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Abstract: The need for predicting pipeline service life and improving risk assessment relating to
corrosion hazards requires establishing a correlation between the corrosion rate (CR) of pipeline
steel and its coating condition, cathodic protection (CP) levels and surrounding soil conditions. This
paper presents a systematic study of the CR of bare and coated—with and without a dent or holiday
defect—X60 pipeline steel in simulated field environments. Three CP scenarios, i.e., no, optimized,
and over-protection, were studied to cover a wide range of possible CP conditions that pipeline
steel may encounter in the field. Two types of salt solutions (sodium chloride or sodium sulfate)
with a variation of temperatures (10 ◦C, 40 ◦C, 65 ◦C) and pH values (2, 7, 12) were investigated
to simulate different levels of soil corrosivity. A mathematical model was developed to reveal the
impact of various parameters and their interactions on the CR of X60 steel. The coating condition
was the most important factor. The individual effects of other factors including temperature, pH, salt
composition and CP were not shown to be significant. Instead, the interactions between temperature
and salt composition, and particularly the interaction between pH and CP appeared more important
in determining the overall CR.

Keywords: pipeline steel; corrosion; cathodic protection; mathematical model; risk assessment

1. Introduction

Metal loss, especially external corrosion, accounted for a large percent (30.9%) of all
pipeline incidents in Canada from 2010 to 2014 [1]. While pipeline metal loss predictions
are important, they remain challenging due to the complexities inherent in the pipeline/soil
system. For buried oil and gas steel pipelines, cathodic protection (CP) and protective
coatings are used to mitigate external corrosion. However, when an adequate balance
between the condition of the coating and the CP level cannot be established, external
corrosion usually occurs, exposing the steel surface at coating holidays or under disbonded
sections [2]. The rate of external metal loss is mainly controlled by the soil environment that
the steel surface is in contact with. For this reason, soil corrosivity, which is determined by
many physicochemical parameters such as soil resistivity, pH, temperature, and sulphate
and chloride concentrations, is a crucial factor in evaluating the pipeline’s external corrosion
process and the significance of the hazard. The correlation of external corrosion with the
condition of the pipeline coating and applied CP levels, as well as the soil corrosivity is key
to predicting the pipeline steel CR in the field.

Table 1 lists some representative corrosion studies on steels (X52, X60, X65, X70
and X80) that have been widely used for underground pipelines. As expected, an intact
coating together with a CP application provides good protection of pipe steel (X52) for
corrosion (CR ≈ 0 mm/y), whereas the existence of a holiday in the coating contributes
to an increased corrosion risk at pH 8.2 at room temperature (RT), even though the CR is
still negligible due to CP protection [3]. For bare X52 without CP protection in a similar
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electrolyte environment, CR increases to 0.023 mm/y [4]. Differences in microstructure
(percentage of pearlite and ferrite phases) in various pipe steels, e.g., X60, X65 and X70,
leads to a difference in the corrosion products formed, which can affect the corrosion
processes and the CRs. X65 steel, which has the highest percentage of pearlite phase, shows
the highest CR among the three steels [5]. For a given pipe grade, the literature is not
consistent with respect to the relationship between corrosion resistance and soil pH. Two
review papers published lately gave two different opinions. One considered pH as one
of the most important factors influencing the corrosion of buried pipes when looking at
the effects of the solution chemistry in short-term (months) laboratory experiments [6],
while the other, by analyzing long-term (years) field corrosion data of buried pipes, argued
that even though an extremely low pH may be an indication of corrosion, there is no
direct relationship between pH and CR since many other factors contribute to CR [7].
These differing opinions imply the existence of complex interactions between pH and
other factors, which is one of the aspects queried in the present study. CP is very effective
in lowering the CR. For example, when studying the CR of bare X70 in a clay–sand soil
(pH 4.8~5.6), it was found that CR decreased from around 0.2 mm/y to about 0.03 mm/y
after applying CP for two days [8]. In addition to the effect of the pH and CP, temperature
also plays an important role. In a study of X60 steel, the corrosion current density increased
by nearly three times when the temperature increased from 20 ◦C to 60 ◦C [9]. It is also
worth mentioning that the long-term corrosion behavior of pipe steel would differ from that
observed in relatively short-term tests due to the formation of semi-protective corrosion
products over time. One corrosion study of X80 steel compared its CR at 38 weeks and that
after five years; CR decreased from 0.0902 mm/y to 0.0226 mm/y after five years buried
in the soil. The corrosion products formed at 24 weeks consisted of two loose layers (the
outer corrosion product was a mixture of FeO(OH) and FeCO3, and the inner product was
composed mainly of FeCO3), while those formed after five years had only a single denser
layer that was composed of FeOOH, γ-Fe2O3, FeCO3, and a small amount of Fe3O4.

Table 1. CR of different pipe steels with and without a coating.

Pipe Steel Coating Type CP
Application Electrolyte CR or Corrosion

Current Density Ref.

