the 

metal loss reaches a critical penetration depth Xcrit.  This value is very important for 

predictive models of the corrosion propagation stage.  In previous investigations [25] it 

was found that the values of Xcrit increased when corrosion becomes more localized.  

This investigation compares Xcrit values calculated from the results of this investigation 

(assumptions given below) with models based on empirical equations proposed by [25] 

and [26].   

Table 10 shows the mass loss approximation of the rebars (S32101 and S32304) and 

the different parameter used to calculate it.  This investigation did not have the initial 

weight of the rebars. In order to obtain the mass loss of the corroded rebars the following 

procedure was performed:  
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• After opening the specimens, the corrosion product was removed from each rebar 

segment as per ASTM G-01. This was achieved by repeatedly conducting a 

procedure of immersion in cleaning solution (93.5 wt% HCl + 0.7 wt% Sb2O3 + 

4.7 wt% SnCl2) and then brushed to remove any remaining corrosion products 

(multiple times if needed until the rebar weight stopped changing). 

• After the clean up the weight on the rebars were measured (see Table 10 for the 

results). 

• Then, the approximate volume of each rebar was calculated based on the rebar 

length (see Table 10 for the results). 

• Since the bottom rebars did not corrode; they were used as reference to find out 

the density of each rebar type (S32101 and S32304).  The average density for 

each alloy was calculated (see Table 10 for the results).  These values assumed 

cylinder shape for the rebar. 

• Then, with each rebar volume and the average density, the apparent initial weight 

of each rebar was calculated (see Table 10 for the results). 

• Finally, the mass loss for each rebar was calculated by subtracting from the 

apparent initial weight the measured weight after cleaning (see Table 10 for the 

results).  
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Table 10 Mass loss approximation and parameters 
 

 

In Table 10 the highlighted cell in yellow are the rebars that likely caused the crack(s) 

for each specimen.  These are the rebars that have the largest mass loss per each 

specimen.  Some rebars mass loss are not shown; as a negative value would be reported 

because the penetration of the pitting corrosion was small and due also to the simplified 

approach used to calculate the original mass. 

 

A previous investigation [26] proposed a relationship between Xcrit and the length 

of the localize corrosion.  When the length is short the amount of Xcrit is greater 

compared to the case of more uniform corrosion [25].   Base on experiments from other 

final 

measure

d mass g

total 

length 

cm

volume 

cm³

density 

g/cm³

mean 

density 

g/cm³

apparent 

calculated 

initial 

mass g

mass loss 

g

1-1A 562.2 37.3 79.76 7.05

1-1B 558.8 37.2 79.54 7.03

1-1C 542.2 36 76.98 7.04

2-1A 556.3 35.7 76.34 7.29

2-1B 555.7 35.8 76.55 7.26

2-1C 555.5 35.6 76.12 7.30

1-1A 529.4 35.2 75.27 529.82 0.419

1-1B 559.7 37.2 79.54 559.92 0.222

1-1C 550.5 36.7 78.47 552.40 1.896

1-2A 555.8 36.9 78.90 555.41

1-2B 549.4 36.6 78.26 550.89 1.491

1-2C 538.7 35.8 76.55 538.85 0.150

2-1A 555.2 35.7 76.34 555.84 0.636

2-1B 553.2 35.6 76.12 554.28 1.079

2-1C 556.4 35.7 76.34 555.84

2-2A 554.9 35.6 76.12 554.28

2-2B 553.9 35.6 76.12 554.28 0.379

2-2C 554.7 35.6 76.12 554.28
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investigation [25] where corrosion surface of the corroding segments was approximately 

approaching uniform states:  

Xcrit = 		0.0111 ��∅� �
�
� 	+ 1�

�
					                               (1) 

Where C is the concrete cover depth, Ø is the rebar diameter assuming cylinder 

shape of the rebar, and L is the length of the corroding segment. For our investigation the 

L value was obtained from measurements on the rebar side where the crack was 

observed, and from the summation of the different length of each small pitting corrosion 

spots that were observed to be deep enough to contribute to the crack formation.  An 

illustration of how L value was obtained for specimen 1-1 rebar C (46 mm) is shown in 

Figure 36.   The top picture shows the corrosion spots circled in red and the bottom 

picture is the same image without the circled spots.   

