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(57) ABSTRACT 
A method and system for assessment of a pipe (110) is pro
vided. The system can include a probe (100) having first (120) 
and second (130) electrodes and a processor (200) in com
munication with the probe (100). The probe (100) can be in a 
medium (140) proximate to a section of the pipe (110) to be 
analyzed. The section of the pipe (110) can have a coating 
(115) thereon. The processor (200) can measure a difference 
in potential between the first (120) and second (130) elec
trodes. The processor (200) can determine a local impedance 
with respect to the section of the pipe (110) based at least in 
part on the difference in potential. The processor (200) can 
evaluate a condition of the coating (115) on the section of the 
pipe (110) based at least in part on the local impedance or a 
parameter derived from the local impedance. 
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SYSTEM FOR ASSESSING PIPELINE 
CONDITION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a §371 national stage entry oflnterna
tional Application No. PCT/US2008/050063, filed Jan. 3, 
2008, which claims priority to U.S. Provisional Application 
No. 60/883,273, filed Jan. 3, 2007, all of which are hereby 
incorporated by reference. 

TECHNICAL FIELD 

2 
requiring full access to the material to be protected, thus 
preserving the visual appearance and structural integrity of 
the structure. 

Regular inspections, such as described in the NACE (Na
tionalAssociation of Corrosion Engineers) International Rec
ommended Practice for External Corrosion Direct Assess
ment (ECDA), are required to ensure the integrity of the 
pipelines. The methodology behind ECDA relies heavily on 
close-interval surveys of on-potentials (where the CP system 

10 is connected) and off-potentials (where the CP system is 
disconnected). 

15 
The invention relates generally to methods and systems for 

The procedure used for a close-interval survey is to place a 
reference electrode in contact with the soil surface above the 
pipe and measure the electrical potential difference with 
respect to a connection to the pipe. Since it is impractical to 
connect to the pipe at each point where a measurement is 
taken, a length of wire is used to reach convenient connection 
points. The measurement location and electrical potential are 
recorded and the next measurement is taken. In some cases, 

detecting the condition of metallic pipes. 

BACKGROUND ART 

In the United States alone, over 1.3 million miles of buried 
steel main-line pipe are used for the transport of natural gas 
alone, many at high pressures on the order of 1000 psi. Trunk 
lines for natural gas products add to this total. There are also 
about 170,000 miles of pipeline for transport of crude oil and 
refined products. There are a significant number of pipeline 
failures reported each year with a few involving loss oflife or 
significant property loss. 

Corrosion of the pipe material is one of the main causes of 
pipeline failure. Corrosion is an electrochemical process 
involving metal oxidation of the pipe and mass and charge 
transport with an electrode via a surrounding electrolyte. The 
charge transport implies that an electrical current flows 
between locations on the pipe and from the pipe to one or 
more external electrodes. A metallic pipeline can become an 
electrode and the soil act as an electrolyte so that the pipeline 
buried in soil provides the elements of an electrolytic cell. 

Some corrosion arises from the naturally occurring pro
cesses at specific locations on the pipe involving electrical 
current flow into the ambient soil electrolyte via the corrosion 
reaction. Corrosion can also be accelerated by voltages 
applied to a local region of the pipe by man-made structures, 
including local transit systems, power distribution systems 
and other terrestrial sources of stray voltages and currents. 

Early detection and control of corrosion are necessary to 
maintain the integrity of a pipeline and reduce the likelihood 
of a pipeline failure. In order to reduce the likelihood of a 
pipeline failure, U.S. Federal Law requires that pipelines are 
periodically tested for indications of corrosion activity. 

Electrical potential measurements are commonly used to 
assess the efficacy of corrosion prevention strategies. Buried 

20 the distance between measurements is the length of one pace 
of the person obtaining the data. In other cases, an A-frame is 
used to control more precisely the distance between potential 
readings. 

One available system superimposes a single-frequency sig-
25 nal (93 7. 5 Hz with a maximum output of7 50 mA or 4 Hz with 

a maximum output of 3 A) on the current supplied for 
cathodic protection. A magnetometer, tuned to the imposed 
frequency, is used to measure the current flowing in the pipe. 
A discontinuity in the current is associated with coating flaws. 

30 Although such instruments can detect certain coating flaws, 
such systems can be insensitive to large coating flaws. 
Another available system applies an AC signal, containing 
many frequencies, to the pipe, and the corresponding current 
is detected at various locations using a magnetometer. The 

35 ratio of input potential and output current yields a frequency
dependent impedance. The magnetometers can be used as 
well to map the current distribution associated with applica
tion of cathodic protection. 

