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ABSTRACT
This study is based on one of the corrosion control which is cathodic protection on impressed current cathodic
protection (ICCP). The purpose of this study is to investigate the effect of pH and moisture content on corrosion
current density of ICCP for carbon steel pipe. Several factors could affect the corrosion current density including pH
and moisture content of the soil. This study will be conducted by investigate the effect of these variables on current
density using one-factor-at-a-time (OFAT) method and response surface methodology (RSM) via face centered central
composite design (FCCCD) using Design-Expert 6.0.6 software. The results of this study is analyses via analysis of
variance (ANOVA) and used to illustrate the interactions between variables on current density by graphical, equation
and modeling which are response surface plots (three-dimensional plots-3D) and contour plots (two-dimensional
plots-2D).
KEYWORDS
Current density, impressed current cathodic protection (ICCP), one-factor-at-a-time (OFAT), response surface
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1.

INTRODUCTION

Underground metal structures are generally expected to have a long
operational life, frequently 50 to 100 years. Metal structures such as
natural gas, crude oil and water pipelines are only some of the many
structures reported to have been affected by soil corrosion around the
world [1]. In term of financial and costing, cost of the corrosion has been
estimated around $300 billion annually in the United States included the
cost of failures, capitals and operations and maintenances [2]. Basically, it
takes high cost to repair the damages and losses, and surely it has some
methods to protect the material and need to be carried out in order to
minimize the corrosion rate.
Corrosion is defined as a natural process occurs when metals return to
their original state through a chemical reaction known as oxidation. This
damage is one of the leading causes affecting the pipelines to leak and
rupture. It also weakens the material strength and causes the material to
fail and break down. In order to avoid and prevent metal from corrosion,
several methods might be generally used to protect materials such as
coating and cathodic protection method [3]. There are two types of
cathodic protection methods which are impressed current cathodic
protection (ICCP) and sacrificial anode. These methods are effective
electrochemical techniques for reducing or preventing metal structures
from being corroded by minimizing the difference in potential between
anode and cathode, and commonly used in big structures or material
protections [4].
It has been a challenge since the last few decades to study and investigate
the factors affecting the current density of ICCP required to maintain the
metals at the correct protection potential. Several factors need to be
considered and measured which affecting the current density requirement
such as pH and moisture content [5]. A large quantity of experiments, tests
and analysis have been conducted by the researchers [4-7]. Nevertheless,
the interactions between these variables such as pH and moisture content
towards current density on ICCP has not yet been fully developed.

The objective of this study is to investigate the effect of pH and moisture
content on current density requirement of ICCP using one-factor-at-a-time
(OFAT) and response surface methodology (RSM). In conservative OFAT
aspect, the corrosion factors are used by changing only one factor while
holding the other factors to be constant. This approach is easiest and
simplest to apply and mostly helps in selection of significant parameters
affecting the current density requirement. However, this method is not
only time restrictive, but also ignore the combined interaction among
factors [8].
Conversely, the statistical RSM is a useful model for simultaneously
studying the effect of several factors influencing the current density
requirement. The other advantage of RSM is reduces the number of
experiments required. The use of factorial designs and regression analyses
for generating empirical models make RSM a good statistical tool [9].
2. EXPERIMENTAL
2.1 Experimental Design
In this study, the type of pipe used was carbon steel pipe (schedule 40 pipe
dimension) as a structure or specimen with 3/4 inch size, 26.67 mm
external diameter, 20.93 mm internal diameter, 2.87 mm nominal
thickness and 1400 mm length including the fitting. The type of anode
electrode used was platinum and the reference electrode was copper in
copper (II) sulfate (Cu/CuSO4). The mass of sieved sand was 6.00 kg with
diameter range of 0.105-0.250 mm.
Many physical and chemical parameters influenced current density
requirement. The effect of pH and moisture content on current density
requirement were investigated using OFAT method and RSM via FCCCD in
order to get the interaction effect of those two variables on current density
requirement.
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2.2 Sample Preparation

2.2.2

A carbon steel pipe as structure/specimen electrode was polished by using
sand paper. The dimension of carbon steel pipe was measured and the
total surface was calculated. Then, it was connected to the
structure/specimen point on direct current (DC) feeder panel by using a
wire connector. The reference electrode (Cu/CuSO4) was connected to the
reference point. An anode electrode (platinum) was connected to anode
point. The carbon steel electrode, reference electrode and anode electrode
were submerged into a container that contained the dry sieved sand.

