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Figure 27. External and Undercoating Corrosion Development in De-aerated (left) and 

Aerated (right) Environments. 
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PART IV 
 

Part IV concerns direct examination and development of electrochemical methods for 

coating defect characterization of the epoxy coating in cracked concrete. 

 
4.1. ECR Coating Characterization Techniques 

 
 Coating pull-off strength measurements and coating condition impedance 

characterization were made in the laboratory with extracted field samples. Coating pull-

off strength measurement supplemented field and laboratory knife test observations. 

Supplemental EIS measurements were made with newly manufactured ECR following 

current specifications. 

 
4.1.1 Epoxy Coating Adhesion 
 
4.1.1.1 Methodology 
 
 To quantify coating disbondment, the coating adhesion strength was measured 

with a mechanical pull-off device (Sagüés and Powers, 1996). A metal dolly, 4.8 or 6.4 

mm diameter, contoured to the surface curvature of bar between deformation ribs was 

attached with a cyanoacrylate adhesive to the outer polymer surface, lightly roughened 

and degreased, directly adjacent to the defect location. The polymer coating on the 

perimeter of the dolly was removed with a rotating dental drill bit. The dolly was then 

pulled until separation using a gimbal joint fixture to avoid shear stresses. The strength 

was recorded as the pull-off force divided by the nominal dolly area. 

 

 ECR samples extracted from all bridges were tested except for those from VAC 

where no coating adhesion was retained throughout the bar samples. The pulloff strength 

was calculated as the applied force divided by nominal dolly cross-sectional area, either 

0.048 or 0.028cm2. 
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4.1.1.2 Results 
 
 Figure 28 presents the pull-off strength results. It is noted that the pull-off tests 

were conducted on various spots of some of the ECR samples, and that large variations in 

strength values were noted in some cases from one part of the sample to another. Pull-off 

strengths for ECR from Group 2 bridges ranged from low to negligible, in agreement 

with the observations of significant corrosion and extended coating disbondment 

described in Section 2.1.2. 

 

 For ECR from Group 3 Bridges the coating pull-off tests gave results generally 

consistent with observations noted earlier ranging from instances of good coating 

adhesion to widespread coating disbondment. In high elevation SSK samples, where the 

coating had generally been found to have good coating adhesion, most of the pull-off 

strength tests resulted in the cyanoacrylate failing instead of the epoxy-steel substrate 

bond; indicating that its strength was above ~10 MN/m2.  In contrast, the coating failed at 

stresses as low as ~0.6 MN/m2 in the low elevation samples, consistent with prevalent 

coating disbondment there as noted earlier. Coating failed at stresses below ~1 MN/m2 on 

some of the HFB samples but the cyanoacrylate adhesive limit was reached for the 

majority of the sample spots tested. Samples from PER, noted earlier to be disbonded, 

had also pull-off strengths that were as low as 0.6 MN/m2.  

 

 The polymer coating on ECR from Group 4 Bridges had pull-off strength levels 

consistent with disbondment measurements as described above. Of note, samples from 

IT2/3 had among the lowest pull-off strengths. 
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Figure 28. Epoxy Coating Pull-Off Strength. The pull-off strengths for Vaca Cut samples 
were negligible. Solid black symbols represent measured pull-off strengths. The other 
symbols represent lower bound pull-off strength failure at cyanoacrylate adhesive. 

Vertical lines represent minimum measurable strengths using metal dollys, nominal area 
0.049 and 0.028 cm2. 

 
 Being able to locate areas of ECR that have extended disbondment particularly in 

areas most susceptible to corrosion would be beneficial to isolate locations that may 

develop corrosion deterioration. Knife tests and pull-off strength tests are not practical as 

it involves destructive methods to sample only small sections of ECR. EIS methods to 

estimate coating ECR coating defects are described next. 

 
4.1.2. Estimation of coating defect area by EIS 
 
4.1.2.1 Methodology 
 
 EIS measurements for SSK ECR samples embedded in extracted concrete cores, 

described in Section 3.1.4, were conducted in part to examine the coating condition of 

ECR after ~20 years of service. As earlier mentioned, concrete cores were extracted from 

representative locations focusing on thin preexisting structural cracks on concrete 
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sections at low elevations exposed to sea splash as well as on drier higher elevation 

trestle caps.  

 

 On- and off- crack concrete core pairs, ~10 cm diameter, were typically drilled 15 

cm apart and typically 4 cm past reinforcement depth, >10 cm. The ECR segments 

embedded in the cores, ~2 cm diameter, ~10 cm length, were perpendicular to the core 

axis. The cracks typically ran through the entire cover thickness and the plane of the 

crack was usually perpendicular to the rebar. The EIS measurements were made on the 

embedded ECR at the open circuit condition within 10 days of original extraction from 

the field. Within that time, samples were sealed to prevent moisture content change in the 

concrete. The signal amplitude was 10 mV and test frequency typically ranged from 100 

kHz to 1 mHz. A Solartron Analytical SI1287 Electrical Interface and SI1260 Impedance 

Analyzer were used. An activated titanium mesh at the core outer end face was used as a 

counter electrode and a short activated titanium wire, calibrated against a copper/copper-

sulfate, CSE, was used as a reference electrode held at the same end face. Both electrodes 

were separated and held by sponges saturated with tap water. 

 
Table 4. Supplemental EIS Test Concrete Properties 

water/cement 
ratio 

Cl- 
concentration 

(pcy) 

Slump 
(in) 

%air 
Unit 
Weight 
(pcy) 

28 day ρ 
(kΩ-cm) 

30 day 
comp. 
strength 
(psi) 

0.5 0.260 5.25 13 127 6.6 4290 
 
 Supplemental EIS measurements were periodically made to evaluate the condition 

of the polymer coating of ECR subjected to cathodic polarization as part of another test 

program concerning mechanistic issues of alternative polymer-coated steel reinforcement 

(Lau and Sagüés, 2009; tbp). Test samples in these measurements were newly 

manufactured, 2008, commercial ECR, diameter ~1.6cm, cast in concrete, briefly 

disconnected from cathodic polarization from an external corroding steel anode during 

EIS testing. Testing began approximately 40 days after initial concrete casting. Similar 

EIS test parameters described above were used except 1MHz>f>1Hz. Activated titanium 

reference electrodes were embedded ~1.3 cm from each ECR. The disconnected steel 
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rebar anode was used as a counter electrode.  Defects exposing steel ~1% of the bar 

surface were intentionally introduced. The bars were set in a ladder-array configuration 

where the lowest of five bars per duplicate concrete columns would have the greatest 

cathodic over-voltage, while connected to the steel anode, and the top bar the least due to 

IR drop phenomena in resistive electrolytic mediums, i.e. concrete. Concrete mix 

properties are given in Table 4. Concrete resistivity was measured utilizing the 4-point 

Wenner-array described in section 2.1.1 with an inter-electrode spacing of 5cm. 

 
4.1.2.2 Results 
 
 Figure 29 shows all EIS results, as Nyquist representations, from disbonded and 

non-disbonded SSK ECR samples from the high elevation trestle caps. The non-

disbonded sample, which correspondingly did not have any visually observed coating 

breaks, as expected had an impedance response closely approaching that of an ideal 

capacitor. The curves from samples which were found to be disbonded, however, showed 

high frequency hf loops with diameters that varied by orders of magnitude. Similar hf 

loops were observed in side by side comparisons of EIS responses of ECR samples , all 

exhibiting complete disbondment, from cracked and non-cracked concrete from low 

elevations; results are shown in Figure 19 in Section 3.1.4.c.  

 

 The observation of the hf loops provide information on the presence of coating 

defect sites of varying severity of exposed metal and subsequent coating disbondment.  

The following analysis was conducted to examine to what extent EIS information of this 

type may be used to nondestructively estimate the extent of coating defects, so as to serve 

as an additional or alternative coating condition assessment method in future 

investigations.  
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Figure 29. Impedance Manifestation of Disbondment. ECR from high elevations. A,B 
Sound concrete core. A’,A’ Companion on crack core. (A, A’: 140E2, 140E1. B, B’: 

33W2, 33W1). 
 