However, magnetically-assisted impedance-based systems 
40 have not gained acceptance in the field. One factor inhibiting 

acceptance of the magnetically assisted impedance technique 
within the industry is that it requires depolarization of the 
pipeline because the magnetically-assisted impedance-based 
technique cannot be employed while the pipe is under 

45 cathodic protection. Even after the impressed current is 
removed from the pipe, depolarization may take hours. Addi
tionally, interpretation of the impedance results requires a 
detailed electrical circuit model, which is unlikely to be cor
rect, and requires low-frequency data, which takes a long time 

50 to collect. For example, a measurement of three 0.01 Hz (10 
mHz) cycles requires 300 seconds. Accordingly, methods 
which provide measurement under normal operating condi
tions and provide more sensitivity for above ground assess
ment of the condition of buried pipe are desired. 

oil and gas transmission pipelines are protected from corro
sion by a combination of cathodic protection and coatings 
that reduce the current requirements for cathodic protection. 
Cathodic protection (CP) is a method of preventing metal 55 

corrosion by suppressing the electrochemical corrosion reac
tion. The metal being protected is forced to be a cathode by 
either impressing a small current upon it, or by placing it in 
electrical contact with a sacrificial anode, i.e. a metal that is 
more easily oxidized than the protected metal. These methods 60 

of CP are referred to as Impressed Current Cathodic Protec
tion (ICCP) and Sacrificial Anode Cathodic Protection 
(SACP), respectively. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A fuller understanding of the present invention and the 
features and benefits thereof will be obtained upon review of 
the following detailed description together with the accom
panying drawings, in which: 

FIG. 1 is an arrangement of potential sensing reference 
electrodes on a portable A-frame device. 

One of the advantages of CP is that it can provide protec
tion without changing the immediate physical environment of 65 

the structure. By its nature, CP provides the correct electro
chemical conditions to control the corrosion process without 

FIG. 2 is a buried probe that includes potential sensing 
reference and second electrodes. 

FIG. 3 is a schematic illustration showing impedance of a 
coated pipe with a localized coating defect. 
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FIG. 4 is a schematic of a probe for measuring local imped
ance, including a schematic of the components of a device for 
measuring local impedance. 

FIG. 5 is a schematic of a system of the present invention, 
including a device for superimposing a single or multi-sine 
current on an existing cathodic protection signal, and a device 
for analyzing local impedance. 

FIG. 6 is a schematic of a system of the present invention, 
including a device for superimposing a single or multi-sine 
current on an existing cathodic protection signal, and a device 
for analyzing impedance that includes several wired elec
trodes for measuring local impedance. 

FIG. 7 is a schematic of a system of the present invention, 
including a device for superimposing a single or multi-sine 
current on an existing cathodic protection signal, and a device 
for analyzing impedance that includes several wireless elec
trodes for measuring local impedance. 

FIG. 8 is a buried probe that includes potential sensing 
electrodes and current generating electrodes useful for mea
suring soil resistivity. 

DETAILED DESCRIPTION 

The invention comprises an apparatus and associated 
methods for above-ground assessment of the external condi
tion of a pipe, such as a buried pipe. In one embodiment, the 
pipe can be under impressed current cathode protection 
(ICCP), even during the assessment measurements. In this 
embodiment, current is superimposed on the pipe section to 
be analyzed over current supplied for the ICCP. Alternatively, 
current can be injected into the pipe through a separate con
nection. 

The method can comprise the steps of disposing a probe 
100 having capability to sense electrical potential using a 
plurality of spaced apart electrodes 120, 130 in an electrolytic 
medium 140 (e.g. soil) proximate to a section of buried pipe 
110 to be analyzed. In an exemplary two-electrode arrange
ment, the respective electrodes 120, 130 are referred to herein 

4 
The soil 140 resistivity can be known, estimated, or in a 

preferred embodiment determined. The resistivity can be 
determined by applying a potential difference between the 
respective electrodes 120, 130 and measuring the resulting 
current density, or by forcing or otherwise providing a current 
thereto and measuring the resulting potential. For example, a 
high-frequency oscillation forcing signal or a steady forcing 
signal may be used. The measurement can be repeated on a 
regular basis to allow for seasonal or weather-related changes 

10 in the resistivity of soil 140 or another electrolyte 140. As 
used herein, "high-frequency oscillation forcing signal" 
refers to a forcing signal with a frequency of about 1 Hz or 
greater, preferably about 100 Hz or greater, and more prefer
ably about 500 Hz or greater. In a preferred embodiment, the 

15 high-frequency oscillation forcing signal can have a fre
quency within the range of 100-10,000 Hz. 

