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1. Abstract
In this study, carbon steel corrosion was evaluated in salt water solutions using
the newly developed non-destructive electrical method which can be easily adopted in the
field for real-time monitoring and the results were compared to some standard test
methods such as weight loss, corrosion rate and potential difference. The average weight
loss in 10% salt solution (accelerated corrosion and also representing the hydraulic
fracking fluids) in one year was 1.05% and corrosion rate was 1.54 mm/year, using the
ASTM G1 method. Vipulanandan correlation model was used to represent the weight
loss versus time relationship. The potential difference between the corroding steel and
standard calomel electrode in 1M salt solution reduced from -0.680 V to -0.791 V in two
years, a 15% total change. The use of the new nondestructive electrical method was to
detect and quantify the surface and bulk corrosion in the field. Tests were performed to
first verify the best electrical property that will be highly sensitive and represent the steel
corrosion. The findings from this study indicated changes in the newly developed
electrical corrosion index for the surface (2D representation) and the resistivity (second
order tensor, 3D representation) for the bulk material using the Vipulanandan Impedance
Corrosion Model. Corrosion development in 750 mm (30 inches) long steel specimens
were studied in the 3.5% salt solution (simulating sea water) for 500 days. The changes in
the specimens were monitored at regular intervals using the new two probe method and
measuring the impedance-frequency relationship using alternative current up to a
frequency of 300 kHz. The surface corrosion was quantified using the new electrical
corrosion index parameter, which changed from point to point on the surface of the
corroding steel and the change was over 200%. The change in the bulk resistivity along
the length of the steel specimen was over 40,000 times (4,000,000%) in 3.5% salt
solution compared to the weight loss and reduction in the potential difference. Hence the
electrical resistivity for the bulk material and the new corrosion index for the surface
corrosion are highly sensing parameters for detecting and quantify the corrosion in the
steel.
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2. Introduction
Major concerns related to maintenance of bridges, buildings, rail tracks, oil and gas
wells, chemical plants, power plants, pipelines and mobile facilities are due to corrosion
caused by the service conditions and exposed environments, aging of the facilities, types
of usage and composition of the materials. In order to improve the maintenance
operations and also extend the service life of bridges, buildings, rail tracks, oil and gas
wells, petrochemical plants, pipelines and supporting infrastructures it is very important
to detect and quantify corrosion real-time (Vipulanandan et al. 2002-2018, U.S. Patent
2019). Corrosion degrades the material by bio-chemical reactions, stress fatigue
degradation, temperature cycles with the exposed environments. In addition to daily
encounters with this kind of degradation, corrosion causes oil and gas well failures, fire
hazards due to pipeline leakages, plant shutdowns, waste of valuable resources, loss and
contamination of product, reduction in productivity and expensive maintenance.
Corrosion of metals alone cost the U.S. economy billions of dollars per year
and approximately one-third of these cost could be saved by proper corrosion detection
and quantification (Corrosion: Understanding the basics, 2000). NACE has reported that
losses due to corrosion are equal to 1 to 5 % of the country’s Gross National Product
(GNP) which sums ups to several billion dollars. The annual cost of corrosion in the USA
oil and gas industry is over $27 billion and globally $60 billion (Papavinasam, 2013).
Steel is the largest volume of metal used in the construction of bridges, buildings, rail
tracks, oil and gas wells, pipelines, operating machines, piles and storage facilities. Also,
the corrosion of steel will not only affect the exposed surfaces but also the integrity of the
bulk material. Corrosion changes have to be quantified point-to-point or section-bysection to better understand the corrosion processes and also to develop mitigation
methods. Corrosion of steel or any other material is a bio-chemo-physical-stress-thermo
(BCPST) induced parallel and/or series processes (representing the environment and
usage) and the corrosion and degradation are very much influence by the maintenance of
