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Steel pipelines that are used for the transportation of natural gas and petroleum usually pass through different places with
different soil characteristics. Due to distinct soil structures and other corrosive factors, pipelines tend to corrode at different
rates. In this study, the effects of moisture content, salt concentration, pH, AC potential and cathodic protection levels on
the corrosion rate were investigated as factors affecting corrosion in steel structures originating from the ground and ex-
ternal sources. The number of experiments to be carried out was decided as a result of experimental design with the
Taguchi statistical method. L16 orthogonal array was used for 4 different levels of 5 corrosion rate affecting factors and
16 different experimental studies were conducted to obtain corrosion rate values for each experiment. Based on the statis-
tical analysis results, the effect of changes in moisture content of the soil on corrosion rate was higher compared to other
factors. Considering that underground pipelines usually pass through neutral environments (pH levels between 6-8), the
effect of changes in pH value on corrosion rate is less than the other factors studied. In addition, with the regression
analysis performed through the Minitab software, a linear regression model and an equation was created to calculate the
corrosion rates. Corrosion rate results obtained with the regression equation were compared with the test results performed
in different test environments. By calculating the corrosion rate for different factors, selection of or changing the pipeline
route, selection of material wall thickness, planning of pipeline control and maintenance periods can be made in the most
ideal way. Also, a comparison of corrosion rates against existing literature shows that corrosion rates of steel materials

change between outstanding classification ranges according to corrosion resistance classification of steel materials.
Key words: corrosion rate, steel pipeline, soil characteristic, statistical analysis, experimental.

1. INTRODUCTION

Buried steel pipelines are usually used in the transpor-
tation of natural gas and petroleum products and they are
exposed to factors that cause corrosion. These pipelines are
coated with protective material to maintain their integrity.
Corrosion is higher at places where coating damages exist
and when exposed to different corrosive factors. While the
corrosive environment of the soil is the main reason for
pipeline corrosion, environmental factors such as moisture
content, pH value, salt concentration, temperature, microor-
ganisms, etc. also affect the external corrosion process of
buried steel pipelines. Many factors originating from the soil
environment affect the external corrosion process in varying
degrees, making the corrosion process more complicated.
Calculated corrosion rates on buried steel pipelines change
due to the variability of the moisture content. Especially in
the winter and spring seasons, corrosion rates are more de-
pendent on the moisture content of soil compared to other
seasonal periods. The change in the moisture content of the
soil makes it difficult to determine the corrosion process that
occurs between pipe surface and soil [1, 2]. Water content
in the soil environment is important for the ionization of the
oxide layer on the metal surface and the ionization of the
electrolyte on the metal structure, so electrochemical cells
required for the initiation of corrosion activity are formed.
Gupta and Gupta [3] conducted comprehensive research
about the effect of soil moisture content on the corrosion
rate of buried carbon steel. Corrosion tests were carried out
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with low carbon steel coupons in soil samples. The corro-
sion rate of carbon steels was calculated after six months at
constant moisture content and a close relationship was de-
termined between mass loss and moisture content. In an-
other study, the corrosion behavior of X 60 steel in soil sam-
ples taken from three different regions was investigated by
Noor and Al-Moubaraki [4]. It was found that corrosion cur-
rent densities of X 60 steels increased depending on the ef-
fect of the soil’s moisture content.

The pH value of soil environment typically ranges from
3 to 10 and the removal of alkali ions such as calcium,
magnesium, sodium and potassium from the soil due to
rainwater and dissolving carbon dioxide into groundwater
make mineral soil acidic. It is also stated that the pH value
of the soil environment is not a strong indication of the steel
structure corrosion alone, but low pH levels become
effective when combined with other corrosive factors [1, 2].
American Water Works Institution carried out a project to
estimate the remaining life of pipelines in which corrosion
rates of cast iron pipes were calculated in different pH
conditions [5]. Although this study did not yield a
correlation between pH value and pipeline corrosion, pH
was accepted as a factor affecting soil corrosivity. In another
study, Ismail et al. [6] concluded that pH range of soils
usually vary from 5 to 8 and under these conditions, the
corrosivity of the soil is determined by factors other than
pH. The salt concentration in the environment is another
factor for corrosion that is often associated with the presence
of chloride ions. Anodic dissolution reactions that occur on



metal surfaces are accelerated by chloride ions. Geological
processes and the application of salt to the highways for
icing prevention are the main sources of chloride ions in the
soil environment. Furthermore, chloride ion levels are
dependent on the moisture content of soil [7]. Also, long
term effect of salt concentration on corrosion of carbon steel
was investigated. The corrosion behaviour of carbon steel in
3 % NaCl solution was studied and corrosion rates were
measured with electrochemical impedance spectroscopy. It
was concluded that at a 3% concentration level, corrosion
accelerates until the rust layer prevents more oxygen
diffusion and after the corrosion process begins to
decelerate [8].