The local impedance, being the total impedance between 
the pipe 110 section and one of the electrodes 120, 130, 
preferably the reference electrode 120 (closest electrode), can 

20 be determined by forcing an AC current or voltage at a plu
rality of different frequencies between the pipe 110 and one of 
the electrodes 120, 130. In one embodiment, the current can 
include at least two discrete frequencies, other than the CP 
frequency used to protect the pipe 110 using impressed cur-

25 rent cathode protection (ICCP), which is normally 120 Hz 
(and full wave rectified). 

The local impedance can be the series combination of the 
resistance of soil 140 or other electrolytes and the parallel 
combination of interfacial resistance and interfacial capaci-

30 tance. Thus, the local impedance can include both a real 
component and an imaginary component. 

In a preferred embodiment, alternating current can be 
forced onto orotherwise provided to the pipe 110. The current 
imposed onto the pipe 110 can be conducted mainly along the 

35 horizontal length of the pipe 110. However, a distributed 
leakage current may flow from the pipe 110 into the soil 140 
along the length of the pipe 110 and eventually return to the 
source through the electrode(s) 120, 130, as shown in FIGS. 
5 & 6. The magnitude of the current loss from the pipe 110 at 

40 a selected position along the pipe 110 can depend primarily 
upon the condition of the protective, non-electrically conduc
tive coating 115 on the pipe 110, and the frequency of the 
impressed signal. Some of this leakage current can reach the 

as a reference electrode 120, which is positioned closest to the 
pipe 110, and a second electrode 130, which is positioned 
further from the pipe 110 than the reference electrode 120. 
The difference in electrical potential between the reference 
electrode 120 (closest to the pipe) and second electrode 130 
can be used to determine the local current density. This deter- 45 

mination, described below, can utilize the numerical value of 
the soil 140 resistivity in the vicinity of the probe 100. The 
electrical potential difference between the pipe 110 metal and 
the reference electrode 120 closest to the pipe 110 can be 
measured while the system is subjected to an oscillatory 
current or potential signal. The ratio of the electrical potential 
difference and the local current density gives rise to a local 
impedance parameter which can be used to determine the 
condition of the pipe 110 and a coating 115 disposed thereon. 

electrode 120, 130, thereby changing its electrical potential. 
One method of making a reading according to the present 

invention can start with measuring the electrical potential (V) 
of the electrode 120, 130. As described above, the local inter
facial impedance can then be obtained at several frequencies 
from the ratio of the potential measured (V) and the local 

50 current density. 
A constant, a, can then be determined as the ratio of the log 

of the magnitude of the imaginary component of the local 
impedance divided by the log of frequency in the limit as the 
frequency approaches infinity. A quantity related to the 

The pipe 110 section has an electrically insulating coating 
115 on at least a portion, and generally on its exterior surface 
area along its entire length, except for defects 150 (FIG. 3) 
that may exist. The interface between the pipe 110 and the soil 
140 is referred to herein as the "corrosion interface." It is this 
corrosion interface and its associated interfacial impedance, 
which are components of the local impedance as defined 
below, that can be utilized by in one or more of the exemplary 
embodiments of the present invention to assess the condition 
of the pipe 110, such as a coating 115 on a buried pipe 110. 
From the interfacial impedance, an interfacial capacitance 
can be determined which has been found to be indicative of 
the condition of the pipe coating 115. 

55 capacitance of the pipe, Qeffi can then be calculated using the 
constant, a. Pipe capacitance, Cpipe' can then be estimated 
from the quantity related to the capacitance (per unit area) of 
the pipe, Qeff 

It has been discovered that high capacitance per unit area 
60 (e.g. about 10-5 F/cm2

) can be evidence of a coating 115 
problem, while low capacitance (e.g. about 10-9 F/cm2

) can 
be evidence of a sufficient coating 115. 