X52
a 30-µm thick layer
of coal tar applied

in the lab

−0.8 V vs.
Ag/AgCl Soil (RT, pH 8.2)

Corrosion current density (EIS
1 estimation): ~0 µA/cm2

(~0 mm/y)
[3]

X52 Same as above but
with a holiday

−0.8 V vs.
Ag/AgCl Soil (RT, pH 8.2)

Corrosion current density (EIS
estimation): 10−5 to 10−4

µA/cm2 (~7.6 × 10−8 to
7.6 × 10−7 mm/y)

[3]

X52 No coating No CP

Synthetic soil
solution 2

(RT, pH = 7.7,
1825 Ω·cm2)

CR (LPR 3 test) = 0.023 mm/y [4]

X60 No coating No CP Sand–clay soil (RT,
pH 3; 499.5 Ω·cm2)

CR (five hours after removed
oxides, polarization test) =

0.56 mm/y
Possible pitting occurs

[5]

X65 No coating No CP Sand–clay soil (RT,
pH 3; 183 Ω·cm2)

CR (five hours after removed
oxides, polarization test) =

1.29 mm/y
Possible pitting occurs

[5]

X70 No coating No CP Sand–clay soil (RT,
pH 3; 213 Ω·cm2)

CR (five hours after removed
oxides, polarization test) =

1.08 mm/y
Possible pitting occurs

[5]
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Table 1. Cont.

Pipe Steel Coating Type CP
Application Electrolyte CR or Corrosion

Current Density Ref.

X70 No coating No CP
Sand–clay soil

added with water
(RT, pH 4.8~5.6)

CR (seven-day polarization
test) = 0.085 mm/y [8]

No coating −0.9 V vs.
Ag/AgCl

Sand–clay soil
added with water
(RT, pH 4.8~5.6)

CR (seven-day polarization
test) = 0.025 mm/y [8]

X80 No coating No CP

Acidic red soil
(buried

underground,
pH ~4.7)

CR (38-week electric
resistance test) = 0.0902 mm/y

CR (five-year electric
resistance test) = 0.0226 mm/y

[10]

1 EIS: electrochemical impedance spectroscopy; 2 Synthetic soil solution: NaHCO3 (0.483 g/L); KCl (0.122 g/L); CaCl2·2H2O (0.181 g/L);
MgSO4·7H2O (0.131 g/L); 3 LPR: Linear polarization resistance.

The primary mathematical models used for predicting pipeline CR have been reviewed
in [11]. A linear CR model characterized by a power function, as shown in Equation (1), is
widely used to describe the CR represented by the loss of wall thickness [12].

D = ktn (1)

where D is the loss of wall thickness; t is the time of exposure; k, n are constants that
depend on localized physicochemical conditions as well as the presence and effectiveness
of any corrosion protection measures. For pitting corrosion, a non-linear CR Equation (2), a
modified form of Equation (1), was proposed to correlate the maximum pit depth (P) with
the exposure time (t) [13].

P = K(t − t0)
n (2)

where t0 is the pit initiation time, K relies primarily on soil pH, redox potential, soil re-
sistivity and dissolved ion concentration; and n is depended primarily on pipe coating,
pipe-to-soil potential, soil bulk density, and water content. There were regression equa-
tions developed for revealing the effects of different environmental variables (such as the
temperature, relative humidity, time of wetness, and NaCl concentration, etc.) as well as
their significance on the atmospheric CR of carbon steels [14,15]. For buried pipelines in a
soil environment, using field data or experimental data, mathematical models were estab-
lished for either general or localized corrosion [16–18] that considered many parameters,
but these have limitations in demonstrating the significance of the parameters as well as
the interactions between them. This information, however, is essential in identifying the
location of the most significant corrosion threat and is therefore critical in pipeline integrity
management. Moreover, the influence(s) of CP levels and the pipeline coating condition
on the CR are not often included or well-explored. This is likely due to the difficulty
and cost of obtaining a corrosion dataset that accounts for a large variability of soil and
pipe parameters along pipeline sections in the field; or due to the significant number of
experiments required to elucidate the influence of so many variables in a lab setting. As
reflected in Table 1, the literature corrosion data are mostly for bare steel samples, with
very few studies focusing on coated samples with or without a defect. This is because
the techniques for detecting the CR (such as polarization tests) for bare steels are more
established and widely accepted, and the CR of coated samples is very low and quite
often negligible when CP is applied. However, as coating defects including holidays,
dents, gouges, etc. are unavoidably formed during pipe manufacturing, transportation
and construction processes, corrosion at and/or under the coating defects will take place.
Increased corrosion may also occur in these defect areas when CP is inadequate, e.g., due
to an interruption, over-protection, or under-protection of CP.
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Elucidating the correlation between the corrosion of pipe steel and its coating condi-
tions, CP levels and the surrounding soil conditions are obviously critical for service life
prediction and risk assessment. Such information is nevertheless lacking in the literature,
which motivates the present work. Here, a statistical and mathematical method, i.e., via
the response surface method (RSM), was adopted to design multi-variable corrosion exper-
iments. This method has been proved to be effective in conducting corrosion research with
statistical analysis [19]. Furthermore, given the advantages of selecting and generating
a diverse and representative set of tests, experimental design methods including RSM
allow for evaluating the relative significance of all factors and their interactions with a
reduced number of experiments [20–22]. By using this method, the influence of major
factors including solution corrosivity, CP levels, and coating scenarios on the external CR of
bare and fusion-bonded epoxy (FBE)-coated X60 pipeline steels (CSA Z245.1 Cat. 2) were
studied. A wide range of soil pH (2 to 12) and temperature (10 to 65 ◦C) together with two
common types of soil salts as well as various levels of CP and different coating scenarios
were considered, aiming to provide improved extrapolation of laboratory testing condi-
tions to field environments, which has often been identified as a limitation of mathematical
models developed from simulated conditions in a laboratory [23]. The mathematical model
generated in this study is for predicting the average CR of pipe steel, which gives insight
into the significance of each individual factor as well as their interactions. This research
provides data and knowledge to facilitate pipeline risk assessment. For instance, with the
input of coating, CP and soil conditions, pipeline segments with the highest CR/risk may
be identified, in part by using the mathematical model developed here.