 

 

Figure 36  Observed length L and value explanation process for specimen 1-1 
rebar C 
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Figure 37 shows an illustration of the area were the measurement for L was 

obtained for rebar 2-2 B (17.86 mm). The top picture shows the corrosion spots circled in 

red and the bottom picture is the same image without the circled spots.  

 

 

Figure 37  Observed length L and value explanation process for specimen 2-2 
rebar B 

 

A more recent investigation [26], proposed equation (1) be modified.   

Investigation [26] replaced the exponential 2 of the term  ��� 	+ 1� of equation (1) and 

replaced it by 1.48 that was obtained by an exponent of 1.48. This new exponent was 

obtained by a fit to previous reported values [26] and Busba [25] reported their results. 

Thus: 

 

Xcrit = 		0.0111 ��∅� �
�
� 	+ 1�

�.��
					                                      (2) 
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Table 11 shows the predicted Xcrit values for ��� 	+ 1�and (C/ Ø) pairs relevant to 

our experiment using empirical equations (1) and (2). Table 11 also shows Xcrit values.  

Calculated Xcrit were obtained using the mass loss (∆W) from Table 10 for those rebars 

that likely caused the cracks and the following equation [26]: 

 

Xcrit = 		 ��	�	���
�∅����

			                                            (3) 

 

Table 11values for different equations and parameters 
 

 

 

Although the rebars investigated here are CRAs; we assumed the density of iron 

in equation 3. Figure 38 shows the estimated critical penetration Xcrit, calculated for the 

rebars that likely caused the crack(s).  Recall, that here L is the summation of the length 

of the spots affected by corrosion as explained above.  Here the continuous lines are 

calculated from equations (1), (2) and the triangle symbols are the calculated Xcrit values 

from this research. The calculated Xcrit values from this research are larger than those 

from both models when the C/L ratio is between 1 and 2; but for values of C/L greater 

ΔW (g) φ (mm) ρ(FE)           
L (mm)         

corrode

Xcrit       

equ 3 
C (mm)

Xcrit              

equ 1               

n=2

Xcrit            

equ 2  

n=1.48

1-1C 1.896 16.5 7.86 46 0.1012 23 0.03481 0.02820

1-2B 1.491 16.5 7.86 41 0.0893 23 0.03770 0.02991

2-1B_T 1.079 16.5 7.86 31 0.0854 23 0.04695 0.03518

2-2B 0.379 16.5 7.86 17.86 0.0521 23 0.08098 0.05266
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than 2 the Xcrit is similar to the values suggested by equation (2).  The larger Xcrit values 

can be caused because in our experiments the corrosion was more localized (corrosion 

was observed only on one side of the rebar and in most areas it did not cover all the top 

rebar surface width) whereas the empirical equations assume that corrosion is uniform 

along L.   

 

 

Figure 38 Plot of the Xcrit values for equations (1), (2) and experimental results as a 
function of C/L ratio 
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5 CONCLUSION 

 

• Developed a methodology that allows for corrosion to initiate and propagate on 

concrete specimens embedded with CRAs and initially chloride free. 

• Stray current might have caused an accelerated corrosion rate (due to additional 

electric field application once corrosion had initiated) on reinforcing bar(s) where 

corrosion had initiated. 

• The results from this investigation suggests that UNS S32304 rebars corrode at a 

slower rate than UNS S32101 rebars (once corrosion has initiated). 

• The average CT for UNS S32101 rebars was found to be 1.9 % by cementitious 

weight and for UNS S32304 rebar was found to be 1.5 % by cementitious weight. 

• According to the chloride concentrations measured at the rebar trace, corrosion 

initiated on duplex S32101 rebars on average at 7.9 kg/m3, and corrosion initiated 

on duplex S32101 rebars on average at 6.0 kg/m3.   

