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Executive Summary 

 
Legacy samples were cast with corrosion resistant rebars more than 16 years ago and exposed to high 

chloride concentration. Selected samples were monitored for over 500 days. Three methods were used to 

monitor the samples. Galvanostatic Pulse (GP) was measured for over 500 days and the Rc values were 

converted to corrosion currents (Icorr) since the corroding area is unknown. A Gecor 8TM was used with 

the rectangular (immersion) probe to monitor the samples for approximately 200 days, the corrosion 

current density (icorr) values in isolated mode are reported here. The device confines the test to a known 

area using a guard ring, but the corroding area, if any, might be smaller than the assumed area by the 

device. Finally, EIS was used on selected samples, and more sporadically, with monitoring taking place 

for about 200 days. 

 

Most rebars appear to be corroding at a very slow rate based on the three methods. There were a few 

rebars that showed a more active state. The rebar that showed the most activity was a clad rebar 

embedded in a sample with a simulated crack (above the rebar middle). The other rebars that showed 

activity were 304SS rebars. These rebars were either wire brushed with a carbon steel brush or the rebar 

was pickled once more. It is important to note that only one rebar (and in once case, two rebars) from 

each of these samples showed higher electrochemical activity as measured by Icorr from GP, icorr (Gecor), 

rebar potential and the projected Rc from EIS testing.  
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Chapter 1. Introduction 
 

1.1 Problem Statement 
 

There are very few studies that report on the long-term performance of corrosion resistant alloy (CRA) 

rebars; the research conducted here attempts to partially fill this gap. Legacy samples cast with CRA 

rebars that are available at FAU were monitored as part of a Year 3 TriDurLE project. 

 

The conducted research assessed the current state of corrosion resistant alloy (CRA) rebars embedded in 

concrete after prolonged outdoor exposure. The samples were prepared with several types of CRAs, the 

remaining samples contain one of the following rebar types: 304SS, 316SS, 2304 duplex, 316 clad type 

1, 316 clad type 2. The sample geometry is known as simulated deck slabs (SDS). Several sets of 

samples were prepared between 2003 and 2006. The SDS samples were exposed to 15% by weight. 

NaCl solution for at least 10 years (1 week wet and 1 week dry). The samples that remain have higher 

grade CRA rebars. After that the samples continued to be exposed outdoors but the NaCl solution was 

not refreshed as frequently and during the last five years no additional NaCl solution has been added 

(prior to the testing described in here). The solution reservoirs on many samples have deteriorated and 

there is no longer a top on most of them. New reservoirs were installed on samples chosen for 

monitoring. Chlorides from ocean spray continued to deposit onto the top of the sample that modestly 

add to those already on the sample. Besides the outdoors samples, there are two SDS samples exposed 

indoors that were prepared with a duplex stainless steel in 2008. These two samples were subjected to 

accelerated chloride transport as part of a previous project, and then continue to be exposed to 5% NaCl 

solution.  Electrochemical tests (Galvanostatic pulse, Gecor 8TM and EIS) and rebar potential were 

measured periodically on selected samples. A few samples were observed to have rebars showing 

electrochemical activity on-going and in some rebars this might be due to corrosion. The corrosion on 

clad rebars could in part be due to intentional damage (holes were drilled on some rebars and the carbon 

steel exposed) or as a result of wire brushing with a black carbon steel brush. A third scenario is possibly 

due to re-pickling done on some rebars. 

 

1.2 Objectives 
Determine if corrosion is taking place on CRA rebars embedded on legacy samples. To achieve this 

objective, three types of measurements were performed on selected samples. 

 

1.3 Expected Contributions 

 

Plots of Icorr vs. time , rebar OCP vs. time, Rs vs. time after performing galvanostatic pulse 

measurements. These plots were used to elucidate if any of the CRAs rebar is in an active state (i.e., 

corroding). Additionally, a commercial device with a guard ring was used to measure corrosion current 

density vs. time, plots of icorr vs. time were prepared (with the rebar in isolated mode and the immersion 

probe). Nyquist plots were prepared after performing EIS tests on some of the monitored samples. 
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1.4 Report Overview 

 

The report includes a methodology chapter (note that additional details on the experimental can be found 

on a previously published report [1]). The results section presents typical results of the monitored 

parameters, but most emphasis is given to plots of Icorr vs. time, rebar OCP vs. time. A few rebars were 

found to be active. Appendix A contains Icorr vs. time and OCP vs. time for most of the rebars monitored 

using Galvanostatic Pulse. Another appendix presents the icorr vs. time and OCP (using Copper / copper 

sulfate reference electrode), followed by an appendix with Nyquist plots showing selected EIS tests.  No 

signs of cracks were visible on any of the monitored samples. The clad rebar not embedded in the 

concrete showed corrosion on the carbon steel core.  
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Chapter 2. Experimental 
 

Legacy Specimens with CRA rebar embedded in concrete 
 

All samples are of the same shape and size. The samples geometry has been named simulated deck slab 

sample (SDS), and are samples cast with six rebars: three in the top row and 3 in the bottom row [1]. The 

batch concrete compositions of the samples tested in here are listed in Table 1. Each SDS sample is 12 in 

(30 cm) × 12 in (30 cm) × 6 in (15 cm) tall with a one-inch (2.54 cm) concrete cover above the top three 

rebars. At the start of this study, selected samples listed in Table 4 were fitted with new solution reservoirs 

(weathering outdoors had damaged the old reservoirs). Additional legacy samples not used in this study 

continue to be exposed outdoors. As indicated above. most SDS samples have 6 embedded rebars of the 

same kind of steel, three on the top row and three on the bottom. Selected samples are of the configuration 

shown in Figure 1, only samples labeled CREV have 6 top rebars but none was selected. The six rebars 

on each sample were electrically interconnected with stainless steel wire. Three types of concrete mixes 

were used, designated STD1, STD2, and STD3. STD1 mix had the highest water to cement ratio of the 

three and contained greater amounts of fine aggregates. STD3 [2] mix contained 10% fly ash as 

cementitious replacement. 