 Starting from earlier treatments by Haruyama et al., 1987 and Tsai and Mansfeld, 

1993, the total ohmic resistance associated with a coating defect or pore1 includes the 

electrolytic resistance Rpos’ of the pore which is assumed to be filled with electrolyte, and 

the resistance Rpoc’ due to current constriction in the electrolyte immediately outside of 

the pore opening.  The total ohmic resistance of a pore is then  

 

 Rpo’ = Rpos’ + Rpoc’.   (Eq. 26) 

 

 The electrolytic resistance of a pore, Rpos’ is a function of the resistivity of the 

liquid filling the pore ρ and the geometry of the pore. Assuming cylindrical pore 

geometry, 

 

 Rpos’ = ρd/Apo’ (Eq. 27) 

 

                                                 
1 In the following derivation, the term “defect” or “pore” will be used indistinctly reflecting common usage 
in the literature of EIS of coated materials. 
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where d is the thickness of the coating and Apo’ is the cross-sectional area of exposed 

metal at the bottom of the pore.  

 

 The resistance Rpoc’ due to current constriction in the electrolyte immediately 

outside of the pore opening is proportional to ρ and the characteristic radius, r, of the pore 

(Oltra and Keddam, 1988). 

 

 Rpoc’ = ρ/4r (Eq. 28) 

 

Therefore 

 

 Rpo’ = 
ρd
Apo’

 + 
ρ
4r  (Eq. 29) 

 

and if the pore is assumed to be circular 

 

 Rpo'= 
ρd
πr2 + 

ρ
4r  (Eq. 30) 

 

 For ECR where there can be a distribution of coating pores, the total exposed 

metal area would be ΣA po’= Apo = nπr
2.  If all n pores on a coating had approximately the 

same dimensions, the combined pore resistance Rpo measured by EIS would be given by 

the corresponding parallel combination: 

 

 Rpo = 
Rpo'
n  = 

ρd
nπr2+ 

ρ
4nr   (Eq. 31) 

 

 If the resistance of the pore would be known, for example from EIS 

measurements, the cross-sectional area of coating pore defects, Apo, can be estimated as 

being inversely proportional to the ohmic resistance of the electrolyte assumed to be 

filling the defect, Rpo. 
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 Apo = k x ρ/Rpo (Eq. 32) 

 

where k is a proportionality constant. The proportionality constant k∝ d and would also 

incorporate the attributing resistance Rpoc.  

 

 Combining Equation 31 and 32, it can be shown that k=(4d+πr)/4 or k=d+πr/4. 

The characteristic defect radius r for each sample tested was determined by calculating 

the equivalent radius of a pore of nominal Apo’ which was correspondingly calculated by 

dividing the observed total Apo per sample by n of each sample. Assuming typical coating 

d~0.03cm, the average r for the sample population was ~0.15cm. The corresponding k 

would be ~0.15cm. This estimated k value for was ~5 times greater than d; for smaller 

defect areas, the influence of current constriction would be less and the value of k would 

approach d. The above may be considered as a rough approximation of k for the typical 

defect size observed for the sample population. Due to possible variability of d and 

current constriction artifacts, k was also assessed by correlating the observed coating 

damage area with the quotient of solution resistivity and pore resistance. Further 

evaluation is required, but for the sample population measured so far, a direct correlation 

between ρ/Rpo and Apo was observed with similar k~0.15cm. Figure 30 shows the 

comparisons for ECR samples where direct coating defect observations and impedance 

measurements could be made, indicating better than order-of-magnitude correlation. In 

cases where there were no observable coating breaks, a nominal detection area of 

0.1x0.1mm total defect area was assumed to give an upper limit of defect size.  
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Figure 30. Comparison of Observed Coating Defects to Estimated Coating Defects. Black 

symbols represent SSK data. Grey data from Lau and Sagüés, tbp. 
 
 The difference of pore resistance from cracked and non-cracked concrete 

locations, as seen in Figure 20 in Section 3.1.4.c, is not expected to significantly affect 

the estimated coating defect areas for the SSK field samples as the ratio of ρ/Rpo is 

expected to be constant. If coating disbondment processes had occured, the ratio of ρ/Rpo 

would increase assuming a simplified system with no impedance dispersion effects 

(Sagüés, 1991) for the disbonded coating region.  

 

 Additional EIS measurements to determine coating breaks were made as part of 

the supplemental experiments; the polarization behavior of the ECR samples is shown in 

Figure 31.  Instability of electrochemical surface conditions of the rebar during the 

disconnect recovery period are not a concern as they are not consequential to the high 

frequency portion of the EIS measurements which reflects the polymer coating 

properties. The increase of potential in the polarized condition after ~30 days likely 

reflects accumulation of corrosion products on the surface of the steel rebar anode and 

subsequent decrease in overall cathodic overpotential for the ECR samples. This change 

in magnitude of cathodic polarization to the ECR is less than ~50mV and is not expected 

to greatly affect overall trends. 

Apo observed /cm
2 

A
p
o
 E
IS
 /
c
m
2
 



   83 

-700

-650

-600

-550

-500

0 20 40 60 80 100

Time (days)

E
 S

C
E

 (
m

V
)

 
Figure 31. Polarization Behavior of ECR from Supplemental Test Setup of ECR 
Embedded in Concrete. All potentials are mixed-potentials while the system was 

connected to the steel bar anode. Dotted lines- steel bar anodes. Gray and black lines 
represent bars from duplicate concrete specimens. 
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Figure 32. Estimated Apo as Function of Time After Initial Concrete Casting. Vertical 
line represents time of initial cathodic polarization. Horizontal line represents nominal 
intentional defect area. . Gray and black lines represent bars from duplicate concrete 

specimens. 
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 The nominal defect area of each of the eight intentional defects was ~0.2cm2 so 

the nominal Apo was ~1.6cm
2. Apo at periodic time intervals after concrete casting was 

estimated from the EIS data by the relationship expressed in Eq. 32 using the k value 

determined earlier and is shown in Figure 32. For all ten samples, with varying extent of 

cathodic polarization, there was a relatively minor increase in the estimated Apo with 

time. The change may indicate some cathodic disbondment of the polymer coating, but 

the observed change is small in comparison to the uncertainty in estimating defect size. 

The difference of cathodic polarization from the upper to lower bars was <20mV and all 

cathodic potentials were -650<E<-550mVSCE. At these moderate polarization levels, no 

discernable trend of estimated Apo and the extent of applied cathodic polarization were 

observed.  

 

 The extent of possible coating disbondment of ECR at OCP for the first 40 days 

after initial concrete casting was not evaluated by direct observation since exposure is 

still in progress. However, experiments in SPS by Lau and Sagüés, 2009 showed that 

after ~40 days of static polarization at OCP, -150mVSCE, and -500mVSCE in SPS solution, 

ECR showed coating disbondment for both conditions.  The disbondment radial length 

from the edge of circular coating defects for both of those cases was ~2mm, but 

disbondment measurements made there by applying force to the coating may not 

necessarily correspond to the insitu Apo of ECR embedded in concrete. 

 

 It is noted that the increase in ρ/Rpo with time may be a result of the test column 

configuration used rather than an evolution in the extent of coating disbondment. As 

mentioned earlier, concrete resistivity was measured with a Wenner array probe where 

current density is greatest in the outer regions, a few cm, of the concrete. If as expected 

the moisture of that outer concrete region is removed at a faster rate —by evaporation in 

addition to cement hydration for example— than the interior, or if carbonation of the 

outer concrete surface occurs, then the probe may report a concrete resistivity 

substantially larger than that near the rebar surface in the bulk. Consequently, the 

apparent ρ/Rpo ratio would increase at a faster rate than that corresponding to the 
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conditions at the rebar surface which may have remained constant after all. As seen in 

Figure 33, there was only a moderate difference in the trend observed for Rpo and ρ. 

Further testing is in progress and final verification of coating disbondment will be made 

after sample demolition and autopsy. In anycase, Apo was generally constant and 

consistent with expected values despite large changes in concrete resistivity.  

 

 In summary, in the concrete tests the high resistivity of the medium was 

manifested as a large pore resistance that depended on the characteristic size of the 

coating breaks. Relationships taking into account current distribution in the medium were 

developed to evaluate the coating break size from the measured pore resistance and 

number of defects present. Also, relationships taking into account the pore resistance, 

solution resistivity, and pore geometry may describe in-situ possible coating 

disbondment. These results are a first step toward applying EIS as a diagnostic method to 

assess the performance of ECR in quality evaluation and field applications.  
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Figure 33. Pore resistance and Concrete Resistivity as Function of Time after Inital 

Cathodic Polarization, ~40 days After Concrete Casting. 
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4.1.3 High Frequency Dispersion in EIS Measurements of ECR 
 
 Referring back to SSK samples, the coating CPE impedance component showed 

sometimes strong frequency dispersion as manifested by n values as low as ~0.5, as 

shown in Figure 34. This observation is striking since the capacitance of polymeric 

coatings of this type is usually near ideal (Orazem and Tribollet, 2008). Elucidation of 

this effect is important for any detailed interpretation of EIS response behavior of ECR. 