Alternating Current (AC) interference is another
phenomenon that affects the corrosion process of steel
materials. AC-related corrosion problems are usually
observed in regions where high-voltage transmission lines
are commonly found. AC induced corrosion problems in
coated pipelines are critical compared to bare pipelines due
to the localization of corrosion on defect areas that lead to
high-induced AC current densities [9]. When AC potential
and current values at pipelines are higher than the criteria
specified in ISO 18086, the AC interference level is
considered unacceptable [10]. Jiang et al. [11] examined the
effect of AC interference on the corrosion process of Q235
steel pipeline with corrosion coupons ranging from 20 x 20
mm to 80 x 80 mm in soil environments. AC interference
caused output of Direct Current (DC) on the damaged areas
of coatings and this current flow induced corrosion on
relatively small, damaged areas due to the initiation of metal
dissolution reactions. Cathodic protection has been defined
in BS ISO 15589-1:2015 standard [12] is a main corrosion
control method for steel materials as a protection ionic
currents flow from anode beds and reduce the corrosion
process that occurs on damaged areas of coating. One of the
ways to determine the effect of cathodic protection on
oilfield steel pipeline corrosion is to perform field
experiments. Continuous observations on pipe thickness
during cathodic protection were examined [13]. The carbon
steel pipeline was cathodically protected at appropriate
levels through the application of a galvanic anode system
during the construction period. Metal wall thickness was
also observed with ultrasonic thickness measurements for
18 months and the worst defect was determined as 0.23 %
wall loss. This shows that the technical integrity of the new
pipeline which is maintained with low wall corrosion loss is
supported using a galvanic anode system during the
construction period. Furthermore, the impressed current
system is more appropriate than the galvanic anode system
for long term pipeline operations.

The application of factors affecting the corrosion rate of
steel structures with different levels and combinations
requires a large number of experimental studies. In this case,
statistical analysis methods can be used to reduce the
number of experiments. One of the most widely used
statistical methods for this context is experimental design
with the Taguchi method. The optimal levels of the
parameters affecting experimental design can be determined
with a relatively small number of experimental studies with
this method. The Taguchi method is an ideal method to find
the most suitable combination within different levels of
different factors. The main purpose of the Taguchi method
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is to minimize the sensitivity to external factors that may
affect the process while determining the most ideal process
conditions [14]. In the Taguchi method, the ratio between
the signal and noise factors of analysed data expresses the
efficiency of the study, and the application success of the
method increases if the noise ratio is low [15]. Also, in the
method, orthogonal arrays are used to reduce the number of
experiments when many experiments are required for each
different level of the studied factors [16]. The Taguchi
method is especially preferred in experimental studies
where corrosion research takes a long time. In the research
of corrosion processes occurring between galvanic couples
in the welding area of metals, the Taguchi method was used
for reducing the number of experiments [17].

In another study, the effects of salt concentration,
temperature, and solution velocity on the corrosion rate of
steel structure were researched using the Taguchi method
with an L9 orthogonal array [18]. In the literature, corrosion
processes caused by the ground or the external interaction
of the steel material were examined separately. Also,
simultaneous effects of a small number of factors on the
corrosion rate were researched in previous experiments.
There were limited studies in which statistical analysis
methods were applied and further, the number of examined
factor levels remained limited in these studies.

In the current study, the effects of five factors arising
from soil conditions and external sources on the corrosion
process were examined together in an experimental
environment. By bringing the soil environment from the
regions where the pipelines pass, it was ensured that the
conditions in the field were created in the experimental
environment. During the study, the main factors affecting
the corrosion of the steel pipeline were applied at different
levels in a controllable test environment, and the corrosion
rates were measured. Factors at different levels were applied
simultaneously to the pipe that was placed in the soil
environment at room temperature and the corrosion rates
were determined with the corrosion coupons attached to the
pipe. Measuring corrosion rates with corrosion coupons
under laboratory conditions is a convenient method in terms
of the controllability of test parameters. Considering the
number of factors and factor levels examined in the study,
the L16 orthogonal array was chosen in the Taguchi method.
With the regression analysis performed through the
MINITAB 17.3, a linear regression model and an equation
for the corrosion rate contingent upon five factors were
created. Corrosion rates that were calculated with the
regression equation, which was derived from the regression
model, were compared with the test results performed in
different soil conditions. In addition, the results of all
corrosion rates were compared according to the corrosion
resistance classification of ferrous materials [19]. The
resistance ranges of the steel against corrosion were
determined depending on the varying parameters and their
levels.

2. EXPERIMENTAL WORK
2.1. Design of experimental environment

The experimental setup to determine the corrosion rate
of steel pipes was established inside the Turkish Petroleum
Pipeline Corporation (BOTAS) facility in cooperation with



Baskent University. The setup was designed to measure a
corrosion rate change with the selected factors (Fig. 1). An
isolated glass protected soil pool with dimensions
2m x 1.5 m was produced and a steel pipe of 4 inches in
diameter and 1 meter in length was placed inside. Soil pH
level, moisture content, salt concentration, AC potential and
cathodic protection were selected as reference factors to
measure the corrosion rate of carbon steel.
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Fig. 1. Schematic demonstration of experimental setup

Corrosion coupons that had the same chemical
composition as steel pipelines used for natural gas
transportation in Turkey were prepared to measure the
corrosion rate of carbon steel (Table 1). The corrosion
coupons were cut precisely in size of 40 x 40 x 7 mm and
their surface areas were checked with a vernier caliper.
After the cutting process, fine grit sandpaper was used to
achieve smooth surfaces of coupons; in addition, the

Table 1. Chemical composition of X65 steel

coupons were cleaned with pure water and acetone to avoid
any roughness or residue. Prepared coupons were also
completely dried with air. Before the experiments, weight
measurements of coupons were performed using an
electronic scale with an accuracy of 0.001. Weight
measurements for each coupon were repeated 10 times and
average values were recorded.

