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ABSTRACT 
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 Instrumented dry-cast reinforced concrete pipe (DC-RCP) specimens in which 

corrosion of the reinforcing steel had initiated were selected to accelerate the corrosion. 

Type C and type F DC-RCP were used. An anodic current density of various magnitudes 

(0.5 μA/cm2, 1 μA/cm2 and 2.5 μA/cm2) was applied during the corrosion propagation 

stage.  The specimens were placed in high humidity and selected specimens were later 

covered with wet sand. Selected specimens were terminated for visual examination and 

gravimetric analysis.  Typically, the reinforcement potentials during the accelerated 

corrosion period were more negative for F specimens compared to C specimens.  The C 

specimens experienced ~2× more corrosion than the F specimens. The accumulated 

corrosion products did not cause cracks. A method was developed that allows for modest 

corrosion acceleration during the corrosion propagation stage of DC-RCP.  
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1 INTRODUCTION 

 

1.1 Research Background 

 The Florida Department of Transportation (FDOT) and other DOTs in the United 

States have been using dry-cast reinforced concrete pipes (DC-RCP) as storm water 

drainage.  DC-RCP are commonly designed for a service life requirement of 100 years 

[1].  However, some of these pipes are located in close proximity to the ocean where the 

soil could contain a significant chloride concentration leading to a shorter time to 

corrosion initiation of the steel reinforcement once the chloride threshold is exceeded [2].  

DC-RCP are prepared with a low water to cement ratio (0.30 to 0.35).  However, the 

curing process usually results in a concrete with a high degree of absorption [3].  

Concrete with a high porosity typically results in concrete with high diffusivity allowing 

the chlorides to diffuse at a faster rate [4]. 

 The service life of DC-RCP is subdivided into two stages:  an initiation stage and 

a propagation stage.  The initiation stage is controlled by properties of the concrete and 

the activating substances, in this case chloride ions, penetrating to the steel.  Concrete has 

a highly alkaline environment (pH 12-13) resulting in the formation of a dense, metal 

oxide film (passive film) on the steel rebar surface keeping the corrosion rate negligible.  

However, concrete is a porous material which allows chloride ions to migrate via 

capillary absorption (if the concrete is exposed to wet and dry cycles) and diffusion [3].  

Once the chloride ions reach a “critical threshold value” (CT), the steel’s passive film will 
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breakdown and the corrosion of the steel will initiate if sufficient oxygen is present [2].  

During the propagation stage, corrosion products are produced and expand as they absorb 

water generating tensile stresses in the pores of concrete leading to the cracking and 

spalling of concrete.  A schematic representation of Tutti’s service life model can be seen 

in figure 1 [5].   

 

Figure 1 - Service life prediction model for reinforced concrete (Tuutti, 1982) 

 Investigations on chloride-induced corrosion of the steel rebar in concrete has 

been well documented for the initiation stage [3] [6] [7] [8] [9].  However, the 

propagation stage is still not well understood.  During the propagation stage, the concrete 

of DC-RCP is located in a high moisture state and/or exposed to low oxygen 

concentration at the rebar depending on the exposure location.  DC-RCP’s durability and 

service life in aggressive environments during the propagation stage is of great concern.  

The focus of this study is to better understand the mechanism of corrosion propagation in 

D-C-RCPs containing 20% fly ash as cementitious replacement and is denoted as type F, 

and ordinary Portland cement concrete denoted as type C.  Also, to identify the factors 

that affect the corrosion propagation of instrumented specimens, and provide knowledge 
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of the corrosion propagation phase of steel in concrete.  Electrochemical techniques such 

as corrosion potential, linear polarization resistance and electrochemical impedance 

spectroscopy will be used to monitor the corrosion condition of the steel during the 

propagation stage.  Gravimetric weight loss and visual inspections of the rebar will be 

performed to compare to electrochemical results and to quantify the mechanism of 

corrosion of the steel.   

 

1.2 Research Objectives 

The main objectives of this study include:  

1. Implement methods to accelerate the corrosion propagation of the steel rebar in 

concrete in a short period of time, but at a modest corrosion rate. 

2. To understand the mechanism of corrosion propagation in dry-cast reinforced 

concrete pipes. 

3. To identify the intrinsic and extrinsic factors that affects the corrosion propagation. 

4. To provide supportive information on the propagation stage for the service life of D-

C-RCPs. 
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2 LITERATURE REVIEW 

 

2.1 Reinforced Concrete Pipes 

 Reinforced concrete pipes are identified by the manufacturing method used.  The 

two types are dry-cast reinforced pipes and wet-cast reinforced pipes.   

 For wet cast reinforced concrete pipes, an intermediate water to cement ratio is 

prepared.  The inner and outer concentric molds are most commonly mounted in a 

vertical position.  The inner form is used to direct the concrete mix into the space 

between the molds and the reinforcement.  As the concrete flows into the mold, the inner 

core vibrates to allow for compaction of the material.  The molds are removed and the 

pipes are immersed in a water tank, covered with a water saturated material, or a set of 

perforated water tubes are used for further wet curing processing.  The curing process 

typically takes 2-4 weeks, or less depending on if the pipe passes the specified D-load test 

as stated in ASTM C 76-08a [3] [10]. 

 Dry cast reinforced concrete pipes are prepared with a relatively low water to 

cement ratio.  Some of the commonly used manufacturing methods include packerhead 

method, Pedershaab method, Hawkeye method, and Sherman-Dixie Schlusselbauer Exact 

2500 [11] [12] [13].  Regardless of the method, concrete is poured between the inner and 

outer concentric molds filling in the space around the reinforcement.  The inner core 

vibrates by an electro hydraulic actuator to take care of the compaction between the 

molds.  After compaction and forming of the pipe, the molds are removed immediately 
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and covered to avoid evaporation of the water of the concrete during the curing process.  

The mold forms are commonly kept in the vertical, or horizontal position and the DC-

RCP are cured by steam in a temperature (65-80°C) controlled room for 12 hours.  When 

the pipes are cured they are transported to the open yard and kept ready for use [3].  The 

D-C-RCP also must pass the specified D-load as stated in ASTM C 76-08a.  The DC-

RCPs are the focus in this research. 

 

2.2 Corrosion 

 Corrosion is the process by which a refined metal reverts back to its natural ore 

state by an oxidation reaction with the non-metallic environment (e.g. oxygen and water).  

Corrosion is an electrochemical reaction where electrons are created at the corroding 

anode and consumed at the protected cathode.  The electrochemical reaction (transfer of 

electrons) is governed by the principles of thermodynamics (change in Gibb’s free 

energy) and reaction kinetics [9] [14].  For steel in concrete, corrosion is a combination 

of electrochemical and chemical processes as discussed below. 

 

2.2.1 Corrosion Process 

 For unprotected metallic materials, corrosion can occur in the presence of a tiny 

amount of electrolyte.  The electrolyte transports the electrons from a higher energy site 

(anode) to a lower energy site (cathode) initiating and sustaining corrosion.  The 

electrochemical reaction tends to occur at the electrode/electrolyte interface.  The anode 

has a lower electron affinity and is said to be undergoing an oxidation reaction.  This 

process can be described according to 
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M → M𝑛+ + n𝑒− 

where metal M becomes an n+ positively charged ion and in the process loses its n 

valence electrons.  The electrons generated from the oxidation reaction must be 

consumed by another chemical species in what is called a reduction reaction.  The 

location at which reduction occurs is called the cathode which possesses a higher electron 

affinity.  This process can be described by 

X𝑛+ + n𝑒− → X 

where X𝑛+ is a metal ion, or solution ion consuming n𝑒−electrons to produce a neutral 

metallic state, or gas.  The process is schematically described in figure 2.  The diagram 

shows that the metal ion dissolves into the electrolyte completing the ionic path, but the

 

Figure 2 - Schematic representation of oxidation and reduction reactions. 

free electrons contribute to a current flow between the anodic and cathodic sites.  The 

degree of these reactions depends upon the environment and metals involved.  However, 

some important reactions that commonly occur can be seen below. 

2H+ + 2𝑒− → H2 (hydrogen reduction in acid solutions) 

O2 + 4H+ + 4𝑒− → H2O (acid solution having dissolved oxygen reduction) 

O2 + 2H2O + 4𝑒− → 4(OH−) (neutral or basic solution with dissolved oxygen reduction) 
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M𝑛+ + 𝑒− → M(𝑛−1)+ (metal ion reduction) 

M𝑛+ + n𝑒− → M (metal ion deposition) 

An overall electrochemical reaction must consist of at least one oxidation and one 

reduction reaction, and will be the sum of them.  That is, all electrons generated from 

oxidation must be consumed by reduction to balance the reactions [15].   

 

2.2.2 Corrosion of Steel in Concrete 

 Concrete is a composite material made up of coarse and fine aggregates 

embedded in a matrix of hardened hydrated Portland cement.  Concrete contains 

microscopic pores with high concentrations of soluble calcium, sodium and potassium 

oxides.  These oxides form hydroxides when water is added providing a high alkaline 

environment.  The alkaline condition leads to a passive layer forming on the steel’s 

surface preventing further corrosion of steel.  However, when the steel is exposed to 

carbon dioxide or chlorides, the passive layer begins to break down then areas of 

corrosion can develop.  Once the chloride content at the surface of the steel reaches a CT, 

the passive layer breaks down and corrosion initiates.  The electrochemical process of   

 

Figure 3 - Schematic representation of corrosion of steel in concrete. 
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steel reinforcement is described schematically in figure 3.  When the steel begins to 

corrode, the corrosion products Fe2+ dissolve into the concrete’s pore water and give up 

electrons that react with water increasing the acidity at the anode: 

Fe → Fe2+ + 2𝑒− (anodic reaction) 

Fe2+ + H2O → Fe(OH)2 + 2H+ (iron ions react with water to produce acidity) 

The two electrons must then be consumed by another chemical reaction.  This reaction is 

the reduction of oxygen which increases the alkalinity at the cathode: 

4𝑒− + 2H2O + O2 → 4OH− (cathodic reaction) 

The increase in alkalinity strengthens the passive layer, warding off the effects of 

chloride ions at the cathode.  The concrete pore solution will act as the electrolytic path 

for ionic conduction between the two reaction sites.  The steel itself provides the 

electrical path for electron conduction from anodic sites to the cathodic sites.  Note that 

these four requirements must be met for corrosion to occur [9] [16]. 