 

Table 1. Concrete Batch Mix Design. 

Material  STD1 STD2 STD3 

Cement (Bags) 5 7 7 

Cement, kg 213 300 269 

Water, kg 107 122 124 

Water/Cement 0.5 0.41 0.46 

Fine Aggregate (silica sand), kg 652 540 551 

Coarse Aggregate (limestone), kg 753 753 727 

Fly Ash F, kg 0 0 30 

 

The top three rebars were prepared in such a way that they could be disconnected from each other and 

from the bottom three rebars for individual measurement. For the first 10+ years, the reservoirs were 

periodically filled with 15% NaCl solution on one week on, then one week dry cycle. After the end of the 

previous studies, the samples were periodically refilled with NaCl solution, with time the outdoor 

exposure weathering degraded the reservoirs. The reservoirs were replaced on the samples selected and 

filled with 3% NaCl solution. 
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Figure 1. Geometry of samples, showing the placement of rebars and reservoir.  

 

Names of samples are in the format of: “[Lot #] - [Concrete Mix Type or Geometry] - [Reinforcement 

Type] - [Specimen #]”. Concrete mix types refer to both the composition of the concrete mix and the 

condition of the rebars, such as if intentional damage were inflicted. A list of the selected concrete 

conditions and rebar steel types are given in Table 2. For example, 4-CCON-SMI-1 is comprised of SMI 

rebars embedded in STD1 concrete mix and has a simulated concrete crack. Samples labeled STD3-

2304 were taken from a different study than the other samples and the 2304SS rebars used in STD3-

2304 samples are from a different manufacturer. 

 

Table 2. Composition of the samples, the mixture of concrete used, and the condition of the rebars.[1] 

Condition Code Description 

STD1 STD1 concrete mix 

STD2 STD2 concrete mix 

STD3 STD3 concrete mix 

CCON STD1 concrete mix, simulated concrete crack 

WB STD1 concrete mix, top bars wire brushed 

USDB STD1 concrete mix, 3 mm diameter clad holes 25 mm apart on top bars 

PICK STD1 concrete mix, top bars lab pickled 

CREV STD2 concrete mix, top rebar crevice 

 

There were three stainless steel alloys used for the reinforcements of the selected samples, the 

composition of each is given in Table 3. The nominal chemical composition for 2304SS is listed as 
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being the same so it is only given once here. While two kinds of 316SS alloys are used, it is not known 

which one is used in a given sample with 316SS rebars. Both clad rebars (labeled Stelax and SMI) use 

316SS outer layer with a carbon steel core.  

 

Table 3. Composition of the steel rebars used for samples. 

Alloy C Mn P S Si Cr Ni Mo Cu N Fe 

316.16SS 0.03 1.55 0.025 0.001 0.59 18.43 10.06 2.08 0.42 0.068 Bal. 

316.18SS 0.03 1.66 0.026 0.005 0.42 16.97 10.07 2.15 0.85 0.065 Bal. 

304SS 0.07 0.94 0.02 0.001 0.58 18.25 8.12 0.4 0.3 - Bal. 

2304SS 0.03 1.16 0.026 0.002 0.45 22.33 4.16 0.25 0.3 0.11 Bal. 

 

From the pool of selected samples, several samples were chosen to be kept inside the lab and 

exposed in a high moisture environment. In addition to the two STD3 samples that were already inside 

the lab (labeled STD3-2304-1 and STD3-2304-5), five samples (6-WB-304-1, 6-STD1-304-1, 1-STD1-

316-2, 1-STD1-Stelax-1, 5-STD1-2304,) were selected and kept inside for the duration of the study. All 

five samples used the STD1 mix but with different rebars. These represented samples with higher water 

to cement ratio for 304SS, 316SS, 2304SS, and Stelax clad rebars. All were stored in covered 

containers, to maintain a consistent level of humidity, raised and with water at the bottom of the tub. The 

remainder of the samples were left outside subjected to weather and temperature fluctuations. These 

outside samples were occasionally brought inside to be tested, in some occasions the testing took place 

outdoors.  

 

Table 4. List of sample names used in this study. 

Inside Samples Outside samples 

STD3-2304-1 1-STD1-316-1 6-WB-304-2 

STD3-2304-5 1-STD1-Stelax-3 6-WB-304-3 

1-STD1-316-2 1-STD2-316-1 6-STD1-304-2 

1-STD1-Stelax-1 1-STD2-316-2 6-STD2-304-2 

6-WB-304-1 2-PICK-316-2 USDB-SMI 

6-STD1-304-1 3-CCON -304-1 WB-304-1 

5-STD1-2304 4-CCON-SMI-1 WB-304-2 

 

Measurement Procedure 
A potentionstat/gavanostat was used to measure galvanostatic pulse or to measure electrochemical 

impedance spectroscopy (EIS). A Gecor 8TM device was used to monitor rebar corrosion activity. The 

GP readings were initially done on all samples not more often than once a week from when the reservoir 

was added, and typically were measured once every other month; the monitored period lasted up to 550 

days on some samples. Mesaurements with the Gecor 8TM device were taken monthly or every other 

month for all samples and the samples were monitored for approximately 200 days. EIS readings were 

taken once a month or more sporadically on a sub-set of the selected samples; the EIS measurements 

took place within the initial 300 days reported in here.  
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Galvanostatic Pulse 

Galvanostatic Pulse (GP) readings were taken using a Gamry device, set to the galvanostatic pulse test. 

