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Various examples are provided for corrosion detection in 
structural tendons. In one example, among others, a method 
includes injecting current through a portion of a tendon 
assembly including a tendon at least partially encased in 
grout, where the current is injected through the portion of the 
tendon assembly via contact points on a surface of the grout. 
A potential across the portion of the grout surface is mea­
sured and a condition of the tendon can be based at least in 
part upon the current and the potential. In another example, 
a system includes supply electrodes to inject current into 
grout surrounding a tendon via contact with a surface of the 
grout, sensor electrodes to measure a potential difference 
between the supply electrodes, and an impedance detection 
device to determine an impedance of the tendon based at 
least in part upon the injected current and the potential 
difference. 
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CORROSION DETECTION IN STRUCTURAL 
TENDONS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of and priority to U.S. 
provisional application entitled "CORROSION DETEC­
TION IN STRUCTURAL TENDONS" having Ser. No. 
61/888,032, filed Oct. 8, 2013 and U.S. provisional appli- 10 

cation entitled "CORROSION DETECTION IN STRUC­
TURAL TENDONS" having Ser. No. 61/947,594, filed Mar. 
4, 2014, both of which are hereby incorporated by reference 

2 
FIGS. 16A-16B and 18A-18B include images of tendon 

assembly samples or specimens used for testing in accor­
dance with various embodiments of the present disclosure. 

FIGS. 16C, 17 A-17B and 18B are plots of various char­
acteristics of tendon assembly samples or specimens in 
accordance with various embodiments of the present disclo­
sure. 

FIGS. 19 and 20 are circuits used to model the behavior 
of tendon assemblies in accordance with various embodi­
ments of the present disclosure. 

FIGS. 21-26 and 28A-28B are plots of various character­
istics of tendon assembly samples or specimens in accor­
dance with various embodiments of the present disclosure. 

in their entirely. 

BACKGROUND 

FIG. 27 includes cross-sectional views illustrating corro-
15 sion of a tendon in accordance with various embodiments of 

the present disclosure. 
FIGS. 29A-29C and 31A-31B are 2D graphical represen­

tations of current and/or potential distributions within a 
simulated tendon assembly in accordance with various 

20 embodiments of the present disclosure. 

External post-tensioned tendons are structural elements 
used in segmental bridges to increase flexural capacity 
between spans and reduce stress cracking. Segmental bridge 
construction incorporating post-tensioned tendons allows 
for longer spans between piers and provides increased 
concrete durability. In this type of bridge construction, 
precast concrete box-girders are linked outward from bulk­
heads to form a bridge span between piers. The tendons are 
located within the inner opening of the box-girders and run 
continuously through deviator blocks, which help form the 
profile of the tendon. They include multiple 7-wire pre­
stressing strands contained within a high density polyethyl­
ene (HDPE) duct. The ends of the tendons are anchored 30 

down and stressed after which the duct is filled with cemen-
titious grout. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 30A-30C are plots of the impedance of the simu­
lated tendon assembly of FIGS. 29A-29C in accordance 
with various embodiments of the present disclosure. 

FIG. 32 is a 3D graphical representation of current 
25 distribution within a simulated tendon assembly in accor­

dance with various embodiments of the present disclosure. 
FIGS. 33A-33C are plots of the impedance of the simu­

lated tendon assembly of FIG. 32 in accordance with various 
embodiments of the present disclosure. 

FIGS. 34A-34C are graphical representations of current 
and/or potential distributions within a simulated tendon 
assembly in accordance with various embodiments of the 
present disclosure. 

FIGS. 35A-35B are plots of experimental and simulation 
35 impedance for two different electrode configurations in 

accordance with various embodiments of the present disclo-Many aspects of the present disclosure can be better 
understood with reference to the following drawings. The 
components in the drawings are not necessarily to scale, 
emphasis instead being placed upon clearly illustrating the 
principles of the present disclosure. Moreover, in the draw- 40 

ings, like reference numerals designate corresponding parts 
throughout the several views. 

sure. 
FIG. 36 is a graphical representation of a tendon assembly 

within a structure in accordance with various embodiments 
of the present disclosure. 

DETAILED DESCRIPTION 
FIG. 1 is a graphical representation of an example of a 

corrosion detection system in accordance with various 
embodiments of the present disclosure. 

FIG. 2 is a graphical representation of an example of the 
current and potential distribution of a square grout model in 
accordance with various embodiments of the present disclo-
sure. 

Disclosed herein are various embodiments of systems and 
45 methods related to corrosion detection in structural tendons. 

Reference will now be made in detail to the description of 
the embodiments as illustrated in the drawings, wherein like 
reference numbers indicate like parts throughout the several 
views. 

FIG. 3 is an example of a plot of the simulated real 50 

impedance of the square grout model of FIG. 2 as a function 
Tendon assemblies include multiple pre-stressing strands 

extending through a HDPE duct. The ends of the tendons are 
anchored and stressed, after which the duct is filled with 
grout. The alkaline grout is designed to provide protection 
against corrosion but, due to, possible voids in the grout and 

of frequency in accordance with various embodiments of the 
present disclosure. 

FIGS. 4A and 4B are graphical representations of 
examples of the current and potential distribution of a square 
grout model including a circular steel element in accordance 
with various embodiments of the present disclosure. 

FIG. 5 is a plot of the simulated impedance of the square 
grout model with the circular steel element of FIGS. 4A and 
4B in accordance with various embodiments of the present 
disclosure. 

FIG. 6 is an example of a mesh model of a tendon 
assembly in accordance with various embodiments of the 
present disclosure. 

FIGS. 7A-15 are plots of various characteristics of a 
tendon assembly in accordance with various embodiments 
of the present disclosure. 

55 areas of improper mixing, cases of severe corrosion have 
occurred. In some cases, the steel strands within the tendons 
have completely corroded without external warning. 
Because post-tensioned concrete members rely on tensile 
strength or pre-stressed steel to resist loading, the loss of 

60 even a few strands could have catastrophic results. 
For example, post-tensioned tendons are used in pre-cast 

concrete segmental bridge construction to increase flexural 
capacity and to prevent shear cracking. They can include 
7-wire high strength pre-stressing steel strands surrounded 

65 by a cementitious grout and encased in a high density 
polyethylene (HDPE) duct. The grout, when mixed properly, 
has a high pH and provides an alkaline environment to 
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protect the steel from corroding. However, there have been 
cases in which the steel strands have completely corroded 
through and failed without visual warning. 

4 
perturbation applied to the concrete surface at a range of 
frequencies to indirectly polarize the steel. Indirect imped­
ance spectroscopy can be used to determine the location and 
the condition of steel rebar within concrete slabs. The 
measured surface impedance can be qualitatively deter­
mined to be a function of the corrosion state of the steel as 
well as the resistance of the concrete. Finite element models 
may be used to define an analogue circuit that accounts for 
the polarization behavior of the steel and the properties of 

10 the mortar in which the steel is embedded. The steel can be 

Non-destructive electrochemical impedance spectroscopy 
can be used to detect regions in which corrosion has com­
promised the strength of the cable without direct contact 
with the cable. Electrochemical impedance spectroscopy can 
indirectly polarize steel that is contained within an electro­
lytic media and determine its corrosive state. The difficulty 
lies in obtaining the true polarization resistance of the steel 
from the impedance of the whole system. A finite-element 
model has been developed to solve for the frequency­
dependent potential distribution through a cylindrical grout 
specimen containing one axially-located steel strand. Imped­
ance simulations were performed with different steel corro- 15 

sion states while incorporating the kinetics at the current­
injecting electrodes. The estimated polarization resistance of 
the steel can be over-estimated by as much as 13 percent if 
the electrode kinetics are not applied. 

indirectly polarized using contact-less electrodes ifthe mor­
tar resistivity is sufficiently large. Finite element modeling 
can also been used to simulate the indirect impedance. At 
low frequencies (DC limit), the current flows parallel to the 
steel; whereas, at high frequencies the current enters the 
steel perpendicularly. The zero frequency limit as a function 

The loss of steel cross-sectional area in the stressed 20 

strands due to corrosion can lead to an abrupt failure that can 
cause residual damage to the surrounding structure. The 
corrosion state of steel is often quantified in terms of 
corrosion rate expressed in units of depth of material loss per 
unit time. The corrosion rate can be estimated with the use 25 

of the Stern-Geary relationship with the measurement of the 
steel polarization resistance. Conventional methods to 
obtain this parameter require electrical connection to the 
steel which is seldom available. An indirect impedance 
technique would allow the state of the steel within external 30 

post-tensioned tendons to be described without a direct 
connection to the steel. 

of the applied polarization resistance, both scaled by the 
resistivity of the grout, can be independent of the grout 
resistivity for a defined geometry and electrode configura­
tion. The impedance of the current-injection electrodes may 
be neglected. Accounting for the kinetics at the current 
injecting electrodes can improve the results. A mathematical 
development using electrode kinetics to model the boundary 
conditions at the steel interface as well as the current-
injecting electrodes will be discussed. Simulated impedance 
results for a cylindrical grout specimen representing a sec­
tion of a tendon with different grout resistivities, steel 
corrosion rates, and charge transfer resistances at the cur­
rent-injecting electrodes will be presented and the effect of 
these parameters will be assessed. 