 

2.3 Factors Affecting Corrosion Propagation 

 The factors that affect corrosion propagation of steel in concrete include: 

supplementary cementitious materials, degree of saturation, cyclic wetting and drying, 

concrete resistivity, availability of water, availability of oxygen (the last three parameters 

both in the concrete and in the surrounding soil), the corrosion rate, and exposure 

conditions [17].  The pore solution is different for each concrete type.  It influences the 

conductivity of the concrete and the corrosion process.  Resistivity of the concrete can aid 

in limiting the corrosion rate of steel by affecting the ionic current flow in the pore 

solution.  Concrete resistance is directly influenced by w/c, moisture content, and the 
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presence of admixtures such as fly ash.  Typically, fly ash reduces the porosity with time 

as hydration and the pozzolanic reaction progresses.  Much research has demonstrated 

that the corrosion rate of steel is highest when the relative humidity (RH) ranges from 

70% to 95%, i.e. under conditions where plenty of oxygen is available and for a given 

intrinsic resistivity [18] [19] [20].  Higher porosity and larger pore sizes leads to more 

severe corrosion of the steel which can facilitate the ingress of chloride ions.  The 

porosity is dependent upon the amount of cement, water and admixtures, such as Fly Ash, 

combined into the mix [21].  The corrosion rate of submerged or fully saturated 

reinforced concrete has been shown to be lower than atmospherically exposed reinforced 

concrete due to the low concentration of oxygen available.  Research performed by 

Hussain proved this concept showing 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 thick concrete cover and low w/c ratio [22] [23] [24].  

These factors will be taken into consideration when performing the analysis and 

conclusion of the results obtained from the electrochemical measurements, and the visual 

inspections. 

 

2.4 Electrochemical Measurements 

 Several electrochemical methods will be discussed in this section including half-

cell potential, depolarization off potential, Linear Polarization Resistance, 

Electrochemical Impedance Spectroscopy, and gravimetric weight loss.  These methods 

have been used in analyzing the corrosion condition and corrosion rate of the reinforcing 

steel. 
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2.4.1 Half-cell Potential 

 All metals have corrosion potentials (Ecorr) which is a combination of two half-

cells.  Ecorr represents the potential value when the rates of the anodic and cathodic 

processes are in equilibrium.  A metal’s half-cell potential can be measured using a 

reference electrode and a high impedance (>10 MΩ) voltmeter.  A reference electrode is 

stable and has a well-known potential.  If we connect a reference electrode to another 

metal, there will be a potential difference between the two half-cells.  A potential 

difference is measured because of the different positions of the two metals in the 

electrochemical series.  A difference in voltage can also occur due to differences in the 

concentration of the solution.  Also, the surface of a metal is not homogenous so there 

can be small differences in metallic properties that can create a small voltage drop in the 

same metal.  Half potentials of steel in concrete are evaluated according to ASTM C867 

criteria seen below in table 1.  Half-cell potentials can be misleading because very 

negative potentials are not always indicative of severe corrosion.   

Table 1 - ASTM C867 criteria for evaluating half-cell potentials of steel in concrete. 

Copper/copper 

sulphate 

Silver/silver 

chloride/ 4M 

KCl 

Standard 

hydrogen 

electrode 

Calomel Corrosion condition 

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

corrosion) 

-200 to -350 

mV 

-106 to -256 

mV 

+116 to -34 

mV 

-126 to -276 

mV 

Intermediate 

corrosion risk 

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

corrosion) 

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

Very negative potentials can be found in water saturated environments where there is 

little to no oxygen present [5].  Half-cell potentials measure the thermodynamics of 
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corrosion, not the corrosion rate.  It is based on these principles that half-cell potential 

measurements are used to give an indication of the corrosion risk of the steel [9] [16]. 

 

2.4.2 Linear Polarization Resistance (LPR) 

 Linear polarization resistance (LPR) is a direct current technique that is used to 

estimate the instantaneous corrosion rate of steel embedded in concrete.  At the Ecorr, the 

anodic and cathodic currents are equal in magnitude.  A potentiostat is used to polarize 

the potential away from Ecorr and the resulting current is measured defining the 

polarization resistance, Rp.  This can be seen by Stearn and Geary’s relationship: 

∆𝐸

∆𝑖
|

𝑖=0
= 𝑅𝑝 or Icorr = 

𝛽

𝑅𝑝
 

where ΔE is E - Ecorr (E is the applied potential), i is the resulting current, Icorr is the 

corrosion rate current, and β is a constant with a typical value of 26 mV for actively 

corroding steel.  The LPR technique requires a slow scan rate of about 0.1 mV/s.  The 

current is approximately linear within ± 5 to 10 mV of Ecorr, as seen in figure 4.   
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Figure 4 - Schematic example of the linear polarization resistance technique [25]. 

The slope of this plot is ΔE/Δi.  When determining from a tangent to the E-i curve at Ecorr 

in figure 4, it defines the polarization resistance [16] [26].  Note that the LPR method 

includes the solution resistance which is accounted for in the EIS test, or using a soil 

resistance meter.  

 Although the LPR technique provides a quick estimate of the instantaneous 

corrosion rate, it has two major limitations that need to be considered.  First, the detected 

instantaneous corrosion rate can change with temperature, relative humidity, and other 

factors after a measurement is completed.  Second, the area of the anode is either 

assumed, or it is defined which can lead to errors of 10 to 100 in the estimated area of 

measurement especially at low corrosion rates and presence of pitting [9]. 

 

2.4.3 Electrochemical Impedance Spectroscopy (EIS) 

 Electrochemical impedance spectroscopy (EIS) is an alternating current technique 

that can provide accurate, error-free kinetic and mechanistic information using a variety 
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of techniques and output formats.  EIS offers some advantages over the LPR technique.  

Besides using a very small excitation amplitudes in the range of 5 to 10 mV like the LPR 

method, EIS can provide mechanistic information about both electrode capacitance and 

charge-transfer kinetics.  Measurement accuracy is improved because EIS allows you to 

make measurements in low conductivity solutions.  Lastly, EIS results can be fit to an 

equivalent electronic circuit model with electrical components representing the physical 

phenomena of the corroding system [27].   

 EIS uses the concept of electrical impedance which measures real and imaginary 

resistances at different frequencies.  The EIS test applies a small excitation voltage signal 

at varying frequencies and then the resulting current is measured.  Impedance is defined 

by the following equation 

Z = 
𝐸𝑜 sin(𝜔𝑡)

𝐼𝑜 sin(𝜔𝑡+∅)
 = Zo

sin(𝜔𝑡)

sin(𝜔𝑡+∅)
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where Eo is the amplitude of the voltage signal, Io is the amplitude of the current 

response, Zo is the magnitude of the impedance signal, ∅ is the phase angle shift, and ω is 

the radial frequency defined as ω = 2πf.  The frequency is f expressed in Hz.  Typical 

representation of impedance data is plotted in a Nyquist plot and Bode plot as seen in 

figure 5.  The diameter of the semicircle is said to be the polarization resistance of the 

steel and the point on the left side of the semicircle where it intersects with the real axis is 

said to be the solution resistance.  Equivalent circuit components commonly used in 

fitting impedance data include the resistor, capacitor, and inductor.  Table 2 lists the 

common electrical elements with their physical equations and impedance [28].   

Table 2 - Common electrical elements used to model impedance data 

 

Figure 5 - (a) Nyquist plot with impedance vector; (b) Bode plot with one time constant 
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 An equivalent circuit commonly used to describe the corrosion of steel in concrete 

is called a constant phase element (CPE).  The CPE circuit is widely used in data fitting 

to allow for depressed semicircles which is caused by microscopic roughness, causing an 

inhomogeneous distribution in the solution resistance as well as in the double-layer 

capacitance [29] [30].   After sufficient corrosion has taken place, the concrete pores start 

to fill with the corrosion products, and thus a transmission line model may be needed to 

fit the impedance data.  Refer to section 3.4.3 for a more detailed explanation.  The 

measured EIS corrosion rate will be compared to the LPR measured corrosion rate to 

better monitor the corrosion rate of the reinforcing steel. 

 

2.5 Corrosion Rate 

 The corrosion rate of the steel reinforcement can be accurately estimated to a 

certain degree by using the results from the polarization resistance of the steel measured 

from the LPR and EIS tests.  The Icorr can be calculated from Stearn and Geary’s 

relationship shown in section 2.4.2.  Once the Icorr is known, the accumulated charge 

 (Q= Icorr*t) can be calculated over the total exposure time.  Using Faraday’s law, the 

metal loss can be calculated:   

m = 
𝐴𝑄

𝑧𝐹
 

where m is the mass of the steel consumed (grams), Q is the charge in coulombs, F is 

96,500 coulombs, z is the ionic charge (2 for Fe → Fe2+ + 2e-) and A is the atomic weight 

of the metal (56 g for Fe) [9].  The measured apparent mass loss from LPR and EIS will 



16 

be compared to gravimetric weight loss measurements to assess the accuracy of the 

accelerated corrosion testing. 

 

2.6 Accelerated Corrosion Testing 

 Since corrosion of the steel reinforcement can take many years, it is necessary to 

implement an accelerated corrosion test to shorten the time to corrosion initiation and to 

accelerate the corrosion during the propagation stage in order to provide useful results in 

a realistic timeframe.  Samples exposed to an electric field between the steel 

reinforcement and a stable counter electrode (titanium mesh or copper) has been 

previously used to accelerate the corrosion rate and the transport of chloride ions towards 

(in some cases the concrete is cast with chlorides) the steel [3] [31] [32] [33].  This 

method was found to be extremely effective at initiating the corrosion of steel in as little 

as a month compared to the natural corrosion initiation of steel in concrete which can be 

several years.  Previous methods involve either pre-cracking the concrete to allow 

chlorides to reach the steel faster, or a crack is generated after a short period of time due 

to the large current being applied during testing.  However, the application of an electric 

field to accelerate the corrosion of steel has been validated with traditional non-

accelerated methods so the results are reliable.  It has been mentioned that once corrosion 

of the steel has initiated, the rebar corrosion is a function of oxygen availability (only if 

the concrete is fully saturated), i.e. corrosion rates are calculated via the oxygen diffusion 

rate through the concrete cover.  Although oxygen is needed for corrosion to occur 

factors such as concrete resistivity, concrete humidity, Cl-/OH- ratio and temperature play 

an important role during the propagation stage [34] [35].  The main difference to previous 
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accelerated corrosion tests is that this study focuses on accelerating the corrosion of the 

steel reinforcement via a small electric field, but during the propagation stage.  A small 

current will be applied compared to the previous work [32] [33] to prevent a fast 

accumulation of the corrosion products that could otherwise cause the concrete to 

prematurely crack during the propagation stage. 
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3 APPROACH 

 

 This section describes the theoretical, experimental and numerical approach that 

will be used in this study, including the background theory where necessary.  The 

materials, instrumentation of specimens for accelerated chloride transportation, exposure 

environments and corrosion monitoring techniques used during the initiation and 

corrosion propagation stage are detailed below.  Note the primary concern of this project 

is the corrosion propagation stage, therefore, how corrosion initiated will only be briefly 

covered. 