The local impedance value, Z1ocaz, can be determined by 
forcing current at multiple frequencies onto the pipe 110 and 

65 measuring the oscillating potential between the pipe 110 and, 
preferably, the reference electrode 120. The effective pipe 
capacitance per unit area can then be estimated. 
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It is possible to experimentally determine the capacitance 
per unit of pipe surface for a variety of combinations of pipe 
materials and soil combinations. The corrosion interface can 
produce an increase in capacitance such that a substantially 
corroded surface 150 produces a substantially increased 
interfacial capacitance relative to the capacitance in the pres
ence of an intact protective coating. For example, it has been 
experimentally determined that the capacitance of a corrod
ing interface is on the order of 100-300 microfarads per 
square centimeter in certain soils. 

The capacitance of a unit area of pipe 110 surface can be 
experimentally determined. Thereafter, the total capacitance 

10 

of a local coating defect 150, or holiday, can be measured in 
accordance with the present invention. The area of the cor
roding soil surface can then be determined by simply dividing 15 

the total capacitance by the capacitance per unit area. 

6 
The probes (100) can detect the local current response in the 
soil 140 adjacent to the pipeline 110. 

The current sensing probe 100 can be portable, as shown in 
FIG. 1. Probe 100 can include a pair of spaced apart elec
trodes 120, 130, mounted on the ends of a portable A-frame 
device 100. Various power supply and measurement electron
ics (not shown) can be incorporated into or utilized with the 
probe 100. In operation, the electrodes 120, 130 can be 
inserted in the ground adjacent to pipeline 110. The multi-
frequency AC signal can be applied to a pipe 110/counter 
electrode 135 system and the response can be measured by the 
potential sensing electrodes 120, 130, which are coupled to 
the measurement electronics 200, 220 (FIGS. 5-7). 

FIG. 4 shows a probe 110 that can include a pair of spaced 
apart reference electrodes 120, 130 mounted at the tip of a 
dual-electrode device. In addition, a block diagram of the 
components of a device for measuring local impedance is 
provided. 

FIG. 2 shows a probe 100 according to one or more of the 
exemplary embodiments of the invention that has been buried 
in the ground. One advantage of the buried probe 100 shown 
in FIG. 2 is that the data can be updated continuously, whereas 
the approach using a portable A-Frame 100 shown in FIG. 1 
may yield data only when the pipeline is being surveyed, 
usually no more than once a year. 

Only one of the at least two electrodes 120 are shown FIG. 

The reduction of on-pipe current per unit length of pipe 110 
and the increase of off-pipe current is largest at locations 
where there is a holiday 150 or short present. By measuring 
the rate of change of on-pipe current or off-pipe current, 20 

which are complementary, as a function of position along the 
length of the pipe, local holidays 150 and shorts can be 
located even when there is a generalized distributed current 
loss through the protective coating at other regions of the pipe 
110. In addition, the properties of the interface between the 25 

pipe 110 and the soil electrolyte 140 can be determined in 
accordance with the present invention for spaced local 
regions along the pipe 110 for coated 115 and bare pipes. 
Similarly, the current distribution for spaced locations along 
the pipe 110, both on-pipe and off-pipe, can be mapped. 

2. Some exemplary electrode 120, 130 choices useful in the 
present invention include copper/copper sulfate or silver/sil-

30 ver chloride electrodes. 
Current flowing in the medium surrounding the pipe 110 

can then be measured using the probe at each of at least two 
different frequencies. The condition of the coating 115 can be 
evaluated in the section using the measured current. 

A theoretical treatment is now presented to explain quan
titative aspects of the present invention. Although believed to 
represent the present invention, the claimed invention may be 
practiced independent of the quantitative aspects provided. 
The local oscillating current density flowing in the soil 140 
between the two reference electrodes 120, 130 adjacent to the 
pipe 110 will be given by: 

-; <I>ref,2 -<i>ref,l 
(1) 

ltocal = - pr5 

where <I> ref.xis the potential at reference electrode x (poten
tial sensing electrodes), ll is the distance between the elec
trodes 120, 130 and pis the electrical resistivity of the soil 140 
between the two electrodes 120, 130. The local oscillating 
potential (V) between the pipe metal 110 and the soil 140 can 
be measured using one of the reference electrodes, preferably 
the reference electrode 120 closest to the pipe 110 section 
being analyzed. The local impedance Z1ocaZ of the series com
bination of the soil 140 and the corrosion interface can be 
calculated as: 

V -<f>ref,2 
Ztocal = ---

itocal 

(2) 