Referring to FIG. 1, shown is an example of a system 100 
for measuring corrosion in structural tendons. A tendon 
assembly includes a tendon 103 extending through a duct 
106, which is filled with grout 109. The tendon 103 can be 

Nondestructive techniques aim to evaluate and quantify 
the state of the steel without damaging the surrounding 
concrete, which can be costly. One method is magnetic flux 
leakage, which measures changes in an applied magnetic 
field caused by corrosion or fractures in the strands. Another 
method is ultrasonic tomography, which detects voids within 
the tendons by sending ultrasound waves and measuring the 
time for them to be transmitted. Differences in the density of 
the media can lead to longer transmission times. While these 
methods are useful in identifying problem areas, electro­
chemical techniques can yield corrosion rates of the tendons. 

Electrochemical experiments can be used to measure the 
polarization resistance of a conducting material. The polar­
ization resistance is used in the Stern-Geary relationship 

(1) 

where B is a constant with units of m V, A is the area of the 
metal surface, and RP is the polarization resistance. The 
conventional method to measure the polarization resistance 
of reinforcing steel consists of a three electrode configura­
tion that requires a connection to the steel to polarize it. 
Access to the steel is only possible by cutting through the 
concrete. A non-contact method has been developed in 
which an electric field is applied to the surface of the 
concrete and the induced current indirectly polarizes the 
steel. The slope of the polarization curve can be used to 
calculate the corrosion current ensuring that the applied 
polarization is small enough not to change any of the 
characteristics of the steel. The polarization resistance of the 
steel may be estimated from the resistance of the electrolyte 
and the resistance of the cell measured with the steel present. 
An equation for the estimation may be derived based on the 
assumption that the current ran parallel to the steel. 

An alternative to the pulse method is electrochemical 
impedance spectroscopy, which uses a current or potential 

35 secured to anchor points at either end. Impedance measure­
ments can be used to explore the behavior of the metal-grout 
interface, which the indirect impedance measurement is 
intended to quantify. Supply electrodes 112 in contact with 
the grout 109 surrounding the tendon 103 can be used to 

40 inject current provided by a power source 115 for impedance 
measurements. Using an impedance measurement device 
118 such as, e.g., a potentiometer, the total impedance (Z 
total) can be measured at measurement points such as, e.g., 
sensor electrodes 121. As shown in FIG. 1, the impedance 

45 measured by the indirect technique can be described as: 

Ztotaz= Ze1ectrode,1 +Zgrout,1 +Zinterface,1 +Zsteez+Zinterface, 

2+Zgrout.;2.+Zelectrode,2' (2) 

where zelectrode is the impedance at the supply electrode 112 
50 contact interface with the grout 109, zgrout is the impedance 

of the grout 109, and zinterface is the impedance of interface 
between the grout 109 and the metal (e.g., steel) of the 
tendon 103. The subscripted number refers to the location at 
which the impedance is measured. The term Zsteez includes 

55 the resistance to current flow in the metal of the tendon 103, 
which can normally be neglected. The supply electrodes 112 
and/or sensor electrodes 121 may be, e.g., silver-silver 
chloride or other appropriate type of electrode material. 

Access to the surface of the grout 109 can be established 
60 through small holes drilled into the duct 106. Electrodes can 

be placed into the holes with a conductive gel adhesive to 
ensure electrical contact to the grout 109. The impedance is 
measured with the four electrodes, working and counter (or 
supply) electrodes 112 and two reference (or sensor) elec-

65 trodes 121. An alternating current over a range of frequen­
cies is injected through the working electrode 112 and the 
potential difference is measured between two reference 
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electrodes 121. The impedance is a function of frequency 
measured as the quotient of the potential difference between 
the reference electrodes 121 and the current at the working 
electrode 112. Since the steel of the tendon 103 has a much 
higher conductivity than the grout 106, the current is more 
likely to go through the steel. However, the amount of 
current that enters the steel depends on the distance between 
the current-injecting electrodes 112 relative to the depth to 
the tendon 103. There are two overall paths that the current 
can take. Either it will flow through the grout 106 and then 10 

the steel of the tendon 103, or it will go through the grout 
106 without entering the steel of the tendon 103. Therefore, 
the measured impedance includes both the steel and grout 
properties with the resistivity of the grout 106 contributing 
to the overall impedance in both a series and parallel 15 

fashion. The steel surface impedance may be obtained from 
the total impedance measured and used to quantitatively 
describe the steel surface in terms of its corrosion rate or 
passive film thickness. 

The impedance is the quotient of the potential difference 
measured between the sensor (or reference) electrodes 121 
and the current perturbation applied between the supply (or 
current-injecting) electrodes 112 expressed as: 

20 

Z=1'1Vl/IJ. (3) 25 

The potential distribution through the supply electrolytes 
112: 

(4) 30 

which includes a steady-state and an oscillating term, pro­
vides a physical meaning to the measured impedance. 

6 
where V is the potential perturbation, <i> is the complex 
oscillating potential within the electrolyte, aa and ac are 
anodic and cathodic symmetry coefficients and with the use 
of the relationship: 

(8) 

where the current is expressed as the addition of a steady­
state and an oscillating term. 

A positive potential perturbation was applied to the work­
ing electrode and a negative one was applied to the counter 
electrode. The potential perturbation at the steel interface 
was set to zero. The steel was modeled for an active 
corrosion case and a passive blocking electrode case. The 
active case, 

(9) 

is expressed as the addition of the charging and faradaic 
current. 

The passive case is modeled using a single Constant­
Phase-Element (CPE) with an impedance of: 

1 
ZcPE = (jw)°Q' 

(10) 

where the parameters a and Q as well as the phase angle are 
independent of frequency. When a= 1, Q has units of capaci­
tance. When a does not equal 1, the system has a distribution 
of time constants or surface heterogeneity either normal 
parallel to the surface. The expression used to represent 

The steady-state potential distribution through the grout 
109 is determined by solving Laplace's equation. A potential 
difference is applied to the current-injecting electrodes 121 
as 1 V and -1 V respectively to induce a DC current through 
the tendon assembly. At the steel-grout interface a steady­
state current density based on the cathodic and anodic 
reactions is applied as: 

35 blocking behavior at the steel for the normal current density 
of a CPE is: 

40 

{ (
(1-a:)nF ) ( a:nF )} 

I=io exp ~17, -exp-RT17, , 
(5) 

45 
where i0 is the exchange current density, lJs is the surface 
over-potential, Fis Faraday's constant, R is the gas constant 
and T is the temperature. 

The oscillating solution can also be found by solving 
Laplace's equation but with frequency-dependent boundary 

50 
conditions. Linear kinetics may be used as the boundary 
condition on a disk electrode. The normal current density at 
the surface of the electrodes can be expressed in terms of a 
faradaic reaction and a charging current as: 

55 

. 8(V -<t>) (a:a + a:,)ioF 8<1> 
t=C-a-t-+ RT (V-<l>)=-Kay' 

(6) 

where K is conductivity of the grout. The oscillating current 60 

density may be expressed in the frequency domain as: 

_ . (- -) (a:a+a:,)ioF(- -) 
l = ]WC V - <t> + RT V - <t> . 

(7) 
65 

(11) 

The term, J, which is used in the impedance analysis, was 
defined as 

roioF(a:a +a:,) 
J = __ K_R_T--, 

(12) 

where r0 , the characteristic length, was assumed to be the 
radius of the working electrode. This term can be expressed 
as a unit-less ratio of the ohmic resistance of the electrolyte 
and the charge-transfer resistance of the electrode as, 

pXro 
}=--. 

R, 
(13) 

where p is the resistivity of the grout. The charge-transfer 
resistance for linear kinetics can be expressed in terms of the 
exchange current density as: 

RT 

R, = ioF(a:a +a:,). 
(14) 
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The three dimensional (3D) potential distribution was 
determined assuming a uniform conductivity electrolyte, 
and the indirect 4-point impedance was simulated. The effect 
of the charge-transfer resistance at the current injecting 
electrodes can be assessed and the actual polarization resis­
tance of the steel from the indirect impedance may be 
determined. 