The moisture content from the total mass of solution which is 6.0kg of
sieved sand and tap water was used and the percentages of moisture
content were measured by using Equation 1.

Then, natural electrode potential reading was recorded on both panels
(measure panel and DC feeder panel) of cathodic protection training
bench. The constant potential control was chosen and set rather than
constant current control/limited voltage control. Base current and
protection potential were set to zero and the value of output current and
output voltage were maximized. The potential criterion was set to 0.85A
based on National Association of Corrosion Engineers (NACE) standard
RP0169 [10]. The impressed current (A) and potential value (V) were
recorded immediately. The polarization test was started at time interval of
3 seconds when the readings were constant to make sure that the
electrode has been fully polarized. The current and potential value were
taken once a stable potential was achieved.

2.3 Study on the effect of variables on the current density
requirement using one-factor-at-a-time (OFAT) method

2.2.1

pH

pH was adjusted by using 1.0 M sodium hydroxide (NaOH) and 0.1 M
hydrogen chloride (HCl) solutions and determined by using digital pH
meter.

Moisture Content

𝑚𝑎𝑠𝑠, 𝑚 (𝑘𝑔) 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝑋 100 %
𝑚 𝑜𝑓 𝑠𝑖𝑒𝑣𝑒𝑑 𝑠𝑎𝑛𝑑 + 𝑚 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
= 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝑠 (%)
(1)

The experimental design using OFAT method is shown in Table 1. The
effect of each factors on ICCP were evaluated, and the conditions were
selected based on experimental results and trends.
2.4 Study on the effect of variables on current density requirement
using response surface methodology (RSM) via face centered central
composite design (FCCCD)
The results obtained from the OFAT method served as a preliminary work
to set the ranges and levels of each factor for RSM study as shown in Table
2. The levels of each factor were coded as -1, 0 and 1. pH and moisture
content were coded as A and B, respectively. A complete design matrix,
consisting 13 experimental runs is shown in Table 3 together with the
variations of two factors.

Table 1: The experimental design using OFAT method
Factor studied
Effect of pH

Effect of Moisture Content

Run

pH

Moisture Content (%)

1
2
3
4
5

3.00
5.00
7.00
9.00
11.00

20
20
20
20
20

6
7
8
9
10
11

7.00
7.00
7.00
7.00
7.00
7.00

0
10
20
30
40
50

The experimental data was fitted to seven types of model which were
mean, block, linear, two-factor interaction (2FI), quadratic and cubic
polynomials. The good model to represent the effect of all factors was
selected based on several factors including [11]: (i) the highest order
polynomial model where the additional terms were significant, (ii) the
model with insignificant lack-of-fit, (iii) low standard deviation (SD), high
R-squared (raw, adjusted and predicted) and low predicted residual sum
of squares (PRESS).

Table 2: Experimental range and the levels of the two independent
variables employed in RSM in terms of actual and coded factors.
Factor

Coding

pH

A

Moisture

B

Unit

%

Level
-1

0

1

5.00

7.00

9.00

20

30

40

Table 3: Experimental designs used in RSM studies
Run
1

Factors
A
9.00

B
30

2

5.00

30

3

7.00

30

4

7.00

30

5

7.00

40

6

5.00

40

7

5.00

20

8

7.00

30

9

9.00

40

10

7.00

20

11

7.00

30

12

7.00

30

13

9.00

20
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2.5

Current Density, J
(A/m2)

Then, the RSM results were analysed via analysis of variance (ANOVA)
using Design-Expert 6.0.6 software. The significant model terms were
selected based on the P value with 95% confidence level. Model terms with
P value of more than 0.05 were considered as insignificant. The regression
model for current density requirement was generated based on the
significant terms [8, 12].
Model Validation