the facilities. Although there are hundreds of standard testing methods such as visual
inspection, potential difference, weight change, thickness change and acoustic monitoring
used to detect and quantify corrosion these methods have many limitations including field
applications. Also, the current testing methods cannot quantify the corrosion based on the
material property degradation from section to section in various directions and also
separate the surface corrosion from the bulk corrosion. Hence, understanding the rate of
steel property degradation due to corrosion is essential to designing the steel-based
facilities to avoid excessive deflection and failure (Decker et al. 2008). Corrosion occurs
in unprotected steel structures in any location and varies in intensity depending on the
local variables related to BCPST (Krebs 2003; Hilbert 2006; Chiew et al. 2011).
Accelerated Low Water Corrosion (ALWC) is defined as the localized and aggressive
corrosion phenomenon that typically occurs at or below low-water level and is associated
with microbially induced corrosion. ALWC corrosion rates are typically 0.5
mm/side/year averaged over time to the point of complete perforation of steel plate.
(Cheung et al. 1994; Davis 2000; Kumar, et al. 2002; Zhao et al. 2007; Decker et al.
2008; Vipulanandan et al. 2012). Marine environments normally encompass several
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exposure zones of differing aggressively and the corrosion performances of marine
structures in these zones require separate considerations. These zones with the high tide
and microbiological activities will contribute to the accelerated low water corrosion
(ALWC). Accelerated low water corrosion (AWLC) usually occurs between meaning
low water springs (MLWS) and low tide. Occurrences of ALWC have been noted in the
literature as far back as the first half of the 20th century.
Within the past 20 to 30 years, there has been growing awareness of an accelerated
form of corrosion concentrated around the low-water mark of maritime structures. This
Accelerated Low Water Corrosion, or ALWC, is a rapid pitting form of microbial
induced corrosion (MIC) that occurs more rapidly than others previously identified
(Cheung et al. 1994; Jothilakshmi et al. 2013). The most common variety of ALWC
occurs as a horizontal band around low water, but it can be found occasionally in patches
and extends down to bed level.
Historical Theories of Corrosion
One of essential contribution was made by Faraday (1791- 1867) who established a
measurable relationship between chemical activity and electrical current (Kerbs, 2003;
Masadeh 2005; Hamdy et al. 2006; Zaki 2006). Ideas on corrosion control began to be
produced at the starting of the 19th century (Whitney, 1903). Evans (1923) provided a
modern-day understanding of the reasons and also control of corrosion based upon his
classic electrochemical theory. Forrest, Roetheli and Brown (1931), revealed that rust
layers changed the protective nature in accordance with the speed of attack of oxygen to
the area, the exact same principle was discovered to function in statistical experiments
with oxygen-nitrogen mixtures completed by Mears throughout his function in the
writer's research laboratory (Mears et al. 1935). These suggested that oxygen can depress
the likelihood of corrosion beginning within a certain region, even though, where after
the corrosion has set in, oxygen accelerates the corrosion velocity , this differentiation
between corrosion velocity and corrosion probability has served to get rid of a number of
the obvious contradictions of earlier researchers. Now there are many testing standards
for corrosion developed by professional societies.
Current Methods of Corrosion Detection and Quantification
Corrosion changes the material properties of the metal - decreasing its
strength, changing its structure. Hence it is important to be able to detect and evaluate
the extent of corrosion of the metal surface. There are many methods that are employed
to evaluate corrosion, visual inspection, weight loss measurements, material composition
variation, and studies of the compositions of the deposition material using X-ray
diffraction (XRD) measurements. Summary of some of the current inspection,
deterioration and monitoring methods are as follows:
a) Visual Inspection (ASTM G4, NACE Standard RP0497): This can be done
only if there is physical access to the corroded material. The inspection can only
identify surface corrosion, including general corrosion, pitting corrosion, crevice
I-6