For each tested rebar, a titanium mesh (mix metal oxide MMO), acting as the counter electrode, is 

submerged in the reservoir solution and a Saturated Calomel electrode placed in the reservoir such that it 

is not in contact with the counter electrode. The working electrode probe of the galvanostat is attached to 

the selected rebar and the TiMMO mesh is the counter electrode. A cathodic current pulse was applied. 

The current was chosen such that the potential difference between the instant on potential and the final 

potential is greater than 4 mV and less than 20 mV, and the applied current ranged between -0.001 and -

0.02 A. The test first reads the open circuit potential of the interrogated rebar, typically this takes less 

than 60 seconds but if the measured potential drifts significantly, it takes longer. Then the current is 

applied for 150 seconds and the change in the potential is plotted on a graph of potential vs time. The 

initial on-potential of the rebar is recorded after 200 ms of the application of the current pulse, and the 

final on-potential of the system is recorded after 150s. From the potential values described above and the 

magnitude of the applied current, several additional values were calculated: the Rs, the Rc, and from the 

Rc, the Icorr. Rs was calculated using Ohm’s law with the difference between the OCP and the initial 

potential divided by the applied current. Rc was calculated using the difference between the initial and 

final on-potential values divided by the applied current. Icorr was calculated using the Stern-Geary 

equation.[3] 

 

Icorr =  
B

Rc
     (1) 

 

With B assumed to be 0.0261 V, and the obtained Rc value. From this value, the corrosion rate (icorr) 

can be found by dividing Icorr by the corroding area. If uniform corrosion is assumed, then the area 

becomes the surface area of the embedded rebar under the solution reservoir, assumed to be a cylinder 

with length equal to the length of the rebar (working electrode). However, for the rebars tested, it is not 

known what the corroding area is and hence Icorr are the values reported here from the GP 

measurements. The Gecor 8 device uses an internally calculated area and so those values are reported as 

given by the machine in current density. 

 

Comparing Icorr values across samples and rebars gives some insight into the likelihood of corrosion 

activity.  

 

Gecor 8TM 

For the Gecor 8 device[4], the reference electrode is a copper-copper-sulfate electrode. The probe is 

filled periodically as solution could leak out or evaporate in the laboratory environment. The immersion 

probe (rectangular geometry) was used to conduct the measurements. Each rebar is measured 

individually, the probe is placed over the rebar so that each electrode rests along the rebar length. The 

Gecor is connected to the measured rebar by a wire from the device allowing it to apply current via a 

counter electrode. The machine is set to measure over wet concrete and the length and diameter of the 

rebar are entered. At the end of the test, the resulting values are displayed on the screen. 

 

The Gecor 8 device measures the corrosion potential, the corrosion current density, the isolated 

corrosion current density, and the concrete solution resistance and concrete resistivity. Some of these 

parameters are direct measurements and others are internal calculations based on measurements and 

given values. When taking a measurement, the diameter and length of the rebar is manually entered into 
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the machine for the calculation of the corrosion current density.  

 

EIS Measurement Procedure 

The Gamry device is set up in the same way as with the Gamry GP measurement in the sense of 

what is the working electrode (rebar being tested), counter electrode (TiMMO mesh), and reference 

electrode. The test selected is the Potentiostatic Electrochemical Impedance Spectroscopy mode. As 

before, the open circuit potential is measured before the device runs the procedure. It then applies the 

fluctuating potential in a sinusoidal pattern to the rebar at known frequencies, starting with high 

frequencies and moving to lower frequencies. The resulting impedance is recorded as real impedance 

and imaginary impedance values for each frequency. These values were plotted in here as points on 

what is known as a Nyquist diagram. (The device also records the modulus of the impedance and the 

phase angle, but no bode plots are included in here.) 

 

Measurements are taken between 10,000 and 0.0033 Hz at 5 points per decade. From the impedance 

data gathered, the Rs and Rp can be determined using equivalent circuits, and the Icorr and icorr can be 

calculated. 
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Chapter 3. Results and Discussion 
 

Galvanostic Pulse Measurements 

OCP results 

The rebars open circuit potentials (mVsce) are given in Table 5, these are the average rebar 

potential measured vs. SCE on each rebar before the GP test applies the pulse current. The rebar 

potential values can give another indication of the likelihood of corrosion. Table 5 shows the average 

open circuit potentials for each rebar within each sample (10+ readings) over the 500 days of exposure. 

WB-304-1 rebar B, 4-CCON-SMI-1 rebar C, 6-WB-304-2 rebars A, and B, and 6-WB-304-3 rebar B 

show the most negative potentials. Figures 2 to 5 show typical plots on how the potential rebar changed 

over time. 

 

Table 5. Average Open Circuit Potential values and standard deviations for each rebar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Icorr Results 

Table 6 shows the average Icorr values for each rebar within each sample, calculated from 

between 5 and 10 values from corresponding number of readings, measured using the GP method. From 

these we can start to identify samples that are more likely to be in a state of active corrosion or more 

electrochemically active. Most observed Icorr values for the samples tended to be lower than 10 µA, with 

OCP (mVsce) A (Avg) A (Std) B (Avg) B (Std) C (Avg) C (Std) 