One inventive aspect of the invention includes using a 35 

signal generator 180 (FIGS. 5-7) to superimpose a multi
frequency sinusoidal (or other AC) signal over the current 
supplied for cathodic protection190 (FIGS. 5-7).A probe 100 
can include two sensing electrodes 120, 130 and a counter 
electrode 135, which can be placed in the ground near a 40 

section of pipe 110 being analyzed. The sensing electrodes 
may be numerous shapes, including but not limited to ring
shaped and circular. If the soil 140 resistivity is known, the 
electrical potential difference between the two sensing elec
trodes 120, 130 divided by the soil 140 resistivity can be 45 

utilized to determine the local current density. An impedance 
analyzer 200, such as a frequency response analyzer (FRA) or 
other measuring device can be used to calculate the local 
impedance response as a function of frequency. Thus, where 
earlier systems measured the total current flowing in the pipe 50 

110, one or more of the exemplary embodiments of the 
present invention can measures a local, frequency-dependent 
impedance. As described below, the local impedance can be 
analyzed to obtain the capacitance of the section of pipe being 
analyzed. As noted above, it has been found that coatings 115 55 

in good condition can exhibit a capacitance on the order of 
10-9 F/cm2

; whereas, the capacitance of pipes 110 with 
exposed metal can be on the order of 10-5 F/cm2

. Thus, 
measurement of capacitance can be sensitive to the localized 
condition of the coating 115. 60 

Equation (1) may be substituted for the local oscillating 
current density in equation (2), yielding equation (3). ICCP provides a full, wave rectified current. One or more 

of the exemplary embodiments of the present invention can 
superpose at least two frequencies of alternating current sig
nals (e.g. a sinusoidal signal) over the current supplied for 
cathodic protection. A composite signal which includes a 65 

large number of frequencies can also be applied to the pipe
line 110 for obtaining the measurements described above. 

V -<l>ref,2 . 
Ztocal = r5p - - = Ztocal,r + ]Z[ocal,j 

<I>ref,l -<l>ref,2 

(3) 



US 8,310,251 B2 
7 

Evaluation of equation (3) requires independent assess
ment of ll, the distance between reference electrodes 120, 
130, and p, the electrical resistivity of the soil 140 between the 
two electrodes 120, 130. For the buried probe 100, such as the 
one shown in FIG. 2, several electrodes 120, 130 can be used 
to determine the direction of the current vector. On the soil 
surface, the dominant component of the current vector can be 

8 
Fourth, a quantity related to the capacitance of the pipe 110 

is calculated as: 

r 
sin(a:") 1 

Q,ff = - lim a 2 
I~= (2nf) Ztocal.j 

(6) 

in the horizontal direction. A frequency response analyzer 
200 (FRA) can be used to calculate the local impedance 
response using Fourier analysis techniques. The value of the 
local impedance calculated using equations (2) or (3) can 
depend on frequency. The frequency range and number of 
frequencies should be sufficient to specify the high-frequency 
response of the local impedance. 

Fifth, the value of the effective pipe capacitance can be 
10 estimated from: 

(7) 

Exemplary Method for Data Interpretation 
The method used for data interpretation preferably uses 

elements disclosed in "Enhanced Graphical Representation 
of Electrochemical Impedance Data," of the Journal of the 
Electrochemical Society (2006), the disclosure of which is 20 

herein incorporated by reference. The method can be auto
mated, but is described through the sequence of steps detailed 
below. 

The "Enhanced Graphical Representation of Electro
chemical Impedance Data" paper, describes the limits calcu-

15 lated in equations (4), (5), and (6) as not depending on the 
details of the low-frequency response. As noted above, the 
capacitance per unit area of coatings in sufficient or good 
condition can be on the order of 10-9 F/cm2

; whereas, the 
capacitance of exposed metal, i.e. where the coating is miss
ing, can be on the order ofl 0-5 F /cm2

. Thus, measurements of 
capacitance made using one or more of the exemplary 
embodiments of the present invention can be sensitive to the 
condition of the coating. 