Proceedings

b)

c)

d)

e)

f)

CIGMAT-2021 Conference & Exhibition

corrosion, weld and heat affected zone corrosion, erosion corrosion from visual
inspection. The amount of corrosion described could be quantified and
documented by the use of photos or sketches. For precise measurements of local
corrosion penetration by pitting corrosion caused, for instance, numerous kinds of
optical or mechanical measuring instruments may be used.
Weight loss measurement (ASTM G1): In this technique, the samples are
tracked for the variation of its own weight loss after cleaning the specimen. Also
based on the weight loss and surface area of the specimen over a specified time
the corrosion rate (mm/year) can be determined. (Seica, 2000; and Rajani, 1996)
Radiography, ultrasonic and acoustic testing: These assessments are based on
various types of waves and consequently identify any types of breaks or
deformities flaws within the testing samples and pipes. There are many
restrictions in identifying just the bodily deformities or breaks in certain kind of
alignments. These can’t be used-to identify deterioration problems which are
mainly chemical and /or biological and result in a lack of physical strength in the
place.
Liquid penetration and leak detection methods: This method is used to detect
surface cracks where the surface is coated with specific liquids (paraffin), and
penetration is analyzed which indicates the existence of cracks.
Electrical methods: In this method, standard electrodes are used to measure the
potential drop over the period of time to determine the corrosion. Also four probe
direct current method is being used to measure the change in resistance as an
outcome of the corrosion and cracks. This really is helpful in finding the crack
and flaws as a consequence of corrosion in the metal surface.
Electrochemical methods (ASTM G3): Electrochemical processes evaluate the
extent of damage to the metal in corrosive. Various electrochemical procedures
like the Linear Polarization Resistance (LPR) process, Electrochemical
Impedance Spectroscopy (EIS) procedure, and Electrochemical Noise
measurements are used to monitor the corrosion rate of the metallic surface.
Polarization measurements are being used to investigation a variety of
electrochemical phenomena (Mirtaheri et al. 2005).

Major Issues and Concerns
Corrosion of materials including steel will not only affect the exposed surfaces but
also the integrity of the bulk material. On the surface corrosion will be two dimensions
(2D). Within the bulk steel, corrosion will be in all directions (3 dimensional-3D) and
also not homogenous and hence changes have to be quantified point-to-point or sectionby-section to better understand the corrosion processes. Corrosion of steel is a biochemo-physical-stress-thermo (BCPST) induced parallel and/or series processes
(representing varying environments and usage) and the corrosion and degradation are
very much time depended. The physical properties will represent the material
composition, density, shape of the sample and surface conditions. The stresses can be
multi axial static and fatigue loading. Over the past 200 years several corrosion
measurement methods have been developed to measure the changes in weight, rate of
thickness loss, color changes, critical current density, linear polarization resistance,
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potential difference, ultrasonic wave travel time and many more. Unfortunately none of
these methods clearly separate the surface corrosion from the bulk corrosion in all types
of materials including steel.
Objective
The overall objective was to verify the sensitivity of the new nondestructive two probe
alternative current method to detection and quantify the surface and bulk corrosion using
steel specimens. The specific objectives were as follows:
i. Using the newly developed characterization Vipulanandan Impedance Corrosion
Model identify the electrical properties (resisitivity (resistance), permittivity
(capacitance), permeability (inductance)) of the steel related to corrosion.
ii. Investigate the surface and bulk corrosion development with time for steel
specimens placed in 3.5% salt solution and quantify the surface and bulk
corrosion along the length of the steel specimens.
iii. Compare the standard test results such as weight loss, potential drop and visual
inspection due to corrosion with the new nondestructive test method where
changes in the electrical properties used to quantify the corrosion.

Materials and Methods
Steel Plates
Corrosion of carbon steel, ASTM A36-14, was used for this study. Based on the
manufacturer’s data sheet, the iron content varied from 98.8% to 99.3% with a carbon
content of 0.18%. For the weight loss and potential difference study the samples uses
were 3 inches in length. For the electrical characterization of corrosion, the steel bars
used were 30 inches in length 1.2 in in width and 0.16 in thickness. The specific gravity
of the carbon steel was 7.86 (ASTM G1-03).
Salt Solution
Both, 3.5% sodium chloride (NaCl) salt solution is representing the sea water and for the
accelerated test, 10% sodium chloride (NaCl) solution is representing the hydraulic
fracturing fluids with high salt contents, were used. The steel specimens were placed in
the selected solution in a plastic container for the entire duration of testing.
Theory and Concepts
VIPULANANDAN IMPEDANCE MODEL (Vipulanandan et al. 2013)
Equivalent Circuit
It is importnat clearly identify the electrical properties (resisitivity (representing
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resisitance R), permitivity (representing capacitance, C) and permeabilty (representing
inductance, L)) of the material that will represnt the corroding material. Identification of
the most appropriate equivalent circuit to represent the electrical properties of a material
is essential to further understand its properties and the changes due to corosion.In the
literature, there are data on impedance frequency responses of materials but there no clear
represeantion of the electrical properties that influence the response.
In this study, different possible equivalent circuits were analyzed to find an appropriate
equivalent circuit to represent the corroding steel with two probe monitoring.
CASE 1: General Bulk Material – Resistance and Capacitor
In the equivalent circuit for CASE 1 (Fig. 1(a)), the contacts were connected in series,
and both the contacts and the bulk material were represented using a capacitor and a
resistor connected in parallel (Fig. 1(a)).
In the equivalent circuit for CASE 1, Rb and Cb are resistance and capacitance of the bulk
material, respectively and Rc and Cc are resistance and capacitance of the contacts,
respectively. Both contacts are represented with the same resistance (Rc) and capacitance
(Cc) as they are identical.Total impedance of the equivalent circuit for Case 1 (Z1) can be
represented as follows:

Z1 ( ) 

 2Rc2Cc ( ) Rb2Cb ( ) 
Rb ( )
2 Rc ( )


j

,

2 2 2
2 2 2
1   2 Rb2Cb2 1   2 Rc2Cc2
1   Rc Cc 1   Rb Cb 

(1)

where ω is the angular frequency of the applied signal. When the frequency of the
applied signal was very low, ω → 0, Z1 = Rb + 2Rc, and when it is very high, ω → ∞, Z1=
0.
CASE 2: Special Bulk Material - Resistance Only
In CASE 2 (Fig. 1(b)) , as a special case of CASE 1, the capacitance of the bulk material
(Cb) was assumed to be negligible.
The total impedance of the equivalent circuit for CASE 2 (Z2) is as follows:

Z 2 ( )  Rb ( ) 

2Rc ( )
2Rc2Cc ( )

j
.
1   2 Rc2Cc2
1   2 Rc2Cc2

When the frequency of the applied signal was very low, ω → 0, Z2 = Rb + 2Rc, and when
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it is very high, ω → ∞, Z2 = Rb (Fig. 2).
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Figure 1. Equivalent electrical circuits for (a) CASE 1 and (b) CASE 2
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Figure 2. Comparison of typical responses of equivalent circuits for CASE 1 and
CASE 2
Results, Verification and Discussion
1. Method 1: Weight Loss Study (ASTM G1-03)
Steel samples with a initial length of 3.00 in. and a width of 1.20 in. and
thickness of 0.16 in. were used for this experiment. Three specimens were tested.
Specimens were placed in 10% sodium chloride solution and tested regularly by cleaning
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the specimens and measuring the weight and dimensions. In the initial average weight
was 812.1 g and it reduced to 803.6 g in one year. The specimens were cleaned using
mechanical tools and with were measure after 2, 3, 6 and 12 months. The percentage
weight change was related to the testing time (t) (Fig. 3) using the Vipulanandan
correlation model (Eqn. (3)) (Vipulanandan et al. 2016) and the relationship is as follows:

(3)
Where W was the initial weight of the specimen and W was the weight change. The
weight change after one year was 1.05%. The model predicted the test results very well
with a coefficient of verification (R2) of 0.99. The parameter A was 4.98 months and
parameter B was 0.53. So the ultimate predicted weight change will be 1.88% when the
time of exposure is very large (time is infinity).

Model

Figure 3. Variation of Average Weight Loss for the Corroding Specimens with Time
in 10% NaCl Solution
Using the ASTM G1-03 standard the corrosion rate (mm/year) was determined using the
following relationship:

(4)
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The carbon steel density was 7.86 g/cm3 and the K parameter for estimating the corrosion
rate in mm/year was 8.76x104. The estimate corrosion rate using Eqn. (4) was 1.54
mm/year or 0.06 inches/year in 10% NaCl solution. The estimated rate of corrosion was
about three times the corrosion rated reported for sea water (3.5% NaCl) in the literature
and hence the results are comparable.
2. Method 2: Potential Difference Study (ASTM G82)
The potential differences between corroding steel in 1 M NaCl solution and a standard
calomel electrode (SCE) was monitored for two years using a multimeter (Fig. 4). The
spacing between the corroding steel and SEC was about 1 inch. The variation of the
potential difference with time is shown in Fig. 4. The initial potential difference was 0.68
V and it decreased to 0.791 V in two year, a 15% reduction. Hence the percentage
change in the voltage was much higher than the percentage change in weight.