 

3.1 Materials and Instrumentation of Specimens 

3.1.1 Materials 

 The dry-cast reinforced concrete pipes were supplied by FDOT.  The pipes 

measured 24 inches in diameter and 60 inches in length.  The DC-RCPs were placed in 

FDOT’s outdoor yard for 3 years at SMO-FDOT after being casted.  The DC-RCPs were 

transported from SMO-FDOT in Gainesville to FAU’s Dania Beach campus, Seatech, 

where they were placed outside on a wooden pallet before segmentation.  FDOT provided 

two different types of DC-RCPs.  One type of DC-RCP contained only Ordinary Portland 

cement as the cementitious material and is labeled as type C.  The second type of DC-

RCP contained 20% fly ash and was labeled as type F.  Below in table 3 are the concrete 

compositions of type C and F.  This information was provided by the manufacturer. 
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Table 3 - Composition of concrete type C and F. 

Material Type C Type F Unit 

Cement 590 391 lb/𝑦𝑑3 

Fly Ash 0 103 lb/𝑦𝑑3 

Sand 1896 1689 lb/𝑦𝑑3 

Stone 1300 1773 lb/𝑦𝑑3 

Water 29 16 gal/𝑦𝑑3 

W/c 0.40 0.34 n/a 

 

 Various tests were carried out to characterize the extrinsic and intrinsic properties 

of both concrete types.  ASTM 642-01 25 was used to determine the porosity of each 

concrete type.  A modified rapid chloride migration test (NT  BUILD 492) was 

implemented to obtain the non-steady-state chloride migration coefficients on concrete 

cores of 5 cm in diameter.  Concrete resistivity was measured on water saturated cores.  

The concrete cover was also measured.  The concrete cover is the distance from the 

inside curvature of the specimen to the exposed reinforcement.  These measurements 

were carried out on all the longitudinal and circumferential directions using a caliper.  

The results can be seen in the following reference [3].   

 

3.1.2 Segmentation 

 The type C and type F concrete pipes were cut down to smaller rings, more 

experimental friendly size then segmented at 30°, 45º and 60º.  Figure 6 displays the 

dimensions for cutting each pipe to 41 to 41.25 inches from the non-experimental side.  

The concrete pipes were wet-cut with a heavy duty hand saw equipped with a blade 

designed to cut through concrete and the steel reinforcements.  After the test side was cut 
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from each pipe it was sectioned at 30°, 45º and 60º as shown in figure 7.  The test pieces 

were segmented in order to have two cuts for each angle.  The reason for segmenting the 

 

Figure 6 - The dimensions for which the concrete pipes are to be cut. 

 

Figure 7 - The angles at which the test piece is segmented. 

test pieces at different angles is to end up with one, two and three longitudinal steel 

reinforcements for the test, i.e. 30° will have one bar, 45° will have two bars and 60° 

primarily will have 3 bars.  Also, this will allow the corrosion process of steel to be 

studied with different cathodic and anodic areas.  For each specimen, only a portion of 

one of the longitudinal reinforcement rebars was subjected to ponding with chloride 

solution (see section 3.1.4).  Each specimen was labeled with a C or F to indicate 

concrete type and a number corresponding to where the segment came from relative to 
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the cut (labeled clockwise), i.e. the base segment from the fly ash concrete is labeled F0.  

Before the specimens were instrumented, the exposed steel reinforcement for each 

specimen was checked for electrical continuity with all other longitudinal and transverse 

steel reinforcements in the specimen.  This was verified by using a multimeter set to the 

Ω (ohm) setting then placing one needle probe on the exposed steel reinforcement and 

touching the rest of the steel reinforcements in the specimen with the other needle.  All 

the specimen’s exposed reinforcements were found to be continuous. 

 

3.1.3 Electrical Connection 

The electrical connection was accomplished by installing a stainless steel screw on the 

specified reinforcement.  This was done by locating the center of the steel reinforcement 

using a die to indent the reinforcement and then drilling a ~1/2 inch into that 

reinforcement as shown in figure 8.  Alligator clips were used to connect to the exposed 

stainless steel screw. 

 

Figure 8 - Electrical installation on exposed steel reinforcement. 
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3.1.4 Reservoir Construction 

 The ponding setup was installed on the inner curvature of the specimen over the 

selected reinforcement where the stainless steel screw was installed.  The ponding setup 

was constructed of plexiglass and was held together by a marine silicone sealant.  The 

specific dimensions of the reservoir were 2.5 inches wide, 6 inches long and 2 inches 

high.  The ponding setup and installation can be seen in figure 9. 

 

Figure 9 - Reservoir construction and installation for ponding setup. 

 

3.2 Experimental Setups for Accelerated Chloride Transport  

 Two approaches were used to shorten the time to corrosion initiation on the DC-

RCPs instrumented specimens.  Both accelerated chloride methods used the 

reinforcement directly as the working electrode with a counter electrode placed in the 

solution reservoir.  The two methods are called: potentiostatic and galvanostatic and are 

described below.  The latter method was also used to accelerate corrosion during the 

corrosion propagation stage.  Both of these methods generate an electric field between the 

counter electrode in the solution reservoir and the steel reinforcement to cause the 
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chlorides to migrate towards the reinforcement at a faster rate than natural diffusion.  

Chloride transport is also occurring due to natural diffusion through the concrete pores, 

but at a smaller rate.  During the initiation stage, the accelerated chloride transport 

methods were performed under laboratory environmental conditions (i.e. room 

temperature 72 °F and relative humidity of 70%).  During the propagation stage a smaller 

anodic current was applied via a galvanostat which produced a significantly smaller 

electric field, but allowed for small additional amount of chlorides to be transported via 

migration.  The specimens were placed in a high humidity chamber during the corrosion 

propagation stage.  Selected specimens were later chosen to be covered with saturated 

sand.  

 

3.2.1 Potentiostatic (Corrosion Initiation) 

 The potentiostatic method can be seen in figure 10.  The reservoir solution was 

15% NaCl.  The potentiostat was at +2 V for F specimens and +3 V for C specimens.   

The off potential was monitored periodically.  Once the off potential of a specimen 

measured was -250 mVsce (or more negative) within 24 hours, the specimen was declared 

active and the potential hold to accelerate the chloride transport was suspended.  The 

specimens under this accelerated chloride transport for corrosion initiation include F3 and 

C4.  After suspension of the potential hold, F3 remained in a laboratory environment for 

301 days and C4 94 days.  During that time, natural corrosion propagation occurred. 
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Figure 10 - Potentiostatic method setup for corrosion initiation. 

3.2.2 Galvanostatic (Corrosion Initiation) 

 The galvanostatic method can be seen in figure 11.  The reservoir solution was 

3,400 ppm of chloride ions.  The reinforcement was anodically polarized by applying a 

constant current of 1.5 mA.  The off potential was monitored periodically.  Once the off 

potential of a specimen measured was -250 mVsce (or more negative) within 24 hours, the 

specimen was declared active and the current to accelerate the chloride transport was 

suspended.  The specimens that were later subjected to accelerated corrosion during the 

propagation stage include F7, F16, F17, F18, F19, F20, F23, C6, C7 and C10.  After 

suspension of the current, specimen F7 remained exposed in a laboratory environment for 

440 days where all other F specimens were ~244 days.  Similarly, specimen C7 remained 

in a laboratory environment for  318 days where all other C specimens were ~89 days.  

During that time, natural corrosion propagation occurred. 
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Figure 11 - Galvanostatic method for corrosion initiation. 

 

3.2.3 Accelerated Corrosion (Corrosion Propagation) 

 Selected specimens were selected for accelerating the corrosion via a galvanostat.  

During the propagation stage, the foregoing specimens were placed in a high humidity 

environment for 7 days before the steel reinforcement was anodically polarized via a six 

multichannel galvanostat.  The setup was the same as during corrosion initiation, but the 

current varied and the chloride ion concentration in the solution reservoir was 10,150 

ppm.  Initially, the current applied was set at 25 μA  during the propagation stage, for all 

specimens and later increased for select specimens (F7, F20, C4 and C6) after 56 days to 

50 μA.  After 112 days, the same specimen’s currents were increased to 125 μA whereas 

the remaining specimens were increased to 50 μA.  The current magnitude was selected 

assuming the top half of the rebar area under the ponding to be actively corroding.  The 

estimated area under the ponding for F specimens is 47 cm2 and for C specimens is 66 

cm2, but the actual corroding area was unknown at this point.  The intent was to apply a 

current density by a factor of 0.5, 1 and 2 times the estimated area under the ponding, i.e. 
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25 μA would be ~0.5μA/cm2, 50 μA would be ~1 μA/cm2 and 125 μA would be 

~2μA/cm2.  The applied current in addition to the natural corrosion rate is intended to 

simulate higher corrosion rates that could be experienced in the field.  The current 

calculations are for an ideal situation and does not take into account the resistance of the 

medium between the steel reinforcement and counter electrode.  Autopsy was carried out 

on selected specimens after 510 days and 565 days after corrosion initiation.  Results 

revealed that corrosion not only occurred on the top of the rebar, but on the sides and 

bottom too, but not uniformly (i.e., it was localized but spread).  The current application 

versus time can be seen in figure 12.  Every two weeks, the specimens were disconnected 

to perform depolarization tests (DP, potential after 0, 5, 15, 30, and 240 minutes after 

disconnection), linear polarization resistance (LPR), and electrochemical impedance 

spectroscopy (EIS) measurements.  A picture of the galvanostatic method during the 

corrosion propagation stage can be seen in figure 13.  Note that specimens F3 and C7 

were not under accelerated chloride transport during corrosion propagation. 
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Figure 12 - Current application during corrosion propagation stage. 

 

Figure 13 - Galvanostatic method during corrosion propagation stage. 