The prepared corrosion coupons were connected to a
fabricated polyethylene coated steel pipe using connection
cables. Pictures of corrosion coupons before and after
experiments showing in Fig. 2. The pipe was undamaged,
and it was not used in the field before the experiment. The
connection cable was mounted to corrosion coupons.
Additionally, the contact end of the connection clip was
painted to prevent it from the corrosion process. The steel
pipe and connected corrosion coupons were both immersed
approximately 30 cm deep in reference soils that were
obtained from different regions nearby Ankara (Turkey).
Pre-tests were performed to determine the appropriateness
of the soil so that the selected soil would produce corrosion
rate results near outstanding corrosion resistance
classification. After pretesting, the selected soil
environments were sent for analysis to determine
characteristics, which were also verified with the prepared
setup (Table 2). Some parameters that existed in the soil
environment such as magnesium, calcium, electrical
conductivity, chloride and sulfate ions of the soil were also
analysed but not followed in the current experimental
studies. The pH level, moisture content and salt
concentration of the selected soil environment became the
reference factors for the study. The pipe that was immersed
in soil environments was exposed to different levels of
corrosion affecting factors and corrosion rates were
calculated by using corrosion coupons.
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Fig. 2. a—corrosion coupon prepared for experiment; b—corrosion coupon connection; ¢ —corrosion coupon used in the experiment before

cleaning process; d—corrosion coupon after cleaning process

Table 2. Analysis of soil environment

Analysed parameters Units Analysis results Analysis methods
Soil moisture content % 0.5 AOAC 2000
pH level - 7.92 Mt 5.4.2. T 55 in saturated soil paste
Electrical conductivity ds/m 0.16 TS ISO 11265
Salt concentration % 0.0036 TS 8334
Calcium ppm 4.04 Can be extracted
Magnesium ppm 1.88 Can be extracted
Sulfate me/L 1.98 Gravimetric
Chloride me/L 4.11 Titrimetric
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In the test environment, applied cathodic protection
levels were chosen between -800 mV and -1500 mV
CSE (-720 mV and -1420 mV SCE) in congruence with the
criteria of BS ISO 15589-1: 2015 [12] standard and the
operational conditions of natural gas pipelines in Turkey.
An  automatic/manual  adjustable  rectifier  unit
(50 Volt/20 Amperes), mixed metal oxide titanium tube
anode (1.6cmx50cm) and fixed type copper/copper
sulfate (Cu/CuSQ,) reference electrode were placed in the
soil environment for installation of the impressed current
cathodic protection system. The reference electrode was
placed on the opposite side with respect to the pipe in the
soil pool for the application of stable cathodic protection
potentials. The negative pole of the rectifier unit was
connected to the pipe and the positive pole was connected
to the titanium tube anode. Also, a fixed type Cu/CuSO,
electrode was connected to the reference output of the
rectifier to measure the applied potential correctly. Cathodic
protection levels were adjusted on the rectifier unit and after
the potential fluctuations of the pipe were stabilized, the
experiments were performed. Also, a portable type
reference electrode was embedded inside the soil
environment to verify and record potential measurements
throughout the experiments. The tip point of the reference
electrode was moisturized with water for minimizing
ground resistance and ensuring measurement clarity.

AC power supply, which had a capacity of 50 V/50 A
and different potential setting ranges between 0 and 50 V,
applied AC potentials directly to the pipe in the soil pool.
The phase part of the power supply was connected to the
pipe and the earth part was attached to the copper plates that
were embedded in a separate area from the experimental
environment for grounding. AC potential range used in the
test environment was chosen by considering minimum and
maximum measured levels in the field conditions, and hence
corrosion rate measurements were performed for selected
AC potentials between 0 and 40 volts. The AC power supply
and the pipe were connected with a 50 /1000 UF capacitor
to protect the DC cathodic protection currents from the
interference of the AC power supply. AC currents passed
from the pipe to the corrosion coupons were also measured
via a high internal resistance voltmeter. The measured AC
currents were then divided into the surface area of the
coupons for assessment of corrosion risk depending on the
AC current density. The moisture content of the soil was
another factor that was tested in the experimental
environment for carbon steel corrosion. Corrosion rates
were calculated after the application of different moisture
levels between 0.5 % and 10 %. The lowest limit value of
moisture content, which also was one of the main criteria for
determining the soil from alternatives, was taken from
reference soil under dry conditions whereas the highest limit
value was chosen by considering the moisture content of wet
soil in field conditions. Before the start of each experiment,
moisture contents of soil were determined precisely by
weighing the soil samples before and after the drying
process in an oven at 105 °C for 2 hours [20]. The level of
soil moisture content was determined from the loss of mass
between two weightings with the help of Eqg. 1:

M(ms)

Mc=( ) X %100, 1)

M as)
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where Mc is the moisture content, Mms) is the mass of moist
soil and Mgs) is mass of dry soil.