WB-304-1 -146.7 89.5 -281.2 32.4 -173.0 72.0 

4-CCON-SMI-1 -147.4 100.7 -143.2 98.7 -233.9 92.1 

USDB-SMI -80.7 22.0 -71.6 22.0 -46.3 22.0 

6-WB-304-1 -88.3 38.6 -95.6 46.8 -82.9 39.3 

6-WB-304-2 -302.7 37.2 -203.7 56.1 -191.7 45.9 

6-WB-304-3 -144.8 50.7 -257.4 30.0 -147.0 51.1 

1-STD2-316-1 25.0 20.0 26.8 18.4 28.5 17.2 

1-STD2-316-2 -20.5 33.3 -18.0 28.1 -11.8 19.8 

1-STD1-316-1 -19.4 45.9 -4.5 33.7 -4.4 34.7 

1-STD1-316-2 -45.9 20.0 -70.7 60.7 -53.7 28.5 

1-STD1-Stelax-1 -62.1 44.2 -83.6 60.3 -59.1 27.0 

1-STD1-Stelax-3 -1.6 58.2 1.3 52.8 8.1 57.6 

2-PICK-316-2 -35.7 38.0 -35.3 33.7 -35.1 36.5 

3-CCON-304-1 -15.1 26.5 -13.6 22.8 -12.7 21.7 

5-STD1-2304 -94.0 65.1 -92.0 39.4 -93.5 36.1 

6-STD1-304-1 -43.5 28.2 -40.0 24.4 -39.1 24.3 

6-STD1-304-2 -42.2 26.9 -51.0 25.9 -50.5 24.9 

6-STD2-304-2 -15.9 31.1 -16.8 31.7 -17.6 32.2 

WB-304-2 -181.4 62.1 -119.0 43.8 -153.6 44.1 

STD3-2304-1 -102.8 58.0 -120.1 74.1 -117.3 80.9 

STD3-2304-5 -95.1 70.2 -94.2 62.7 -64.3 68.3 
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a few exceptions. WB-304-1 rebar B, WB-304-2 rebar A, 4-CCON-SMI-1 rebar C, 6-WB-304-2 rebar 

A, 1-STD1-Stelax-3 rebar C, show the highest Icorr values across all samples, giving the greatest 

indication of corrosion activity. (Two of the WB samples listed in the table might have been PICK and 

not WB rebars surface). The rebars with the larger corrosion current had the largest standard deviation. 

 

Table 6. Average Icorr values (in A) and standard deviations for each rebar taken with the GP method. 

Sample ID  A (Avg) A (Std) B (Avg) B (Std) C (Avg) C (Std) 

WB-304-1 6.52 1.72 11.77 2.87 6.23 1.49 

4-CCON-SMI-1 3.37 1.14 2.84 0.55 57.12 28.85 

USDB-SMI 8.09 5.81 5.60 2.42 6.55 0.83 

6-WB-304-1 4.35 0.61 5.07 0.93 5.04 1.54 

6-WB-304-2 31.62 17.17 8.44 2.35 6.52 1.25 

6-WB-304-3 5.38 0.90 9.91 2.28 6.54 1.34 

1-STD2-316-1 3.46 1.76 3.14 0.66 2.43 0.12 

1-STD2-316-2 2.89 1.76 1.94 0.22 2.18 0.21 

1-STD1-316-1 3.22 1.49 5.63 1.61 5.51 0.71 

1-STD1-316-2 3.55 3.31 2.97 3.05 2.66 3.53 

1-STD1-Stelax-1 6.28 3.06 2.89 1.03 6.76 0.54 

1-STD1-Stelax-3 6.99 2.74 7.31 2.35 11.05 2.14 

2-PICK-316-2 6.39 1.34 5.01 0.66 3.70 1.09 

3-CCON-304-1 5.18 0.34 6.10 0.74 6.28 0.37 

5-STD1-2304 2.53 0.38 2.85 0.83 2.21 0.32 

6-STD1-304-1 4.28 0.43 7.04 0.55 5.85 0.79 

6-STD1-304-2 5.56 4.22 6.90 0.38 7.60 0.60 

6-STD2-304-2 9.78 1.22 9.87 0.70 8.12 0.47 

WB-304-2 10.23 4.56 8.13 1.57 6.71 1.19 

STD3-2304-1 2.41 0.24 2.40 1.92 2.03 0.23 

STD3-2304-5 2.25 0.62 1.98 0.16 2.12 0.15 

 

Below are Figures with plots of selected samples showing how the OCP, Icorr and Rs evolved with time. 

The plots for the other monitored samples are in Appendix A (for OCP and Icorr). Figure 2 shows three 

plots for sample WB-304-1, rebar B on this sample had an average Icorr of 11.8 A, and its OCP was 

close to -300 mVsce or more negative thru the monitored period.  The concrete solution resistance in 

this sample ranged between 0.1 and 0.2 kohms, which suggested a concrete landed chlorides in the pore 

solution. Figure 3 shows similar plots for samples 6-WB-304-2. In this sample, rebar A was the most 

active with an average corrosion current of 31.6 A, and its OCP was close to -300 mVsce or more 

negative most of the time. It is possible that one of these two samples had the rebar pickled and not WB, 

as there were only 3 samples with 304 SS that were WB and our table lists five samples. The concrete 

Rs on this sample also ranged between 0.2 and 0.1 kohms. The rebar that showed the most activity was 

embedded in sample 4-CCON-SMI-1 and corresponded to rebar A. This sample contains clad rebar with 

a simulated concrete crack and it is not clear why rebar A showed larger activity. It is speculated that 

some of the corrosion current might correspond to the rebar exposed outside of the concrete. Figure 4 

shows how the corrosion current evolved on the three rebars. Rebar A in samples 4-CCON-SMI-1 had 

an average corrosion current of 31.6 A. 
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The sample labeled USDB corresponded to clad rebars  with 3 mm diameter holes 25 mm apart on the 

top rebars. The rebars in this sample did not show average corrosion currents greater than 10 A, but 

two of the rebars (A and B) had excursions to such values, as shown by the larger STD in Table 6.  

 
Figure 2. Icorr vs. time, rebar OCP vs. time and Concrete Rs vs. time measured on WB-304-1 

 

 
Figure 3. Icorr vs. time, rebar OCP vs. time and Concrete Rs vs. time measured on 6-WB-304-2 
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Figure 4. Icorr vs. time, rebar OCP vs. time and Concrete Rs vs. time measured on 4-CCON-SMI-1 

 

The samples that showed the smallest average corrosion current corresponded to samples with 316SS 

rebars (see appendix A) and 2304SS rebars. Figure 5 shows how the corrosion current evolved on rebars 

embedded in sample 5-STD1-2304; the average corrosion current ranged between 2.2 and 2.8 A, and 

the rebar potential was around -100 mVsce or more positive with a few excursion to -200 mVsce. 