 

3.2.3.1 Periodic Anodic Polarization via Constant Current Application 

 For this research,  it was decided to apply a current density by a factor of 0.5, 1 

and 2 times the estimated area under the ponding, i.e. 25 μA would be ~0.5μA/cm2, 50 

μA would be ~1 μA/cm2 and 125 μA would be ~2μA/cm2, assuming that the entire area 
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of the steel under the reservoir was undergoing corrosion.  The polarization was 

configured in a way so the steel reinforcement was polarized anodically, i.e. the steel’s 

potential will be shifted to a more positive value.  A schematic representation of the 

accelerated corrosion setup can be seen in figure 14.  Anodic polarization can rapidly 

give the judgment about the system whether the steel is in the passive condition, or  

 

Figure 14 - Schematic diagram of the accelerated corrosion test setup. 

active condition [36].  The polarization performs two tasks: increasing the anodic 

reaction rate (this is the primary task) and to a small extent chloride migration towards 

the steel reinforcement (due to the small applied electric field).  Note that these processes 

are dependent upon the magnitude of current applied.  The galvanostatic step (the above 

mentioned current magnitudes) was applied cyclically: typically 11 days on and then 

disconnected for 3 days.  During the disconnected days, the steel depolarizes (similar to 

what occurs during a cathodic depolarization) in this case towards more negative values, 

to a new natural corrosion potential.   

 A method, similar to that used during cathodic depolarization test, is used to 

assess the magnitude of the depolarization as it applies the corrosion state of the steel 

reinforcement.  Figure 15 illustrates a plot of potential change with time during a current 

interruption for a specimen polarized anodically.  Due to a voltage drop seen at point A, 
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the potential change with time subsequent to current interruption is initially rapid.  Error 

can occur in identification of the actual instant-off potential.  Normally a time period of 4 

hours is allowed to establish the new 𝛷𝑐𝑜𝑟𝑟 of the metal, but for high moisture conditions 

this could take longer.  

 

Figure 15 - Schematic illustration of depolarization potential vs, time after disconnection. 

 

3.3 Experimental Setup During Study of Corrosion Propagation 

 This section details the environment the specimens were exposed to during the 

accelerated corrosion (to shorten the corrosion propagation stage).  During the 

accelerated corrosion, the DC-RCPs were subjected to a high humidity environment and 

after 168 days, selected specimens were covered with saturated sand.  These conditions 

are intended to replicate what is experienced in the field by depleting the oxygen and 

allowing the concrete to saturate around the steel reinforcement.  Refer to section 4.2 for 

each specimen’s exposure environment and time period.   

 

A 
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3.3.1 Laboratory Humidity 

 After corrosion initiated and the electric field suspended, all specimens remained 

inside FAU’s corrosion laboratory before being placed in high humidity.  The 

temperature (~72º F) and humidity (~65%) were constant for the exposure period defined 

in section 4.2.  A picture of the specimens in the laboratory environment can be seen in 

figure 16. 

 

Figure 16 - Specimens in laboratory environment. 

 

3.3.2 High Humidity Container 

 The high humidity condition was achieved by filling the bottom of transparent 

plastic container with water up to 0.25 inches.  A plastic rack was placed underneath the 

specimen to avoid fully saturating the bottom of the specimen.  Additional water was 

sprayed on top of the specimens two times per week while momentarily remaining open.  

The high humidity chamber can be seen in figure 17. 
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Figure 17 - HDPE high humidity environmental chamber. 

 

3.3.3 Specimens Covered with Saturated Sand 

 The chloride-free sand was of the type commonly used in playgrounds.  Before 

covering the specimens with sand, the sand was saturated with tap water.  Two specimens 

of each type were moved from the high humidity plastic container to a similar plastic 

container and covered with saturated sand in the horizontal direction.  The bottom of the 

container was filled with the saturated sand up to once inch to ensure the entire specimen 

was surrounded by the saturated sand.  Plumbers putty was used to seal the connection 

and exposed and the exposed reinforcement from the environment.  The specimens were 

sprayed twice per week to maintain saturation.  A picture of this setup can be seen in 

figure 18. 
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Figure 18 - Specimens submerged in saturated sand. 

 

3.4 Electrochemical Measurements 

3.4.1 Corrosion Potentials 

 Corrosion potential measurements were recorded every two weeks to monitor the 

condition of the steel rebar. The measurements were taken vs. a saturated calomel 

electrode (SCE) with a high impedance (>10^8 Ω) multimeter. The SCE was connected 

to the negative terminal of the multimeter and the working electrode (steel rebar) was 

connected to the positive terminal of the multimeter. This can be seen in figure 19.  The 

on potential Von was periodically measured.  Upon removing the current, the off 

potential, V1off, was recorded about 5-10 seconds after disconnecting.  Four more 

measurements of the off potential were recorded: 5, 15, 30, and 240 minutes after 

disconnection (V2off, V3off, V4off, and V5off).  Then 2-3 days after disconnection, a new 

corrosion potential was measured after the steel’s potential had additional time to 

stabilize before running LPR and EIS tests. 
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Figure 19 - Measuring half-cell potentials with a SCE and multimeter. 

 

3.4.2 Linear Polarization Resistance (LPR) and Electrochemical Impedance 

Spectroscopy (EIS) 

 The measurements were performed two to three days after disconnection to allow 

for the rebar to depolarize and reach a stable potential.  After disconnecting the 

specimens, linear polarization resistance (LPR) and electrochemical impedance 

spectroscopy (EIS) were performed using a Gamry Reference 600 potentiostat.  

 The measured LPR value was labeled as “Rp_app”.  The Rp_app contains the 

solution resistance of the system.  The LPR test was performed using a scan rate of 0.1 

mV/sec starting 15 mV below the open-circuit potential and stopping at the initial open-

circuit potential. 

 The solution resistance Rs was measured via EIS.  The magnitude of the 

impedance at a frequency of approximately 60 Hz (the power supply frequency) was 

assumed to be the Rs of the system in order to reduce possible errors in the measurement.  
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Initially, the frequencies measured ranged from 1 kHz to 7 Hz.  After 56 days of 

exposure, the frequencies measured ranged from 300 Hz to 1 mHz in order to collect data 

at lower frequencies to better fit an equivalent circuit to the electrochemical process 

taking place.  

 The LPR values shown in the results section are the Rp_app minus Rs (Rc_LPR).  

An area of 1 cm2 was assumed during these tests since the actual corroding area was not 

known prior.  Analysis of the EIS data was performed in Gamry’s “Echem Analyst” 

software.  The data was fit to a constant-phase element (CPE) circuit using the 

Levenburg-Marquardt Method to obtain the polarization resistance Rc_EIS, admittance 

Yo and alpha α (between 0 and 1 with 1 being an ideal capacitor) which is the parameter 

that determines the angle from the real axis (x-axis).  The Rc_EIS does not contain Rs.  

Note that some data fits were not acceptable on some specimens where it was determined 

that these specimens were exhibiting a transmission line response due to significant 

amounts of corrosion products filling the concrete pore structure.   

 

3.4.3 Equivalent Electrical Circuit Fitting 

 Initially, a CPE model shown in figure 20 was used to fit the impedance data to 

determine the polarization resistance, and other information such as the admittance and α 

which always lies between 0 and 1.  A CPE is widely used in data fitting to allow for 

depressed semicircles and systems that steer away from an ideal capacitor response.  The 

physical significance of  a CPE element takes into account the non-uniform alloy 

microstructure that promotes a certain degree of microscopic roughness or due to 

parameters distribution [29] [37] [38].  An example of the data that was fitted to a model 
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can be seen in figure 21.  The data was fit to a CPE circuit using the Levenberg-

Marquardt model [39].  First, the Rs (Ru in Gamry’s software) measured from the EIS 

test was used as an input into the model and locked.  Next, Rp was solved for by 

interpolating to the best fit values for Rct, Yo, and α.  For some specimens, using the Rs 

measured from the EIS did not provide a good fit.  In that case, the solution resistance 

was inputted, but not locked to allow the software to determine the best fit value. 

 

Figure 20 - Constant phase element model of the steel-concrete interface. 

 

Figure 21 - Example of fitting impedance data in Gamry’s Echem Analyst software. 
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 After sufficient corrosion has occurred the corrosion products can form a thick 

layer over the steel resulting in less fresh oxygen reaching the steel reinforcement.  Also, 

the corrosion products can move into the concrete pores resulting in mass transfer 

limitation of oxygen.  A transmission line model (TLM) could be used to address the 

situation when a thick layer of corrosion products has formed on the steel surface and  in 

the concrete pores at a later date.  An example of a transmission line circuit can be seen 

in figure 22.  The parameters C1(ω), Rd1(ω), and R1 correspond to the corrosion products 

formed in the concrete pores.  The parameters C2(ω), Rd2(ω), and R2 correspond to the 

corrosion products formed on the steel’s surface [40] [41].   

 

Figure 22 - Transmission line model of the steel-concrete interface. 

3.4.4 Apparent Corrosion Rate from LPR and EIS Data 

 The apparent corrosion rate was calculated by using a cumulative numerical 

approach shown in figure 23.  The equation for the charge accumulated can be seen 

below its graphical representation.  The average corrosion currents were calculated from 

LPR and EIS Rc values between two given times.  The corresponding cumulative charge 

for each specimen was calculated by taking the area under the curve, i.e. the average 

corrosion current was multiplied by the time interval between each measurement.  

Applying Faraday’s law the apparent mass loss was obtained.     
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Figure 23 - Cumulative approach to calculate charge. 

𝐶(𝑛 − 1) = ∑(
𝐼𝑛−𝐼𝑛−1

2
)  ∗ (𝑡𝑛 − 𝑡𝑛−1), where C is in coulombs 

 

3.5 Autopsy and Gravimetric Analysis of Terminated Specimens 

 Two specimens not under the accelerated corrosion method (F3 and C7) and six 

from the accelerated corrosion method  (F7, F19, F20, F23, C4 and C-6) were selected 

for autopsy to visually inspect the condition of the rebar.  The rebar of these specimens 

was exposed and evaluated according to the following procedure: 

 

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

plexiglass reservoir removed with a box cutter. 

2. A chisel was used to indent the concrete along the rebar in the longitudinal and 

transverse directions.  A larger wood splitting chisel held by a vise was then placed in 

the indent and slowly hit by a sledge hammer until segments broke free of the rebar.  
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3. Pictures of the rebar and rebar trace were immediately taken upon exposure. 