2. Materials and Methods
2.1. Experimental Design

The RSM using an I-optimal design from Design Expert was used to plan the experi-
ments. The independent variables selected in this study include:

1. The solution corrosivity factor, related to solution temperature, solution pH, and
salt composition;

2. The treatment factor, related to the absence or presence of various levels of CP;
3. The pipe steel condition factor, related to the coated (different coating scenarios) or

non-coated (i.e., bare steel) condition.

Table 2 describes each independent variable. The temperature and solution pH are
two numerical variables, having a range from 10 ◦C to 65 ◦C and pH 2 to 12, respectively.
The salt composition refers to either using NaCl or Na2SO4 solution in the test and is
a categorical variable. The CP and coating are the two other categorical variables since
they are not continuous numeric but discrete factors. A total of 42 experiments were
generated using a quadratic model, which are listed in Table 3. The testing period was
set to four-weeks (28 days). The CRs were collected by conducting the experiments in a
random order of run numbers. A mathematical model was established, and is discussed
below, to describe the relationship of CR with all of the factors that were studied. Six more
tests (X1-X6 in Table 3), including applying an under-protection CP potential of −0.4 V vs.
Ag/AgCl as well as a temperature that was periodically on and off (to model stoppage in
the pipe flow), were conducted to consider more possible field conditions and to support
model validation.

Table 2. Independent parameters studied (either numerical or categorical type).

Independent Variables Description Type

Solution
corrosivity

Solution temperature 10, 40, 65 ◦C Numerical
Solution pH 2, 7, 12 Numerical

Salt composition NaCl or Na2SO4 Categorical
CP Without or with (−0.8 V and −1.6 V vs. Ag/AgCl) Categorical

Coating Without or with (intact, dented, or with a holiday) Categorical
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Table 3. Levels and description of variables in actual form.

Factor A Factor B Factor C Factor D Factor E Response

Run
Solution

Temperature
(◦C)

Solution pH Salt Composition CP (V vs.
Ag/AgCl)

Coating
Condition CR (mm/year)