8 
Results of the 4-point indirect impedance simulations are 

presented for a 3D uniform conductivity cylinder with and 
without a steel strand. A passive and an actively corroding 
steel was used in the model with multiple simulations of 
increasing grout resistivity to mimic the change in imped­
ance as the grout cures. The range of values used for the 
grout resistivity was chosen to illustrate extreme effects. 

Simulation of a tendon assembly including a tendon 103 
surrounded by grout 109 was carried out. The simulated 
impedance uses the oscillating potential distribution 
response to calculate the 4-point indirect impedance for a 
given frequency range. The boundary conditions are applied 
to a two dimensional (2D) square as a proof of concept and 
then a 3D cylindrical specimen is modeled to represent a 
section of a tendon 103. 

The impedance was simulated for six different grout 
resistivities using a model without steel over a frequency 

10 range of 1 mHz-100 kHz. FIG. 7A shows a plot of an 
example of the simulated impedance response reduced by 
the grout resistivity of the 3D 60 cm long grout cylindrical 
section 600 with the grout resistivity as a parameter. At all 

Referring to FIG. 2, shown is a graphical representation of 
15 

resistivities, the impedance of FIG. 7A shows an inductive 
behavior. As the resistivity increases, the inductive loop 
forms a semi-circle. an example of the current and potential distribution of a 1 cm 

square 10 Ohm-m resistivity grout model 209 with current 
injecting (or supply) electrodes 212 placed on the vertical 
sides. A 2D square of uniform conductivity was modeled to 20 

confirm the oscillating current boundary conditions. The 
2-point impedance was simulated by setting the vertical 
sides of the square as current-injecting electrodes 212 and 
calculating the potential difference across the grout electro­
lyte. FIG. 3 shows a plot of the simulated real impedance of 25 

the 1 cm square grout model 209 (FIG. 2) as a function of 
frequency. At all frequencies the real impedance is the 
resistivity of the grout electrolyte multiplied by the distance 
between the electrodes and divided by the cross sectional 
area. The imaginary impedance is zero since the grout 203 30 

is modeled as a homogenous material with a constant 
resistance. The potential distribution is illustrated by the 
shading gradient in FIG. 2 and the current path is illustrated 
by the horizontal lines in FIG. 2. 

Another series of simulations were performed to show 
how the charge-transfer resistance at the current-injecting 
electrodes 612 (FIG. 6) contributes to the impedance. The 
grout resistivity was set to 200,000 Ohm-m and the 
exchange current density was increased by a factor of 10 for 
each simulation. As the exchange current density increases, 
the inductive loop becomes a semi-circle. The ratio J was 
calculated for each series using EQN. 12. The modified 
simulated impedance for both the modulation of the 
exchange current density and the grout resistance respec­
tively is plotted in FIG. 7B. For each value of J, the shape 
of the inductive loop is the same in both series of simula­
tions. Therefore, the impedance is dependent on the ratio of 
the grout resistance and the exchange current density. The 
inductive loop forms a semi-circle when J comes close to 1 
and is deformed when it is much less than 1. 

A circular steel element was inserted into the grout model 35 

with the actively corroding case described by EQN. 9. FIGS. 
4A and 4B show graphical representations of examples of 
the current and potential distribution of the 1 cm square 
grout model 209 with a 0.25 cm radius circular steel element 
403 placed in the center at the low frequency limit and the 40 

high frequency limit, respectively. At low frequencies, the 
circular steel element 403 behaves as an open circuit due to 
the dominance of the charge transfer resistance and repels 
the current as illustrated in FIG. 4A. 

The characteristic frequency 

1 
f = ilrRC 

(15) 

based on the charge-transfer resistance (EQN. 14) and the 
double layer capacitance at the current-injecting electrodes 
612 (FIG. 6) is used as a comparison to the characteristic 
frequency of the simulated results. The results for all elec-

At high frequencies, the circular steel element 403 
behaves as a closed-circuit and the current enters the circular 
steel element 403 normal to the surface as depicted in FIG. 
4B. Referring to FIG. 5, shown is a plot of the simulated 
impedance of the 1 cm square grout model 209 with the 0.25 
cm radius circular steel element 403 of FIGS. 4A and 4B. 
The Nyquist plot of the simulated impedance is a capacitive 
loop representative of an RC element. 

A 60 cm long cylindrical section 600 of a tendon assembly 
was modeled in 3D, with and without steel, to simulate the 
impedance of a post-tensioned tendon 603. The steel strand 
of the tendon 603 had a 0.625 cm radius and was located 
along the longitudinal axis of the cylindrical section 600. 
Current injecting (or supply) electrodes 612, with a 0.8 cm 
radius, were placed on the surface of the grout electrolyte, 30 
cm apart. The current injecting electrodes 612 were placed 
far enough from the ends of the tendon 603 to ensure there 
were no end effects. FIG. 6 illustrates an example of the 
mesh of the 3D model of the tendon assembly. The tendon 
603 and current injecting electrodes 612 are seen as dark 
areas. As shown in FIG. 6, the mesh of the model contained 
tetrahedral elements which decreased in size at the electrode 
boundaries. 

45 trolyte resistivities are plotted in FIG. 8 as a function of J. 
FIG. 8 illustrates an example of the characteristic frequency 
as a function of the ratio J. Also plotted is the characteristic 
frequency obtained from the effective resistance based on 
the parallel contribution of the electrolyte resistance and the 

50 charge-transfer resistance with the electrolyte resistance as 
the variable. Curve 803 (fRceZectrode) refers to the character­
istic frequency of the impedance of the charge-transfer 
resistance and the applied double layer capacitance at the 
current-injecting electrodes. Curve 806 (fRtl~e) refers to the 

55 characteristic frequency of the impedance of an RC element 
with an effective resistance based on the parallel contribu­
tions of the charge-transfer resistance at the electrodes and 
the grout resistance. Curve 809 (fsimulation) refers the char­
acteristic frequency of the simulated impedance results. An 

60 effective length and cross-sectional area were assumed to 
obtain the electrolyte resistance from the resistivity. The 
results show that the characteristic frequency from the 
simulations is very close to the characteristic frequency 
calculated with an effective resistance of the charge-transfer 

65 resistance and the grout resistance in parallel. This suggests 
that the grout resistance acts in parallel to the electrode 
resistance. 
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The simulated impedance scaled by the resistivity of the 
grout (p) from a model containing one active steel strand 
with the grout resistivity as a parameter was plotted. FIG. 9A 
show examples of the simulated impedance response 
reduced by the grout resistivity of a 3D 60 cm long grout 
cylindrical section 600 (FIG. 6) and a 0.625 cm radius 
actively corroding steel strand at the axis and a 0.625 cm 
radius passive steel strand at the axis, respectively, with the 
grout resistivity as a parameter. In FIG. 9A, the impedance 
shows a capacitive loop at lower frequencies while the 10 

inductive loop is still present at high frequencies. The 
impedance reduced by the grout resistivity shows that as the 
grout resistivity increases the capacitive loop is more of a 
semi-circle which can be attributed to the steel boundary 

15 
condition. 

The simulated impedance of the case of a passive steel 
interface modeled as a CPE (Q=0.02 F/m2 and a=0.89) 
element is shown in FIG. 9B. In the case of the passive steel 
strand, the capacitive loop is depressed which could mean 20 

that the grout resistance acts in parallel with the CPE when 
the grout resistance is low. As the grout resistivity increases 
less of the full capacitive arc is visible within the range of 
frequencies simulated. The imaginary impedance of a CPE 
element approaches infinite as the frequency is decreased. 25 

This behavior becomes more apparent as the resistivity of 
the grout is increased. 

10 
The characteristic frequencies associated with the high­

and low-frequency time constants are plotted in FIG. 13 as 
a function of the grout resistivity. Curve 1303 (RC electrode) 

refers to the characteristic frequency of the impedance of the 
charge-transfer resistance and the applied double layer 
capacitance at the current injecting electrodes. Curve 1306 
(R,llP) refers to the characteristic frequency of the imped­
ance of an RC element with an effective resistance based on 
the parallel contributions of the charge-transfer resistance at 
the electrodes and the grout resistivity. HF model refers the 
characteristic frequency of the simulated impedance results 
of the high frequency loop. Curve 1309 (RC steel) refers to the 
characteristic frequency of the impedance of the polarization 
resistance and the applied double layer capacitance at the 
steel. Curve 1312 (R)IP) refers to the characteristic fre­
quency of the impedance of an RC element with an effective 
resistance based on the parallel contributions of the charge­
transfer polarization resistance at the electrodes and the 
grout resistivity. LF model refers the characteristic frequency 
of the simulated impedance results of the low frequency 
loop. 