4. The rebar’s dimensions were recorded, i.e. longitudinal and transverse length, and 

diameter. 

5. The rebar was cleaned and prepared for weight loss measurement according to ASTM 

G1 - 03 [42].  The weight loss measured will be compared to a theoretical calculation. 

6. Pictures were taken before and after the cleaning to capture the most severe corrosion 

areas. 
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4 RESULTS AND DISCUSSION 

 

 This section displays results from when corrosion initiated and during the 

corrosion propagation stage, environmental exposure time, electrochemical tests, and 

autopsy. 

 

4.1 Corrosion Propagation 

 Table 4 presents results from previous experiments including the average whole 

area of reinforcement steel under the ponding calculated by the formula listed in the 

appendix (section 7.1), and each specimen’s minimum concrete.  Also, included in the 

table is the total time each specimen has been actively corroding.  Corrosion initiation 

occurred first on the F specimens most likely due to the smaller concrete cover allowing 

the chlorides to reach the steel reinforcement quicker (with the exception of specimen C7 

which also has a small cover).  
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Table 4 - Specimen’s minimum concrete cover, time to corrosion initiation and rebar area 

under the ponding. 

Specimen ID 

Minimum 

Concrete Cover 

(mm) 

Days Since  

Corrosion Initiated  

(as of 6/17/14) 

Average Area 

Under the Ponding 

(cm2) 

F3 20.5 606 55.8 

F7 16.5 510 

47 

F16 15 630 

F17 14 630 

F18 17 630 

F19 19 630 

F20 16 642 

F23 23 544 

C4 38 655 

66.4 C6 33 510 

C7 20 623 

C10 25 643 

 

4.2 Environmental Exposure During Corrosion Propagation Stage 

 Table 5 lists the exposure time in days for each specimen.  Note that the 

exposures listed are in sequential order, i.e. first exposure was laboratory humidity, then 

high humidity and lastly for some specimens, covered with saturated sand.  During 

laboratory environment the specimens were not polarized.  After being transferred from 

laboratory environment (refer to second column in table 7 for time in days) to high 

humidity, the specimens were polarized.  Selected specimens were covered with saturated 

sand and remained polarized.  The current cycle application for each specimen can be 

seen in the appendix (section 8.1). 
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Table 5 - Environmental exposure during the corrosion propagation stage. 

Corrosion Propagation (time in days as of 6/17/14) 12 

Specimen ID Lab RH (~70%) High Humidity (95%) Buried in Sand 

F3 301 305 X 

F7 335 175 X 

F16 310 189 131 

F17 310 168 152 

F18 303 308 X 

F19 303 308 X 

F20 322 168 152 

F23 217 308 X 

C4 335 168 152 

C6 334 176 X 

C7 318 305 X 

C10 323 189 131 

 

4.3 Potential Measurements Upon Electric Field Removal 

 Plots of the on and off potential evolution vs. time are shown in this section.  

During the first ~300 days, only natural corrosion propagation occurred which is the data 

plotted to the left of the dotted line in each figure. But to the right of the dotted line in the 

figures below the potentials are the values measured during the accelerated corrosion 

propagation 2-3 days after disconnecting the specimens, i.e. 11-12 days with applied 

current and 2-3 days off.  During the accelerated corrosion propagation phase, the steel 

reinforcement was anodically polarized.  This causes the potential to move to a more 

positive value.  Note while current is applied an electric field is generated that likely 

produces additional chloride transport.  Note the magnitude of the current application is 

color coded in the figures.  This approach allows to quantify the recovery (depolarization) 

                                                 

1 Specimens F3 and C7 were not polarized during the corrosion propagation stage.  The specimens were 

terminated on February 4, 2014.  
2 Specimens F7 and C6 were terminated on January 23, 2014, and specimens F19, F20, F23, and C4 were 

terminated on June 17, 2014. 
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and stabilization of the rebar potential after each electric field application.  Additional 

plots of Von and V5off vs. time are included in the appendix for all other specimens. 

 Figure 24 displays the on and off potential evolution versus time of the 

reinforcement for specimen F7. Note that for the time period between 468-496 days, the 

current was not applied.  The specimen was repolarized the final 2 weeks before being 

terminated.  Initially, the off potential was ~400 mVsce after corrosion initiated.  The off 

potential increased over time and was in the range of ~-305 mVsce to ~320 mVsce before 

applying the electric field.  After spraying water on the sample in the high humidity 

container and the initial electric field application of 25 μA for two weeks, the off 

potential of the reinforcement became more negative to ~480 mVsce whereas the on 

potential was slightly more positive around ~405 mVsce to ~440 mVsce.  After 49 days 

of current application, the current was increased to 50 μA where the off potentials 

decreased to around ~500 mVsce.  The on potentials initially were ~480 mVsce 7 days 

after increasing the current to 50 μA and then increased slightly to ~450 mVsce after91 

days of current application.  After 105 days the current application was increased to 125 

μA.  The off potentials increased to values between -436 mVsce to -449 mVsce whereas 

the on potentials increased significantly to ~-300 mVsce.  Although the current was 

suspended for ~30 days after XX days, the off potentials were stable.  When the current 

application was increased the potential separation between the on and off potentials 

increased.  Specimen F7 was terminated on day 510 after corrosion initiated with the last 

175 days under current application. 
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Figure 24 - On and off potential vs. time for specimen F7. 

 Figure 25 displays the on and off potential evolution versus time of the 

reinforcement for specimen F20.  Note that for the time period between 455-483 days, the 

current was not applied.  After corrosion initiated, the potential was ~-600 mVsce and 

slightly increased to ~-540 mVsce before being placed in high humidity and polarized.  

After spraying water on the sample in the high humidity container and the initial electric 

field application of 25 μA for two weeks, the off potential of reinforcement remained 

stable at ~545mVsce whereas the on potential saw slight increases from -484 mVsce to -

505 mVsce.  After 56 days of current application, the current was increased to 50 μA.  

During this time the off potentials slowly decreased to ~-575 mVsce and the on potentials 

increased to ~-450 mVsce before increasing the current further.  After 112 days, the 

current was increased to 125 μA and the off potential measured  was comparable to 



44 

values after the first two weeks with a current application of 25 μA.  The on potentials 

measured drastically increased to values between -365 mVsce to ~-294 mVsce.  The 

specimen was disconnected for four weeks where the off potentials remained stable.  

Shortly after repolarizing the reinforcement on day 450, the sample was covered with 

saturated sand where it remained under 125 μA current application.  While covered with 

saturated sand, the off potential increased from -589 mVsce to values measured shortly 

after polarizing the reinforcement in high humidity.  The on potentials gradually 

increased to values -175 mVsce to -228 mVsce.  Similar to what was observed for 

specimen F7, when the current application was increased the potential separation between 

the on and off potentials increased.  Specimen F20 was terminated on day 565  with the 

last 321 days under current application.   

 

Figure 25 - On and off potential vs. time for specimen F20. 
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 Figure 26 displays the on and off potential evolution versus time of the 

reinforcement for specimen F23.  Note that for the time period between 357-385 days, the 

current was not applied.  After corrosion initiated the potential measured -201 mVsce and 

decreased to -233 mVsce before applying the electric field.  After spraying water on the 

sample in the high humidity container and the initial electric field application of 25 μA 

for two weeks, the off potential of the reinforcement became more negative to ~-283 

mVsce before the current was increased.  The on potential increased dramatically to 

values between -38 mVsce to +659 mVsce then decreased before increasing the current 

to values that ranged between -60 mVsce to +98 mVsce.  Upon increasing the current to 

50 μA, the on potential increased dramatically to +934 mVsce and off potential slightly 

increased to -214 mVsce.  The off potential initially increased to -178 mVsce then 

gradually decreased to -222 mVsce before being terminated.  The specimen was 

terminated after 544days after corrosion initiated with the last 327 days under accelerated 

corrosion.  The separation between the on and off potentials increased when the current 

was increased similar to specimens F7 and F20, however the separation was much larger.  

The off potentials were also more positive than specimens F7 and F20 indicating that 

corrosion may be taking place at a lower rate (and over a smaller area). 
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Figure 26 - On and off potential vs. time for specimen F23. 

 Figure 27 displays the on and off potential evolution versus time of the 

reinforcement for specimen C4.  Note that for the time period between 468-496 days, the 

current was not applied.  After corrosion initiated the potential measured -180 mVsce.  

The potential increased to -89 mVsce after 133 days of natural corrosion propagation and 

then decreased to -269 mVsce before applying the electric field.  After spraying water on 

the sample in the high humidity container and the initial current application of 25 μA for 

two weeks, the off potential of the reinforcement became more negative measuring -374 

mVsce and slightly decreased to -379 mVsce before increasing the magnitude of the 

applied current.  The on potential measured -219 mVsce and became more negative to -

317 mVsce before increasing the current.  After 56 days of current application, the 

current was increased to 50 μA.  During this time the off potentials slowly decreased to -
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391 mVsce and the on potentials increased to -308 mVsce before increasing the current 

further.  After 112 days, the current was increased to 125 μA.  The off potentials 

decreased to -409 mVsce before the specimen was covered with saturated sand.  The on 

potentials measured drastically increased to values between -191 mVsce to +5 mVsce.  

The specimen was disconnected for four weeks where the off potentials remained stable, 

whereas the on potential upon polarization recovered to -126 mVsce.  Shortly after 

covering the specimen with saturated sand, the sample’s reinforcement was repolarized 

via the 125 μA current application.  While covered with saturated sand, the off potentials 

remained stable for the next ~80 days around -415 mVsce  and then finally decreased to a 

potential of -433 mVsce before being terminated.  The on potentials gradually increased 

to values from -49 mVsce to +250 mVsce before being terminated from day 510 to day 

655.  Similar to the F specimens, when the current application was increased the potential 

separation between the on and off potentials increased.  Specimen C4 was terminated on 

day 655  with the last 320 days under current application.   
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Figure 27 - On and off potential vs. time for specimen C4. 