The moisture content was monitored six-hourly with a
moisture content device with + 0.1 precision, while it was
calculated every 24 hours through equation 1. Being closed
in the working environment is a partial solution against the
factors that can change the moisture content. When a change
in moisture content was detected during the experiment,
necessary adjustments were made by adding water or drying
to reach the desired soil moisture content.

The studied salt concentration levels of soil were
selected from 0.0036 % to 3.5 %. Among the soil samples
that were taken from the Ankara region, selecting a soil
sample with the lowest salt concentration was another
criterion for the reference soil. To obtain the lowest salt
concentration level, soil samples were taken from pipeline
regions away from highways and salt fields. The maximum
level of salt concentration was selected as 3.5 % due to
reports that the corrosion rate reaches its maximum value
with this specified salt concentration and if exceeded, the
corrosion rate begins to decrease up to a certain value [21].
The salt concentration of the soil environment was changed
before experimentation by adding sodium chloride and pure
water mixture to the soil for ensuring homogeneous
distribution. After the adjustment of salt concentration, the
drying process was applied to the soil until the desired
moisture content level was achieved.

Furthermore, pH levels ranging from 3 to 10 were
selected to understand the effect of changes in pH on carbon
steel corrosion. These pH limits were determined based on
a review of published literature together with field
experiments that revealed maximum and minimum pH
levels in Turkey through characteristics of soil/pipe
interface [2]. To obtain low pH levels below 6, an acetic acid
solution (5% by mass) was added to the reference soil
environment. Levels between 6 and 10 were reached
through the addition of buffer solutions containing
appropriate pH levels into the soil environment before
testing. The mixtures for adjusting pH were used in low
quantities and followed by a short-time drying process.
When necessary, this sequence was repeated to ensure the
moisture content and the pH levels of the soil where at their
desired values. The soil pH levels in the vicinity of the pipe
and corrosion coupons were monitored with a pH meter
(Hanna brand) that had a sensitivity of +/- 0.01. These were
recorded every 30 minutes during testing. All experiments
were conducted for a week and the corrosion rate was
determined from coupons taken out from the connected
pipe. Cleaning of the corrosion coupon surface was done
according to ASTM G-1-03 "Corrosion products cleaning
method" standard before weight loss measurements [22].

2.2. Application of the Taguchi method

Moisture content, salt concentration, pH, cathodic
protection and AC potential, which are variables that affect
the corrosion process in natural gas pipelines originating
from the ground or caused by external interactions, were
examined in the experimental design with the Taguchi
method. The studied factors and their levels are shown in
Table 3. The matrix structure suitable for the experimental
design consisting of 5 different factors was determined



according to the number of factors and their levels as entered
in the Minitab software. The most appropriate Taguchi
experimental design for the 5 factors and 4 levels was
formed with the L16 orthogonal array (Table 4). Also, total
degrees of freedom are considered for the selection of the
orthogonal array [23].

The degree of freedom for each factor studied is
expressed as one less than the number of factor levels, and
the total degree of freedom can be one less than the number
of total experiments. In this case, the degrees of freedom for
each factor studied was determined as 3, which is one less
than the number of factor levels, and the total degrees of
freedom became 15 which confirms that the L16 orthogonal
array should be used. During the experiments, the factor
levels were measured and monitored periodically so that
changes in levels would not affect other factors. In this way,
it was ensured that the factors remained independent by not
affecting each other.

In the Taguchi experimental design, the concept of
Signal/Noise (S/N) ratio is used to reduce the effect of
uncontrollable factors in experiments performed at different
factor levels. Using this ratio, it is aimed to reduce the
sensitivity of controlled factors to uncontrolled factors. S/N
ratio is also defined as the mean divided by the standard
deviation and in the Taguchi experimental design, 3
different S/N ratio definitions, which are the smallest best,
largest best and nominal best, are used [24, 25].
Minimization of corrosion processes occurring in pipelines
is a desirable condition for prolonging pipeline operation
time and reducing maintenance-repair costs. For this reason,

while determining the S/N ratios before the study, it was
assumed that the least level of the corrosion affecting factors
was the best situation in terms of preventing the corrosion
process and the S/N ratio was determined as the smallest
best.

2.3. Application of regression analysis

Regression analysis is a method that models and
analyses if there is a relationship between different variables
and a dependent factor or more than one independent
variable [26]. Regression analysis was performed with the
Minitab software, version 17.3.1, to determine the most and
least effective factors on corrosion rate among the studied
factors and to observe the probability (P) values of each
factor. Those with probability values less than 0.05 are
considered to be effective on the test result at the 95 %
confidence level [27]. In addition, a linear regression
equation was created to calculate the corrosion rate that
occurs when 5 corrosion affecting factors are combined. The
corrosion rate values which were calculated as a result of the
experimental studies were compared with the corrosion rate
values calculated with the help of the created equation. The
soil in the experimental environment that was created for the
comparison of corrosion rates was brought from different
regions of Turkey, where pipeline corrosion processes are
common. The soil analysis data of the experimental
environments, the applied cathodic protection and AC
potential levels are shown in Table 5.