The high frequency behavior matches up with the char-
acteristic frequency of an element with the charge-transfer 
resistance of the electrodes and the resistance of the grout in 
parallel to the double capacitance of the electrode interface. 
The characteristic frequencies of the capacitive loop match 
up with the characteristic frequencies of an element with the 
steel interface polarization resistance and the grout resis­
tance in parallel with the double layer capacitance. The 
characteristic length used to calculate the resistance of the 
grout was the radius of the current injecting electrodes for 
the high frequency time constant and the distance between 
the current injecting electrodes for the low frequency time 
constant. The greater the grout resistance the more the 
impedance will be that of the RC behavior of the steel and 
the current injecting electrodes. 

Referring to FIG. 14, the zero-frequency limit for a 2000 
Ohm-m grout resistivity of the simulated impedance is 
plotted as a function of the ratio of the polarization resis-

Additional analysis was performed to obtain a deeper 
understanding of the simulation results. The phase and the 
magnitude of the impedance was observed as the steel 30 

corrosion rate was increased to determine which character­
istics of the impedance can be associated with the steel. The 
magnitude of the absolute value of the imaginary impedance 
was assessed while increasing the current-electrode charge 
transfer resistance to determine how the characteristic fre- 35 

quencies are changed. Also an analysis of the zero-frequency 
limit of the impedance is shown with different electrode and 
grout parameters to reveal the effect of the charge-transfer 
resistance of the current-injecting electrodes on the simu­
lated polarization resistance. 

The phase and magnitude of the impedance simulations 
are plotted as a function of frequency with the steel polar­
ization resistance as the variable in FIGS. lOA and lOB. 
FIGS. lOA and lOB illustrate an example of the phase angle 
and magnitude of the simulated impedance as a function of 45 

frequency with the steel corrosion rate as a parameter, 
respectively. Both figures show that the low frequency 
response is changed while the high frequency behavior 
remains the same. Therefore, the capacitive loop at low 
frequencies is a function of the steel interface. 

40 tance of the steel and the resistivity of the grout with the 
exchange current density of the current-injecting electrodes 
as a parameter. This relationship was independent of the 
grout resistivity. The high and low limits are due to the 
parallel and series contributions of the grout resistance to the 
polarization resistance. When the resistance at the current­
injecting electrodes 612 (FIG. 6) is accounted for the zero 
frequency limit scaled down by the resistivity of the grout 
becomes a function the grout resistance, the steel polariza­
tion resistance, and the charge transfer resistance at the 

The simulated impedance response, scaled by the grout 
resistivity of the actively corroding steel strand, is presented 

50 electrodes. The error in the zero frequency limit of the 
impedance where the charge-transfer resistance at the cur­
rent-injecting electrodes is not taken into account is plotted 
in FIG. 15, assuming that the resistance is high enough that in FIG. 11 with the charge-transfer resistance at the current 

injecting electrodes 612 (FIG. 6) as a parameter. The induc­
tive loop at high frequencies decreases in size as the elec- 55 

trade charge-transfer resistance decreases. The zero-fre­
quency limit of the real impedance is also decreased but not 
in a proportional fashion. The absolute value of the imagi­
nary impedance is plotted in FIG. 12 as a function of 
frequency with the charge-transfer resistance at the current- 60 

injecting electrodes 612 as a parameter. The low-frequency 
time constant is unaffected by changes in the current­
injecting electrodes' charge-transfer resistance. Only the 
high frequency time constant is changed. If the charge 
transfer resistance is extremely small, the high frequency 65 

inductive behavior due to this resistance is eliminated, and 
only the low frequency RC behavior is measured. 

it fully affects the impedance. FIG. 15 illustrates the percent 
error of the difference between the zero frequency limit 
including the full contribution of the electrode charge-
transfer resistance and the zero frequency limit. The error 
increases with increases in the resistivity of the grout and at 
2000 Ohm-m the maximum error is 13.3 percent. 

In the grout only simulations the simulated impedance 
showed inductive loops in all cases even though the applied 
boundary conditions at the electrode interfaces are of a 
charge-transfer resistance in parallel to a double layer 
capacitance. The characteristic frequencies of the inductive 
loops correspond to the characteristic frequencies of an 
element with the charge-transfer resistance and the grout 
resistance in parallel to the double layer capacitance. It is 



US 9,829,452 B2 
11 12 

likely that the cause for the inductance is due to the 
non-uniform current distribution since this behavior was not 
present in the 2D case. When steel is placed into the model, 
also incorporating an RC interface, the simulated impedance 
showed the inductive loop at high frequencies and a capaci­
tive loop at lower frequencies. The low- and high-frequency 
limits of the capacitive loop, which are used to determine the 
polarization resistance of the steel are effected by the cur­
rent-injecting electrodes' contact resistance. This compli­
cates the estimation of the true polarization resistance of the 10 

steel from the measured impedance. However, an analysis of 
the characteristic frequency can be useful in estimating the 
true polarization resistance of the steel as long as the grout 
resistance is known and a reasonable characteristic length is 
defined. It has been determined that the distance between the 15 

electrolyte intended to simulate the water composition inside 
the grout. The composition of the Simulated Pore Solution 
(SPS) was 2.0 g/L Ca(OH)2, 8.33 g/L NaOH, and 23.3 g/L 
KOH mixed in de-ionized water. 

Rotating disk tips were fashioned from steel taken from a 
tendon 103. The corrosion potential was monitored for 24 
hours in a simulated pore solution with a rotating speed of 
100 rpm. The corrosion potential reached a stable value of 
-0.35 V (SCE) after 12 hours. Potentials were measured 
with reference to a Saturated Calomel Electrode (SCE). 
Linear sweep voltammetry was performed with rotating 
speeds of 100, 200, and 400 rpm at a scan rate of 10 mV/s. 
The rotating speed influenced the current at cathodic poten­
tials, but did not affect the corrosion rate in a very wide 
range from -0.5V to 0.5V (SCE). 

current injecting electrodes is a reasonable assumption for 
the low frequency time constant. Given a defined geometry 
and electrode configuration, simulations can be performed to 
match the experimental impedance. To obtain the true polar­
ization resistance of the steel from the apparent polarization 
resistance it may be assumed that the resistance is constant 
over the steel surface, and the grout resistivity is constant 
through space. 

The mathematical basis was shown for the use of elec­
trode kinetics to simulate impedance. A model was made 
without any steel and it was determined that the ratio 
between the charge-transfer resistance at the current-inject­
ing electrodes and the resistivity of the grout determines the 
impedance response. At all grout resistivities, the impedance 
was that of an inductive loop. When the ratio, J, is close to 
or greater than 1 the inductive loop is a semi-circle. When 
steel was placed into the model, the inductive behavior due 
to the current-injecting electrodes is still present and accom­
panied by a large capacitive loop whose limits were shown 
to be dependent on three parameters assuming a fixed 
electrode configuration and cell geometry. The parameters 
are the charge-transfer resistance at the current-injecting 
electrode, the grout resistivity, and the polarization resis­
tance on the steel surface. At the characteristic frequency of 
each loop the impedance is indicative of the parallel con­
tribution of the electrode resistance and the resistivity of the 
grout as shown in FIG. 13. It was shown that the use of 
boundary conditions that incorporate the charge-transfer 
resistance at the interface of the current-injecting electrode 
influences the impedance response and must be accounted 
for when estimating the true polarization resistance of the 
steel from the limits of the simulated impedance. 

Referring back to FIG. 1, the total impedance (Z,
0

,
01

) can 

Impedance measurements were taken at rotation speeds of 
100, 400 and 1600 rpm with a perturbation amplitude of 5 
mV over a frequency range of0.5-100,000 Hz in simulated 
pore solution. Impedance measurements were also taken at 

20 400 rpm with a perturbation amplitude of 5 m V over a 
frequency range of 0.5-100,000 Hz in simulated pore solu­
tion adjusted with sulfuric acid to achieve pH values equal 
to 2.0, 5.5, 12.6 and 13.8. The experiment data showed that 
steel has good anti-corrosion ability in alkaline environ-

25 ments, however, when in the acidic environment, the cor­
rosion rate increases significantly. 

The stability of the tendon 103 in different environments 
was explored by use of Pourbaix diagrams generated by a 
computer program (CorrosionAnalyzer 1.3 Revision 1.3.33 

30 by OLI Systems Inc), which uses an available database that 
takes into account non-ideal behavior not found in standard 
texts. For high pH values, the thermodynamically feasible 
products are CaFe2 0 4 , Mn3 0 4 and Fe(OHt 4 , while for low 
pH values, the thermodynamically feasible products are 

35 MnS04 and Fe2+. 

Experimental testing was carried out on tendon assembly 
samples or specimens, which include a section of tendon 103 
extending through a duct 106, which is filled with grout 109. 
Openings were provided through the duct 106 to allow 

40 access to the grout 109. An experiment was set up in which 
the applied (or injected) current used to measure impedance 
was forced to go through the steel strand (tendon 103) 
located within the tendon assembly sample. This was done 
by connecting the steel strands of two tendon assembly 

45 samples together as is shown in FIG. 16A. The dark dots 
represent the location of the electrodes, where a current is 
applied between the first and fourth (supply) electrodes 1612 
and the potential difference is measured between the second 
and third (sensor) electrodes 1621. 