Similar trends can be observed in Figure 6 for the rebars embedded in STD3-2304-5. In this case the 

average corrosion current ranged between 2 and 2.25 A. The rebars in this sample had initially ocp 

valuer of about -200 mVsce and reached values close to 0 mVsce towards the end of the monitored 

period.  

 

 
Figure 5. Icorr vs. time, rebar OCP vs. time and Concrete Rs vs. time measured on 5-STD1-2304 
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Figure 6. Icorr vs. time, rebar OCP vs. time and Concrete Rs vs. time measured on STD3-2304-5 

 

Table 7. Average isolated corrosion current density (icorr in µA/cm2) for all rebars measured with the 

Gecor 8 device. 

Sample ID A (Avg) A (Std) B (Avg) B (Std) C (Avg) C (Std) 

WB-304-1 0.49 0.07 0.58 0.07 0.61 0.39 

4-CCON-SMI-1 0.13 0.06 0.11 0.04 1.01 0.36 

USDB-SMI 0.47 0.17 0.31 0.10 0.28 0.15 

6-WB-304-1 0.34 0.19 0.41 0.16 0.42 0.17 

6-WB-304-2 0.86 0.77 0.45 0.26 0.44 0.20 

6-WB-304-3 0.36 0.17 0.49 0.23 0.50 0.07 

1-STD2-316-1 0.19 0.06 0.14 0.10 0.16 0.05 

1-STD2-316-2 0.17 0.05 0.13 0.05 0.14 0.07 

1-STD1-316-1 0.24 0.08 0.42 0.16 0.49 0.08 

1-STD1-316-2 0.30 0.15 0.17 0.05 0.19 0.13 

1-STD1-Stelax-1 0.64 0.37 0.17 0.05 0.42 0.08 

1-STD1-Stelax-3 0.46 0.15 0.37 0.19 0.62 0.19 

2-PICK-316-2 0.28 0.09 0.25 0.09 0.19 0.09 

3-CCON-304-1 0.44 0.10 0.49 0.15 0.45 0.26 

5-STD1-2304 0.15 0.03 0.13 0.09 0.06 0.21 

6-STD1-304-1 0.57 0.52 0.64 0.17 0.54 0.16 

6-STD1-304-2 0.29 0.21 0.66 0.15 0.68 0.12 

6-STD2-304-2 0.86 0.25 0.78 0.22 0.81 0.17 

WB-304-2 0.46 0.28 0.56 0.20 0.46 0.25 

STD3-2304-1 0.15 0.03 0.14 0.04 0.30 0.45 

STD3-2304-5 0.12 0.02 0.12 0.04 0.35 0.81 

 

Isolated icorr Measurements taken with Gecor 8 
 

Table 7 gives the isolated average corrosion rates for each rebar in µA/cm2 (corrosion current density), 

averaged over about 6 readings taken over 250 days, as obtained with the Gecor 8 device. These values 

are different from those taken with the Gamry device due both to Gamry using a different reference 

electrode and to the Gecor 8’s use of a confining current set-up, and that the Gecor 8 assumes uniform 
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corrosion below the confined area. 4-CCON-SMI-1 rebar C was the only rebar with an icorr greater than 

1 µA/cm2, and the average icorr value was 1.01 µA/cm2. 6-STD2-304-2 had the most consistently high 

icorr, a value of ~.8 µA/cm2 for each of its rebars. All rebars showed average icorr values above 0.1 

µA/cm2, falling at least in the low or moderate corrosion level range based on Andrades’s table. The 

exception was for 5-STD3-2304 rebar C which had an average icorr of 0.06 µA/cm2.  Rebars WB-304-1 

B, 6-WB-304-2 A, 6-WB-304-3 C, 1-STD1-Stelax-1 A, 1-STD1-Stelax-3 C, 6-STD1-304-1 A, B, and 

C, 6-STD1-304-2 B and C, 6-STD2-304-2 A, B, and C, and WB-304-2 B all showed values greater than 

0.5 µA/cm2, but less than 1.0 µA/cm2 falling in the range of a moderate level of corrosion.[4] As can be 

observed in Table 7, a number of rebars had icorr values greater than 0.45 but less than 0.5 µA/cm2. 

 

EIS Measurements 
One method that is often used to interpret the EIS Nyquist plots is to fit a model circuit (equivalent 

circuit), this was done using the Analyst software. Impedance plots can be generated for simple circuit 

components and by combining these components; plots can be created that have a similar shape to the 

data being fitted. Values of the individual circuit components can then be modified until the generated 

plot overlays the data plot. These component values of the model can then be assumed to be similar to 

the component values within the sample. In this study, three equivalent circuits were used to fit the data. 

The simplest is the Randles circuit, shown in Figure 7. Randles circuits are used to model simple 

electron transfers using resistors and capacitors. This study uses a modified Randles circuit, shown in 

Figure 8, which uses a constant phase element in place of a capacitor to better fit the diffusion behavior 

seen in the embedded rebars.[5] 

 
Figure 7. Equivalent circuit for a simple electron transfer reaction. 

 
Figure 8. Modified Randles with constant phase element in place of capacitor. 

Figure 9 shows the proposed equivalent circuit for fitting stainless steel concrete reinforcement. Figure 
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10 shows the proposed equivalent circuit for fitting clad rebars with drilled holes (clad breaks). 

 
Figure 9. Equivalent circuit proposed for stainless steel.[6] 

 
Figure 10. Proposed equivalent circuit for stainless steel with cladding breaks.[7] 

. 
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Figure 11. Nyquist plot for WB-304-1. 