Table 3. The factors and levels examined in Taguchi experimental design

Factors Unit Level 1 Level 2 Level 3 Level 4
Cathodic protection mV -800 -1100 -1300 -1500
Salt concentration % 0.0036 1 1.5 3.5
AC potential \Y 2 10 20 40
Soil moisture content % 0.5 3 5 10
pH — 3 5 7.92 10
Table 4. L16 orthogonal array
Experiment Cathodic protection Soil salt_ AC potential level Soil moisture pH level
number level concentration content
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 3 1
16 4 4 1 3 2
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Table 5. Test environments where the regression equation and
field studies are compared

Units | Field soil | Field soil | Field soil
Factors
1 2 3
Cathodic |/ | 900 -1300 -1100
protection
pH - 8.18 9 8.79
AC V 40 10 20
salt . % 0.0122 0.0036 0.0201
concentration.
Soil moisture % 1.24 0.5 0.56

3. RESULTS AND DISCUSSION

Corrosion rates were calculated by weighing the
corrosion coupons before and after the experiments and
converting weight loss values to corrosion rate through
Eq. 2:

Reorr = (%): )

where Reor IS the corrosion rate in mm/year, W is weight loss
in mg, D is density of specimen in g/cm?, A is an area of
coupon in cm?, T is test time in hour respectively.
Although the dimensions of the corrosion coupons are the
same, to calculate the coupon surface area in equation 2, the
coupon sections were determined by measuring separately
with a caliper, so that possible changes in dimensions that
may occur while preparing the coupon were considered.
The experiments were carried out in the reference
environment based on the orthogonal array which is given
in Table4. The average corrosion rates and standard
deviations, which were obtained by repeating each
experiment 3 times, are shown in Table 6. According to the
corrosion rates in the orthogonal array, the highest corrosion
rate was calculated as 0.320 mm/year which is at the "good"
level based on the corrosion resistance classification of
ferrous metals. At the lowest corrosion rate
(0.041 mm/year) the corrosion resistance is at an “excellent”
levels. All corrosion rate values calculated as a result of the
experiments are at "good" and "excellent" resistance level.
In addition "weak" and "unacceptable" levels could not be

reached in the environment where the experiments were
carried out. It is considered that it is possible to see these
levels if the experiments were carried out in a salty water
environment instead of soil or by changing the amounts of
other factors that affect the corrosion rate, not examined
within the scope of this study.

In addition, the S/N ratios for the smallest best are
shown in Fig.3 for each studied factor level. The
contributions to the corrosion rates and probability values of
the studied factors are shown in Table 7. According to the
S/IN graphs created with the Taguchi statistical analysis
method, the lowest corrosion rates occur when the cathodic
protection level is -1500 mV, soil salt concentration is
0.0036 %, AC potential is 2 V, the soil moisture content is
0.5 % and the pH value is 10. When the contribution rates
of the factors to the corrosion rate are examined, it is seen
that the effect of soil moisture content on the corrosion rate
is the highest and the pH factor is the least. In addition,
considering the probability values (P), the probability of the
pH level is found to be greater than 0.05 which shows that
among the studied factors and levels, only the pH factor is
statistically ineffective in the experimental results. In the
literature, it is stated that there is a close relationship
between the moisture content of the environment and
corrosion rate, and corrosion will increase rapidly as a result
of increasing moisture [3]. In this case, the high effect of
moisture content on corrosion rate from our experiments
shows congruence with available literature. Additionally,
the result of the minimum effect of the pH factor on the
corrosion rate is also compatible with the evidence base
where the pH does not have a direct effect on the corrosion
rate and can only be effective in the formation of corrosion
together with other factors [1, 6].

The compatibility of the corrosion rates found as a
result of the experiments with the regression model is shown
in Fig. 4. Experimental corrosion rates and fitted corrosion
rate values are largely close to each other. Also, the
competence of the regression model can be verified by using
the regression spread range [28]. This range (R-Sq) is
89.2 % for experimental corrosion rate results whereas
adjusted R-Sq is 88.5 %.

Table 6. Calculated corrosion rates and standard deviations based on the L16 orthogonal array.

Cathodic Salt concentration. % AC potential, Moisture oH level Average corrosion | Standard deviation,
protection, mV ' Vv content, % rate, mm/year mm/year
-800 0.0036 2 0.5 3 0.125 0.009
-800 1 10 3 5 0.155 0.009
-800 15 20 5 7.92 0.178 0.015
-800 3.5 40 10 10 0.320 0.035
-1100 0.0036 10 5 10 0.060 0.013
-1100 1 2 10 7.92 0.150 0.020
-1100 15 40 0.5 5 0.134 0.019
-1100 3.5 20 3 3 0.122 0.012
-1300 0.0036 20 10 5 0.127 0.014
-1300 1 40 5 3 0.140 0.013
-1300 1.5 2 3 10 0.047 0.011
-1300 3.5 10 0.5 7.92 0.065 0.009
-1500 0.0036 40 3 7.92 0.071 0.009
-1500 1 20 0,5 10 0.041 0.008
-1500 1.5 10 10 3 0.171 0.010
-1500 3.5 2 5 5 0.107 0.014
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Fig. 3. Main effects plot for S/N ratio