An objective of this experiment was to determine the 
electrode spacing that would allow for most of the applied 
current to go through the steel strand as opposed to the grout. 
Since the injected current takes the path of least resistance 
between the working and counter electrodes, the further the 

be measured at measurement points such as, e.g., sensor 
electrodes 121. As shown in FIG. 1, the impedance mea- 50 

sured by the indirect technique can be described as 
expressed in EQN. 2 above. As mentioned above, the term 
ZsteeZ includes the resistance to current flow in the metal of 
the tendon 103, which can normally be neglected. In addi­
tion, with proper selection of sensor electrode 121 location 
(e.g., between the supply or current injecting electrodes 
112), Zezectrode may also be neglected. Thus, the impedance 
measured by the contactless system can be expressed as: 

55 electrodes are placed apart from each other, the more likely 
the current will go through the steel. The result from the 
coupled configuration was compared to the result from an 
electrode configuration where electrodes were located at the 

ztotal= zgrout, 1 + zinterface,l + zinterface,2+ zgrout,2· (16) 60 
ends of a single tendon assembly specimen as shown in FIG. 
16B, which has an electrode configuration with 18.5 inches 
of separation between the outermost electrodes 1612. Refer-With appropriate positioning of the sensor electrodes, the 

dominant impedance should be that of the steel-grout inter­
face. 

Rotating disk electrode experiments were used to develop 
an understanding of the interfacial impedance of the steel in 
terms of the chemical and electrochemical reactions, includ­
ing the corrosion rates. Experiments were performed in an 

ring to FIG. 16C, shown are a plot of the impedance 
response 1603 for the coupled configuration of FIG. 16A and 
a plot of the impedance response 1606 for the single sample 

65 configuration of FIG. 16B. Both plots 1603 and 1606 show 
equal ohmic resistances of approximately 65 ohms which 
should represent the resistance of the grout in both setups. 
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Other tests were performed to examine the sensitivity to 
cementitious properties. Half of the tendon assembly speci­
mens were made with Sika 300Pt cable grout and the other 
half were made with Ordinary Portland Cement (OPC) with 

14 
FIG. 18B represents the electrode locations for each corre­
sponding Nyquist plots 1812, 1815 and 1818. Curve 1815 is 
the result from two electrodes being located in the no 
chlorides region 1806 and curve 1812 being located in the 
chloride region 1803. For curve 1818, the electrodes are in 
the no chlorides region 1806. 

Referring next to FIG. 19, shown is an example of a 
model for three electrode impedance measurements in a 
simulated pore solution, where Ru 1903 stands for solution 
resistance, YO 1906 and alpha account for the anodic reac­
tion, and Rp 1909 and WO 1912 account for the cathodic 
reaction, which is influenced by mass transfer. This indicates 
that the steel is protected from corrosion in the simulated 

a w/c ratio of 0.45. Sika 300Pt grout is used in field tendon 
assemblies on the bridges and is designed to have a lower 
viscosity after mixing than ordinary Portland cement. It is 
also designed to have lower porosity and no shrinkage 
during curing. Each set of tendon assembly specimens 
included one control specimen which included one longitu- 10 

dinal axially located prestressing strand within the grout or 
cement and surrounded by a clear PVC duct. A second 
tendon assembly specimen was made with 3% chlorides 
added to the grout. A third tendon assembly specimen 
contained only grout or cement. 15 

pore solution by a thin oxide layer. At lower pH values, the 
steel is subject to corrosion. 

Tendon assembly specimens were tested with two differ­
ent electrode configurations, the first electrode configuration 
is referred to as a Wenner array including 4 electrode 
contacts in line that are equally spaced. The electrode 
contacts were spaced at approximately 3 inch intervals. The 20 

second electrode configuration includes 3 inch spacing 
between the working (supply) electrode and first reference 
(sensor) electrode and the same for the second reference 
electrode (sensor) and the counter (supply) electrode. The 
spacing between the two reference (sensor) electrodes was 25 

approximately 9 inches. Larger spacing between the work­
ing and counter (supply) electrodes allows for more of the 
current to go through the steel of the tendon, which should 
be shown by larger capacitance values and larger arcs on the 
Nyquist plot if the steel is passive. 30 

A brief data analysis was done to determine the dielectric 
properties of the cement based on the capacitive response in 
the high frequency region. This was done using two meth­
ods, the first graphically based and the second model based. 
The graphical method included plotting log frequency vs. 
log Zimag and taking the slope of the linear region within 
the high frequency range, which yields a, the exponent in a 
Constant-Phase-Element (CPE) model. 

(17) 

When a is equal to 1, the CPE parameter Q has units of 
capacitance. From these values and the geometry of the 
electrode configuration, a dielectric constant can be calcu­
lated using a power law model. Another way to determine 
these parameters is by using a model fitting method where 
electrical circuit components are set up to represent the 
behavior of our system. The circuit 2003 used to model the 
behavior of our samples is shown FIG. 20. By modeling the 
high frequency region as a CPE, the parameters can be 
extracted from the modeling software (Ganiry E-Chem). 
Once again the power law model can be used to calculate the 
dielectric constant. The calculations gave values on the order 
of 20,000, which is much too large. Another CPE was fitted 
to the low-frequency portion indicated by the equivalent 
circuit. The two CPEs in series proved to be a good model 

The Sika 300Pt grout provides more resistance than the 
OPC. This is shown in the two graphs of FIGS. 17A and 
17B, which are examples of the impedance response from a 
tendon assembly specimen with grout only and cement only, 
respectively, and a Wenner array electrode configuration. 35 

The real impedance values for the grout (FIG. 17A) are 
almost four times as large as the cement (FIG. 17B). When 
measuring the resistance of a material based on impedance 
measurements it is the ideal situation to have current pass 
uniformly through the medium from parallel surfaces at a 40 

known distance apart. With the corrosion measurement 
system, this may not be achieved and therefore it is impor­
tant to determine the path of the current so that we know 
what distance this resistance is determined from through 
modeling. 45 for the tendon assembly samples, as can been seen by the 

agreement between the curve corresponding to the circuit 
2003 and data plotted in the Nyquist plot 2006 of FIG. 20. 
The impedance response indicated by the plotted series is for 

The distinguishing feature between grout with chlorides 
and grout without chlorides is that the arc in the Nyquist plot 
is smaller with the presence of chlorides. This means that the 
polarization resistance of the steel is lower when chlorides 
are present. This lower polarization resistance is usually 50 

seen at locations of corrosion. 

an 18.5 inch spacing of the outermost electrodes where first 
two electrodes are in a chloride region and the last two are 
not. By fitting the impedance data to a circuit model, the type 
of behaviors and responses within the system. The true 
dielectric constant of a cementitious material is difficult to 
measure due to the presence of different phases. The use of 

55 high frequency ranges and a uniform current distribution can 
aid in the determination. 

Referring to FIG. 18A, shown is a tendon assembly 
specimen 1800 with a length of 6 feet and a diameter of 3 
inches. A 2 foot region 1803 in the center of the tendon 
assembly specimen 1800 included 3% chlorides to induce 
accelerated corrosion. By taking measurements at every 3 
inch interval along the tendon assembly specimen 1800, it 
was shown that there is a clear difference in the capacitive 
behavior between the locations that did not include chlorides 
(regions 1806) and the locations that did (region 1803). The 60 

Nyquist plot 1809 of FIG. 18B shows an example of the 
impedance response of an 18.5 inch outermost electrode 
spacing along the 6 foot tendon assembly specimen 1800. 
FIG. 18B shows that, when all of the electrode contacts are 
placed in the region containing chlorides, the Nyquist plot 65 

1809 indicates smaller polarization resistance and less 
capacitive behavior as seen in curve 1812. The lower plot in 

Corrosion of steel in grout may be attributed to: 1) 
decreases in pH, 2) contamination by chloride ions, and 3) 
lack of oxygen needed to form the protective oxide layers. 
The mechanism for iron dissolution in a chloride-free basic 
solution includes some absorbed intermediate reactant, 
while the mechanism for steel in the solution with chloride 
can be attributed to chemisorbed chloride ion displaced 
adsorbed water molecules followed by interaction with 
adjacently adsorbed hydroxyls. The pH value may decrease 
due to absorption of C02 or other acidic gases or by 
precipitation reactions for corrosion products that consume 
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behaves actively in the highly alkaline environment and in 
the absence of oxygen can be explained by the Pourbaix 
diagram for carbon steel in SPS electrolyte, which is shown 
in FIG. 24. The diagram of FIG. 24 was generated using 
CorrosionAnalyzer 1.3 Rev. 1.3.33 by OLI Systems Inc. In 
the aerated solution, the corrosion potential can be main­
tained in the passive region (region 2403), but ifthe oxygen 
content is sufficiently small, the corrosion potential will 
decrease to the active region where only soluble compounds 

hydroxide ions. Corrosion can initiate in the form of pitting 
under conditions in which the local pH value is below 10. 
Chloride contamination is another serious issue for steel 
corrosion in grout. Pitting can occur when both chloride ion 
concentration and surface potential reach certain values. The 
importance of chloride ions in the steel corrosion in grout 
has led to the concept of a chloride threshold level, which 
can be expressed as the ratio of chloride and hydroxide ions, 
[Ci-]/[OH-]. However, the chloride threshold is very con­
troversial and different values have been reported from 0.3 
to 10. In the absence of dissolved oxygen, steel is not 
passivated in a highly alkaline environment. 