First, a measurement using a four-electrode arrangement 
can be used to obtain a value forthe soil resistivityp, allowing 
calculation of both real (Z1ocaz) and imaginary (Z1ocaz) 
impedance components. The four-electrodes 123, 125, 127 & 
129 can be separate but communicably connected to a pro
cessor (not shown), or they may be incorporated into a single 
four-electrode probe 121, as shown in FIG. 8, or they may be 
provided in any other configuration that would provide an 
appropriate arrangement for measuring the soil resistivity. 
The four-electrode arrangement can be used to provide a type 

Sensitivity to Coating Defects 
25 The impedance of a well and uniformly coated pipe can 

yield the small value of capacitance associated with good 
coatings. If a local coating defect 150 exists, as illustrated in 
FIG. 3, the measured impedance can comprise contributions 
from both the intact 170 and defective 160 regions. The mea-

30 sured impedance can be expressed as 

of auto-calibration function 
The four-electrode measurements are made by taking mea- 35 

surements using a four-electrode arrangement that includes 
two outer electrodes 123, 129 and two inner, sensing elec
trodes 125, 127. Generally, the two outer electrodes 123, 129 
generate an external current, which may be alternating cur
rent (AC) or direct current (DC), while the two inner elec- 40 

trodes 125, 127, detect the resulting potential difference. The 
potential difference is used to calculate the soil resistivity. In 
some embodiments, the two inner sensing electrodes can also 
serve as the reference electrode 120/125 and the second elec
trode 130/127 for determining the local impedance and 45 

assessing the external condition of the pipe 110. The four
electrode probe 121 may be separate from the probe 100, or 
the probe 100 may be incorporated into the four-electrode 
probe 121. 

Second, the high frequency asymptote for the real imped- 50 

ance yields the value of the electrolyte 140 (e.g. soil) resis-
tance, Re. 

z 1 (Ad'f'") 1 -- --- --
Zcoated Acoated Zdefect 

(8) 

where zdefect (160) represents the impedance of the region 
with the coating defect 150 and zcoated (170) represents the 
impedance of the region with the intact coating. The imped
ance of the region with an intact coating can be several orders 
of magnitude larger than the impedance of the defect 160. The 
measured impedance can therefore be that of the defect so 
long as the ratio of areas Adefecl Acoated is not too small. The 
use of the local impedance measurements can reduce the area 
of pipe sampled such that the impedance of the coated pipe 
does not dominate the measured impedance response. The 
local impedance measurements can be on a millimeter scale, 
but other scales are also contemplated. An instrument 180 
capable of imposing a high-current sinusoidal signal over a 
broad range of frequencies can be utilized. By measuring 
local impedance, sensitivity to local pipe 110 conditions can 
be enhanced. 

Advantages of one or more exemplary embodiments of the 

}~~ Ztocal,r = Re 
(4) 55 invention can include that the invention can be utilized while 

the system is under cathodic protection because the measured 
current responses are limited to those associated with the 
multi-frequency signal superimposed on the cathodic protec
tion current. Thus, the pipeline will not need to be depolar-

Third, the slope of the logarithm of the magnitude of the 
imaginary impedance as a function of the logarithm of the 
frequency yields a coefficient, a, where: 

hm =-CY 
. [ dloglZ1ornt.JI l 

h= dlogf 

(5) 

60 ized, a process that can take hours to complete. 

65 

The local current density can be measured using appropri
ately spaced (potential sensing) electrodes 120, 130. The 
spacing between electrodes 120, 130 can be altered as needed 
to improve sensitivity and the signal-to-noise ratio. 

The present disclosure contemplates that the distance 
between the probe 100 and the pipeline 110 can be based upon 
a number of factors and/or can be determined by a number of 
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techniques. In one exemplary embodiment, the distance 
between the probe 100 and pipeline 110 can be based on the 
dimensions of the pipeline 110, including a diameteror length 
of the pipeline 110. The ability to obtain accurate impedance 
responses for distances between a probe 100 and sample, such 
as a pipeline 110, up to the size of the sample is discussed in 
more detail in "Experimental Issues Associated with Mea
surement of Local Electrochemical Impedance" of the Jour
nal of the Electrochemical Society of October 2007, the dis
closure of which is herein incorporated by reference. In the 10 

current environment, this means that accurate impedance 
measurements can be made for pipelines buried conventional 
distances underground. 

The method for interpretation of the impedance response 
can be utilized without low-frequency data and without a 15 

detailed model of the impedance response. The emphasis on 
high frequencies, such as in the range of 100 to 10,000 Hz, 
allows data to be collected in a relatively short period of time. 
For instance, because high frequency signals can be used in 
one or more exemplary embodiments of the present inven- 20 

tion, each measurement can take less than one second even 
where multiple sine wave excitations are used for each mea
surement. 