For example, frequency dispersion introduces large uncertainty in the value of the coating 

capacitance, which would in turn lead to improper estimates of the amount of water 

absorbed in the polymer coating characterized by the change in apparent coating 

capacitance with exposure time. Precise determination of water absorption trends is 

important in future mechanistic studies of the mechanisms responsible for coating 

disbondment. 

 

 An explanation for the frequency dispersion is that it reflects markedly uneven 

excitation current distribution due to the spatially extended cell configuration combined 

with high and uneven concrete resistivity. Such effect would be expected to be more 

noticeable in combination with breaks resulting in higher metal surface admittances and 

indeed, smaller Rpo values, typically from cracked concrete samples, were associated with 

low n values. There was only one instance where a low n value, <0.7, was observed from 

a sound concrete sample. Yo varied widely but as seen in Figure 34, after normalizing for 

the coating thickness, d, and surface area, A, log Yo showed clear correlation with the 

value of n that can be expressed as Yo/Yo|n=1=10
4.5(1-n). Extrapolation of the trend to n=1 

yields a value Yod/A~4x10-13.  Per Eq. 25, that value corresponds to a coating dielectric 

constant ε=(Yod/A)/εo~5 which is consistent with values typical for polymers such as the 

epoxy used on the bars (Orazem and Tribollet, 2008). This plausible result suggests that a 

representation as in Figure 34 can serve to deconvolute the effect of obscuring artifacts 

from uneven current distribution.  
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Figure 34. Correlation of Yo and n for Coating CPE Component.  

 
4.1.3.1  Idealized Extended Circuit Analog 
 
 The frequency dispersion was thought to be due to uneven excitation current 

distribution from the outer plate counter electrode to ECR defect sites caused by the high 

quality concrete resistivity, >100kΩ-cm, reflecting the very low permeability concrete 

used in SSK, large concrete core test cell geometry, and in the cases of cores with cracks, 

uneven current paths via moisture in the cracks.  

 

 In exploratory modeling of the causes of the high frequency dispersion, the test 

cell was abstracted as an extended circuit mesh of resistor and capacitor elements 

representing solution resistance, coating pore resistance and coating capacitance, as 

described in Figure 35.  
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Model Abstraction
Core Sample Idealized Cell 

Geometry

 
 

Figure 35. Idealized Extended Circuit Analog Model Abstraction. 
 
 The model corresponded to the typical cylindrical core geometry idealized as a 

prism of height 14cm and width 10cm. The rebar geometry was approximated by a prism 

with side length 2cm. For simplicity and benefiting from geometric symmetry, a two 

dimensional model of half of the system was implemented consisting of a mesh of 10x6 

nodes as shown in Figure 36. The coarse mesh reduced the amount of necessary 

computation; as the analysis was exploratory in nature the model geometry was greatly 

idealized and simplified. The distance between each node in the mesh corresponded to 

1cm except for the last row of vertical nodes where mesh elements had values that 

correspond to 6cm. The distance from the bottom edge of the mesh to elements 

corresponding to the ECR was 10cm, consistent with typical cover depths. 

 



   89 

6cm

4cm

14cm

5cm

Cc and Rpo

Rebar

Concrete 

bulk and 

surface 

resistances 

Rs

Crack 

location       
(if present)

C L  
COUNTER ELECTRODE

Cc and Rpo

Rebar

Concrete 

bulk and 

surface 

resistances 

Rs

Crack 

location       
(if present)

C L  
COUNTER ELECTRODE

Cc and Rpo

Rebar

Concrete 

bulk and 

surface 

resistances 

Rs

Crack 

location       
(if present)

C L  
COUNTER ELECTRODE

Concrete 

bulk and 

surface 

resistances 

Rs

Crack 

location       
(if present)

C L  
COUNTER ELECTRODE

Crack 

location       
(if present)

C L  
COUNTER ELECTRODE

C L  
COUNTER ELECTRODE

 
Figure 36. Detailed Schematic of Extended Circuit Analog Model Abstraction. 

 
 Each bulk resistance mesh element corresponded to a value RB=ρBx1cm/10cm

2 

where ρB is the concrete resistivity. The concrete resistivity was assumed to be either 100 

or 300kΩ-cm consistent with the concrete in the samples examined experimentally, 

Section 3.1.4. A crack in the concrete core, when considered, was implemented in the 

model by adjusting the values of the series of mesh resistors in the model geometry — 

corresponding to the location where the crack propagated through the cover length 

intersecting the rebar—  to a smaller value to represent preferential charge conductance 

through the moisture filled crack channel. For simplicity, the crack was treated as running 

along the length of the rebar. As shown in Figure 18 in Section 3.1.4.c, Rs measured by 

EIS was ~2-4 times greater in sound concrete than in cracked concrete. Thus the 

conductance of a mesh element in the crack region was assumed to be 5 times greater 

than the bulk. For the model geometry used, this would correspond to an edge mesh 

resistor in the crack region RC=2x(RB/k) where k was 25. Due to the model geometry, the 

edge mesh resistor elements were given a value 2xR. For the bottom row of vertical mesh 
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elements, the values of the resistors were correspondingly larger. Also, the horizontal 

mesh elements in the bottom row of the mesh were each given small resistances, 0.001Ω, 

to reflect uniform initial current distribution from the counter electrode. From a lead 

resistor connecting to these points, simulation of an alternating current voltage source 

was applied as shown in Figure 36. 

 

 Coating breaks were assumed to have uniform distribution around the 

circumference and length of the bar. The breaks  along with the coating capacitance, were 

implemented in the uniaxial symmetric mesh by 8 parallel combinations of resistors and 

capacitors radially placed from a center node to the eight surrounding adjacent nodes. A 

pore resistance mesh element RB=Rpox8. Corresponding to variability in coating defects 

determined by EIS measurements, Rpo was assigned a value of 20kΩ, 200kΩ, or 2MΩ. 

Similar to the bulk resistance mesh elements, the edge resistors were given a value 2xR. 

 

 The total coating capacitance was calculated using Eq. 23 for and area of ~50cm2 

and coating thickness 0.23mm. CC~1nF. A coating capacitance mesh element CB=CC/8. 

Edge capacitor elements were given a value CB/2. The center node was treated as an 

electrical ground. Table 5 summarized the model cases tested. The model output 

consisted of the magnitude of impedance and phase angle for a range of frequencies 

1MHz > f > 1mHz. 

 
Table 5. Idealized Extended Circuit Analog Model Cases  

Case Rpo (Ω) Crack 
ρB  

(kΩ-cm) 
A 2M 
B 200k 
C 20k 

No 

D 2M 
E 200k 
F 20k 

Yes 

100 or 
300 

 
 The modeled impedance spectra results are illustrated in Figure 37 for Cases A-F 

for ρB=300 kΩ-cm. The frequency dispersion noticed experimentally was replicated by 

the model outputs such that the hf loop was somewhat elongated, particularly evident in 
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Case F. It is noted that charge transfer processes related to steel corrosion were not 

considered in this analog circuit model. Impedance parameters for these spectra and all 

the other implemented realizations were calculated using impedance analysis fitting 

software and the equivalent circuit analog shown in Figure 2b, except that Rp and Cdl 

components relating to charge transfer corrosion processes were neglected and a CPE 

component for the coating capacitance was used. The frequency ranges used in the 

analysis were 100kHz to 100Hz, 1kHz, and 10kHz. Frequency dispersion was quantified 

in this case by the resulting coating CPE n term calculated from those frequency regimes 

of the impedance spectra.   A summary of all the modeling results is shown in Figure 38. 