Table 7. Regression analysis results

Studied factors COI’III‘.IbUtIOH to Probability
corrosion rate, %
Cathodic protection 31.64 0.0002
Salt concentration 9.53 0.0140
AC potential 11.62 0.0080
pH 1.99 0.2040
Moisture content 34.46 0.0001

These ratios proove that the fitted corrosion rates with
the regression model are close to the rates measured in the
experimental environment. Furthermore, the average
corrosion rates calculated as a result of the experiments
which were repeated 3 times in different field soils and the
corrosion rates calculated with the help of the linear
regression model are compared for confirmation and the
results are shown in Table 8. The corrosion rate calculated
as a result of the experiments carried out in the field soil 2
environment close to these levels constituted the lowest
corrosion rate obtained in all the experiments. It is
understood that these factor levels are close to the ideal
found with the Taguchi analysis, and should be taken into
account while determining pipeline routes. The highest
difference in corrosion rate, both in value and proportion,
was determined between the field soil-3 experiments and the
corrosion rates calculated with the regression equation.
When the field soils are compared with the reference, it is
seen that the greatest difference in field soil-3 environment
is in salt concentration, compared to the others. It is
considered that the reason for the high error is due to the
different mineral and compound content that creates this salt
concentration and affects the salt concentration of the soil
environment [29].

Also, the difference between corrosion rates calculated
with the regression equation and corrosion coupons in field
conditions is realized as 0.018 mm/year at most. The
difference between the corrosion rates is not at a level that
can cause a change in the corrosion resistance classification.
In addition, according to another study that created
regression models and compared them with the
experimental results, it is stated that the linear regression
model, which is created to predict the ideal PET/PVP fiber
diameters, gives closer values to the experimental results.
Also, it is stated that applications of the Taguchi
experimental design and linear regression model together
create the most ideal combination for their study results
[30]. Similar to previous literature, the corrosion rates
calculated with linear regression and calculated as a result
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of the experiments are of equal importance in terms of
corrosion risk assessment in pipeline operation.
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Fig. 4. Representation of corrosion rate results on linear regression
model

Table 8. Comparison of the corrosion rates calculated in different
experimental environments with the rates calculated with
the regression equation

Corrosion rates, mm/year F'.EId F'?Id F'?Id
' soil 1 soil 2 soil 3

Calcula_ted with linear 0.132 0.016 0.063
regression
Calculated with corrosion
coupons in the experimental 0.133 0.017 0.045
environment
Standard deviations of
corrosion rates in 0.012 0.005 0.013
experimental environment

In the existing literature, the risk of corrosion occurring
in the material is correlated with the AC current density
values measured on the steel while examining the effects of
AC interaction on the corrosion rate of steel materials
[10, 11]. Evaluation of AC corrosion risk in natural gas
pipeline operations in Turkey is made considering AC
current density and AC potential values together over the
pipeline. For this reason, both values are taken in all
experimental studies. It is determined that AC current
density values change between 1.6 A/m? and 80 A/m? when
the AC potential measured over the pipe is kept constant at
40 volts during the experiment. The current density value of
1.6 A/m? is determined when the moisture content of the soil
is 0.5% and 80 A/m? is determined when the moisture
content is 10 %. An increase in soil moisture content causes
a decrease in soil resistance and in soils with low resistance;
there is an increase in AC currents passing from the pipe to
the corrosion coupon. Itis also stated in studies that high AC
current densities are measured in environments with low
ground resistance [31]. For this reason, the relationship
between the AC current density and soil moisture content
obtained as a result of the study is in accordance with the
literature. There is a corrosion risk if the AC current density
value measured on the corrosion coupon for a certain period
(such as 24 hours) is 30 A/m? or more based on I1SO 18086
standard [10] which classifies the corrosion risk that occurs
as a result of the AC interaction in steel materials.
Considering this standard, AC corrosion should be
evaluated in an environment with 40 volts AC and 10 %
moisture content, where 80 A/m? is observed. However,
there is no risk of AC corrosion in the case where the AC



potential value measured on the pipe is the highest (40 volts)
but the moisture content of the tested soil is the lowest (0.5).
AC levels of 30 A/m? and above, which are considered
critical in terms of corrosion risk can be reached by
increasing both the moisture content and applied AC
potential under the reference test conditions.

During the experimental studies, different buffer the
solutions were used to adjust the pH value to required levels.
Although the solutions used brought the pH values to the
desired working levels, they also changed the moisture
content of the soil before the experimental study. This is
seen as a problem especially when the moisture content of
the soil should not be changed while adjusting the pH level.
In this study, it was attempted to address this by the
application of short-term drying in the environment before
the experiment. In doing so, changes in the soil moisture
content had a limited effect on the soil pH value. Keeping
the moisture constant throughout the experiment ensured
that the pH value remained constant.

Although the effect of moisture content, salt
concentration and pH level on the corrosion rate was
investigated during the experimental studies, there are also
different factors such as magnesium, calcium, sulfate and
electrical conductivity that affect the corrosiveness of the
soil environment. While analysing the studied soil
environment, the levels of these factors were also found, but
the effect of these factors on the corrosion rate was not
investigated through our experiments. The levels of these
factors were determined to form the basis for future studies on
other factors affecting soil-borne corrosion.