Multimeter

1M NaCl

Figure 4. Potential Difference between Corroding Steel Specimen in 1 M NaCl
Solution and and Standard Calomel Electrode (SCE)
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3. Method 3: Visual Inspection Study
The 30 in long steel specimens placed in 3.5% NaCl solution were visually inspected on a
regular basis. Images of the corroded steel surfaces long the length in three locations are
shown in Fig. 5 and the corrosion was not uniform and it changed from point to point. As
shown in Fig. 5, Locations #2 and #3 showed more corrosion than Location #1. For the
new NDT method Locations #1 and #2 were used as the Contacts #1 and #2 respectively.
Location #2

Location #3

Location #1

Figure 5. Visual Inspection of Surface Corrosion of Steel Specimen Corroded in 3.5
% NaCl solution for a testing period of 1 Year
4. Method 4: New Nondestructive Two Probe Resistivity Study (U.S. Patent 2020)
The 30 in long steel specimens placed in 3.5% NaCl solution were tested regularly to
detect and quantify corrosion using the two-probe alternative current method (Fig. 6).
The alternative current frequency was varied from 20 Hz to 300 kHz.

Contact #2

Contact #1
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Figure 6. Testing Configuration for the New NDT Resistivity Method

Corroded Steel (Along the length)
Non-corroded Steel (Along the length)

Figure 7. Impedance – Frequency Responses for Non corroded and Corroded Steel

The responses for both non-corroded and corroded steel were CASE 2 as shown in Fig.7.
This is the identification of the impedance circuit for the current corrosion study.

CASE 2 -Corrosion

(5)
Figure 8. Vipulanandan Impedance Corrosion Model
Based on the impedance-frequency response of the steel, CASE 2 equivalent circuit was
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used to determine the contact electrical resistances with time (t) at each contact locations
(Rc (t) and Ri(t)) and contact capacitances (Cc(t) and Ci(t)) on the surface of the steel
specimen. During the impedance characterization at least 15 data were collected for each
test and the data was used to determine the five unknowns (Rb, Rc, Ri, Cc, Ci) in the
Eqn. (5) using the least square method.
The resistance (R) and capacitance (C) for a material between two points of
measurements is defined as:

(6)

(7)

where A = cross-sectional area, L = distance between the two probes,
the material,
absolute permittivity of the material

resistivity of

The product of equations given in (6) and (7) results as

.
(8)

Since
in equations (6) and (7) are material properties, RC at the point of contact
is also material property (Eqn. (8)) and will be referred as electrical corrosion index. This
parameter can be used in characterizing the surface corrosion at each point.
The electrical resistivity () of the bulk steel specimen was determined from the
Rb measured along the length of specimen between the two points of contact and using
the Eqn. (6) the following relationships was developed (Vipulanandan et al. 2013 &
2018):

=
(t) = 0 + (t)

(9)

(10)

Where the initial resistivity of non-corroded steel ρ0 =1.59 E-07 Ωm (Douglas, 1991) and
Ro is the initial resistance measure and R(t) is the change in resistance (Rb(t) –Ro). The
 is the change in resistivity.
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4a. Bulk Corrosion
The impedance-frequency measurements were performed on a weekly basis for 500 days.
The frequency range used was from 20 Hz to 300 kHz. The Rb(t) increased non-linearly
with time as shown in Fig. 9. After 500 days of corrosion, the bulk Rb(t) along the length
of the corroded steel between Contact #1 (Location #1) and Contact #2 (Location #2) (2
feet apart, Fig 5) increased from 0.131Ω to 5810 Ω which showed a change of 44,351
(4,435,100 %).
The resistivity of the corroding steel changed from 1.59 x10-7 Ωm to 7.05 x10-3 Ωm
along the 2 feet length during the testing period of 500 days (Fig. 10), the change is
44,340 times (4,434,000%) which indicated the resistivity was a highly sensing material
property to represent the corrosion level within the bulk steel. The change in the electrical
resistivity, a material property, is part of the corrosion of the steel, but could not be
quantified by any other standard test methods.