Figure 11 show the measured EIS by using Nyquist plots for rebar A and rebar B in sample WB-

304-1. The curvature and shape of a Nyquist plot can give qualitative indications of electrochemical 

activity along the surface of the rebar. The smaller the diameter of the semi-circle, the greater the 

activity as the diameter of this portion represents the Rp of the system. Rebar C in this sample had 

similar behavior to that observed for Rebar A. See appendix C. 

 

Nyquist for 4-CCON-SMI-1 

Referring to Table 7, 4-CCON-SMI-1 rebar C had the highest average icorr, 1.01 µA/cm2; the 

Nyquist plot should reflect this.  Figure 12 shows the Nyquist plots for the most recent EIS 

measurements on the rebars embedded in 4-CCON-SMI-1. Rebar C has a much smaller curvature than 

rebars A or B, meaning that it will have a smaller Rp and therefore a larger icorr. This qualitatively 

matches the results regarding the rebar activity observed from the GP (Icorr) and Gecor (icorr) methods.  
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Figure 12. Nyquist plot for all rebars in 4-CCON-SMI-1, measured on the same date. 

Figure 13 shows four individual measurements of rebar C side by side, showing the progression over 

time. The scale range in this figure is changed to better show the plot. The maximum height of the curve 

has decreased over time. It also appears that between the January and May measurements, the inflection 

point representing the Rs have shifted to the left, but the most recent June measurement is the furthest to 

the right. This could suggest a change in the sample concrete Rs over time due to changes in the 

moisture content in the concrete.  
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Figure 13. Nyquist plot for 4-CCON-SMI-1 rebar C, across four measurement dates. 

Nyquist for 6-WB-304-2 

Figure 14 shows the Nyquist plots measured during June 2023 EIS measurements on sample 6-

WB-304-2. The Nyquist plot shows the spectra for each of the three rebars in sample 6-WB-304-2. 

Table 6 gives the GP measured Icorr for Rebar A in this sample as 29.97 µA, much higher than the Icorr 

measured on rebars B or C in this sample. Once again, the curvature for rebar A is significantly greater 

than the other two rebars, with a smaller diameter, implying a smaller Rp, and therefore a greater Icorr. 
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Figure 14. Nyquist plot for all rebars in 6-WB-304-2, most recent measurements. 

Figure 15 shows the results of four EIS measurements on 6-WB-304-2 rebar A over time. The two most 

recent measurements fall nearly in line with one another. The Rs values of the sample shifts slightly to 

the right between the March and May readings, but the June reading has shifted more to the left than the 
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May measurement. Note again the change in the scale compared to the range used in Figure 14. 

 

 

 
Figure 15. Nyquist plot for 6-WB-304-2 rebar A, across five measurement dates. 

Nyquist plot for 1-STD1-Stelax-3 

Figure 16 shows the Nyquist plots for the three rebars embedded in 1-STD1-Stelax-3. Rebar C 

had an Icorr of 10.33 µA, nearly double that of rebars A and B, 5.9 µA and 6.38 µA, respectively. The 

curvature of the rebar C plot is greater than that observed on the other two rebars, with rebar B lying 

between C and A, reflecting the activity (Icorr) state of the three rebars. The end points shown here 

correspond to the same frequency. 
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Figure 16. Nyquist plot for rebars A, B, and C in sample 1-STD1-Stelax-3. 

Nyquist Plots for STD3-2304-5 

Rebars in sample STD3-2304-5 had among the lowest Icorr values, as shown in Error! Reference 

source not found.. Figure 17 shows the Nyquist plots for the three rebars for the readings made during 

June 2023. The range used for this figure is much greater than the ranges of any of the previous plots 

shown above, reflecting a much larger Rp, and therefore a lower Icorr. Figure 18 shows the Nyquist plots 

for seven EIS measurements on rebar A in STD3-2304-5. As seen in previous plots for single rebars, the 

Rs shifts between measurement dates, first to the left and then to the right, between 2000 and 1100 Ω. 

The larger Rs is due to the presence of Fly Ash as partial replacement of cement and lower w/cm ratio. 

Appendix C shows plots for the samples on which EIS testing was performed. In some cases, such as 1-

STD1-Stelax-3, EIS was run only once. 
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Figure 17. Nyquist plot for all rebars in sample STD3-2304-5, measured on the same date. 

 
Figure 18. Nyquist plot for STD3-2304-5 rebar A, across seven measurement dates.  
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Chapter 4. Discussion 
 

Icorr (from GP measurements) compared to icorr (from Gecor) 
 

Table 8 shows the average Icorr and icorr readings for each rebar as well as the ratio between the two. 

Gecor icorr readings are isolated to a specific area along the rebar while Icorr readings are taken across the 

entire length. Since the ratio between these two numbers is not consistent between rebars and samples, 

this implies that if corrosion is occurring, it is non-uniform. The difference is in part due to the Gecor 

guard ring and the GP tests not using such an arrangement. Regardless, this suggests that some regions 

of the rebar are more active than others. Icorr values derived by GP are typically at least 10 times greater 

than the current density measured by Gecor 8TM; however, GP Icorr values are not corrected for area, nor 

for the interrogated area confined, depending on the rebar diameter and the surface area of the rebar 

embedded under the reservoir. The rebar area is 92 cm2 (304SS) or 116 cm2 (all other rebar types), 

indicating that the icorr from GP would be smaller in most cases. In here, the larger Icorr values suggest 

that electrochemical activity is higher on a few rebars (values in bold) or that corrosion rate is higher on 

those rebars. 

 

Table 8. Icorr values calculated from GP and icorr values from Gecor 8 with ratio for each rebar. 