 Figure 28 displays the on and off potential evolution versus time of the 

reinforcement for specimen C6.  Note that for the time period between 468-496 days, the 

current was not applied.  The specimen was repolarized the final 2 weeks before being 

terminated.  Similar to what was observed on specimen F7, the potentials shortly after 

corrosion initiation for C6 initially increased over time to values between ~220 mVsce to 

~-150 mVsce.  After ~200 days following corrosion initiation, the off potential drastically 

decreased to ~-300 mVsce then recovered to a value (-200 mVsce) comparable ~100 days 

after corrosion initiation before applying the electric field.  After spraying water on the 

sample in the high humidity container and the initial electric field application of 25 μA 

for two weeks, the off potential of the reinforcement became more negative to ~-343 

mVsce whereas the on potential was slightly more positive around ~-223 mVsce to ~-300 
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mVsce.  After 56 days of current application, the current was increased to 50 μA where 

the off potentials measured were comparable to values measured at 25 μA.  The on 

potentials decreased slightly after the current was increased from 25 μA to 50μA to 

values between ~-320 mVsce to ~-340 mVsce.  After 105 days the current was increased 

to 125 μA.  The off potentials slightly decreased to ~-400 mVsce and remained there 

until the specimen was terminated.  The on potentials drastically increased to around ~-

100 mVsce and measured +274 mVsce before being terminated the following week.   

Similar to specimen F7, when the current application was increased to 125 μA the 

potential separation between the on and off potentials increased.  The on potential moved 

to more noble values.  Specimen C6 was terminated on day 510 with the last 176 days 

under current application. 

 

Figure 28 - Potential vs. time after corrosion initiation for specimen C6. 
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  Figure 29 displays the on and off potential evolution versus time of the 

reinforcement for specimen C10.  Note that for the time period between 468-496 days 

after corrosion initiated, the current was not applied.  After corrosion initiated the 

potential measured -163 mVsce.  The potential increased to -113 mVsce after 110 days of 

natural corrosion propagation and then decreased to -294 mVsce after 178 days of natural 

corrosion propagation.  C10’s reinforcement potential recovered to  -178 mVsce before 

applying the electric field.  After spraying water on the sample in the high humidity 

container and the initial electric field application of 25 μA for two weeks, the off 

potential of the reinforcement became more negative measuring -262 mVsce and 

decreased slightly to -321 mVsce before increasing the current.  Initially, the on potential 

measured -186 mVsce and became more negative to -261 mVsce before increasing the 

current.  After 112 days of current application, the current was increased to 50 μA.  

Initially, the on potential increased dramatically to +167 mVsce.  The current was 

suspended for ~4 weeks where the off potential remained stable at ~330 mVsce.  Upon 

reconnection the off potential measured -339 mVsce and the on potential measured close 

to the off potential at ~328 mVsce.  The specimen was covered with saturated sand and 

reconnected after 189 days of current application.  The off potentials slowly decreased to 

-373 mVsce before being terminated.  Similar to all other specimens covered with 

saturated sand, the on potentials dramatically increased to values +324 mVsce to +426 

mVsce.  The separation between the on and off potentials increased when the current was 

increased similar to all other specimens.     
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Figure 29 - Potential vs. time after corrosion initiation for specimen C10. 

 Typically, the reinforcement potential during the accelerated corrosion period was 

more negative for F specimens compared to C specimens.  In both concrete types, the on 

potential reached a more positive value as the applied current was increased.   

 

4.4 LPR and EIS 

 Typical plots of solution resistance (Rs), polarization resistance of the steel 

reinforcement (Rc) vs. time and Nyquist plots of impedance results after current 

application (but disconnected for 3 days before performing LPR or EIS) are shown in this 

section.  Rc is the charge transfer (polarization resistance) value after removing the Rs 

from Rp_app after the LPR measurement.  Note that Z’ is the real part and Z’’ is the 
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imaginary part of the impedance measured.  For each impedance measurement, the 

lowest frequency measured is in parenthesis next to the day in each plot’s legend. 

 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 30 for specimen F7.  

After being placed in high humidity and polarized but measured while disconnected, the 

LPR Rc (Rc_LPR) values of specimen F7 decreased slightly and remained constant 

around ~0.10 kΩ after 56 days of current application.  The Rs also decreased slightly 

after the first two measurements before stabilizing around ~0.40 kΩ.  After 56 days of 

accelerated corrosion, the current was increased to 50 μA where the Rc_LPR values 

remained between 0.10 kΩ - 0.12 kΩ.  After the current was increased to 50 μA, the 

frequency for the EIS test ranged from 300 Hz - 0.01 Hz.  The Rc values obtained from 

impedance (Rc_EIS) after the current was increased to 50 μA were larger than that of 

LPR on the order of 0.25 kΩ - 0.45 kΩ using a CPE model.  The Rs values were 

comparable during the 25 μA current application at ~0.40 kΩ.  After 112 days of current 

application the current was increased to 125 μA.  The Rc_LPR values increased slightly 

to ~0.15 kΩ before being terminated.  The Rs values increased slightly to ~0.50 kΩ 

before being terminated.   The Rc_EIS  values remained stable around ~0.4 kΩ - 0.5kΩ 

before the specimen was terminated.  A final Rc_LPR and Rc_EIS value of ~0.15 kΩ and 

~0.5 kΩ suggests that the steel is actively corroding.  Looking at the Nyquist plot of 

specimen F7 in figure 31, you can see a shift in Rs as time increases (after the applied 

current magnitude was also increased) suggesting that corrosion products may have 

formed, accumulated and entered the concrete’s pore structure.  Also, the Nyquist plots 

cannot be fitted with an equivalent circuit that only includes a CPE response (with a 
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perfect depressed semi-circle).  F7 specimen was terminated 510 days after corrosion 

initiation. 

 

Figure 30 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F7. 

 

Figure 31 - Nyquist plot of specimen F7. 
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 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 32 for specimen F20.  

After being placed in high humidity and polarized but measured while disconnected, the 

LPR Rc (Rc_LPR) values of specimen F20 ranged from 0.31 kΩ to 0.37 kΩ after 56 days.  

Whereas the Rs values initially measured 0.27 kΩ and then increased slightly to 0.41 kΩ 

before increasing the current to 50 μA.  After 56 days the current was increased to 50 μA 

where the Rc_LPR values were constantly ~0.37 kΩ, but decreased to 0.29 kΩ before 

increasing the current to 125 μA.  After the current was increased to 50 μA, the frequency 

for the EIS test ranged from 300 Hz - 0.01 Hz.  The Rc values obtained from impedance 

(Rc_EIS) after the current was increased to 50 μA were larger than that of LPR.  The 

Rc_EIS values initially measured 0.56 kΩ and then increased to 0.76 kΩ.  The Rc_EIS 

values were obtained using a CPE model.  The Rs values were comparable during the 25 

μA current application around ~0.40 kΩ before increasing the current to 125 μA.  After 

112 days the applied current was increased to  125 μA.  The Rc_LPR values increased 

slowly from 0.29 kΩ to 0.45 kΩ before terminating the specimen.  The Rs values 

increased similar to that of the Rc_LPR values from ~0.40 kΩ to 0.60 kΩ before 

terminating the specimen.  The Rc_EIS values significantly increased from 0.76 kΩ to 

1.67 kΩ before termination.  These Rc values indicate that the steel is actively corroding.  

The large increase in Rc_EIS values is believed to be due to having a bad fit using a CPE 

model.  Similar to specimen F7 as the time and current increased, the shape of the 

Nyquist plots at lower frequencies tended to display an even more depressed semicircle 

and might require the addition of a transmission line in the EC model response.  The 

transmission line sometimes indicates that corrosion products have filled into the 

concrete pores.  The Nyquist plot can be seen in figure 33.  Also notice the shift in the Rs 
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to the right (higher values) indicating that the Rs now includes the resistivity of the 

corrosion products that may have entered the concrete’s pore solution.  Specimen F20 

was terminated 642 days after corrosion initiation. 

  

Figure 32 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F20. 

3  

Figure 33 - Nyquist plot of specimen F20. 
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 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 34 for specimen F23.  

After being placed in high humidity and polarized but measured while disconnected, the 

LPR Rc (Rc_LPR) values of specimen F23 initially decreased from 2.38 kΩ to 2.05 kΩ 

after 112 days before increasing the current to 50 μA.  Initially the Rs values measured 

3.13 kΩ and decreased to 2.05 kΩ after 112 days with an applied current of 25 μA.  After 

56 days the frequency range for the EIS test ranged from 300 Hz - 0.01 Hz.  The CPE 

model did not provide a good fit for the impedance data after 161 days of current 

application.  The Nyquist plot shown in figure 35 shows that the impedance measured 

does not appear to be a depressed semi-circle.  After 112 days the current was increased 

to 50 μA.    The Rc_EIS values were greater than 4 kΩ especially after the current was 

increased to 50μA.  Surprisingly the Rc_LPR values increased from 2.05 kΩ to 3.19 kΩ 

after 245 days of current application then decreased to 2.22 kΩ before being terminated.  

The Rs values increased significantly on days 203, 273, and 308 after the current was 

increased to 50 μA from 2.05 kΩ to more than 5 kΩ before being terminated.  The 

increase in Rc_LPR values after the applied current was increased to 50 μA. This might 

be indicative that the corrosion may have slightly slowed down.  It is possible that as the 

current was increased to 50 μA, the corroding areas were not able to support the applied 

current, and that oxygen evolution took place initially. With time additional areas that 

were not corroding before might have become active via pitting corrosion.  This can be 

verified by the corrosion potentials that were measured being ~200 mVsce and the 

autopsy in section 4.5.  The specimen was terminated 544 days after corrosion initiation. 
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Figure 34 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F23. 

 

Figure 35 - Nyquist plot of specimen F23. 

 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 36 for specimen C4.  

After being placed in high humidity and polarized but measured while disconnected, the 

LPR Rc (Rc_LPR) values of specimen C4 initially were ~1.80 kΩ and decreased to 0.48 
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kΩ after 56 days of 25 μA current application.  Initially the Rs was 2.70 kΩ and 

decreased to 0.75 kΩ before increasing the current.  After 56 days of current application, 

the current was increased to 50 μA.  The Rc_LPR values remained constant during this 

time between 0.48 kΩ and 0.42 kΩ.  The Rs values also remained constant between 0.76 

kΩ to 0.72 kΩ.  After 56 days of current application, the frequency measured for the EIS 

test ranged from 300 Hz - 0.01 Hz.  The CPE model did not provide a good fit for the 

impedance data.  The Nyquist plot shown in figure 37 shows a high frequency tail (left 

side of data) that made it difficult to accurately fit.  The Rc_EIS values initially were as 

high as 4.9 kΩ and significantly decreased to ~1.80 kΩ before increasing the current to 

125 μA.  After 112 days of current application, the current was increased to 125 μA.  The 

Rc_LPR and Rs values remained constant for the next ~40 days before covering the 

specimen with saturated sand.  The Rc_LPR values ranged from 0.45 kΩ to 0.39 kΩ.  The 

impedance data fit to a CPE model slightly better when the current was increased to 125 

μA, but still did not completely represent a CPE situation.  The values decreased from 

~1.50 kΩ to ~1.20 kΩ over the ~40 days span.  After 165 days of current application, the 

specimen was covered with saturated sand and repolarized to 125 μA.  The Rc_LPR and 

Rs values initially remained constant around ~0.32 kΩ and ~0.66 kΩ and then linearly 

increased to final values of 0.91 kΩ for the Rc_LPR and 1.33 kΩ for the Rs before being 

terminated 655 days after corrosion initiation.  The Rc_EIS values were not valid as you 

can see in figure 37 there still exist a high frequency tail that made it difficult to model to 

a CPE.  The Rc_LPR, Rc_EIS, and Rs values were all larger for C4 compared to the type 

F specimens except for specimen F23. 
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Figure 36 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen C4. 