10 can be formed. 

The effect of the pH value was examined. The pH value 
was changed from the original value of 13.6 to values of 
12.6, 5.5, and 2.2. Using the rotating disk tips fashioned 15 

from steel taken from a tendon, impedance measurements 
were taken at a rotation speed of 1600 rpm and with a 
perturbation amplitude of 10 m V over a frequency range of 
0.1 Hz-10 kHz at the open-circuit potential. FIG. 21 shows 
an example of impedance data for the rotating disk tip in SPs 20 

electrolyte with pH as a parameter. As can be seen in FIG. 
21, the impedance data changed significantly as the pH value 
dropped and the impedance value reached a maximum when 
the pH value was 12.2. 

The influence of chloride contamination was explored by 25 

both cyclic voltammetry and impedance spectroscopy. Mea­
surements were performed under both aerated and deaerated 
conditions. Cyclic voltanimetry was performed with scan 
rates of 5, 10, and 50 mV/s from -1.4 to 0.6 V (SCE). The 
steel was conditioned at -1 V (SCE) for 2000 seconds to 30 

remove any oxide that may have existed on the surface. The 
results of cyclic voltammetry are shown in FIGS. 22A-22C. 
FIG. 22Aillustrates an example of the cyclic voltammogram 
for a stationary disk composed of tendon steel in c1- free 
SPS electrolyte at a scan rate of 10 mV/s. The peak in FIG. 35 

22A can be assigned to processes forming Fe30 4 , FeO and 
Fe(OH)2 , as labeled in FIG. 22A. FIG. 22B shows the results 
for the stationary disk in a solution with 0.68M NaCl. Pitting 
clearly occurs during anodic processes of the first loop 2203, 
but, after forming iron compounds during the cathodic 40 

process, pitting cannot be seen in the second loop 2206. 
Therefore, the results support that Fe3 0 4 , FeO and Fe(OH)2 

can form a protective film on the surface of steel. From the 
results shown in the table of FIG. 22C, pitting was observed 
for all measured scan rates for a chloride concentration of 45 

0.68M, but was not observed for a concentration of 0.53M. 
As the hydroxide concentration was 0.32M, this work is 
consistent with a chloride/hydroxide ratio threshold equal to 

The question of whether the impedance response is domi­
nated by anodic or cathodic reactions was answered by 
measuring the impedance at +0.2V and -0.2V versus open 
circuit potential and comparing the results to the impedance 
measurement at the open-circuit potential. FIGS. 25A and 
25B show examples of impedance data for a disk composed 
of tendon steel rotating at 400 rpm in SPS electrolyte, with 
pH=13.6 and pH=2.2 respectively, with applied potential as 
a parameter. The results in FIGS. 25A and 25B show that, in 
a basic solution, the anodic reaction dominates the imped­
ance response; whereas, in an acidic solution, the cathodic 
reaction dominates the impedance response. 

Impedance measurements were taken at O.lV and -0.lV 
with open circuit potential measurements taken in between. 
The results showed that the application of an anodic current 
increases the ohmic resistance of the system and, therefore, 
causes physical changes and can no longer be called a 
non-invasive technique. Since the ohmic resistance 
increased with the application of an anodic current the 
anodic reaction could include the reduction of water. To 
verify this, an attempt was made to measure the impedance 
multiple times at an anodic potential and see if the ohmic 
resistance continued to increase. Silver-silver chloride elec­
trodes were used for the measurements. Referring to FIG. 
26, shown is an example of the impedance results measured 
at the open circuit potential (OCP), an anodic potential (0.1 
V), and a cathodic potential (-0.1 V). FIG. 26 shows the 
increase in ohmic resistance caused by the anodic DC 
current. The impedance at the open-circuit potential was 
more affected by the prior application of an anodic current 
than by a cathodic current. 

To confirm that the addition of chloride accelerated cor-
rosion, two synthetic tendon assemblies (each 2 feet in 
length) were cut at every electrode interval to determine the 
condition of the steel strand. One tendon assembly specimen 
contained Sika 300Pt grout and the other contained Sika 
300Pt grout with 3% chlorides added as NaCl. An inverted­
stage microscope was used to image the steel interface and 
to identify signs of corrosion. FIG. 27 includes (a) a visual 2. The chloride content of the SPS electrolyte was fixed by 

adding NaCl. 
The influence of dissolved oxygen was explored by 

conducting experiments in both aerated SPS solutions and 

50 image of a steel and grout interface of the tendon assembly 
specimen containing 3% chlorides and (b) a microscopic 
image of the steel and grout interface. It can be seen in the 
microscopic image of FIG. 27(b) that corrosion products 
have formed in a section located in the middle of the 2 foot 

an SPS solution deaerated by nitrogen for one hour. Both the 
chloride-free and 0.68M NaCl solutions are used for experi­
ments. Impedance measurements were taken for a stationary 55 

electrode with a perturbation amplitude of 10 m V over a 
frequency range of 10 mHz-100 kHz at open circuit poten­
tial. FIG. 23 illustrates an example of the impedance data for 
a stationary disk composed of tendon steel at open circuit in 
SPS electrolyte with state of aeration/deaeration and NaCl 60 

concentration as parameters. As shown in FIG. 23, the 
presence of chloride ions did not increase the corrosion rate 

specimen including grout that was contaminated with chlo­
rides. As can be seen in visual image of FIG. 27(a), the 
corrosion was not visible by the naked eye. 

FIGS. 28A and 28B, respectively, show the impedance 
results for specimens without and with chloride ion con­
tamination. FIGS. 28A and 28B show examples of the 
impedance response for a synthetic tendon strand with Sika 
300Pt grout and with Sika 300Pt grout contaminated by the 
addition of 3 wt % chloride as NaCl, respectively. The 
different curves correspond to different positions along the 2 

in aerated solutions. In contrast, impedance results for 
deaerated solutions show that chloride ions did increase the 
corrosion rate. This result also supports the cyclic voltam­
metry results in which iron compounds were found to form 
a protective film on the surface of steel. The reason steel 

65 foot tendon assembly specimen. As shown in FIG. 28A, the 
impedance along the specimen without chloride contamina­
tion was independent of position. As shown in FIG. 28B, the 
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specimen with the chloride contamination shows differences 
in impedance along the specimen. This suggests that 
changes in impedance can be associated with the presence of 
corrosion products. 

A simplified current distribution model has been devel­
oped using Comsol Multiphysics software in both 2D and 
3D. Initially, the steady state solution in 2D was solved using 
Laplace's equation to solve for the potential distribution 
through the grout under an applied potential and a simplified 
kinetic model of the steel interface. Two frequency-domain 10 

studies were also performed which included two different 
equivalent circuits to model the steel interface (R-C & CPE). 
3D modeling was also initiated, using the same equivalent 
circuit models. 

To determine how the current flows through the system, 15 

the grout was treated as a homogenous material with a 
constant resistance. The Butler-Volmer equation was used to 
model the faradaic electrode kinetics. Two electrodes were 
placed at the top of the modeled specimen with an 18 cm 
spacing and with applied potentials of 1 V and -1 V, respec- 20 

tively. FIG. 29A shows an example of the 2D calculated 
steady-state current distribution using the Butler-Volmer 
equation to describe the electrode kinetics on the tendon 
strand. The simulations were performed using Comsol 4.3. 
The lines shown in FIG. 29A that intersect with the strand- 25 

18 
identical to the R-C case. Once again, at low frequencies the 
current flows around the steel while at high frequencies the 
current flows to the steel and enters the steel normal to the 
surface. The calculated 2D current distribution associated 
with low frequency impedance with an R-CPE equivalent 
circuit behavior applied at the strand-grout interface is 
shown in FIG. 31A and the calculated 2D potential distri­
bution associated with high frequency impedance with an 
R-CPE equivalent circuit behavior applied at the strand­
grout interface is shown in FIG. 31B. 