One or more exemplary embodiments of the present inven
tion can employ a mobile A-frame 100 that is currently used 25 

to measure potentials above a buried pipeline 110, such as 
shown in FIG. 1. Using this approach, the operator can posi
tion the A-frame 100 in the soil 140, make the measurements, 
and then reposition the A-frame 100 over a different portion 
of the pipe 110. Because measurements made using one or 30 

more exemplary embodiments of the present invention 
require less than a second to complete, a protocol similar to 
the current approach could be used. In another exemplary 
embodiment, the operator can position the A-frame 100, mea
sure the local impedance spectrum, and then reposition the 35 

A-frame 100 for the new measurement. 
Prior art systems rely on magnetically-assisted impedance

based systems that require readings both with the CP current 
and without CP current in order to assess the condition of 
buried pipeline 110. As described above, one or more exem- 40 

plary embodiments of the present invention can use an 
A-frame 100 for taking manual readings. Unlike the prior art, 
one or more exemplary embodiments of the present invention 
can be utilized without interruption of the CP current that is 
protecting the pipeline 110. Furthermore, because no inter- 45 

ruption of the CP current is necessary and high frequency 
current may be used, readings taken using one or more exem
plary embodiments of the present invention can be made 
more quickly than contemporary magnetically-assisted 
impedance-based systems. 50 

In another embodiment, the measurement approach can 
also use partially buried probes 100 spaced at intervals along 
the pipeline 110. A wireless communication system 210 can 
be used to report sensing data to a central location. The 
additional sensing capability described below can increase 55 

the value of the probe 100 to the pipeline operator. 
Systems according to one or more exemplary embodi

ments of the invention can include additional probes 100 for 
sensing phenomena other than coating defects 150. For 
example, chemical probes can be added to detect vapor emis- 60 

sions. In addition to detecting pipe failures, this feature can be 
useful to detect a leaking valve or flange joint. Such leaks 
would not necessarily be associated with a coating defect 150. 
Motion or vibration sensors can be added to detect intrusions, 
such as unauthorized excavation. Unauthorized intrusions, 65 

for instance excavation, by third parties is a major concern for 
pipeline operators because such intrusions may cause damage 

10 
to pipelines. The reference electrodes can also be used to 
detect the steady-state current and electrical potential distri
butions associated with cathodic protection. 

FIGS. 5-7, depict exemplary embodiments of systems of 
the present invention that can include buried probes 100 for 
monitoring the condition of a buried pipeline 110. FIGS. 5 & 
6 depict wired systems, while FIG. 7 depicts a wireless sys
tem. As shown in FIG. 7, the probes 100 ofa wireless system 
can be self-contained probes. Each self-contained probe 100 
can include a wireless communications device 210, an imped
ance analyzer 200, and an electrometer 220 that is connected 
to the buried pipe 110, the impedance analyzer 200 and an 
electrode 120, 130. Since the single or multi-sine signal can 
be generated by a signal generator 180 in a separate location, 
the power requirements of the self-contained probes 100 can 
be relatively small. The power requirements can be met by a 
battery or a combination of a solar panel and a battery. The use 
of such self-contained probes 100 can greatly simplify the 
assessment of pipelines 110, including buried pipelines, and 
enable pipeline operators to monitor the condition of the 
pipes 110 more frequently and cost effectively. 

It is to be understood that while the invention has been 
described in conjunction with the preferred specific embodi
ments thereof, that the foregoing description as well as the 
examples which follow are intended to illustrate and not limit 
the scope of the invention. For example, the invention can be 
used for monitoring pipelines 110 in other electrolytic medi
ums 140, such as sea water. Other aspects, advantages and 
modifications within the scope of the invention will be appar
ent to those skilled in the art to which the invention pertains. 

I claim: 
1. A method for assessment of an external condition of 

buried pipe, the method comprising: 
disposing a multi-electrode probe having structure for 

sensing potential comprising at least a first electrode and 
a second electrode spaced apart from one another in a 
medium proximate to a section of a pipe to be analyzed, 
said pipe section having a coating disposed on at least a 
portion of its length; 

measuring a difference in potential (V 1) between said first 
and second electrodes, and using V 1 together with a 
value for soil resistivity proximate to said pipe section to 
determine a local current density; 

forcing an alternating current into a circuit comprising said 
pipe and a bias electrode selected from said first and 
second electrodes at a plurality of different frequencies 
and measuring a resulting potential difference (V 2 ) 

between said pipe and said electrode other than said bias 
electrode; 

determining a local impedance at said plurality of frequen
cies from said V 2 and said local current density, and 

evaluating a condition of said coating in said section based 
on said local impedance, or a parameter derived there
from. 