 

 More apparent frequency dispersion was seen with cases of higher concrete 

resistivity in which it could be remarked that the capacitive impedance of the polymer 

coating would be lower compared with that of the electrolyte. This was also apparent 

where analysis was made for frequency regimes with confined ranges at the higher 

frequencies. Apparent frequency dispersion was calculated from impedance spectra for 

smaller Rpo as well in which much of the high frequency impedance response would be 

dominated by the higher apparent capacitive impedance of the electrolyte. Also, there 

was more apparent frequency dispersion with crack presence which would be attributed 

to less uniform current distribution.  

 

 The model calculations accurately replicated the experimental Yo-n correlation as 

shown in Figure 39 and give supporting evidence that current distribution from cell 

geometry and high concrete resistivity resulted in high frequency dispersion in EIS 

measurements. A more analytical approach to examine the cause of high frequency 

dispersion is detailed next. 
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Figure 37. Example Impedance Spectra for Extended Circuit Analog Model Case A-F for 

ρB=300 kΩ-cm. Point 1, 100kHz; Point 2, 10kHz, Point 3, 1kHz, Point 4, 100Hz. 
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Figure 38. Frequency Dispersion Quantified by Coating CPE n Term for Idealized 

Extended Circuit Analog. 
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Figure 39. Yo-n Correlation from Idealized Extended Circuit Analog Model EIS 

Analysis. The trendline overimposes experimental Yo-n correlation. 
 

4.1.3.2 Truncated Transmission Line Extended Circuit Model 
 
 In the idealized extended circuit analog described in the previous section, uneven 

excitation current distribution, viewed to be caused in part by high solution resistance and 

enhanced conductance through moisture-filled crack space, was analyzed by impedance 

analysis of a mesh of resistors and capacitors relating to cell component properties. Here, 

the system was similarly analyzed but the current distribution beyond the solution 

resistance was treated rather as having characteristics of an electrical transmission line, 

TL. This approach is one-dimensional and more simplified than the numerical simulation 

presented above, but offers the opportunity of obtaining further insight into  the 

mechanistic reasons behind the observed frequency dispersions.  Analysis of impedance 

behavior of electrochemical systems as TL have been introduced by deLevie, 1964 and 

Keiser, 1976 and have been used to interpret electrochemical behavior under disbonded 

coatings by Sagüés and Zayed, 1991. The total impedance ZT of TL is expressed as  

 

 ZT = 
 RL ZL

 tanh 








L
 RL
 ZL 
 
  (Eq. 33) 
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where L is the length of the TL, RL  is the resistance per unit length of the TL, and ZL is 

impedance of the system interface per unit length of the TL.  

 

L

Ydx

R dx

L

Ydx

R dx

Rs

 
 

Figure 40. Transmission Line Extended Circuit Analog Abstraction. 
 
 For the impedance response of the portion of the system being considered, Figure 

40, R and Z in the TL would be characteristic of solution resistances and the impedance 

of the coating capacitance along the length of the TL, respectively. In the following, it is 

reminded that the impedance response to properties relating to the polymer coating is 

typically observed at relatively high frequencies, ie f>>Hz.  

 

 In the low frequency limit of the TL, the impedance would be  

 

 ZT|lf = 
1

jωCT 
  (Eq. 34) 

 

where CT is the total coating capacitance. If the impedance of the coating capacitance is 

viewed in terms of a CPE, one could consider an apparent Yo = CT for an apparent n=1. 

The ratio Yo/CT = 1. It is noted that pre-admittance CPE term Yo is not equivalent to a 

capacitance.  
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 In the high frequency limit of the TL, the impedance would be 

 

 ZT|hf =  RL ZL  (Eq. 35) 

 

Equation 35 can be rewritten as 

 

 ZT|hf = 
RT
jωCT

 = 
1
CT
 






τ

jω  
1
2  (Eq. 36) 

 

where RT = RLL, CT = CLL, ZL = 1/jωCL, and τ = RTCT. As such, similar to inference 

made at the low frequency limit, one could consider per Eq. 21 an apparent Yo = CT τ
-0.5 

for an apparent n=0.5. The ratio Yo/CT = τ
-0.5.  

 

 RT could be approximated as ρB Φ/A where Φ is the bar diameter and A is the 

core cross-sectional area. For typical core geometry, RT~2-6kΩ.  The polymer coating 

capacitance was assumed to be in the order of ~1nF.  τ was approximated to be ~6-18µs, 

and the low frequency limit ratio Yo/CT <~200 to 400.  This coarse estimate is not 

inconsistent with empirical observations and is within an order of magnitude of 

extrapolated values from the observed Yo-n trend described earlier. 

 
Table 6. Transmission Line Extended Circuit Analog Model Cases  

 Case 
τ=RxC 
(sec) 

Rpo 
(kohm) 

Rs 
(kohm) 

Yo 
epoxy 
(Ssecn) 

n 
epoxy 

Rp 
(kohm) 

Yo 
interface 
(Ssecn) 

n 
metal 

6x10-6 
A 1 

18x10-6 
20 30 1x10-9 1 - - - 

6x10-6 
2 

18x10-6 
20 30 1x10-9 1 40 2.5x10-8 1 

6x10-6 
B 

3 
18x10-6 

20 30 1x10-9 1 40 5x10-7 0.7 

 
 An equivalent circuit analog of the concrete/ECR system incorporating current 

attenuation by TL is shown in Figure 40. The impedance response for three cases with τ = 

6µs or three times larger, 18µs, were examined; Table 6. The latter time constant was 
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considered to compensate for uncertainty in the coarse approximation of RT in the TL and 

possibly larger coating capacitance due to water absorbtion. Similar to procedures 

described earlier, impedance parameters for these spectra were calculated using 

impedance analysis fitting software. For cases 2-3, the equivalent circuit analog shown in 

Figure 2b was considered. For case 1, Rp and Cdl components were neglected. CPE 

coating capacitance terms were used in all cases. The frequency ranges used in the 

analysis were 100kHz to 1mHz, 100Hz, 1kHz, and 10kHz. Frequency dispersion was 

quantified by the resulting coating CPE n term. A summary of results is shown in Figure 

41. 

 

 Generally, little frequency dispersion was manifested for any case when τ = 6µs. 

More frequency dispersion was observed for all cases when τ = 18µs. The greater 

solution resistance in the TL that can be attributed to the larger time constant would cause 

uneven current distribution to be even more greatly manifested. 
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Figure 41. Frequency Dispersion Quantified by Coating CPE n Term for Truncated 
Transmission Line Extended Circuit Analog 
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 In summary, the unexpected frequency dispersion in the coating capacitance 

observed at high frequencies was shown to result from uneven excitation current 

distribution due to an extended cell geometry, high concrete resistivity, and preferential 

crack conductance. This explained why more apparent frequency dispersion was 

observed for cases with or in combination of larger coating surface admittance, higher 

concrete resistivity, and crack presence.  

 

 Based on the understanding developed here, the use of a Yo-n correlation to 

deconvolute results so as to obtain the true coating capacitance was proposed. The 

correlation was further justified by independent transmission line calculations that 

supplemented those of the coarse 2D model abstractions. 
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PART V 
 

Part V introduces and conducts advanced forecast modeling of the progression of 

corrosion damage of bridges with ECR and locally deficient concrete. 

 

5.1. Performance Projections 
 
5.1.1 Modeling Approach 
 
 To better understand the factors responsible for corrosion development and 

anticipate future needs for maintenance and repair, an effort was conducted to obtain 

quantitative damage projections. A statistical model to project performance of marine 

bridge substructures was successfully applied by Sagüés, 2003 and Lau and Sagüés, 2007 

in previous interpretations of damage progression data. Application to the current 

expanded data set is presented here.  

 

 Briefly, the model divides the substructure surface into Ni discrete elements, each 

experiencing damage evolution with a corrosion initiation stage, of duration ti, and a 

propagation stage of duration tp (Berke and Hicks, 1992; Tuutti, 1982) at the end of 

which the element is declared damaged.   Each element is assumed to have its own value 

of surface chloride concentration Cs, concrete cover x, DApp, threshold concentration CT.  

Those parameters together establish the local value of ti by assuming for simplicity a one-

dimensional diffusion geometry (Sagüés, 2003).  The value of tp for each element is 

determined by assuming that the element has its own effective corrosion rate R resulting 

in corrosion penetration P that increases linearly with t-ti, where t is time. There is 

growing evidence that cracking/spalling takes place when P reaches a given value PCRIT 

which for macroscopically uniform corrosion is proportional to the ratio x/Φ, where Φ is 

the rebar diameter (Torres-Acosta and Sagüés, 2004). Rebar size –mostly near size #6, 

~20mm diameter– varies relatively little over the structural elements of interest  so by 
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treating Φ as constant tp may be approximated for modeling purposes (Torres-Acosta and 

Sagüés, 2000) as tp = k’x, where k is proportional to R-1.   R is strongly influenced by the 

condition of the coating (Clear, 1992; McDonald et al., 1998) such that  ECR with 

substantial coating distress should corrode faster than in the absence of imperfections. 