• The results of CT values from this investigation, of UNS S32101 rebars and UNS 

S32304, are found to be lower compared to reported CT values on specimens 

under non-accelerated chloride transport.  .
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6 APPENDIX A.  FIGURES & TABLES 

 

Table 12  Applied voltage schedule 
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Figure 39  Open Circuit Potential (OCP) Measurements of Phase I – Batch 1 
Samples 
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Figure 40  Open Circuit Potential Measurements (OCP) of Phase I – Batch 2 
Samples 
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Figure 41  OCP measurements over time for batch 1 samples at Phase II 
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Figure 42 OCP measurements over time for batch 2 samples at Phase II 
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Figure 43 Solution Resistance over time for samples batch 1 phase II 
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Figure 44 Solution Resistance over time for samples batch 2 phase II  
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Figure 45 Rp_meas-Rs over time for batch 1 samples at Phase II 
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Figure 46 Rp_meas-Rs over time for batch 2 samples at Phase II 
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Figure 47 Crack by inspection day for batch 1 and 2 
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06/21/2013 (day 186) 
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06/21/2013 (day 186) 
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06/21/2013 (day 180) 
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06/21/2013 (day 180) 
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Figure 48 Autopsy and visual examination of bottom rebars batch 1-1 
 

 

 

 

 
Figure 49 Close-up picture of sample batch 1-1A rebar before and after cleaning 
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Figure 50 Close-up picture of sample batch 1-1C rebar before and after cleaning 
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Figure 51 Autopsy and visual examination of bottom rebars batch 1-2 
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Figure 52 Close-up pictures before and after cleaning for batch 1-2  
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Figure 53 Autopsy and visual examination of bottom rebars batch 2-1 
 

 
 

Figure 54 Close-up pictures before and after cleaning for batch 2-1 
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Figure 55 Pictures Autopsy bottom rebars for batch 2-2 
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7 APPENDIX B.   

Chlorite Analysis: 

 

Blank Sample procedures: 

1. Fill a 250 mL beaker to 100 mL with DI water. 
2. Add 1 mL of low-level ISA solution. 
3. Add a magnetic stir stick to the beaker and plane on the magnetic stirrer. 
4. Place clean electrode in solution. 
5. Add 1 mL of 0.01 N Silver-Nitrate and take a reading once stable. 
6. Add 0.5 mL of 0.01 N Silver-Nitrate and take a reading. 
7. Repeat step 6 three more times. 
8. Input the data into Gran’s Chloride Analysis program.  Reading should be between 

+/- 0.1mL.  If correct “Yes” will be displayed.  In the event “No” is displayed 
repeat steps 1-7. 

 
Titration Procedures of Chloride Concentration: 
1. Proper protection gear is to be worn throughout the procedure. 
2. Glass-ware, instrumentation, and any other item that will be used shall be cleaned 

properly. 
3. Label all beakers to be sued. 
4. Weigh 0.9 grams of the sample (for samples that are thought to have lower 

concentrations of chlorides the sample weight should be increased). 
5. Add a small amount (~15mL) of distilled (DI) water to beaker so that the powder 

is completely submerged. 
6. Add 20mL of 1:12 Nitric acid solution to the beakers. 
7. Pre-heat hot plate to medium-high. 
8. Place beakers on hot-plate with glass lid on top.  Constantly monitor the specimens 

as it will be necessary to add DI water to prevent evaporation. 
9. Remove samples from hot-plate when the solution becomes light yellow (~10 

min.). 
10. Let the samples cool to room temperature. 
11. Use DI water to clean the lid and the beaker’s walls. 
12. Fill the beakers with DI water until the solution reaches 100mL. 
13. A stir bar should be added to each beaker. 
14. The Dual-Channel reference electrode readout shall be set to absolute mV. 
15. Place beaker on stir plate. 
16. Place Silver-Sulfide reference electrode in solution. 
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17. Add Silver-Nitrate solution until the potential ranges between just above the     
potential found for the blank sample. 

18. Add 0.5 mL to the solution and wait for a stable reading. 
19. Repeat step 18 four more times. 
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