4. CONCLUSIONS

Corrosion rates for X 65 steel pipes under field
conditions were measured for the change of five different
factors in soil samples taken from different regions in a
controlled experimental environment. The corrosion rate
estimations as a result of variations in the studied factors
were made using the regression analysis and the following
conclusions could be deduced:

It was observed that among the factors studied, soil
moisture content affected the corrosion process in steel
pipelines the most. In addition, the effect of cathodic
protection on pipeline corrosion was close to the effect of
moisture content. AC interference and soil salt
concentration affected pipeline corrosion rate at the same
level but fell below moisture content and cathodic
protection. Considering that the pH values in the routes
where the pipelines pass are generally in the range of 5-8,
the pH effect on the pipeline corrosion was the least.

Although the effect of AC interference on steel
corrosion was less than the moisture content of soil and
cathodic protection, greater AC current output occurs from
coating damage on pipelines passing through routes with
high moisture contents. This situation increases the
corrosion risk in steel materials and reveals the necessity of
evaluating the AC interaction together with the soil moisture
content.

According to the signal/noise ratios, the greatest
contribution to obtaining the lowest corrosion rate was made
by bringing the cathodic protection level applied to the
pipeline between -1300 mV and -1500 mV (SCE). These
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value ranges can be taken into account in determining the
levels of cathodic protection used to reduce corrosion in
natural gas pipeline operations.

With the linear regression equation which was derived
from the linear regression model, it was possible to find the
corrosion rates depending on the five studied factors.
Although there are many factors that change the corrosion
rate of the X 65 pipe in the soil, a close estimate of the
corrosion rate in the pipes is made by evaluating the five
most important factors identified through existing literature.
By finding the corrosion rates with the help of the regression
equation with high accuracy, the corrosion rates that may
occur in the field conditions can be predicted during the
pipeline planning stage and thus the selection or change of
the pipeline route, the selection of the material wall
thickness, and planning of pipeline control and maintenance
process can be made in the most effective and efficient
ways.

Acknowledgments

We would like to thank our colleague Abdurrahman
EROL, who contributed to the realization of this study and
all colleagues in the unit where we work.

REFERENCES

1. Wasim, M., Shoaib, S., Mubarak, N.M., Inamuddin Asiri,
A.M. Factors Influencing Corrosion of Metal Pipes in Soils
Environmental Chemistry Letters 16 (681) 2018: pp. 1-19.
http://dx.doi.org/10.1007/s10311-018-0731-x

Quej-AkKé, L., Nava, N., Espinosa-Medina, M.A.,
Liu, H.B., Alamilla, J.L., Sosa, E. Characterization of
Soil/Pipe Interface at a Pipeline Failure After 36 Years of
Service Under Impressed Current Cathodic Protection
Corrosion Engineering, Science and Technology 50 (311)
2015: pp. 311-319.
https://doi.org/10.1179/1743278214Y.0000000226

Gupta, S.K., Gupta, B.K. Critical Soil-Moisture Content in
the Underground Corrosion of Mild Steel Corrosion Science
19 1979: pp. 171-178.
https://doi.org/10.1016/0010-938X(79)90015-5

Noor, E.A., Al-Moubaraki, A.H. Influence of soil moisture
content on the Corrosion behavior of X60 steel in different
soils Arab Journal Science Engineering 39
2014: pp. 5421 -5435.
http://dx.doi.org/1007/s13369-014-1135-2

Rajani, B., Makar, J. Methodology to Estimate Remaining
Service Life of Grey Cast Iron Water Mains  Canadian
Journal of Civil Engineering 27 2000: pp. 1259-1272
http://dx.doi.org/10.1139/cjce-27-61259

Ismail, A.1.M., EI-Shamy, A.M. Engineering Behavior of
Soil Materials on the Corrosion of Mild Steel Applied Clay
Science 42 2009: pp. 356 —362.
https://doi.org/10.1016/j.clay.2008.03.003

Marusié, K., Kekez, K., Martinez, S. Comparison of Soil
Properties Measurements in Pipeline Corrosion Estimation
Materials and Corrosion 70 (9) 2019: pp. 1700—1707.
https://doi.org/10.1002/mac0.201810768

Hu, J., Cao, S., Xie, J. EIS Study on the Corrosion Behavior
of Rusted Carbon Steel in 3% NaCl Solution Anti-Corrosion
Methods and Materials 60 (2) 2013: pp. 100 - 105.

https:// dx.doi.org/10.1108/00035591311308074


http://dx.doi.org/10.1007/s10311-018-0731-x
http://dx.doi.org/10.1007/s13369-014-1135-2
https://doi.org/10.1016/j.clay.2008.03.003
https://doi.org/10.1002/maco.201810768
http://dx.doi.org/10.1108/00035591311308074

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Goidanich, S., Lazzari, L., Ormellese, M. AC Corrosion
Part 2: Parameters Influencing Corrosion Rate Corrosion
Science 52 2010: pp. 916 -922.
https://doi.org/10.1016/j.corsci.2009.11.012

1SO 18086. Corrosion of Metals and Alloys - Determination
of AC Corrosion Protection Criteria. Geneva, Switzerland.
20109.