2. The method of claim 1, wherein said pipe is under 
impressed current cathode protection (ICCP), said forcing 
step comprising superimposing said alternating current to 
said pipe section to be analyzed on current supplied for said 
ICCP. 

3. The method of claim 1, further comprising the step of 
determining a capacitance per unit area of said pipe. 

4. The method of claim 1, further comprising the step of 
measuring the soil resistivity. 

5. A method for assessment of a pipe under impressed 
current cathode protection (ICCP), the method comprising: 

positioning a probe in a medium proximate to a section of 
the pipe to be analyzed, the section of the pipe having a 
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coating thereon, the probe including at least a first elec
trode and a second electrode spaced apart from each 
other; 

measuring a difference in potential between the first and 
second electrodes; 

determining a local impedance with respect to the section 
of the pipe based at least in part on the difference in 
potential and without interrupting the ICCP; and 

evaluating a condition of the coating on the section of the 
pipe based at least in part on the local impedance or a 10 

parameter derived from the local impedance. 
6. The method of claim 5, further comprising: 
measuring a difference in potential V 1 between the first and 

second electrodes; 
determining a local current density based at least in part on 

the difference in potential V 1 and a soil resistivity proxi
mate to the section of the pipe; 

15 

forcing an alternating current at a plurality of different 
frequencies into a circuit comprising a bias electrode 20 

and the section of the pipe, the bias electrode being one 
of the first and second electrodes; 

measuring a resulting potential difference (V 2 ) between a 
reference electrode and the section of the pipe, the ref
erence electrode being the other of the first and second 25 

electrodes; and 
determining the local impedance at the plurality of fre

quencies from the potential difference V 2 and the local 
current density. 

7. The method of claim 6, further comprising measuring 30 

the soil resistivity. 
8. The method of claim 6, wherein the alternating current 

forced into the circuit is a sinusoidal current superimposed on 
a protection current of the ICCP. 

35 
9. The method of claim 8, wherein the alternating current 

and the protection current are provided from the same source. 
10. The method of claim 5, further comprising determining 

12 
12. A system for assessment of a pipe under impressed 

current cathode protection (ICCP), the system comprising: 
a probe having first and second electrodes, the probe being 

in a medium proximate to a section of the pipe to be 
analyzed, the section of the pipe having a coating 
thereon; 

a processor in communication with the probe, wherein the 
processor measures a difference in potential between the 
first and second electrodes, wherein the processor deter
mines a local impedance with respect to the section of 
the pipe based at least in part on the difference in poten
tial and without interrupting the ICCP, and wherein the 
processor evaluates a condition of the coating on the 
section of the pipe based at least in part on the local 
impedance or a parameter derived from the local imped
ance; and 

a cathodic protection signal generator connected to said 
pipe and a counter-electrode. 

13. The system of claim 12, wherein the processor com
prises a frequency response analyzer. 

14. The system of claim 12, wherein the processor mea
sures a difference in potential V 1 between the first and second 
electrodes, wherein the processor determines a local current 
density based at least in part on the difference in potential V 1 

and a soil resistivity proximate to the section of the pipe; 
the system further comprising a signal generator providing 

an alternating current at a plurality of different frequen
cies into a circuit comprising a bias electrode and the 
section of the pipe, the bias electrode being one of the 
first and second electrodes, wherein the processor (200) 
measures a resulting potential difference (V 2 ) between a 
reference electrode and the section of the pipe, the ref-
erence electrode being the other of the first and second 
electrodes, and wherein the processor determines the 
local impedance at the plurality of frequencies from the 
potential difference V 2 and the local current density. 

15. The system of claim 14, wherein the alternating current 
forced into the circuit is a sinusoidal current superimposed on 
a protection current of the ICCP. 

a capacitance per unit area of the section of the pipe. 
11. The method of claim 5, further comprising forcing an 

alternating current at a plurality of different frequencies into 
a circuit comprising a bias electrode and the section of the 
pipe, the bias electrode being one of the first and second 
electrodes. 

16. The system of claim 12, wherein the processor deter-
40 mines a capacitance per unit area of the section of the pipe. 

17. The system of claim 16, wherein the alternating current 
and the protection current are provided from the same source. 

* * * * * 