1 10 12 SO4 Y-0.8 N 3.57 × 10−3

2 40 12 SO4 N Y 5.85 × 10−6

3 65 7 Cl Y-0.8 Y-D 7.02 × 10−5

4 10 2 Cl Y-1.6 N 1.81 × 10−2

5 40 7 SO4 N N 1.58 × 100

6 10 12 Cl Y-1.6 Y-H 5.11 × 10−4

7 10 2 SO4 Y-1.6 Y-H 3.83 × 10−4

8 10 12 Cl Y-0.8 Y-D 9.76 × 10−5

9 40 7 Cl Y-0.8 N 1.20 × 10−1

10 65 2 SO4 N Y-D 1.73 × 10−4

11 65 12 Cl Y-0.8 Y 8.64 × 10−6

12 10 2 SO4 N Y-H 6.91 × 10−4

13 40 12 SO4 N Y-H 5.17 × 10−4

14 65 2 SO4 Y-1.6 Y 1.09 × 10−6

15 65 2 SO4 Y-0.8 N 8.53 × 10−2

16 40 12 SO4 Y-1.6 N 1.00 × 10−4

17 10 7 SO4 Y-1.6 N 3.69 × 10−3

18 40 2 Cl N Y 6.60 × 10−7

19 65 12 SO4 Y-0.8 N 2.86 × 100

20 65 12 Cl Y-0.8 Y-H 1.62 × 10−3

21 40 7 SO4 N N 4.25 × 100

22 65 7 SO4 Y-0.8 Y-H 9.12 × 10−4

23 10 12 SO4 Y-1.6 Y-D 2.93 × 10−4

24 10 2 Cl Y-0.8 Y-H 1.86 × 10−4

25 40 2 Cl Y-1.6 Y-D 3.19 × 10−4

26 10 2 Cl Y-0.8 Y-D 2.22 × 10−4

27 65 12 Cl Y-1.6 Y-D 7.60 × 10−4

28 10 12 Cl N N 1.24 × 10−1

29 10 12 Cl Y-1.6 Y 8.01 × 10−8

30 40 2 SO4 Y-1.6 N 3.69 × 100

31 10 7 Cl Y-0.8 N 4.96 × 10−1

32 65 2 Cl Y-1.6 Y-H 2.18 × 10−3

33 10 7 Cl N Y-D 1.52 × 10−4

34 10 2 Cl N Y 3.78 × 10−8

35 40 2 Cl N N 3.09 × 101

36 10 2 SO4 Y-0.8 N 1.00 × 10−4

37 65 7 Cl Y-1.6 N 7.33 × 10−4

38 40 7 SO4 Y-0.8 Y-D 1.76 × 10−4

39 65 7 SO4 Y-1.6 Y-D 4.78 × 10−6

40 65 7 Cl N Y-H 1.50 × 10−3

41 10 7 Cl N Y-D 7.79 × 10−6

42 10 7 SO4 Y-0.8 Y 1.81 × 10−8

X1 10 7 SO4 −0.4 V Y 1.78 × 10−8

X2 10 7 SO4 −1.6 V Y 4.23 × 10−8

X3 65 7 Cl N N 3.51 × 100

X4 65 7 Cl −0.4 V YD 8.08 × 10−6

X5 65 (on and off) 7 SO4 −1.6 V YD 3.58 × 10−4

X6 65 (on and off) 7 Cl −1.6 V YD 5.09 × 10−5

Factor 3: “SO4” refers to sodium sulfate; “Cl” refers to sodium chloride; salt concentration is 0.01 M. Factor 4: “N” means no CP applied.
“Y-0.4”, Y-0.8”, and “Y-1.6” means with an applied CP of − 0.4 V, − 0.8 V, and − 1.6 V vs. Ag/AgCl, respectively. Factor 5: “N” means no
coating, i.e., bare steel; “Y” means intact coating; “Y-D” means coating with an indent (around 1.2 mm in depth); “Y-H” means coating with
a holiday (6 mm in diameter). X1–X6: extra tests. X5, X6: “on and off” means the temperature is alternatively on for one week and off for
another week when the hot plate used to heat the sample is turned off and the temperature of the sample gradually decreases to RT. The
total testing period was four weeks.
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2.2. Expriemental Procedure
2.2.1. Weight Loss Tests and Electrochemical Tests for Bare Steel

Weight loss tests based on ASTM G31 [24] were performed to obtain the CR of the
bare steel samples. All the bare steels were ground with 1200 grit emery paper and washed
using deionized water. A jacketed glass cell connected to a water bath was used to conduct
the tests at different experimental temperatures. In each test solution, three samples (each
with an exposed area of 1.5 cm2) were simultaneously immersed and tested for four weeks
to obtain an average CR (Figure 1a). One exception was for run #35, in which the CR was so
high that four-week testing led to complete dissolution of the sample. Therefore, a four-day
test was applied to obtain its CR. For samples with CP, a power supply was used to provide
a constant negative current to the samples. During the tests, CP was checked/adjusted
daily or every other day to ensure it was ±50 mV around its set values (−0.4 V, −0.8 V, or
−1.6 V vs. Ag/AgCl reference electrode (+0.199 V vs. NHE)). This is because the changes
in steel surface composition/morphology and/or the electrolyte resistance during the tests
can alter the applied potential to the sample. A graphite rod was used as an anode.

Figure 1. A schematic of (a) 1.5 cm2 bare electrodes for weight loss tests; (b) a 1 cm2 bare electrode
for electrochemical tests (EIS); and (c) a coated X60 panel sample for corrosion immersion and
electrochemical tests.

Another group of immersion tests with electrochemical impedance spectroscopy (EIS)
was carried out separately from the weight loss tests and was carried out on bare samples
with a 1 cm2 surface area that were mounted in epoxy (Figure 1b). EIS was performed
periodically by applying an AC ± 10 mV peak-to-peak signal in the frequency range of
100 kHz to 100 mHz. A three-electrode setup was used, i.e., the bare steel as the working
electrode, a graphite rod as the counter electrode, and a double junction Ag/AgCl reference
electrode. A constant potential was applied during the EIS tests. For samples without
CP protection, this constant potential was the open circuit potential. For samples with
CP, the constant potential was the applied CP potential. All electrochemical experiments
were carried out using a potentiostat (VersaSTAT 3, Princeton Applied Research). It should
be noted that samples tested at CP potentials were disconnected from the power supply
during the EIS tests, but the potentiostat then served as the power source.
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For both the weight loss and immersion/electrochemical tests, the base solution was
0.01 M NaCl or 0.01 M Na2SO4, with its pH initially adjusted by either 0.03~0.3 M HClO4
or 0.1~1 M NaOH solution. pH 2, 7, and 12 were studied to cover a wide spectrum of pH
conditions that pipeline steel might encounter in the field. For example, in some areas, such
as in the Rocky Mountains in British Columbia, pipelines are sited near acid-generating
rocks (e.g., pyrite or other sulfides), where the pH can be as low as 2; pH 7 is the most
representative of pipeline soil; in other areas, such as salt lakes in north-west China, highly
saline soil is deemed as a risk to the pipeline integrity [25]. For bare samples as well as
coated samples with a holiday, CP application results in proton consumption through
hydrogen evolution in acidic electrolytes while hydroxyl ions are continually produced
through water electrolysis in neutral and alkaline electrolytes. Both reactions lead to
an increase of pH. For some of the bare steel samples tested, solution acidification was
observed during the immersion tests, leading to a decrease of pH. In order to maintain
the initial pH, it was adjusted either manually or by a pH controller. In this way, the
electrolyte pH was adjusted around its initial value (+0.7/−0.4 to pH 2; +0.7/−2 to pH 7
and +0.5/−2 to pH 12).

2.2.2. Electrochemical Tests for Coated Steel

For FBE coated X60 steel panel samples (10 cm × 10 cm), the coating surface was
wiped with alcohol and then deionized water to remove any grease and dirt. An acrylic
tube was attached on the cleaned coating surface to contain the solution for conducting
electrochemical tests. The coated samples were in three different conditions, i.e., intact
coating, coating with a holiday (6 mm in diameter), or coating with an indent (about 1.2 mm
in depth). Figure 1c shows a schematic of coated (panel) samples undergoing immersion
and electrochemical tests. A coiled copper tube attached on the outside of the acrylic tube
was connected to a water bath for testing of coated samples at 10 ◦C. Hot plates were
used for coated samples with experiments running at temperatures of 40 ◦C and 65 ◦C.
Rubber stoppers were used as lids on the top of the electrochemical cells to minimize water
evaporation at high temperatures. The base solution preparation and pH adjustment was
carried out in the same way as that used for the bare samples.