Thus k’ is treated as a distributed model parameter, and assigned a value that becomes 

smaller as the extent of ECR coating distress increases. 

 
 Following the treatment by Sagüés, 2003, the time to corrosion spalling for these 
conditions can be expressed as ts. 
 

 ts = 
x2

 4DApp 





erf-1 







1 - 

CT
CS

 
2 + k'x  (Eq. 37) 

 
The values of Cs, DApp and x were assumed to have average values and element-to- 

element variability consistent with field observations in these structures.  The variabilities 

were treated as stemming from normal distributions truncated as indicated below 

(Sagüés, 2003).  A fixed value of CT was assumed for simplicity. Laboratory 

observations suggest that under simple conditions CT for ECR is on the order of the value 

for plain steel bar (Sagüés et al., 1994), which may in turn be estimated as being 

proportional to the cement content, CF of the concrete, CT ~0.004CF (Bentur et al., 

1997). The parameter k’ was assigned variability but implemented only stepwise over 3 

different finite levels, plus another level designating elements with essentially 

unblemished rebar coating.   The fraction of elements having each of the coating distress 

levels, or lack thereof, was also a model input.  

 

 The time to corrosion spalling on an element per arguments above is a function of 

x, DApp, CS, CT, and k’. 

 

 ts = f(x, DApp, CS, CT, k’) (Eq. 38) 
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As such, if the values of the parameters other than x were at a given value, then elements 

with concrete cover smaller than a critical depth, xs would result in a corrosion spall such 

that 

 

 xs = F(ts, DApp, CS, CT, k’) (Eq. 39) 

 

For ts given in Equation 37, Equation 39 could be expressed as 

 

 xs = - 
k'Ψ
2  + 

1
2  k'2 Ψ 2 + 4 ts Ψ   (Eq. 40) 

 

where 

 

 Ψ = 4DApp 





erf-1 







1 - 

CT
CS

 
2

  (Eq. 41) 

 

 The fraction of elements for given values of DApp, CS, CT, and k’ that would have 

a critical depth xs for time ts is obtained by integrating the probability distribution of x: 

 

  ⌡⌠
0

xs
P (x) dx = Pcum (xs)   (Eq. 42) 

 

Likewise, in consideration of the probability that the concrete surface elements would 

have a given value for each of the variables described above and integrating over all 

possible parameter values of Cs and D for all ECR coating defect conditions k’, the 

number of elements having a corrosion spall by time t would be as follows: 

 

 Nd(t)/N = (1/Σi Ni) Σi Ni  ∫D  ∫Cs Pcum(xs) P(DApp)dDApp P(CS) dCS (Eq. 43) 
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 Damage projections were made by applying the above parameter distributions to a 

large population of elements, and tallying the fraction of elements reaching ti+tp for 

increasing time intervals (Sagüés, 2003).  Each element was assigned the same surface 

area value, equal to that of a typical spall, and the total number of elements corresponded 

to a multiple of the typical portion of a bent exposed to aggressive conditions. Thus the 

fraction of cracked/spalled elements at a given time was equal to the number of spalls per 

bent, allowing direct comparison to the field data.  

 

 Cases modeled corresponded to the Group 1 bridges, two subsets of the Group 2 

bridges, and speculative cases for Group 3 and 4 bridges. All calculations assumed 

initially chloride-free concrete. 

 
Table 7. Model Input Parameters 

Group 2 
 

Group 
1 (VSC) (C) 

Group 
3 

Group 
4 

Af 
Surface area of bent exposed to severe 
corrosion  

20 m2 

Ae Typical spall area 0.32 m2 

CT ECR chloride concentration threshold 1.55 kg/m3 

µCs Average surface chloride concentration 12 kg/m3 6 
kg/m3 

σCs 
Standard deviation of surface chloride 
conc. 

µCs/4 

Csmax 
Maximum surface chloride 
concentration 

25 kg/m3 

µx Average rebar cover (mm) 76 148 87 102 
σx Standard deviation of rebar cover µx/4 

µDApp 
Average apparent chloride diffusion 
coefficient (m2/s) 

2x10-11 1.7x10-11 1.3x10-12 3x10-13 3x10-12 

σDApp Standard deviation of app. diff. coeff. µDApp/4 
0.14 yr/mm (2%) 
0.28 yr/mm (4%) k’ 

Proportionality constant for propagation 
time (Percentages indicate fraction of the 
surface assigned to the value) 0.56 yr/mm (8%) 

Note:  Cs, x and DApp were assumed to be normally distributed but truncated by zero and 
as shown by Csmax.   
 
 Table 7 lists the values selected for model input for each case. The exposed bent 

area Af and element area Ae were based on typical prevalent structure and spall 

dimensions. The value of CT reflects a representative value of CF, 388 kg/m
3, consistent 

with those noted earlier. The average CS, x and DApp values and their standard deviations 

were representative of those encountered in the affected bridges (Sagüés et al., 1994).  It 
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is recognized that as those magnitudes cannot assume negative values, the actual 

distributions must depart from simple Gaussian shape. However, as more precise 

information on distribution character is not available, truncated normal distributions were 

used instead as a compromise. Thus all distributions were truncated at zero, and CS was 

furthermore truncated at 25 kg/m3 which is representative of a salt-saturated pore water 

condition (Sagüés et al., 2001). The severe exposure regime and high concrete 

permeability conditions in Group 1 –reflected in the high average CS and DApp values– 

yielded projections where  the threshold concentration at the rebar depth was exceeded 

very early, e.g one year or so, in the life of the structure even for average cover locations. 

Consequently, for Group 1 the corrosion development projected by the model is 

dominated by the propagation stage, the value of tp, and less sensitive to the parameters 

that affect only ti (Sagüés et al., 2001). 

 

 The projected value of tp did depend strongly on x and k’ values. The x values 

were determined by direct measurement in the field, but the k’ distribution could only be 

inferred.  Toward representing closely the actually observed damage progression, the 

assignment of k values over the rebar assembly was made by assuming that only a small 

fraction, 2%, of the rebar assembly was responsible for the earliest observations of 

damage. For that fraction a low value of k’ =0.14 y/mm was chosen, which corresponds 

to tp=7 years when x=50 mm.  Since the value of  ti given the other model variables was 

very short, the k’=0.14 y/mm fraction of the rebar assembly would  consequently be 

responsible for the very first failures projected. Increasingly large fractions of the 

assembly, 4% and 8%, were assumed to have correspondingly less distress, k’=0.28 and 

0.56 respectively, and consequently larger propagation times. This approach reflected the 

expectation that rebar segments with a high incidence of coating distress are likely to 

have the highest corrosion rates and therefore the shortest tp values. The chosen 

distribution for k’ then effectively stated that there was a small fraction of the rebar with 

severe coating distress, and proportionally less distress on increasingly larger fractions of 

the assembly. 
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5.1.2 Modeling Results 
 
 The damage projections resulting from the above choice of parameters for each of 

the bridge groups, thick solid line, are shown in Figures 42-45.  The corresponding actual 

damage functions from Figure 10 are reproduced for each pertinent case.  The model 

projection for Group 1 bridges, Figure 42, reasonably reproduced the duration of the 

initial period where damage was minimal, and the subsequent steady rise of damage with 

time. The present choice of input parameters replicates that used by Sagués, 2003, which 

was based on fitting to data that terminated at earlier times for two of the bridges, NIL 

and LOK, but the overall match continues to be similarly adequate for the newer data as 

well.  Sensitivity tests confirmed that the damage projection was only modestly 

influenced by changes in the distribution of DApp or Cs, or by variations in CT, in 

agreement with the basis for the choice of model parameters used.  
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Figure 42. - Projected Damage Function for Group 1 Bridges. Thick bold line: total 
damage projection. Dashed lines: partial damage from each of the rebar assembly 

fractions considered:  2% of the rebar with k’=0.14 y/mm; 4% with k’=0.28 y/mm and 
8% with k’=0.56 y/mm. 
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 The dashed lines in Figures 42-45 represent the separate contribution to the total 

damage of each of the assumed finite distress fractions; addition of which corresponds to 

the thick solid line. As best seen in Figure 42, as time progresses a greater share of the 

projected damage increase results from fractions with increasingly greater k’.  Whether 

future damage will continue along the present trend depends, in this scheme, on the 

extent of coating distress on the rest of the rebar assembly.  If the remaining rebar coating 

were in very good condition, damage would continue for some time at the present nearly 

constant rate and then saturate at some intermediate level.  The present choice of the 

distribution of k’ values assigns finite values to only the first 14% of the rebar assembly, 

so projected damage saturation would take place at ~9 spalls per bent. As of this writing 

the highest recorded damage value —for NIL, evaluated in 2008— reached 4.4 spalls per 

bent without signs of slowing down, but the available data cannot preclude development 

of saturation in the relatively near future.  Conversely, if the surface condition of the 

remaining rebar were poor or marginal, damage progression could easily continue to 

reach increasingly higher levels.   