While the current distributions show similar behavior, the 
Nyquist plot was that of a depressed semi-circle which is 
indicative of an R-CPE circuit. The charge transfer resis­
tance was set to SOOQ, and the CPE parameters were a=0.8 
and Q=0.009 Fs"'/cm2

. The results obtained were similar to 
those shown in FIGS. 30A-30C, but the Nyquist plots 
showed a depressed semicircle and the real and imaginary 
impedances showed a more gradual change with frequency. 

A 3D model was used to provide a more realistic repre­
sentation of a tendon assembly. As was done for the 2D 
simulations, equivalent circuits were used as boundary con­
ditions for the strand-grout interface. FIG. 32 is an example 
of the calculated 3D current distribution at low frequencies 
with R-CPE equivalent circuit behavior at the strand-grout 
interface. The current lines shown in FIG. 32 are wrapped 
around the strand, showing the more complex patterns that 
can be expected for the tendons. The corresponding imped­
ance response is shown in Nyquist format in FIG. 33A and 
the real and imaginary parts of the impedance are given in 

grout interface represent the current flow, and the equipo­
tential lines are shown perpendicular to the current flow. 
These results show that the steel is polarized indirectly 
through the application of a potential difference to the 
surface of the specimen. 30 FIGS. 33B and 33C, respectively. 

To obtain simulated impedance results, the analysis was 
done in the frequency domain over a range of frequencies 
that was large enough to pick up the full impedance 
response. When performing physical impedance measure­
ments, a sinusoidal perturbation of constant amplitude is 
applied over a range of frequencies. To model this proce­
dure, a constant value application of current can be used and 
the potential response measured. In this simplified model, 
the interface was assumed to behave according to the 
representation of an RC or an R-CPE element. The calcu­
lated 2D current distribution associated with low frequency 
impedance with an RC equivalent circuit behavior applied at 
the strand-grout interface is shown in FIG. 29B and the 
calculated 2D potential distribution associated with high 
frequency impedance with an RC equivalent circuit behavior 
applied at the strand-grout interface is shown in FIG. 29C. 
At low frequencies, the interface of the steel acts as an open 
circuit and the current flows around it. At higher frequencies 
the current behaves as a short circuit and the current enters 
the steel normal to the surface. 

Referring to FIG. 30A, shown is a Nyquist plot obtained 

Referring next to FIG. 34A, show is a plot of the current 
flow through a cylindrical grout specimen obtained through 
numerical simulations and represented by the lines extend­
ing between the locations of the supply electrodes 112. The 

35 calculated potential distribution is expressed as a color (or 
shaded) gradient that is dependent on the frequency of the 
applied perturbation. In FIGS. 34B and 34C, the potential 
distribution through grout 106 containing a steel tendon 103 
at different frequencies is provided. The presence of steel 

40 affects the potential distribution and therefore affects the 
impedance. The potential distribution is also dependent on 
the distance between the current-injecting electrodes 112, 
and the kinetics of the steel and grout interface. When the 
steel of the tendon 103 is in a passive state, an oxide film 

45 forms on the surface which protects it from corroding and 
also prevents current from flowing across the interface at 
low frequencies. When the steel of the tendon 103 is actively 
corroding, the reduction of iron provides a corrosion current 
which allows the applied current to flow across the interface. 

50 The two scenarios of current, either being blocked by a 
passive film or attacked by a corrosion current, influence the 
measured impedance. In the passive case, the impedance of 
the steel interface goes to infinity as the frequency goes to 
zero, which can be simulated by a Constant Phase Element 

by placing two sensor (potential) probes on the surface of the 
grout of the tendon assembly model, between the source 
(current injection) electrodes with all four electrodes spaced 
equally from each other. The impedance was calculated at 
frequencies in the range of 0.01 Hz-10 k Hz by calculating 
the potential response as the difference between the two 
reference electrodes divided by the applied current differ­
ence between the working and counter electrodes. The full 
semicircle capacitive loop is indicative of an RC element. 60 

The charge transfer resistance was set to SOOQ and the 
capacitance was 0.01 F. The real and imaginary parts of the 
impedance are given in FIGS. 30B and 30C, respectively, as 
functions of the logarithm of frequency. As seen in FIG. 
30A, the polarization resistance was approximately 325Q. 

55 (CPE). The parameters of the CPE can be used to estimate 
the film thickness. In the corroding case, the steel surface 
impedance is usually expressed as an RC element which 
consists of a polarization resistance, used to estimate the 
corrosion rate, and a double-layer capacitor. 

The differences between the impedance of the tendon 
system containing passive or actively corroding steel may be 
determined. For the passive case, experiments were per­
formed in which cylindrical tendon representations were 
made with one steel strand placed at the longitudinal axis of 

65 a grout cylinder encased in a PVC pipe. The impedance was 
measured using Ag/AgCl electrodes with a solid gel con­
ductive adhesive to ensure contact to the grout. Finite 

In the case of the interface represented by an R-CPE 
circuit the current distribution response values are almost 
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element simulations were used to interpret the experimental 
results. The electrode kinetics was expressed as an oscillat­
ing current density as the summation of a charging and 
faradaic current given as: 

_ . (- -) (a:a+a:,)ioF(- -) 
l = ]WC V - <t> + RT V - <t> 

(18) 

20 
potential location of corrosion to be determined. A series of 
measurements can be taken along the tendon to determine 
the location of potential corrosion. In some cases, overlap­
ping measurements may be used to identify the location of 
the corrosion. 

The impedance measurement device 118 may include 
processing circuitry configured to determine an impedance 
of the tendon assembly based at least in part upon the current 
injected into the grout 109 via the source electrodes 112 and 

The grout was modeled as a uniform conductivity media and 
Laplace's equation is used to solve for the potential distri­
bution. The steel boundary condition is an oscillating current 
density representing the current across a CPE given as: 

10 the potential measured across the sensor electrodes 121. A 
plurality of measurements may be taken over a range of 
frequencies to characterize the impedance of the tendon 103. 
The measurements may then be used to detect corrosion of 
the tendon 103 based at least in part the injected currents and 

(19) 

15 measured potentials at different frequencies. Measurements 
may also be taken at a variety of locations to facilitate in 
determining the position of the corrosion. As shown in FIG. 
36, a plurality of access openings 3606 may provide access 
to different locations on the tendon assembly for testing and 

The impedance was simulated over a range of frequencies 20 evaluation. Probes including the source electrodes 112 and 
sensor electrodes 121 may be used to position the electrodes 
against the surface of the grout 109 for testing. The access 
openings 1403 may be drilled through the concrete of the 
structure and the duct 106 to allow access to the surface of 

as the potential difference between two reference electrodes 
divided by the current of the working electrode. FIGS. 35A 
and 35B show plots of experimental and simulation imped­
ance for two different electrode configurations: As shown in 
FIGS. 35A and 35B, the results are compared to experimen- 25 

ta! measurements with different electrode configurations. 
The electrode configuration used for the results in FIG. 35A 
includes the current-injecting electrodes 112 (FIG. 1) spaced 
at 18 inches and the reference electrodes 121(FIG.1) spaced 
at 12 inches. The electrode configuration for FIG. 35B 30 

includes the current injecting electrodes 112 spaced at 12 
inches and the reference electrodes 121 spaced at 6 inches. 

the grout 109. In some embodiments, the impedance detec­
tion device may include a computing device to determine the 
condition of the tendon 103 based upon the measurements. 
For example, the impedance detection device may execute a 
program that obtains potential measurements at a plurality of 
frequencies and determines a condition of the tendon 103 
based at least in part upon the potential measurements and 
the injected currents at the different frequencies. 

The processing circuitry can include at least one processor 
circuit, for example, having a processor and a memory 
coupled to a local interface. To this end, the impedance 
measurement device 118 can comprise, for example, at least 
one computer or like device, which may be used to deter­
mine the condition of a tendon. Stored in the memory and 
executable by the processor may be a corrosion detection 

In both cases the simulated impedance was close to the 
experimental impedance at low frequencies. Both plots 
exhibit similar shapes, where the impedance at low frequen- 35 

cies contains a contribution from the steel while the high 
frequency behavior is due mostly to the grout impedance. 
The effectiveness of this method relies on the use of accurate 
representations of the steel surface impedance. The imped­
ance can be determined as a function of pH, temperature, 
and oxygen content. 