The corrosion behavior of coated X60 was monitored and studied using electrochemi-
cal noise measurement (ENM) and EIS. ENM with a single cell arrangement as introduced
in [26] was applied to assess the corrosion resistance. During the tests, a two-electrode
setup was used, which was comprised of the working electrode (coated pipe steel panel
sample) and a double junction Ag/AgCl reference electrode serving as both the reference
and counter electrode. The electrochemical noise potential (ENP) was measured by record-
ing the sample potential against the reference electrode under the open circuit condition.
The noise resistance Rn was calculated in accordance with Ohm’s law by Equation (3),
where σ(V) and σ(I) are the standard deviations of potential and current fluctuations.

Rn =
σ(V)

σ(I)
(3)

The current density icorr was estimated by using Equation (4), the Stern–Geary co-
efficient B, for most cases, was assumed to be 0.026 V for active and 0.052 V for passive
corrosion of galvanized rebar in concrete [27]. For the coated samples, B was taken as
0.052 V. The CR was then calculated by Equation (5) and was taken as an average value of
that measured at the start, middle and last day of the four-week testing. Aw is the atomic
weight, z is the electrons transferred, F is the Faraday constant, and ρ is the density. It
should be noted that since Rn is the resistance of the coating instead of the steel substrate
directly, the calculated icorr reflects the corrosion resistance of the coated samples, but may
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not accurately represent the true CR. Thus, these measurements should be considered
qualitative and indicative rather than absolute.

icorr =
B

Rn
(4)

Corrosion rate
(

mm
year

)
=

icorr Aw

zFρ
(5)

EIS was also carried out on the coated panel samples, similar to that for bare steel
samples (i.e., measured either at open circuit potential or CP potential that is consistent
with the immersion testing conditions), except that the frequency range was from 100 kHz
to 10 mHz. During the immersion tests, water uptake occurs in the coatings due to the
presence of hydrophilic hydroxyl groups [28] and was estimated from the capacitance of
the coating using Equation (6) proposed by Brasher and Kingsburry [29].

∅ =
log(Ct/C0)

log εw
(6)

∅ is the volume fraction of water in the coating, Ct is the capacitance of the coating after
immersion time t and is obtained from impedance measurements at 10 kHz, and C0 is the
dry coating capacitance, which is generally obtained by extrapolating t to zero.

3. Results

A mathematical model was established using the CR data obtained from either the
weight loss tests for bare steel samples or ENM tests for coated steel panel samples.
An ANOVA analysis was applied to check the significance and accuracy of the model
developed, as well as to reveal the relative significance of each individual factor and the
interactions between them.

3.1. Statistical Model Based on the CR Data

The CRs of both bare and coated samples are summarized in Table 3. Due to the wide
range of CR (10−8 to 102 mm/y), a power transformation of CR was applied. By using a
modified quadratic model, a general mathematical equation was fitted to the data and is
presented in Equation (7). As listed in Table 4, the value of coefficients a, b, and c in the
equation depends on the coating condition, salt type, and CP levels, respectively. Applying
this equation, CR can be estimated for any pH from 2 to 12.
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Table 4. The coefficients in the established mathematical equation.

Coating Conditions a Salt Composition b CP Level c

Bare steel 0.97 ± 0.014
NaCl 0.00020

no CP −0.0047
Holiday sample 0.93 ± 0.014 −0.8 V −0.0028
Dented sample 0.91 ± 0.014 Na2SO4 0.00043

−1.6 V −0.0065
Intact sample 0.86 ± 0.014

It should be noted that in this model, the time effect cannot be reflected since all the
CR data were obtained after a constant testing time, i.e., 28 days, with one exception for
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run #35, which was explained in Section 2.2.1. For bare samples and coated samples with
a defect, discrepancy in the CR between short-term (months) and long-term (years) tests
should be expected as a result of, e.g., changes in corrosion products. Furthermore, the
present model has limitations in that it predicts the CR at only one salt concentration of
0.01 M and through a limited temperature range from 10 ◦C to 65 ◦C.

3.2. ANOVA Analysis

The corresponding ANOVA for this model is shown in Table 5. The model F-value
of 9.27 implies the model is significant. There is only a 0.01% chance that an F-value
this large could occur due to noise. p-values less than 0.05 indicate that model terms are
significant. The square of the correlation coefficient, R2, and adjusted R2 are 0.7933 and
0.7078, respectively, which are high compared to those reported from quadratic regression
equations developed for modelling the atmospheric corrosion of carbon steels [14]. The
model explains 79.33% of the dependent variables. In addition, the adequate precision,
which means the signal to noise ratio is 11.414 (>4 is desirable), indicates an adequate
signal. In this case, only E-coating is considered as a significant model term. This result
is not surprising as E-coating is expected to be the most critical and determinant factor.
The two endpoints of the broad CR range presented in Table 3, i.e., 1.81 × 10−8 and
30.87 mm/y, correspond to a sample with an intact coating versus bare steel. When
statistically evaluating other factors along with the E-coating factor, the calculated p-values
of factors other than the E-coating do not meet the 0.05 rule of thumb. On the other hand,
from the p-values, the relative significance of individual factors as well as their interactions
can be indicated. From Table 5, other than the E-coating, the A-Temp, with a p-value of
0.08, is the most influencing factor, followed by the D-CP (p-value of 0.15). There are two
principles for choosing these model items: (1) all five individual factors were included
in the model, as they all play roles in CR determination; (2) model items in the quadratic
model were reduced to ensure that the generated model is significant and the lack of fit is
not significant, and there is a good correlation between the CR predicted by the model and
obtained by the experiments. The final model interaction terms include:

1. AC—interaction between temperature and salt composition
2. BD—interaction between pH and CP
3. B2—a quadratic term of pH, which models/predicts the curvature on a response sur-

face.