Jiang, Z., Du, Y., Lu, M., Zhang, Y., Tang, D., Dong, L.
New Findings on the Factors Accelerating AC Corrosion of
Buried Pipeline Corrosion Science 81 2014: pp. 1-10.
https://doi.org/10.1016/j.corsci.2013.09.005

BS 15589-1. Petroleum, Petrochemical and Natural Gas
Industries - Cathodic Protection of Pipeline Systems. London,
U.K. 2015.

Lilly, M.T., Ihekwoaba, S.C., Ogaji, S.O.T., Probert, S.D.
Prolonging the Lives of Buried Crude Oil and Natural Gas
Pipelines by Cathodic Protection Applied Energy 84 (9)
2007: pp. 958—-970.
http://dx.doi.org/10.1016/j.apenergy.2007.03.002

Phadke, M.S. Quality Engineering Using Robust Design.
Prentice Hall PTR, New Jersey, 1995: p. 4.

Serencam, H., Ucurum, M. Performance Evaluation of
Adsorption Properties for Ni(ll) Removal with Flying Ash
Using Taguchi Experimental Design Journal of Engineering
Sciences 8 (1) 2019: pp. 336—344.
https://doi.org/10.28948/ngumuh.517135

Gural, G. Master Thesis. Optimization of the Process
Parameters in Gas Metal Arc Welding. University of Dokuz
Eylul, 2003.

Jula, M., Dehmolaei, R., Zaree, S.R.A. Statistical Approach
to the Corrosion Behavior of Dissimilar Welds of A 387-Gr
91/AISI 316 Steels with PCGTAW Process  Journal of
Advanced Materials and Processing 5 (1) 2017: pp. 3—12.

Zedin, N.K., Mahdi, M.A., Salman, R.A.K. Optimization
Corrosion Protection Parameters of Steel Pipeline by Using
Taguchi Experimental Design Engineering and Technology
Journal 34 (4) 2015: pp. 751-761.

Fontana, M.G. Corrosion Engineering. 3rd ed. McGraw-Hill
Book Company, Singapore, 1986: pp. 172.

Shabangu, T.H., Ponnle, A.A., Adedeji, K.B., Abe, B.T.,
Olubambi, P.A., Jimoh, A.A. Effects of Soil Properties on
Corrosion of Buried Steel Pipeline IEEE Africon
2015: pp. 1-5.
https://doi.org/10.1109/AFRCON.2015.7331942

(SMOM

indicate if changes were made.

194

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bardal, E. Corrosion and Protection Chapter 8 -
Corrosion in Different Environments. Springer, London,
2014: p. 193.

ASTM G1-03. Standard Practice for Preparing, Cleaning,
and Evaluating Corrosion Test Specimens, ASTM
international, West Conshohocken, Pennsylvania, U.S.A.
2017.

Camyilmaz, E., Kutay, F. Alternative Approach to
Analysis of Variance in Taguchi Method Journal of the
Faculty of Engineering and Architecture of Gazi University
18 (3) 2003: pp. 51-63.

Yildirim, S. Master Thesis. Product Design Improvement;
Taguchi Design. University of Baskent 2013.

Ic, Y.T., Yildirim, S. Improvement of a Product Design
Using Multi Criteria Decision Making Methods with Taguchi
Method Journal of the Faculty of Engineering and
Architecture of Gazi University 27 (2) 2012: pp. 447 —458.

Nas, E., Ozbek, N.A. Optimization the Machining
Parameters in Turning of Hardened Hot Work Tool Steel
Using Cryogenically Treated Tools Surface Review and
Letters 27 (5) 2020: pp. 1-14.
https://doi.org/10.1142/S0218625X19501774

Yurdakul, M., Giines, S., i¢, Y.T. Improvement of the
Surface Quality in the Honing Process Using Taguchi Method
Journal of the Faculty of Engineering and Architecture of
Gazi University 31 2016: pp. 394 —399.

Arunachalam, S., Perumal, S. Investigation of Effect of
Graphite Particles on Drillability of Metal Matrix
Composite Materials Science (Medziagotyra) 22 (3)
2016: pp. 390—396.
https://doi.org/10.5755/j01.ms.22.3.9724

Davis, J.R. Corrosion Understanding the Basics. ASM
International, Ohio, U.S.A 2000: pp. 194.

Shahrabi, S., Barzin,J., Shokrollahi, P.  Statistical
Approach to Estimate Fiber Diameter of PET/PVP Blend
Electrospun Using Taguchi Method and Fitting Regression
Model Materials Research Express 6 (2) 2019: pp. 1-18.
http://dx.doi.org/0.1088/2053-1591/aaeaf6

Wakelin, R.G., Gummov, R.A., Segall, S.M. AC Corrosion
— Case Histories, Test Procedures and Mitigation NACE
International 565 (1) 1998: pp. 565/1 —565/14.

© Balcik et al. 2023 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and


https://doi.org/10.1016/j.corsci.2009.11.012
https://doi.org/10.1016/j.corsci.2013.09.005
http://dx.doi.org/10.1016/j.apenergy.2007.03.002
https://doi.org/10.28948/ngumuh.517135
https://doi.org/10.1109/AFRCON.2015.7331942
https://doi.org/10.1142/S0218625X19501774
https://doi.org/10.5755/j01.ms.22.3.9724
http://dx.doi.org/10.1088/2053-1591/aaeaf6