 

Figure 37 - Nyquist plot for specimen C4. 

 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 38 and the Nyquist plot 

in figure 39 for specimen C6.  After being placed in high humidity and polarized but 

measured while disconnected, the LPR Rc (Rc_LPR) values of specimen C6 decreased 
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from 1.50 kΩ to 0.50 kΩ after 56 days of applying a 25 μA current.  The Rs values 

initially measured 4.54 kΩ then significantly reduced to 1.43 kΩ after 56 days of applying 

a 25 μA current.  After 56 days the current was increased to 50 μA.  The Rc_LPR values 

remained almost constant around 0.48 kΩ and reducing to 0.45 kΩ before increasing the 

current to 125 μA.  The Rs values remained almost constant around 1.43 kΩ after 14 days 

of applying a 50 μA current and then recovered to 1.60 kΩ before increasing the current 

to 125 μA.  After the current was increased to 50 μA, the frequency for the EIS test 

ranged from 300 Hz - 0.01 Hz.  Similar to specimen C4, the Rc values obtained from 

impedance (Rc_EIS) after the current was increased to 50 μA did not provide a good fit 

to a simple EC with a CPE model.  The Rc_EIS values for a CPE model initially 

measured 16.85 kΩ decreasing to 3.07 kΩ before increasing the current.  After 112 days 

of current application the current was increased to 125 μA.  The Rc_LPR values 

increased steadily from 0.45 kΩ to 1.10 kΩ before terminating the specimen.  Similarly, 

the Rs values increased from 1.60 kΩ to 1.97 kΩ before terminating the specimen.  Again 

the impedance data did not provide a good fit to a CPE model to acquire a Rc_EIS value.  

The Rc_EIS values for a CPE model decreased from 3.07 kΩ to 0.77 kΩ before being 

terminated.   Similar to all of the type F specimens, the Rs values tended to increase as 

the current increased, but with a greater magnitude.  The Rc_LPR values were larger than 

the type F specimens except for specimen F23.  The specimen was terminated 510 days 

after corrosion initiation. 
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Figure 38 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen C6. 

 

Figure 39 - Nyquist plot of specimen C6. 

 The Rs, Rc_LPR and Rc_EIS values can be seen in figure 40 and the Nyquist plot 

in figure 41 for specimen C10.  For specimen C10, a similar trend was recorded as 

compared to specimen C6 for Rc_LPR values in high humidity, but C10 contained a 
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smaller Rs than C6.  After being placed in high humidity and polarized but measured 

while disconnected, the LPR Rc (Rc_LPR) values of specimen C6 decreased from 1.05 

kΩ to 0.45 kΩ after 56 days of applying a 25 μA current.  The Rs values initially 

measured 2.23 kΩ then reduced to 0.83 kΩ after 56 days of applying a 25 μA current.  

After 56 days the current was increased to 50 μA.  The Rc_LPR values slightly increased 

from 0.45 kΩ to 0.75 kΩ before covering the specimen with saturated sand.  The Rs 

values increased from 0.83 kΩ to 1.50 kΩ before covering the specimen with saturated 

sand.  After the current was increased to 50 μA, the frequency for the EIS test ranged 

from 300 Hz - 0.01 Hz.  Again, similar to specimens C4 and C6, the Rc values obtained 

from impedance (Rc_EIS) after the current was increased to 50 μA did not provide a 

good fit a to a CPE model due to the high frequency tail.  The Rc_EIS values for a CPE 

model initially measured 1.68 kΩ then increased to1.96 kΩ before decreasing to 1.55 kΩ 

before covering the specimen with saturated sand.  After 168 days of current application 

the specimen was covered with saturated sand.    The Rc_LPR values initially increased 

from 1.06 kΩ then decreased to 0.52 kΩ and finally increased to +2 kΩ with a final value 

of 3.30 kΩ before terminating the specimen.  The Rs values initially increased from 1.50 

kΩ to 1.89 kΩ then dropped 14 days after to 1.58 kΩ.  The final six Rs values then 

increased to over 2 kΩ with a final Rs value of 3.67 kΩ before terminating the specimen.  

Again the impedance data did not provide a good fit to a CPE model to acquire a Rc_EIS 

value.  The Rc_EIS values for a CPE model after covering the specimen with saturated 

sand increased from 1.55 kΩ to 2.47 kΩ then decreased to 1.33 kΩ.  The final six 

impedance measurements could not be fit to a simple CPE model as the high frequency 
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tail developed further especially from day 203 to day 259. The Rc_EIS values that were 

accurately obtained were larger than LPR for all C specimens.    

 

Figure 40 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen C10. 

 

Figure 41 - Nyquist plot of specimen C10. 
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 Lower Rc values were obtained for F specimens than on C specimens.  Also, 

measured Rc_EIS values were always larger than Rc_LPR values.  In all Nyquist plots 

the Rs appears to shift to larger values as the exposure time increases.  The shift in Rs in 

the type F and type C specimens may be due to the corrosion products entering the 

concrete’s pore solution. 

 

4.4.1 Apparent Mass Loss 

 The apparent mass loss is shown in table 6.  It is based on the measured Rc values 

from the LPR and EIS measurements 2-3 days after suspending the current application.  

Calculations were performed for when the current was suspended and also for when the 

additional current was applied by the galvanostat (upper bound).  The corrosion rate was 

calculated according to the method stated in Section 3.4.4.  Apparent LPR corrosion rates 

are larger than apparent EIS corrosion rates.  Note that specimens F3 and C7 were not 

polarized and propagation occurred while exposed to high humidity.   

Table 6 - Apparent mass loss from LPR and EIS results. 

Specimen 

ID 

Days After 

Corrosion 

Initiation  

Mass Loss - no current (g)  Mass Loss - w/ applied 

current (g) LPR EIS 

F3 606 0.32 n/a n/a 

F7 510 0.88 0.20 0.16 

F16 630 0.65 0.14 0.20 

F17 630 0.70 0.23 0.20 

F18 630 0.61 0.14 0.20 

F19 630 0.93 0.14 0.20 

F20 642 1.15 0.14 0.47 

F23 544 0.13 0.01 0.20 

C4 655 0.54 0.06 0.47 

C6 510 0.28 0.03 0.16 

C7 623 0.70 n/a n/a 

C10 643 0.27 0.06 0.20 
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4.5 Autopsy and Weight Loss Measurements  

 In this section, autopsy results display the location and degree of corrosion of the 

steel reinforcement for selected specimens.  Also, the measured weight loss of each rebar 

sample.  Note the yellow rectangle denotes where the ponding was located over the rebar 

and the photos are of the inner curvature of the steel reinforcement where the ponding 

was instrumented unless otherwise stated.  The remaining results will be listed in the 

appendix. 

4.5.1 Accelerated Corrosion Specimens 

 The steel reinforcement of specimen F7 can be seen in figure 42 displaying the 

locations where corrosion occurred the most severe.  Specimen F7’s applied current was 

increased to 125 μA before termination.  As can be seen in figure 43, location 1 

experienced significant corrosion and occurred under the ponding at the reinforcement 

junction.  Severe cross-section loss can be seen along the transverse reinforcement at 

location 2 in figure 42.  However, on F7 corrosion did occur outside the ponding as seen 

at location 3. 
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Figure 42 - Autopsy result of specimen F7 - full rebar. 

 

Figure 43 - Autopsy result of specimen F7.  Left: location 1.  Right: location 2. 

 The steel reinforcement of specimen F20 can be seen in figure 44 displaying the 

location where corrosion occurred.  Specimen F20’s applied current was increased to 125 

μA before termination and also the specimen was covered with saturated sand.  As seen 

in figure 44, location 1 experienced significant corrosion occurred under the ponding at 

the reinforcement junction.  Upon exposure the corrosion products were blackish green 

suggesting that there was very little oxygen at the steel depth.  Mild corrosion can be seen 
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along the transverse reinforcement at location 2 in figure 45.  Corrosion did not occur 

outside the ponding. 

-  

Figure 44 - Autopsy result of specimen F20. 

 

Figure 45 - Autopsy result of specimen F20.  Left: location 1.  Right: location 2. 

 The steel reinforcement of specimen F23 can be seen in figure 46 displaying the 

locations where a small amount of corrosion occurred.  In both location 1 and 2 a small 

amount of corrosion occurred at the rebar junction and also extended 1” from the junction 
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along the transverse rebar which can be seen in figure 47.    A larger area of the steel 

reinforcement did not show corrosion which may be due to a smaller chloride 

concentration at the corroding sites.  Corrosion did occur outside the ponding. 

 

Figure 46 - Autopsy result of specimen F23. 

 

Figure 47 - Autopsy result of specimen F23.  Left: location 1.  Right: location 2. 

 The steel reinforcement of specimen C4 can be seen in figure 48 displaying the 

locations where corrosion occurred.  Specimen C4’s applied current was increased to 125 

μA before termination and also the specimen was covered with saturated sand.  As seen 

in figure 48 corrosion occurred at the rebar junction at locations 1 and 2, and also along 
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the transverse and longitudinal rebars between the junction.  Upon exposure the corrosion 

products were blackish green suggesting that there was very little oxygen at the steel 

depth.  Corrosion did occur outside the ponding at location 3. 

 

Figure 48 - Autopsy result of specimen C4.  

 

Figure 49 - Autopsy result of specimen C4.  Left: location 1.  Right: location 2. 