Table 5. ANOVA test for modified quadratic model.

Source Sum of Squares Degree of
Freedom Mean Square F-Value p-Value

Model 0.0709 12 0.0059 9.27 <0.0001 significant
A-Temp 0.0020 1 0.0020 3.18 0.0849

B-pH 2.059 × 10−8 1 2.059 × 10−8 0.0000 0.9955
C-Salt comp 0.0003 1 0.0003 0.4486 0.5083

D-CP 0.0026 2 0.0013 2.03 0.1491
E-Coating 0.0650 3 0.0217 33.99 <0.0001 significant

AC 0.0003 1 0.0003 0.4283 0.5180
BD 0.0016 2 0.0008 1.23 0.3059
B2 0.0006 1 0.0006 0.9415 0.3399

Residual 0.0185 29 0.0006
Lack of Fit 0.0181 27 0.0007 3.27 0.2611 not significant
Pure Error 0.0004 2 0.0002
Cor Total 0.0894 41

The adequacy of the regression model was checked using the normal probability plot
of the studentized residual to confirm the normal error distribution (Figure 2a), and the
studentized residuals versus predicted values to check for constant variance (Figure 2b).
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Figure 3 shows the predicted response values versus the actual response values for designed
runs 1–42 (displayed in black dots). Using the mathematical model established from the
results of these 42 runs, the predicted CR values of extra test points (X1–X6) were plotted
as orange dots, which present a consistent trend with the model.

Figure 2. (a) Normal probability plot of the studentized residuals to check for normality of residuals (the approximately
linear plot allows to assume that the error/residual terms are normally distributed, and the estimates/predicted values
are unbiased or on average correct); and (b) Studentized residuals versus predicted values to check for constant variation
(a random distribution should be expected and so the model predicts values higher and lower than the actual with
equal probability).

Figure 3. Predicted CR using the established mathematical model vs. actual measured CR (designed
points: runs 1–42; extra test points: runs X1–X6 in Table 3).

4. Discussion

This section focuses on discussing the model developed above from two aspects, i.e.,
model explanation and model application. The former relates the model analysis to the
experimental data and highlights some important experimental findings. The latter points
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out typical field conditions in which the model can be applied and gives prediction on the
external CRs.

4.1. Model Explanation with Experimental Data and Results

As seen in the above ANOVA analysis, in addition to each individual factor, the
interaction between the temperature and salt composition (AC) and between the pH and
CP (BD), as well as the squared pH (B2) were identified as the influencing quadratic terms.
This can be well-explained via an analysis of the experimental data. As revealed in the
following discussion, the AC interaction affects the solution conductivity, the BD interaction
determines the cathodic reaction process and influences the overall CR, and B2 reflects the
higher CRs observed at the two endpoints of the pH range studied, i.e., pH 12 and pH 2,
when compared to that tested at pH 7. In order to provide an intuitive overview of CR
obtained at various conditions, CR data presented in Table 3 are plotted as CR maps for
bare (Figure 4) and coated (Figure 5) X60 samples, respectively.

Figure 4. CR map of bare X60, small electrode samples, under different test conditions using the weight loss data (the data
in the bracket is the electrolyte resistance estimated from EIS tests).
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Figure 5. CR map of coated X60 steel under different test conditions (the data in brackets is the volume of water absorbed
by the coating after the 28-day test).

In Figure 4, the CR of bare metals is presented as a function of pH. Besides each tested
point shown in blue, the testing temperature, CP value, type of salt and the electrolyte
resistance are presented in parentheses. This CR mapping is divided into three regions:
region I, in red, where the CR is above 1 mm/y; region II, in yellow, where the CR is from
0.1 mm/y to 1 mm/y; and region III, in green, where the CR is below 0.1 mm/y; 0.1 mm/y
is considered the maximum allowable CR for carbon steel heat exchanger tubes for cooling
water in the oil and petroleum industries [30]. The maximum allowable CR for a pipeline
could be lower, depending on the thickness of the pipe as well as its design life.

• At pH 7, that which is most representative of “normal” pipeline soil, it is interesting to
observe that the CR data fell into the three regions based on the level of CP. All three
samples (F, G, and F’) without CP protection appeared in region I (CR > 1 mm/y); two
samples (H and I) having a CP of −0.8 V, were located in region II (1 mm/y > CR >
0.1 mm/y); and the other two samples (J and K) were in region III with a negligible
CR due to a CP of −1.6 V. It is reiterated here that these CRs are based on mass loss.

• At pH 2, the highest CR (30.87 mm/y) is found in sample A, which was tested without
CP, and at a temperature of 40 ◦C. At the same temperature of 40 ◦C (sample B), with
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a high CP of −1.6 V, there is still an unacceptably high CR of 3.69 mm/y. Comparing
to sample B: (1) sample C, which has a higher testing temperature of 65 ◦C, a higher
solution conductivity, but a lower CP level of −0.8 V, shows a much lower CR of
0.09 mm/y; and (2); sample D, which has the same CP of −1.6 V but has a lower
temperature of 10 ◦C, also shows an acceptable CR of 0.02 mm/y. One indication from
the result is that the presence of both a high CP of −1.6 V and a temperature higher
than 10 ◦C in acidic solutions led to the high CR observed in sample B. A high CP
of −1.6 V, i.e., an overprotection, results in a large amount of hydrogen produced
from the acidic solution and from the cathodic reaction (2H+ + 2e− = H2). CP that is
more negative than −1.1 V vs. Cu/CuSO4 (−1.0 V vs. Ag/AgCl) can cause problems
including hydrogen-induced cracking (HIC), hydrogen embrittlement (HE), and stress
corrosion cracking (SCC) [31]. Though it is normally acknowledged that hydrogen-
related attack does not cause significant material loss—rather, it makes the material
more susceptible to mechanical failure [32]—there seems to be a correlation between
the large amount of hydrogen produced at a high temperature and the observed high
CR based on the tested results. The reasons for this are not yet clear and need more
detailed research.