  

 Data for the Group 2 bridges are too limited for detailed evaluation, but the model 

projections are in the order of the observed deterioration. Calculations for two subsets of 

Group 2 projected later damage development than for Group 1.  The bridges in the subset 

VAC, SNK, and CH2 —VSC on Table 7— had values of DApp that were comparable to 

each other but not much smaller than those for Group 1. However, the average rebar 

cover of subset VSC was twice as high as that for Group 1. The model ruling equations 

imply that doubling the cover results in a fourfold increase in ti, and in a doubling of the 

value of tp, delaying the projected development of damage accordingly. The actual 

damage evolution in CH2 was somewhat faster than as projected by the model, but that 

difference should at least partially stem from imprecise information on the range of DApp 

for that bridge as only a cursory examination was performed there.  CHO was placed into 

another subset —C on Table 7— as its average DApp was notably smaller than for the 

other bridges. That difference resulted in a significant increase of projected ti, toward 

increasing initiation stage control of the deterioration. Thus, CHO had longer projected 
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times to damage than in the first Group 2 subset, even though the average cover value 

was less than for that first subset. 
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Figure 43. Projected Damage Function for Group 2 Bridges. Thick bold line: total 
damage projection. Dashed lines: partial damage from each of the rebar assembly 

fractions considered:  2% of the rebar with k’=0.14 y/mm; 4% with k’=0.28 y/mm and 
8% with k’=0.56 y/mm. 
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Figure 44. Projected Damage Function for Group 3 Bridges. Thick bold line: total 
damage projection. Dashed lines: partial damage from each of the rebar assembly 

fractions considered;  2% of the rebar with k’=0.14 y/mm; 4% with k’=0.28 y/mm and 
8% with k’=0.56 y/mm. 
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Figure 45. Projected Damage Function for Group 4 Bridges. Thick bold line: total 
damage projection. Dashed lines: partial damage from each of the rebar assembly 

fractions considered;  2% of the rebar with k’=0.14 y/mm; 4% with k’=0.28 y/mm and 
8% with k’=0.56 y/mm. 
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 More speculative projections for sound concrete in Group 3 and 4 over a 100 year 

time frame are given in Figures 5-6. Those projections were made by assuming that the 

distributions of rebar damage and relative parameter variance and truncations were equal 

to those in Group 2, and changing only the average values of the concrete cover, chloride 

diffusivity, and surface concentration to reflect those obtained from concrete cores. These 

projections are only tentative as there are not as of yet direct observations of finite 

damage for comparison as it was the case for Groups 1 and 2. The projections essentially 

indicate that in sound concrete for Groups 3 and 4, widespread damage from ECR 

corrosion is not expected for several decades into the future. As noted above when 

considering similar expectations from earlier model predictions, much of the projected 

extended durability in these groups is a consequence of either high quality concrete or 

mild surface chloride load, and essentially no credit is taken for the use of ECR. 

 
5.1.3 Validity and Limitations of the Model Projections 
 
 The model projections served primarily to provide insight as to the causes of the 

seemingly linear damage progression with time observed for the Group 1 bridges, and as 

to whether and at which rate similar damage functions would develop in the other groups. 

The calculations showed that the observed damage function in the Group 1 bridges was 

consistent with a relatively small fraction of the rebar assembly causing much of the 

damage in the first decade or two, with that fraction representing places were the rebar 

had experienced the most distress by the time it was put in service. Due to the fast 

chloride transport in the concrete, entered as a model input, the projections described a 

propagation stage-controlled damage progression. Accordingly, the damage at later 

bridge ages would correspond to other regions in the rebar assembly with lesser distress, 

where the effective corrosion rate was lower.  The calculations showed that a roughly 

linear projected damage function, descriptive of that actually observed for the Group 1 

bridges, resulted from assuming that the remainder of the rebar surface could be divided 

into fractions that were increasingly larger, and increasingly less free of distress.  Such 

assumption is reasonably consistent with visual observations of ECR in place before 

concreting, showing obvious damage on only a small fraction of the rebar surface, while 
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much of the remaining surface was apparently defect free (Sagüés, 1994; Sagüés et al., 

1990). Less visible initial distress, such as disbondment at rebar bends or from saltwater 

exposure in a storage yard, would also be expected to be severe in only a small portion of 

the assembly and less important elsewhere. The widespread coating disbondment in ECR 

observed even for chloride-free concrete would be present on areas with and without 

coating distress, but access to the disbonded metal-polymer interface would still be more 

efficient at the locations with more distress.  

 
 The projections successfully approximated too the limited observed damage 

progression data for the Group 2 bridges. In support of the applicability of the model, it is 

noted that for that group the input distribution of k’ values was the same as that for Group 

1 since the rebar sources were generally the same in both groups (Sagüés et al., 1994), 

and not treated as an adjustable parameter to force a fit.  The approximation between 

projections and observed damage for this group supports also the interpretation that the 

process became more initiation-stage controlled as expected from the lower chloride 

diffusivity. The applicability of the model projections for sound concrete in Groups 3 and 

4 was also supported, albeit by default, by the absence of observed damage in those 

locations up to the present.  

 

 The model provides a supported explanation of the observed damage and a tool 

for estimating future evolution.  Such explanation and forecast are useful in developing 

an understanding of the factors responsible for the corrosion, and in having a structured 

method for anticipating maintenance and rehabilitation needs at least in a comparative 

manner.  However, the model projections should be viewed only as provisional estimates 

subject to considerable modification as new information develops. Such caution applies 

as the field data and mechanistic knowledge available at present are not enough to resolve 

substantial uncertainty in the model assumptions and in the value of the input parameters.  

Importantly, the assumptions linking coating distress with corrosion rate represent gross 

simplifications that would require significant improvements in mechanistic knowledge to 

verify and refine. Even after such validation, a multiple regression fit to the data to 

optimize the parameter choice for the distribution of k’ values would be very poorly 
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resolved given the variability and limited amount of field damage data. Other factors, 

such as the effect of the extensive disbondment noted earlier for  ECR after a few years 

of service in chloride free concrete, were not explicitly considered in the model.  

Advances in modeling of these systems are in progress that should improve future 

forecasts. For example, the present model assumes simple Fickian diffusion with time 

and depth independent DApp with constant surface concentration Cs, factors that may be 

better quantified as additional information develops (Sagüés, 2003). Alternative CT 

regimes may be considered as reported elsewhere (Hartt et al., 1998), including possible 

higher CT due to coupling with nearby anodic regions (Sagüés and Kranc, 1998) which 

could substantially alter the damage projection. This latter factor has been examined in 

detail recently and has good potential for implementation in next generation models 

(Sagüés et al., 2008).  

 
5.1.4 Overall Considerations and Behavior in Locally Deficient Concrete 
 
 The field observations and insight from the above modeling projections indicate 

that ECR corrosion in the Florida bridges resulted from a combination of factors. Those 

include a highly aggressive service environment which, in the absence of a thick cover of 

highly impermeable concrete, rapidly left the epoxy film as the only remaining corrosion 

protecting barrier on the steel bar. Given also the inherent vulnerability of the film to 

flaws and disbondment from the base metal, corrosion quickly ensued with 

electrochemical aggravating factors noted earlier. As the modeling arguments showed, 

significant corrosion of even a relatively small fraction of the rebar assembly could 

manifest itself as extensive and conspicuous damage, which can continue increasing for 

many years.   