 The steel reinforcement of specimen C6 can be seen in figure 50 displaying the 

locations where corrosion occurred.  Specimen C6’s applied current was also increased to 

125 μA before termination.  As seen in figure 51, location 1 experienced  mild corrosion 

under the ponding at the reinforcement junction.  Also, mild corrosion can be seen at the 
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junction along the transverse rebar shown in figure 51.  Corrosion did not occur outside 

the ponding.  Specimen C6 experienced more corrosion than C4 which may be attributed 

to the higher current applied and the fact that specimen C4 was covered with saturated 

sand for the last 140 days before being terminated. 

 

Figure 50 - Autopsy results of specimen C6 - full rebar. 

 

Figure 51 - Autopsy result for specimen C6.  Left: location 1.  Right: location 2. 
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4.5.2 Natural Corrosion Specimens 

 The steel reinforcement of specimen F3 can be seen in figure 52 displaying the 

locations where corrosion occurred.  Specimen F3 was not polarized when in high 

humidity during the corrosion propagation stage.  As seen in figure 53, specimen F3 

experienced mile corrosion at location 1 under the ponding at the reinforcement junction.  

Severe cross-section loss can be seen at location 2 along the side of the transverse rebar.  

Corrosion did occur outside the ponding.  However, the corrosion observed did not 

spread from the reinforcement junction as compared to accelerated specimens.   

 

Figure 52 - Autopsy result of specimen F3 - full rebar. 
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Figure 53 - Autopsy result of specimen F3.  Left: location 1.  Right: location 2. 

 Specimen C7’s steel reinforcement can be seen in figure 54 displaying the 

locations where corrosion occurred.  Like specimen F3, specimen C7 was not polarized 

when placed in high humidity during the corrosion propagation stage.  Specimen C7 

experienced mild to no corrosion.  Under the ponding there was mild corrosion at the 

junction and along the longitudinal reinforcement shown at location 1 in figure 55.  A 

small amount of corrosion occurred outside the ponding. 

 

Figure 54 - Autopsy result for specimen C7 - full rebar. 

C-7 
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Figure 55 - Autopsy result for specimen C7 (location 1). 

4.5.3 Apparent Weight Loss vs. Measured Weight Loss 

 Table 7 displays the apparent mass loss measured from the LPR and EIS tests 

compared to the gravimetric weight loss measurements for the specimens that were 

terminated.  We can see that the actual weight loss is ~2 times larger than the calculated 

from LPR and EIS weight loss values for F specimens.  The actual weight loss for C 

specimens is ~2-5 times larger than the weight loss predicted from LPR and EIS.  An 

explanation for this could be that when measuring the polarization resistance using LPR 

and EIS, the steel corroding outside of the ponding is not taken into account since the 

counter electrode only covers the inside area of the ponding.  However, taking into 

account the additional of the applied current with the LPR and EIS mass loss, the 

theoretical mass loss is much closer the measured weight loss.  
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Table 7 - Steel reinforcement mass loss comparison in grams. 

Specimen ID LPR  EIS LPR + I_app EIS + I_app m_actual (g) 

F3 0.32 n/a n/a n/a 0.60 

F7 0.87 0.19 1.03 0.35 1.40 

F19 0.93 0.14 1.13 0.34 0.30 

F20 1.15 0.14 1.62 0.61 0.30 

F23 0.13 0.01 0.33 0.21 0.10 

C4 0.54 0.06 1.01 0.53 1.10 

C6 0.27 0.03 0.43 0.19 1.40 

C7 0.70 n/a n/a n/a 1.20 

 

 The C specimens experienced more corrosion than the F specimens.  This is most 

likely due to the addition of fly ash in type F specimens increasing the concrete 

resistivity. Higher resistivity has been reported to result in lower corrosion rate, possibly 

in part due to a less effective macrocell.  On both type of specimens, corrosion occurred 

not only on the top portion of the rebar subjected to the chlorides, but on the sides and 

bottom of the rebar too.  

 With time, chlorides reached the side and bottom surface allowing corrosion to 

take place at these locations. However, corrosion was not uniform, in the sense that just a 

portion of the steel are was found to be corroding.  On some specimens, corrosion also 

took place at locations outside of the ponding area. An explanation could be that as time 

passes during the propagation stage, some chlorides are transported toward the 

reinforcement outside the ponding via diffusion within the saturated concrete pore 

structure of the concrete eventually reaching the concrete/steel interface at locations 

outside the reservoir. The chloride concentration is likely lower than under the solution 

reservoir, still for cases in which the steel is polarized to positive values (i.e., -100 to 400 

mVsce) pitting corrosion could have then initiated. 
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4.6 Effect of On Potential 

 Recall, that the applied current increased with time. As the applied current is 

increased, the on potentials is shifted to  more positive values in both type F and type C 

specimens.  Referring to figure 56 we can see that the steel potential is a function of the 

corrosion current (I) under no current being applied (NC), the additional applied current 

(either 25, 50 or 125 A), and the chloride concentration at the steel reinforcement depth.  

The corrosion potential at the natural corrosion (NC) current can be seen without the 

addition of an applied current (in here 2 to 3 days after the system was disconnected). 

 Upon applying a current of 25 A, the potential shift on most specimens was 

small under this applied current indicating the actively corroding areas are able to support 

the additional current (with the exception of specimen F23) which can be represented 

schematically in figure 56 at lines A, B, or C depending on the chloride concentration at 

the steel depth.  For specimen F23 (refer to figure 26), we can see that the on potential 

initially reached ~700 mVsce and then recovered to ~0 mVsce before increasing the 

current to 50 μA.  This response is indicative that the initial actively corroding areas are 

small and are unable to support the additional 25 μA (and with lower chloride 

concentration).  In this case, the system then demanded a portion of the current from the 

larger not corroding anodic areas inside and outside the ponding to provide the balance of 

required current and if the passive current not large enough then the system is shifted to 

the oxygen evolution (see explanation below).  For specimen F23 at 25 μA, it is likely 

that the system after is in the 𝐸𝑝𝑖𝑡 (critical pitting potential) regions (figure 57) once the 

on potential was 0 mVsce, where pitting corrosion may have initiated at other areas 

depending on the chloride concentration in those areas.     
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 As the applied current was increased to 50 (or 125) A some specimens 

experienced on potentials that were slightly more positive indicating that the actively 

corroding areas are large enough to be able to support the extra current.  This can be seen 

when reviewing the on potentials figures for specimens F7, F19 and C6.  However, 

specimens F16, F17, F18, F20, F23, C4 and C10 potentials increased slightly more than a 

gradual increase.  This additional potential shift could be explained by the anodic steel 

areas actively corroding reaching the saturation levels (limiting anodic current shown in 

figure 56), to be able to provide the 125 μA (50 in some cases) of applied current.   In 

particular, the on potentials of F23 were significantly more positive (~1000 mVsce) when 

the applied current was 50 A indicative the anodic reaction taking at some areas of the 

reinforcing steel was the oxygen evolution reaction (figure 57).  Eventually the potential 

decreased to values (~400-600 mVsce) at which pitting corrosion could have initiated at 

locations with enough chlorides concentration (higher potential, less chlorides needed to 

initiate pitting corrosion).  Similar to specimen F23’s on potentials, specimen C4’s on 

potentials increased to more noble values (~0-250 mVsce) after increasing the current to 

125 μA suggesting that at some spots of the larger anodic areas not corroding, pitting 

corrosion could  have initiated (given there are chlorides present at those locations). 
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Figure 56 - Schematic representation of the Evans diagram: change in Cl- and applied 

current for actively corroding areas. 

 

Figure 57 - Schematic representation of the Evans diagram: change in Cl- concentration 

for larger non-corroding anodic area. 
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 Depending on the chloride concentration at the steel reinforcement outside of the 

ponding, the increase in potential can cause pitting corrosion to initiate.  Epit is the critical 

pitting potential.  It is clear that specimens F23 and C4 reached this potential since pitting 

did occur outside of the ponding as seen in figure 58 for specimen F23 and figure 59 for 

specimen C4.     

 

Figure 58 - Pitting observed outside of ponding on specimen F23. 

 

Figure 59 - Pitting observed outside of ponding on specimen C4.
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5 CONCLUSION 

• Developed a methodology that allows for accelerated corrosion during the corrosion 

propagation stage of DC-RCP. After 300 days the accumulated corrosion products did 

not cause the concrete to crack. 

• Typically, the reinforcement potentials during the accelerated corrosion period was 

more negative for F specimens compared to C specimens.  In both concrete types, the 

on potential reached a more positive value as the applied current was increased.  

• Lower Rc values were obtained for F specimens than on C specimens.  

•  Measured Rc_EIS values were always larger than Rc_LPR values.   

• The observed shift in Rs in type F and type C specimens may be due to the corrosion 

products entering the concrete’s pore solution increasing the Rs. 

• The C specimens experienced ~x2 more corrosion than the F specimens with the 

exception of specimen F7.   

• Autopsies revealed that the corrosion was localized for both non-polarized and 

polarized specimens under the ponding.   

• Pitting was observed outside the ponding on specimens whose on potentials were >0 

mVsce. 
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APPENDICES 

Appendix A: Figures - Potential, LPR and EIS 

 

Figure 60 - On and off potential vs. time for specimen F16. 
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.  

Figure 61 - On and off potential vs. time for specimen F17. 

 

Figure 62 - On and off potential vs. time for specimen F18. 
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Figure 63 - On and off potential vs. time for specimen F19. 

 

 

Figure 64 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F16. 
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Figure 65 - Nyquist plot of specimen F16. 

 

Figure 66 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F17. 
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Figure 67 - Nyquist plot of specimen F17. 

 

Figure 68 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F18. 
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Figure 69 - Nyquist plot for specimen F18. 

 

Figure 70 - Plot of Rc_LPR, Rc_EIS - Rs vs. time for specimen F19. 
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Figure 71 - Nyquist plot for specimen F19. 
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Appendix B: Equations 

Steel reinforcement area under the ponding 

 

where:  m =  number  of longitudinal rebars under ponding 

  n  =  number of circumferential rebars under ponding 

  𝐷𝑙 = diameter of longitudinal rebar 

  Dc  = diameter of circumferential rebar 

  L =  length of  ponding setup in longitudinal or circumferential direction 
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Appendix C: Procedures 

Anodic Polarization Schedule 

NO 

CURRENT 

NO 

CURRENT 

(HH) 

TERMINATED 
HH 

(25μA) 

HH 

(50μA) 

HH 

(125μA) 

SAND 

(50μA) 

SAND 

(125μA) 
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