Sample Name  Rebar  Icorr by 

GP (µA) 

icorr by Gecor 

(µA/cm2) 

Icorr/icorr 

WB-304-1  A    6.52 0.49 14.06 

WB-304-1  B  11.77 0.58 21.36 

WB-304-1  C    6.23 0.61 10.68 

4-CCON-SMI-1  A    3.37 0.13 29.40 

4-CCON-SMI-1  B    2.84 0.11 28.97 

4-CCON-SMI-1  C  57.12 1.01 50.38 

USDB-SMI  A    8.09 0.47 16.03 

USDB-SMI  B    5.60 0.31 15.83 

USDB-SMI  C    6.55 0.28 24.04 

6-WB-304-1  A    4.35 0.34 13.18 

6-WB-304-1  B    5.07 0.41 12.50 

6-WB-304-1  C    5.04 0.42 12.22 

6-WB-304-2  A  31.62 0.86 34.67 

6-WB-304-2  B    8.44 0.45 18.78 

6-WB-304-2  C    6.52 0.44 14.70 

6-WB-304-3  A    5.38 0.36 15.47 

6-WB-304-3  B    9.91 0.49 18.58 

6-WB-304-3  C    6.54 0.50 13.31 

1-STD2-316-1 A    3.46 0.19 15.53 

1-STD2-316-1 B    3.14 0.14 21.55 

1-STD2-316-1 C    2.43 0.16 14.80 
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Table 8. Continued 

Sample Name  Rebar  Icorr by 

GP (µA) 

icorr by Gecor 

(µA/cm2) 

Icorr/icorr 

1-STD2-316-2  A    2.89 0.17 14.12 

1-STD2-316-2  B    1.94 0.13 14.20 

1-STD2-316-2  C    2.18 0.14 15.26 

1-STD1-316-1  A    3.22 0.24 13.30 

1-STD1-316-1  B    5.63 0.42 11.87 

1-STD1-316-1  C    5.51 0.49 11.09 

1-STD1-316-2 A    3.55 0.30 9.14 

1-STD1-316-2 B    2.97 0.17 12.36 

1-STD1-316-2 C    2.66 0.19 9.11 

1-STD1-Stelax-1  A    6.28 0.64 11.37 

1-STD1-Stelax-1  B    2.89 0.17 19.46 

1-STD1-Stelax-1  C    6.76 0.42 15.77 

1-STD1-Stelax-3  A    6.99 0.46 12.73 

1-STD1-Stelax-3  B    7.31 0.37 17.13 

1-STD1-Stelax-3  C  11.05 0.62 16.75 

2-PICK-316-2  A    6.39 0.28 21.59 

2-PICK-316-2  B    5.01 0.25 19.68 

2-PICK-316-2  C    3.70 0.19 18.82 

3-CCON-304-1 A    5.18 0.44 11.46 

3-CCON-304-1 B    6.10 0.49 11.76 

3-CCON-304-1 C    6.28 0.45 13.70 

5-STD1-2304  A    2.53 0.15 17.35 

5-STD1-2304  B    2.85 0.13 20.57 

5-STD1-2304  C    2.21 0.06 35.37 

6-STD1-304-1  A    4.28 0.57 7.39 

6-STD1-304-1  B    7.04 0.64 10.49 

6-STD1-304-1  C    5.85 0.54 11.05 

6-STD1-304-2  A    5.56 0.29 20.58 

6-STD1-304-2  B    6.90 0.66 10.35 

6-STD1-304-2  C    7.60 0.68 10.88 

6-STD2-304-2  A    9.78 0.86 11.89 

6-STD2-304-2  B    9.87 0.78 12.81 

6-STD2-304-2  C    8.12 0.81 9.99 

WB-304-2  A  10.23 0.46 24.74 

WB-304-2  B    8.13 0.56 14.94 

WB-304-2  C    6.71 0.46 15.64 
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Table 8. Continued 

Sample Name  Rebar  Icorr by 

GP (µA) 

icorr by Gecor 

(µA/cm2) 

Icorr/icorr 

STD3-2304-1 A    2.41 0.15 16.88 

STD3-2304-1 B    2.40 0.14 18.81 

STD3-2304-1 C    2.03 0.30 7.01 

STD3-2304-5 A    2.25 0.12 19.72 

STD3-2304-5 B    1.98 0.12 15.83 

STD3-2304-5 C    2.12 0.35 6.18 

 

EIS Icorr Compared to GP Icorr 

Table 9 shows the Icorr values calculated from GP and EIS Rp measurements. Rp values from EIS were 

obtained by either the Modified Randles and Stainless Steel equivalent circuits shown in Figure 8 and 

Figure 9, respectively. Based on EIS fittings, most rebars show low levels of corrosion. This is in 

agreement with GP measurements. The rebars with high electrochemical activity from the GP 

measurements also show high electrochemical activity from EIS readings, but somewhat lower values. 

 

Table 9. Icorr values for selected samples calculated with Rp values from GP and EIS. 

Sample Name Rebar GP Icorr 

(µA) 

Modified Randles Icorr 

(µA) 

SS Icorr (µA) 

4-CCON-SMI-1 A 3.37 < 0.01 < 0.01 

4-CCON-SMI-1 B 2.84 < 0.01 < 0.01 

4-CCON-SMI-1 C 57.12 36.61 0.18 

6-WB-304-2 A 31.62 11.60 14.38 

6-WB-304-2 B 8.44 < 0.01 < 0.01 

6-WB-304-2 C 6.52 < 0.01 < 0.01 

1-STD1-Stelax-3 A 6.99 < 0.01 < 0.01 

1-STD1-Stelax-3 B 7.31 < 0.01 < 0.01 

1-STD1-Stelax-3 C 11.05 < 0.01 < 0.01 

6-STD2-304-2 A 9.78 < 0.01 0.01 

6-STD2-304-2 B 9.87 < 0.01 1.61 

6-STD2-304-2 C 8.12 < 0.01 < 0.01 

 