 

 As shown by the absence of external signs of damage in the Group 3 bridges, no 

severe ECR corrosion developed when the coated bar was protected by a thick cover of 

sound, very low permeability concrete with DApp values nearly two orders of magnitude 

lower than those in Group 1. Significant amounts of coating flaws existed in those cases 

too, as well as widespread loss of adhesion between coating and base metal, so corrosion 
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is expected to ensue once the chloride content at the rebar exceeds an effective threshold 

level. However, such event would likely be many decades into the future given the very 

slow chloride penetration. It is cautioned that part of the inventory of ECR Florida 

bridges has substructure with intermediate DApp values not unlike those in CHO (Sagüés 

et al., 1994). In those bridges corrosion may well begin to develop in the relatively near 

future, albeit per experience from the Group 2 bridges and per model projections, at a 

more moderate rate of increase than that seen in Group 1.  

 

 As noted above and from findings in related investigations (Sagüés et al., 1994; 

Lau and Sagüés, 2009a) the protection of a thick cover of low permeability concrete can 

be seriously diminished locally in the presence of cracks, lift lines or other local 

deficiencies. Corrosion may not only develop locally as noted in HFB, but the strong 

deterioration seen there may reflect also adverse galvanic coupling with nearby passive 

steel at other coating break locations (Kranc and Sagüés, 1998; Raupach, 1996). Such 

effect could lead to severe local reduction of cross section and associated risk of 

reinforcement failure (Tinnea, 2002). The consequences of that form of deterioration may 

be mitigated in part by the relatively small incidence of cracking (Sagüés et al., 2001) 

when viewed in terms of number of cracks per length of waterline perimeter, thus 

representing a limited number of spots with likely incidence of damage. Continuing 

monitoring of these locations is recommended.   
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5.2. Forecast Modeling in Locally Cracked Concrete 
 

 The observation of severe local corrosion of ECR at one of the bridges with 

otherwise low permeability concrete brings up interest in forecasting the extent of 

possible resulting damage in that bridge and in similar structures that showed preferential 

chloride transport at crack locations. The following is an initial formulation that may 

serve as a starting point pending the development of additional field evidence.  

 

 The modeling is based on the premise of spatially discretized sound concrete 

surfaces exposed to corrosion risk with independent corrosion initiation and propagation 

processes and distributed concrete parameters described earlier but also explores the 

added effect of the presence of cracks on ECR corrosion development. As noted earlier, 

the effect would be relatively more important in the case of less permeable sound 

concrete, so the model implementation uses as a baseline the projections for the low-

diffusivity Group 3 bridges that had been presented earlier. The following assumptions 

and simplifications were made, referring to Figure 46 for a schematic of the idealized 

geometry considered. The factors affecting corrosion opportunity at the concrete crack-

ECR intersection zone were mentioned in the previous section and are tentatively 

quantified here.  
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Figure 46. Schematic of Idealized Model Geometry. 
 

5.2.1 Basic Statements 
 
 1. Per extension of the findings by Sagues et al., 2001, preexisting cracks exist at 

the rate of Nc cracks per unit length of substructure perimeter on water. 

 

 2. The average preexisting crack length is h' 

 

 3. The portion of the substructure subject to corrosion has a height h and a total 

perimeter length W, so its total area is AT=h W 

 

 4. The portion of rebar subject to corrosion when a preexisting crack intersects  

the rebar crosswise is small, with a length Lc ~Φ where Φ is the rebar diameter. 

When the rebar is aligned lengthwise with the crack reaching it, the entire affected 

length is assumed to be subject to corrosion. 

 

 5. Rebar diameter Φ is significantly smaller than the average rebar cover Xc' 
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 6. The corrosion-induced crack emanating from the affected rebar results in a 

spall corresponding to a crack front fanning out at a 90 degree angle from the 

corroded zone. Therefore the resulting spall has a width Ws~ 2 Xc' 

 

 7. For crosswise intersections, the preexisting crack is considered to affect 

multiple parallel rebars. On first approximation the resulting multiple corrosion-

induced crack fronts are assumed to merge forming a spall region of length h' and 

width Ws. Per assumption (4) above when the rebar is aligned lengthwise with the 

preexisting crack the spall region is also of size h' by Ws. 

 

 8. The total area potentially affected by spalls at preexisting cracks and the rest of 

the substructure area subject to corrosion develop corrosion separately, e.g mutual 

macrocell effects and mutual spall mechanical interference are ignored for 

simplicity.   

 

 9. In the model for sound concrete described earlier, a value Ae was assigned to 

the area of a typical spall. For consistency with that model, the cumulative area 

from spall regions from preexisting cracks is tallied and the spall count is 

increased by one unit every time that sum reaches an integer multiple of Ae. 

 

 10. Chloride transport into the preexisting crack is assumed on first approximation 

to occur by simple diffusion, with an apparent diffusivity DcApp =  β DApp, where 

DApp is the apparent diffusivity in the concrete bulk and β is a multiplier >1. 

 

 11. The corrosion initiation threshold for rebar portions reached by a preexisting 

crack is the same as  the value CT prevalent at rebar in contact elsewhere with the 

bulk of the concrete. 

 

 12. Once corrosion starts at a crosswise rebar/preexisting crack intersection the 

local corrosion rate is macrocell-enhanced with respect to that in the bulk by a 
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factor γ >1.  When the rebar is aligned lengthwise with the crack reaching it, the 

anode/cathode configuration is assumed to be comparable to a normal case and γ 

is assigned a value of 1. 

 

 13. Per extension of the arguments made by Torres-Acosta and Sagüés, 2004, the 

amount of metal penetration by corrosion  needed to cause a spall by corrosion 

where the rebar intersects the preexisting crack is greater than that prevalent at the 

bulk by a factor δ = (1+Xc/Lc)2  .  It is noted that for crosswise  intersections  Lc 

is effectively equal to Φ per assumption (4) above. For lengthwise intersections 

Lc is equal to the length of the crack. 

 

 14. From the above, it may be said on first approximation that, of the total 

substructure area subject to corrosion AT, there is a portion α AT that is subject to 

crack-induced corrosion and a portion (1- α) AT that corrodes regularly as in 

initially sound concrete.  

 

 15. The fraction of the surface experiencing regular corrosion that spalls by time t 

shall be called fr(t); the fraction of the surface potentially affected by crack-

induced corrosion that spalls by time t shall be called fc(t). 

 

5.2.2 Implementation 
 
 Based on the above assumptions and definitions the value of α is given by 
 
 α = 2 Xc' Nc h' W / (h W ) = 2 Xc' Nc h'/h (Eq. 44) 
 
 
 The function fr(t) for  the part corroding regularly can be calculated using 

common  treatments for sound concrete. For these simulations, a statistically distributed 

approach was used as detailed earlier and by Sagüés, 2003 with the parameters listed in 

Table 7. For the crack portion the function fc(t) can be calculated in the same manner but 

using βDApp instead of DApp, and εk' instead of each k'  where ε = δ/γ because the 

propagation time would be shortened by the increase γ in the local corrosion rate, and 
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extended by the increase δ in the amount of corrosion needed for local cracking. All the 

other parameters remain the same as for the sound concrete model 

 
 The number of spalls per bent by time t is therefore given by  
 

 N(t) = (Af/Ae) ( )α fc(t) + (1-α) fr(t)   (Eq. 45) 
 
 
5.2.3 Cases Examined 
 
 Because of the paucity of actual data noted earlier, only illustrative calculations 

are presented.  

 

 The conditions chosen correspond to a Group 3 bridge with 20 m2 surface area 

(~200 sq. ft.) bents, and declaring a spall when the spall area is 0.32 m2 (~3 sq.ft). 

Numbers smaller than one spall per bent may be interpreted as indicating the appearance 

of only one spall in a correspondingly large number of bents.  

 

 Rebar size and cover are assumed Φ=1 in (2.54 cm) and Xc'=4 in (10.2 cm), so δ 

= 25. As a variation, a condition will be considered in which the crack runs parallel to the 

rebar length instead of crosswise. In such case the length of the corroded zone can be 

Lc>>Xc' , so δ is simply =1.  

 

 The macrocell acceleration factor is unknown but experiments and calculations 

(Kranc and Sagüés, 1998) suggest that there may be an order-of-magnitude effect so γ=10 

will be assumed.  