40 application that can determine the tendon condition based 
upon the voltage and current measurements. In this respect, 
the term "executable" means a program file that is in a form 
that can ultimately be run by the processor. The memory is 
defined herein as including both volatile and nonvolatile 

Referring now to FIG. 36, shown is a graphical represen­
tation of an example of a structure 3600 including post­
stressed tendons 103 in a tendon assembly such at that 
illustrated in FIG. 1. When the tendons 103 are included in 
a structure 3600 such as, e.g., a bridge span or support pillar, 
portions of the tendons 103 may be located within the 
structure 3600 while other portions may be accessible (e.g., 

45 memory and data storage components. Volatile components 
are those that do not retain data values upon loss of power. 
Nonvolatile components are those that retain data upon a 
loss of power. 

It should be emphasized that the above-described embodi-
50 ments of the present disclosure are merely possible 

examples of implementations set forth for a clear under­
standing of the principles of the disclosure. Many variations 
and modifications may be made to the above-described 
embodiment(s) without departing substantially from the 

at the anchor points 3603). Access openings 3606 may be 
located at appropriate locations through the surrounding 
material to allow for access to the grout 109 (FIG. 1) 
surrounding the tendons 103. For example, access openings 
3606 may be drilled through the concrete of the structure 
3600 at, e.g., inaccessible anchor points and/or low points 
where corrosion has a greater likelihood of occurrence. In 
other implementations, the access openings may be evenly 
distributed at predefined intervals along the length of the 
tendon 103 (e.g., every 6 inches, 12 inches, 18 inches, etc.) 
Probes may be inserted through the access openings 3606 to 
provide electrode contact with the grout 109 to supply 60 

current and/or make impedance measurements as previously 
discussed. In this way, corrosion of the tendons 109 may be 
detected without contacting or exposing the tendons 103. A 
series of measurements may be taken at different pulse 
frequencies to determine the Nyquest characteristics for 65 

evaluation of the tendon condition. Measurements may also 
be taken with different electrode contact spacing to allow a 

55 spirit and principles of the disclosure. All such modifications 
and variations are intended to be included herein within the 
scope of this disclosure and protected by the following 
claims. 

It should be noted that ratios, concentrations, amounts, 
and other numerical data may be expressed herein in a range 
format. It is to be understood that such a range format is used 
for convenience and brevity, and thus, should be interpreted 
in a flexible manner to include not only the numerical values 
explicitly recited as the limits of the range, but also to 
include all the individual numerical values or sub-ranges 
encompassed within that range as if each numerical value 
and sub-range is explicitly recited. To illustrate, a concen-
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tration range of "about 0.1 % to about 5%" should be 
interpreted to include not only the explicitly recited concen­
tration of about 0.1 wt% to about 5 wt%, but also include 
individual concentrations (e.g., 1%, 2%, 3%, and 4%) and 
the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%) 
within the indicated range. The term "about" can include 
traditional rounding according to significant figures of 
numerical values. In addition, the phrase "about 'x' to 'y"' 
includes "about 'x' to about 'y"'. 

Therefore, at least the following is claimed: 
1. A method, comprising: 

10 

injecting alternating currents through a portion of a ten­
don assembly including a tendon extending through a 
duct, the tendon at least partially encased in grout 15 

filling the duct, where access to a surface of the grout 
is established through small holes drilled into the duct, 
and four electrodes are placed into the small holes with 
a conductive gel to establish electrical contact with the 
grout, the four electrodes comprising a pair of supply 20 

electrodes and a pair of reference electrodes, where the 
alternating currents are injected over a range of fre­
quencies through the pair of supply electrodes on the 
surface of the grout; 

measuring potential differences across a portion of the 25 

grout surface between the pair of reference electrodes 
on the surface of the grout, the potential differences 
measured over the range of frequencies; 

determining a total impedance (Z,
0

, 01) based upon the 
injected alternating currents and the measured potential 30 

differences, the total impedance comprising: 

ztotal= zelectrode ,1 + zgrout,l + zinterface, 1 + zsteer+ zinterface, 

2+Zgrout,2+Ze1ectrode,2' 

where zelectrode is an impedance associated with the electri- 35 

cal contact of each of the pair of supply electrodes in contact 
with the grout, Zgrout is an impedance associated with the 
grout between each of the pair of supply electrodes and the 
tendon Z,nterface is an impedance associated with an interface 
between the grout and a surface of the tendon adjacent to 40 

each of the pair of supply electrodes, and ZsteeZ is an 
impedance associated with the tendon; and 

determining a condition of the tendon based at least in part 
upon the total impedance. 

2. The method of claim 1, wherein the alternating currents 45 

are injected at a plurality of frequencies; and the potential 
differences are measured at the plurality of frequencies. 

3. The method of claim 1, further comprising: 
applying the pair of supply electrodes to the surface of the 

grout through the small holes with the conductive gel; 50 

and 
applying the pair of reference electrodes to the surface of 

the grout through the small holes with the conductive 
gel. 

22 
determining a second condition of the tendon based at 

least in part upon a second total impedance (Z,0 ,01) 

determined using the injected alternating currents and 
the measured potential differences associated with the 
second portion of the tendon assembly. 

6. The method of claim 5, wherein part of the second 
portion overlaps part of the first portion of the tendon 
assembly. 

7. A system, comprising: 
a pair of supply electrodes configured to inject alternating 

currents through a portion of a tendon assembly includ­
ing a tendon extending through a duct, the tendon at 
least partially encased in grout filling the duct, where 
access to a surface of the grout is established through 
small holes drilled into the duct, and where the pair of 
supply electrodes are placed into a first pair of small 
holes with a conductive gel to establish electrical 
contact with the grout and the alternating currents are 
injected over a range of frequencies through the pair of 
supply electrodes on the surface of the grout; 

a pair of reference electrodes configured to measure 
potential differences across a portion of the surface of 
the grout between the pair of reference electrodes, 
where the pair of reference electrodes are placed into a 
second pair of small holes with a conductive gel to 
establish electrical contact with the grout, and the 
potential differences are measured over the range of 
frequencies; and 

an impedance detection device configured to: 
determine a total impedance (Z,

0
, 01) based upon 

injected alternating currents and measured potential 
differences, the total impedance comprising: 

Ztotaz= Ze1ectrode,1 +Zgrout,1 +Zinterface,1 +Zsteer+Zinterface, 

2+Zgrout.;2.+Zelectrode,2' 

where zelectrode is an impedance associated with the 
electrical contact of each of the pair of supply 
electrodes in contact with the grout, zgrout is an 
impedance associated with the grout between each of 
the pair of supply electrodes and the tendon, zinterface 

is an impedance associated with an interface between 
the grout and a surface of the tendon adjacent to each 
of the pair of supply electrodes, and zsteel is an 
impedance associated with the tendon; and 

determine a condition of the tendon based at least in 
part upon the total impedance. 

8. The system of claim 7, further comprising a control­
lable power source configured to supply current at a plurality 
of frequencies via the supply electrodes. 

9. The system of claim 8, wherein the impedance detec­
tion device is configured to determine the total impedance 
based at least in part upon the injected alternating currents 
and the potential differences measured at the plurality of 

4. The method of claim 1, wherein the condition of the 
tendon is associated with the impedance z,nterface associated 
with the interface between the grout and the surface of the 
tendon. 

55 frequencies. 

5. The method of claim 1, further comprising: 
injecting alternating currents through a second portion of 

the tendon assembly through small holes drilled into 
the duct, the small holes providing access to the surface 
of the grout; 

measuring potential differences across a second portion of 
the surface of the grout between the pair of reference 
electrodes placed on the surface of the grout through 
small holes drilled into the duct; and 

10. The system of claim 7, further comprising probes 
including each of the pair of supply electrodes, the probes 
configured to extend through access openings passing 
through structural material surrounding the duct of the 

60 tendon assembly to allow each of the pair of supply elec­
trodes to contact the surface of the grout through one of the 
first pair of small holes. 

11. The system of claim 10, further comprising measure­
ment probes including each of the pair of reference elec-

65 trodes, the measurement probes configured to extend 
through access openings passing through the structural 
material surrounding the duct of the tendon assembly to 
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allow each of the pair of reference electrodes to contact the 
surface of the grout through one of the second pair of small 
holes. 

12. The system of claim 10, wherein a span of a bridge 
comprises the structural material surrounding the duct of the 5 

tendon assembly. 
13. The system of claim 7, wherein the impedance detec­

tion device comprises processing circuitry configured to 
determine the total impedance and the condition of the 
tendon based at least in part upon the total impedance. 10 

14. The system of claim 7, wherein the pair of supply 
electrodes and the pair of reference electrodes are silver­
silver chloride electrodes. 

* * * * * 

24 