Figure 9. Variation of Bulk Resistance with Time in 3.5% Salt Solution (500 Days)
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Figure 10. Variation of Electrical Resistivity of the Bulk Steel with Time in 3.5%
NaCl Solution
4b. Surface Corrosion
Contact Resistance (Rc and Ri)
Based on the impedance-frequency measurements performed on a weekly basis the
Contact #1 resistance Rc(t) increased non-linearly with time as shown in Fig. 11. The
Contact #1 resistance increased from 0.07 Ω to 7322 Ω during the testing period of 500
days, indicating an increase of 104,600 times.

Contact #2

Contact #1 (Ri)
(Ri)

Figure 11. Variation of Contact Resistances with Time for the Corroding Steel
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Specimen in 3.5 % NaCl Solution
The variation of Contact #2 resistance (Ri) is also shown in Fig. 11 for the testing time
period of 500 days. The contact resistance (Ri) increased with time from 0.07 Ω to 10388
Ω in a testing period of 500 days, 148,400 times. The percentage increase was about
42% higher than Contact #1 indicating that the steel surface corrosion was not uniform
and at Contact #2 the corrosion was higher than Contact #1, justify the visual observation
in Fig. 5. This is another indicator of the uniqueness of the new test method for quantify
corrosion.
Contact Capacitance (Cc and Ci)
The variation of capacitance at Contact #1 on the steel surface is shown Figure 12.
The contact capacitance of Contact #1 decreased with increasing corrosion time, just the
opposite of resistance. The capacitance value of the Contact #1 of the steel surface
decreased from 1.58 E-09 F to 3.06 E-10 F during the testing period of 500 days, and it
decreased by 80.6%.

Contact #1 (Ci)

Contact #2 (Cc)

Figure 12. Contact #1 Capacitance of the Corroding Steel Specimen in 3.5 % NaCl
Solution
The variation of capacitance at the Contact #2 on the steel surface (Ci) is shown in Figure
12. The capacitance of Contact #2 was lower than Contact #1. The contact capacitance of
the Contact #2 decreased with increasing corrosion period. The capacitance reduced from
1.03 E-09 F to 2.67 E-10 F, a 74% decrease and the percentage change was lower than
Contact #1.
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Contact Corrosion Index (RC)
The variation of contact corrosion index, material property (R*C), for the corroding steel
at Contact #1 in 3.5 % NaCl solution is shown in Figure 13. From the Fig.5, the rust
material on the surface of the corroding steel increased with time. The RCCC at Contact
#1 increased from 5.97 E-07 ΩF to 2.24 E-06 ΩF during the testing period of 500 days,
2.75-time (275%) increase.
The Contact #2 corrosion index parameter RiCi increased from 8.72E-07 ΩF to 2.77E-06
ΩF as shown in Fig. 13. The contact index parameter increased by 2.2 times (220%). The
corrosion index parameter after 500 days of testing at Contact #2 was higher than Contact
#1, by about 24%. The corrosion index clearly quantified the surface conditions at the
measured two points, and the two points were not the same and also the visual inspection
showed the difference on the surface.

Contact #2 (RcCc)

Contact #1 (RiCi)

Figure 13. Corrosion Index Parameters for the Two Contact Locations on the
Corroding Steel Surface in 3.5 % NaCl Solution
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Conclusions

1.
2.
3.

4.

5.

In this study the new nondestructive rapid detection and quantification of
corrosion was verified and compared with some of the standard test methods
using carbon steel. Base on this study following conclusions are advance:
The weight change in steel in 10% NaCl solution in one year was about 1%, and
corrosion rate was 1.54 mm/year.
The potential reduction was in 1M NaCl solution was from -0.68 Volts to -0.791
Volts in two years about 15%.
The new nondestructive test separated the surface corrosion from bulk corrosion.
The method clearly identified resistivity to be a highly sensing material property
to characterize the bulk corrosion in steel. The bulk resistivity increase in
corroding steel in 3.5% salt solution in 500 days was over 4,430,00%, much more
sensitive than the weight loss method and potential difference methods.
Also, a new corrosion index was developed and verified to characterize and
quantify the surface condition on the corroding steel. The corrosion was different
at the two tested points and the visual observation verified it. The corrosion index
increased in corroding steel in 3.5% salt solution in 500 days was over 200%.
Based on the material property changes, the surface corrosion was less than the
bulk corrosion based on the new test method.
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