 

 Acceleration of chloride transport into the crack will be also assumed to be an 

order-of magnitude effect but possibly greater for concrete with very low DApp in the 

bulk, so cases with β=10 and β=100 will be adopted per arguments earlier in the 

manuscript.  
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 Visual observations suggested that  most cracks are in the 3 to 6 ft [0.9 to 1.8 m] 

length range which is  in the order of half of the elevation range normally associated with 

potential for sever corrosion, so h'=0.5 h will be assumed. The value of Nc observed in 

Ref. 13 ranged from 0.01 m-1 to 0.19 m-1 so calculations were conducted for those two 

extreme values, as well as for Nc=0 as a sound concrete baseline.  

 
 The above conditions and variations are named as follows: 
 
No crack:  Baseline, sound concrete.  

C:   Crack perpendicular to rebar, δ=25, γ=10 

L:  Crack along rebar, δ=1, γ=1 

10X:  Transport along crack 10 times faster than in bulk, β=10 

100X:  Transport along crack 100 times faster than in bulk, β=100 

Nc:  0.01 m-1 . Low incidence of preexisting cracking 

Nc:  0.19 m-1 . High incidence of preexisting cracking 

 
All other parameters are as in case Group 3 described in Table 7.  
 

5.2.4 Results and Implications 
 
 The results must be qualified by observing that the model assumptions are 

sweeping and there is ample room for added complexity in future development. Among 

many such issues, it is noted that assumption 8 on independent corrosion progression of 

individual regions may benefit from consideration of the effect of potential on local 

corrosion threshold (Sagüés et al., 2009). Consequently, the following should be viewed 

as tentative findings. 

 

 Results keyed to the nomenclature used above are presented in Figure 47 for a 

100 years time base. As can be seen there, the model projects no dramatic effect on the 

damage function for any of the variations concerning the case of low incidence of 

cracking. Substantial effects are projected however for some of the variations in the high 

incidence case, 0.19 m-1 , or one crack each ~5 m of linear substructure waterline.  The 

greatest effect is equivalent to a 300% increase in the incidence of spalling for service 
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ages from about 15 years to 50 years compared to the sound concrete case, for lengthwise 

cracks and a 100X multiplier in chloride transport at the cracks compared with sound 

concrete.  The smallest projected effect for the high incidence cases is comparatively 

small –maximum ~ 20% increase in damage– and corresponds to cracks crosswise to the 

rebar length, and only a 10X increase in chloride transport in the crack.  
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Figure 47. Model Projections for the a) High, Nc=0.19m-1 and b) Low, Nc=0.01m-1 

Cracking Incidence Cases. 
 
 The projections indicate that, as expected, relatively isolated cracking should only 

create topical concrete damage with limited maintenance requirements. However, even 

though assuming that the incidence of damage is limited to a small region around the 

crack, if the crack orientation with respect to the rebar were adverse and chloride 

transport were greatly enhanced –as it could be expected in relatively wide cracks– 

corrosion damage from localized concrete deficiencies could significantly increase 

maintenance costs. It is also noted that remedial measures such as cathodic protection, 

which can be readily implemented for plain steel rebar, may be impractical in the case of 

a b 
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ECR due to connectivity limitations (Sagüés et al., 1994).   These findings underscore the 

need for continuing monitoring of locally deficient concrete locations in otherwise high 

quality concrete structures exposed to aggressive environments.  Judicious application of 

the predictive model developed in this project may aid in exploring the cost effectiveness 

of alternative corrosion protection methods, such as corrosion resistant rebar to prevent 

local damage for a given extent of existing or anticipated concrete deficiency. 

 

 In summary, the model calculations indicate that while corrosion of ECR at 

cracked locations may result in conspicuous early local damage instances, only the most 

pessimistic scenarios yielded projections of a sizable increase in the total corrosion 

damage relative to that expected by the rest of the substructure. However, given the 

tentative character of these projections it is important to continue monitoring the 

performance of ECR in these structures to reduce uncertainty in subsequent damage 

forecasts.  



   119 

 
 
 
 
 

PART VI 
 

Part VI presents conclusions. 

 

6.1 Conclusions 
 
 Damage from corrosion of ECR has continued to develop steadily in the 

substructure of five major Florida Keys bridges (Group 1).  Since the first indications of 

corrosion ~6 y after construction, damage increased until the present near-30 y age of the 

structures, with no indication of slowdown.  Externally recognizable ECR corrosion 

damage began to be noticeable at four other Florida bridges (Group 2) ~2 decades after 

construction and continuing into the 3rd decade.  

 

 Early corrosion in the Florida bridges resulted from a combination of factors, 

including a highly aggressive service environment which, in the absence of a thick cover 

of highly impermeable concrete, rapidly left the epoxy film as the only remaining 

corrosion protecting barrier on the steel bar. Given also the inherent vulnerability of the 

film to flaws and disbondment from the base metal, corrosion quickly ensued with 

electrochemical aggravating factors such as the formation of extended macrocells.  

 

 No severe ECR corrosion developed in situations where the coated bar was 

protected by a thick cover of sound, very low permeability concrete (Group 3 and 4 

bridges). However, there was widespread disbondment of the epoxy coating in all these 

structures even in sound concrete locations. This disbondment together with the observed 

frequent coating breaks are expected to facilitate corrosion initiation as chloride levels at 

the rebar depth increase in future decades. 

 

 A field survey confirmed the presence of usually minor cracks as a regular feature 

of marine substructure elements. Some cracks in bridges with highly permeable concrete 
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may be caused by corrosion of the ECR resulting from chloride ingress through the bulk 

of the concrete. The rest of the cracks were most likely preexisting.   

 

 There was marked preferential chloride intrusion at preexisting cracks in bridges 

built with low permeability concrete. Preferential chloride intrusion was relatively less in 

bridges with higher permeability concrete, were bulk diffusion was rapid enough to mask 

any faster transport through cracks.  

 

 In most cases preexisting cracking at bridges with otherwise low permeability 

concrete was not associated with ECR corrosion.  However, multiple instances of early 

severe corrosion of ECR occurred at one of those bridges where ~1mm wide cracking 

existed near the water level.   

 

 The corrosion products in that case were solid and grew underneath the epoxy 

coating. The composition was consistent with that of chloride-substituted Akaganeite, 

which can be stable in the locally acidified conditions present in an occluded cell. 

Laboratory experiments showed that oxygen presence was not necessary for the 

formation of similar corrosion products, suggesting that corrosion damage could develop 

even with thin, moisture filled cracks that would restrict oxygen flow to the corroding 

region.  

 

 Experimental results and predictive model calculations indicate that the 

propagation stage of corrosion dominated damage development in the structures that 

showed early deterioration. Significant corrosion of even a relatively small fraction of the 

rebar assembly could manifest itself as extensive and conspicuous damage, which can 

continue increasing for many years.   

 

 A model for projecting impact of preexisting cracking on spall damage was 

developed based on tentative assumptions. The projections indicated that relatively 

isolated cracking should only create topical concrete corrosion damage with limited 
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maintenance requirements. However, adverse crack orientation with respect to the rebar 

and chloride transport enhanced by wider cracks resulted in significantly increase damage 

projections. Continuing monitoring of the structures showing preexisting cracking was 

recommended.  

 

 EIS response was sensitive to moisture content. Lower solution resistance was 

observed at locations with greater moisture content and presence of crack. Smaller Rpo 

values are generally observed at cracked concrete locations for ECR core samples. The 

differences of Rpo values in cracked to noncracked samples are likely indicative of larger 

electrolyte conductance to the steel at crack locations.  

 
 In EIS tests, the high resistivity of the concrete medium was manifested as a large 

pore resistance that depended on the characteristic size of the coating breaks. 

Relationships taking into account current distribution in the medium were developed to 

evaluate the coating break size from the measured pore resistance. The results were 

discussed as a first step toward applying EIS as a diagnostic method to assess the 

performance of ECR in quality evaluation and field applications.    

 

 Frequency dispersion at high frequencies was shown to result from current 

distribution effects from cell geometry and high concrete resistivity. More apparent 

frequency dispersion was observed for cases with or in combination of larger coating 

surface admittance, higher concrete resistivity, and crack presence. Yo-n correlation for 

coating CPE was observed. Deconvolution of dispersion effects on coating capacitance 

may be possible. 
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