• At pH 12, without CP protection, sample M has a CR of 0.124 mm/y at a low temper-
ature of 10 ◦C. However, the highest CR of 2.86 mm/y was measured for sample L,
which had a CP of −0.8 V and a high temperature of 65 ◦C. The test solution also had
the lowest electrolyte resistance/highest electrolyte conductivity. When the testing
temperature was 10 ◦C, at the same CP level of −0.8 V, the CR of sample N was
reduced (0.004 mm/y). An increase of the CP level to −1.6 V also appeared to be
very effective at depressing the CR to a negligible value, as seen for sample O, for
which the testing temperature was 40 ◦C. The comparison among sample L, N, and
O implies that in a hot alkaline environment, a moderate CP level of −0.8 V is not
sufficient to protect steel from corrosion. Furthermore, if considering coated samples
with a holiday (exposed steel substrate area), it is well-known that an application
of CP causes an alkaline environment at the coating/substrate interface, leading to
a loss of adhesion at the interface and causing cathodic disbondment. The high pH
environment is supposed to protect the exposed substrate from corrosion. However,
based on the present result on bare steel samples, if the coated sample is tested at a
high temperature of 65 ◦C with a CP of −0.8 V, both the exposed holiday area and the
substrate underneath the disbonded coating may still experience corrosion. This is
exactly what was found in holiday samples, as discussed in Figure 5.

Figure 5 shows a CR map for all the coated samples. Since the type of coating defect
influences the CR the most, the CR of the coated samples is presented as a function of
the coating scenarios. As can be seen, the coated samples all had acceptable CRs for the
studied conditions and so the background map color is green.

• Coatings with a holiday: due to the exposed metal surface, which is similar to the
bare steel samples, holiday samples show relatively high CRs. The top three samples
shown in Figure 5 are those tested at a high temperature of 65 ◦C and at pH 2, pH 7,
and pH 12. The one tested at pH 2 showing the highest CR is accompanied with a
high CP of −1.6 V, followed by that tested at pH 12 with a CP of −0.8 V, and then
the one tested at pH 7 with no CP. It can be found that these three conditions are
predicted to result in the highest CR at each pH condition for bare metal samples. In
other words, the CR results for holiday samples are consistent with that observed for
bare steel samples, which further supports the proposal of two quadratic items in the
mathematical model, i.e., temperature–salt type and pH–CP interactions.

• Coatings with a dent: most of the studied samples with a dent (yellow circles) are in
the region where 5 × 10−5 < CR < 1 × 10−3 mm/y, having comparable CRs to the
holiday samples, indicating a similar corrosion resistance of the coating with these
two kinds of defect. No particular trend in CR can be found in the dented samples
with respect to temperature, pH, or CP. On the other hand, if looking at the volume of
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water (∅) being absorbed in the coating (the data in the parentheses), it is found that,
in general, when ∅ is higher than 65%, the CR is above 1 × 10−5 mm/y; when ∅ is
below 65%, the CR is less than 1 × 10−5 mm/y. It is also interesting to observe that
dented samples immersed in solutions with pH 7 show a relatively low water uptake
(61% on average), while higher water absorption was observed in samples tested at
pH 12 (186% on average) and pH 2 (146% on average). Compared to neutral solutions,
a highly alkaline environment was reported to promote the absorption of moisture
in FBE coatings, and with the presence of defects, the penetration of aggressive ions
can be facilitated, contributing to increased CR [33]. The present work supports this
statement and further shows that an acidic environment also can accelerate the process
of water absorption in FBE coatings with the presence of defects.

• Intact coatings: due to a good protection from the coating, the CRs for all the intact
coating samples (green circles) are extremely low and less than 1 × 10−5 mm/y. ∅
for these samples are all below 65%. Among all the factors, the temperature seems
to be the most critical, which is consistent with the ANOVA analysis. Negligible CRs
on the order of 10−8 were found for the four samples tested at 10 ◦C. Increasing the
temperature accelerates the CR by one to two orders of magnitude.

4.2. Model Application/Prediction

Since coatings and CP are commonly applied for in-service pipelines to protect them
from corrosion, a prediction of the combined effect of coating and CP using this model is
of primary interest. In Figure 6, CR as a function of both coating and CP at different pH
conditions is shown.

• The effect of coating

As expected, CR decreases in the order: holiday sample > dented sample > intact
coating. It is noteworthy that the CR of dented and holiday samples are in a similar order
of magnitude (Figure 7 shows more details on this).