EIS icorr Compared to Gecor icorr 

Table 10 shows the icorr values for rebars in the 4-CCON-SMI-1, 6-WB-304-2, 1-STD1-Stelax-3, 

and 6-STD1-304-2 samples, calculated by dividing the calculated corrosion current from EIS by the 

rebar area. The reservoir on sample 6-STD2-304-2 is placed lengthwise and so the length used to 

calculate the area is greater. For the Gecor 8 values, the area used by the machine is unknown. The table 

shows that icorr values calculated with EIS values are smaller than those given by the Gecor 8. Based on 

EIS fittings, the two most active rebars show lower levels of corrosion when compared to corresponding 

Gecor icorr values. 
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Table 10. Corrosion current density values for selected samples measured by Gecor 8 and calculated by 

EIS. Area for Gecor is not known. 

Sample Name Rebar Area 

(cm2) 

Gecor icorr 

(µA/cm2)* 

Modified Randles 

icorr (µA/cm2) 

SS icorr 

(µA/cm2) 

4-CCON-SMI-1 A 115.6 0.13 < 0.01 < 0.01 

4-CCON-SMI-1 B 115.6 0.11 < 0.01 < 0.01 

4-CCON-SMI-1 C 115.6 1.01 0.32 < 0.01 

6-WB-304-2 A 91.7 0.86 0.13 0.16 

6-WB-304-2 B 91.7 0.45 < 0.01 < 0.01 

6-WB-304-2 C 91.7 0.44 < 0.01 < 0.01 

1-STD1-Stelax-3 A 115.55 0.46 < 0.01 < 0.01 

1-STD1-Stelax-3 B 115.55 0.37 < 0.01 < 0.01 

1-STD1-Stelax-3 C 115.55 0.62 < 0.01 < 0.01 

6-STD2-304-2 A 99.7 0.86 < 0.01 < 0.01 

6-STD2-304-2 B 99.7 0.78 < 0.01 0.02 

6-STD2-304-2 C 99.7 0.81 < 0.01 < 0.01 

 

Cladding Break Model 

The rebars in USDB-SMI sample has intentional cladding breaks; corrosion current density values are 

given in Table 11. The area used to calculate the icorr is calculated based on the area and number of the 

exposed carbon steel portions along the surface of the rebar. The model used to determine the icorr from 

EIS measurements is shown in Figure 10. Based on EIS fitting, the cladding breaks in rebar B are 

corroding, but not in rebars A and C. 

 

Table 11. Corrosion current density values for sample USDB-SMI measured by Gecor 8 and claculated 

from GP and EIS measurements. 

Sample 

Name 

Rebar Area 

(cm2) 

GP icorr 

(µA/cm2) 

Gecor icorr 

(µA/cm2)* 

EIS SS w/ CB 

icorr (µA) 

USDB-SMI A 0.7 10.81 0.47 < 0.01 

USDB-SMI B 0.7 7.09 0.31 0.73 

USDB-SMI C 0.7 9.49 0.28 0.01 
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Chapter 5. Summary and Conclusions 
 

The results and discussion sections provide insight on how the corrosion propagated during the reported 

period. 

 

• Corrosion is not taking place on most CRA rebars, even though exposure has taken place for ~20 

years 

• 316SS rebars embedded in STD2 concrete mix and 2304 rebars embedded in STD3 concrete 

were found to be the least active. 

• Some of the rebars that were wired brushed (likely with carbon steel) show signs of activity. 

• One of the rebars in the CCON specimen shows corrosion. 

• Measurements with Galvanostatic Pulse, Gecor 8TM,  and EIS appear to be good methodologies 

to monitor rebars after prolonged exposure 
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Appendices 
Appendix A. Galvanostatic Pulse: OCP (vs SCE) and Icorr vs. time.  
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Figure 19. Icorr vs. time and OCP vs. time, 304SS specimens 
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Figure 20. Icorr vs. time and OCP vs. time, SMI Clad rebar specimens 
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Figure 21. Icorr vs. time and OCP vs. time, Stelax Clad rebar specimens 
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Figure 22. Icorr vs. time and OCP vs. time, 316SS rebar specimens 
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Figure 23. Icorr vs. time and OCP vs. time, 2304SS rebar specimens 
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Appendix B – Measurements with Gecor 8TM: OCP (vs CCS) and icorr vs. time  
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Figure 24. OCP vs. time and icorr vs. time, 304SS specimens 

 

 
 

Figure 25. OCP vs. time and icorr vs. time, SMI Clad specimens 
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Figure 26. OCP vs. time and icorr vs. time, Stelax Clad specimens 
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Figure 27. OCP vs. time and icorr vs. time, 316SS specimens. 
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Figure 28. OCP vs. time and icorr vs. time, 2304SS specimens 
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Appendix C – EIS Measurements over time (Fall 2022 to Fall 2023)   
 

 
Figure 29. EIS over time on sample WB-304-1 
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Figure 30. EIS over time on sample 6-WB-304-1 
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Figure 31. EIS over time on sample 6-WB-304-2 
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Figure 32. EIS over time on sample 4-CCON-SMI-1 
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Figure 33. EIS over time on sample 4-USDB-SMI 
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Figure 34. EIS over time on sample 1-STD1-Stelax-1 
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Figure 35. EIS measured on 06/27/2023 on sample 1-STD1-Stelax-3 
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Figure 36. EIS measured over time on sample 1-STD1-316-1 
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Figure 37. EIS measured on 06/27/2023 on sample 1-STD2-316-2 
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Figure 38. EIS measured over time on sample STD1-2304 
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Figure 39. EIS measured over time on sample STD3-2304-1 
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Figure 40. EIS measured over time on sample STD3-2304-5 

 