• The effect of CP

It is shown that the effect of the CP depends on the pH level. This is primarily relevant
for the bare steel samples. In Figure 6a, when the pH is 2, a higher/more negative CP level
of −1.6 V does not provide extra protection, but instead leads to a higher CR as compared
to a CP level of −0.8 V. This is evidenced by comparing sample B and sample C, shown
in Figure 4. Hydrogen damage could be a reason, which indeed requires more in-depth
study. At pH 7 and pH 12, the major cathodic reaction is oxygen reduction. An increased
CP level results in an improved corrosion protection. For example, at pH 7 (Figure 6b), a
CP of −1.6 V brings down the CR to an acceptable level, i.e., less than 0.1 mm/y. At pH 12,
an increased temperature requires an enhanced CP level to ensure corrosion protection.
Especially when the temperature is higher than 40 ◦C, a CP level of −1.6 V is needed to
maintain an acceptable CR (Figure 6c). For bare steels with an application of CP, the model
predicted value is higher overall than the measured value.

Considering coated pipelines that are protected by a CP of −0.8 V (i.e., widely adopted
in the field), based on the coating scenarios, the established mathematical model offers a
prediction of their CRs as a function of the temperature and pH in a given salt composition
environment. Figure 7 shows the details. It is obvious that all the coated samples protected
at −0.8 V exhibit the same surface response pattern; i.e., at a given temperature, the highest
CR appears at pH 12, as evidenced by the poorest resistance of FBE coating to moisture
and ion absorption in an alkaline environment. At pH 12, the CR increases more rapidly
with increased temperature, resulting in the highest CR being located at 65 ◦C. The CR
range for the dented samples is similar to that of the holiday samples, which is consistent
with the experimental results (Figure 5). The model result further implies that these two
types of coating defect should be treated with the same level of attention. It should also be
noted that CR predicted by the model for both the holiday and dented samples protected at
−0.8 V is higher than what is observed. For example, the highest CR for the holiday sample
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in Figure 7a is predicted to be ~0.02 mm/y at 65 ◦C, pH 12, while the actual measured
value is 0.0002 mm/y, two orders of magnitude lower. For samples with an intact coating,
the predicted highest value is close to the measured value, i.e., 0.000011 vs. 0.000009 mm/y.
For pipelines operated at a low temperature of 10 ◦C, both the experimental and model
results show acceptable/negligible CR over a wide range of pH conditions. For the eight
coated samples tested at pH 7, i.e., the most relevant pH in the field, the difference between
the predicted and measured CR is shown in Figure 8. For the one intact coating sample and
two holiday samples, the predicted CR values were in the same order of magnitude with
the measured CR values; i.e., the model provides a very good prediction. For the coating
samples with a dent, the difference between the predicted and measured CR was within
one order of magnitude (approximately within a factor of 8.4) for the three tested samples,
which is not significant considering the CR range for these dented samples was from 0.0001
to 0.00001 mm/y. Further, the model provides a relatively conservative CR prediction for
coating samples with a dent.

Figure 6. CR as a function of both applied CP level and coating scenarios: (a) pH = 2; (b) pH = 7; and (c) pH = 12. The
temperature is 40 ◦C and the salt composition effect was averaged for that of sodium chloride and sodium sulfate (A is the
temperature, B is the pH, C is the salt composition, D is the CP level and shows as abscissa X1, and E is the coating scenario
and shows as abscissa X2).
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Figure 7. CR predicted by the model for the coated samples with different scenarios: (a) coating with a holiday, (b) coating
with a dent, and (c) intact coating. The CP is fixed at −0.8 V, and the salt is sodium chloride.

As shown in the experimental design, the salt concentration was fixed at 0.01 M,
which is a commonly used value to simulate the soil environment [34]. However, the salt
concentration could be influenced by many factors such as the use of salt brine deicer in the
winter, which can lead to an increased CR of pipeline steels with degraded coatings [35].
One limitation of the developed model is that it does not provide CR prediction of buried
pipelines in soil environments with varied salt concentrations. Furthermore, since all the
CR results were based on 4-week tests, this model has limitations in predicting long-term
corrosion behavior. As shown by the experimental results, the interactions between the
temperature and salt composition, as well as that between pH and CP, appeared important
in determining the overall CR; further experiments designed for emphasizing these two
interactions are expected to better train the established model.
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Figure 8. Predicted CR vs. Actual CR for coated samples tested at pH 7.

5. Conclusions

The RSM using an I-optimal design was used to study and model the influence of
five factors (temperature, pH, salt composition, CP, and coating scenarios) as well as
their complicated interactions on the CR of both bare and coated pipeline steel samples.
A mathematical equation was established to predict the CR under different conditions.
The selection of a wide range of testing temperatures and pH levels provides improved
extrapolation from laboratory tests to field conditions. Moreover, the incorporation of
various levels of CP as well as the consideration of different types of coating defects
including dent and holiday enabled the model developed herein to offer informative
predictions for relevant field conditions. This model accurately reflects the CR trend for
coated samples with different damage scenarios: holiday sample CR > dented sample CR >
intact coating CR. The differences between the measured and predicted CR values depend
on the testing conditions. For coated samples tested at pH 7, i.e., the most relevant cases in
the field, the predicted CR values for the holiday samples and intact coating samples were
within a factor of 0.9 to 1.8 times the measured CR values, i.e., the model provides a very
good prediction. For coating samples with a dent, the predicted CR values were largely
within an order of magnitude of the measured values. A statistical analysis of the results
shows that the condition of the coating is the most important factor, which is as expected.
The individual effect of other factors including the temperature, pH, salt composition, and
CP were not shown to be significant. Instead, the interaction between temperature and salt
composition that affects the solution conductivity, as well as the interaction between pH
and CP that determines the cathodic reaction processes, appeared to be more important for
determining the overall CR.
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