Three additional experimental runs as shown in Table 4 were carried out
to compare the experimental data and predicted data within 90%
confidence level used to calculate by using Design-Expert 6.0.6 software
[12].
Table 4: Experimental runs of each factors on current density
Run

Goal

pH

1
2
3

In range
In range
In range

6.00
6.00
8.00

Moisture
Content (%)
25
35
35

Figure 2: Effect of moisture content on current density
Water is a part of essential electrolyte required for electrochemical
corrosion reactions and prerequisite for functioning of corrosion cell. In
this case, corrosion occurred importantly only if dissolved oxygen was also
present. Water rapidly dissolved oxygen from the air, and this was the
source of the oxygen required in the corrosion process. Water itself also
dissociated to a small extent to produce equal quantities of H+ and OH- ions
[17]. Moisture content at 0% was shown that there was almost no current
density due to no water and less rapidly dissolved oxygen.

3. RESULTS AND DISCUSSION
3.1 One-factor-at-a-time (OFAT) Analysis
3.1.1

Effect of pH

Based on Figure 1 presented the effect of pH on current density
requirement on the carbon steel pipe at 20% of moisture content. The
current density decreased with the increasing of pH until the pH at 7.00.
After that, the current density showed an inward trend.
Acidic and alkaline solutions are more corrosive compared to neutral
solution and might dissolve metals such as carbon steel pipe. As a
consequence, it might increase the corrosion rate [13]. In addition,
according to Kim et al., the current density requirement was affected by
the presence of both atomic hydrogen or molecular hydrogen [14]. As a
result, the current in cathodic protection was needed at high ampere to
cover up the area of the metal as current density because of the presence
of hydrogen in acid solutions [15].

According to Faught D, it shows that metals have been buried in a certain
depth in the soil initially showed very high corrosion rates, and then
constant corroding at certain depth and moisture content and also affected
the current density [18].
The model equation for regression model was defined and coefficients of
the model equation were predicted and presented in Equation 3 as the
relationship of the effect of moisture content and current density
requirement.
Current density (A/m2) =
(-1 x10-5)(moisture content)2 + 0.0012(moisture content)
- 0.0009

Current Density, J
(A/m2)

3.2

y = 0.0017x2 - 0.0244x + 0.108
R² = 0.877

(3)

Response Surface Methodology (RSM)

3.2.1 Development of Regression Model Equation and Statistical
Analysis
The results of RSM are shown in Table 5. The current density was taken as
the response, Y.
Table 5: Experimental design matrix
Run
1

pH

2
3
4

Figure 1: Effect of pH on current density
The model equation for regression model from this graph was defined and
coefficients of the model equation were predicted and presented in
Equation 2 as the relationship of the effect of pH and current density
requirement.
Current density (A/m2) =
(0.0017) (pH)2 - 0.0244(pH) + 0.108
3.1.2

y = -1E-05x2 + 0.0012x - 0.0009
R² = 0.9848
Moisture Content (%)

(2)

Effect of Moisture Content

Figure 2 shows the effect of moisture content at different percentages to
the current density on the carbon steel pipe at pH 7.00. The current density
increased with the increase of moisture content until it was at 30%. After
that, the trend was keep constant and no change for the current density. It
shows that the current density in moisture condition was higher than in
case of dry. This might due to water served as electrolyte and current will
flow directly [16].

5
6
7
8
9
10
11
12
13

Current Density (A/m2)
0.04324
0.03454
0.02592
0.02601
0.02609
0.03454
0.02592
0.02609
0.04349
0.01731
0.02601
0.02609
0.03462

The best model polynomial model to describe the relationship of the
factors to the response was quadratic regression model. It fulfilled all the
good model criteria as stated in 2.4 subsection. The statistic summary for
every model is shown in Table 6.
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Table 6: Model summary statistics
Source

SD
x105

R-squared

Adjusted R-squared

Predicted R-squared

PRESS
x107

Linear
2FI
Quadratic
Cubic

679.10
715.80
6.50
6.92

0.3335
0.3335
1.0000
1.0000

0.2002
0.1114
0.9999
0.9999

-0.2407
-0.9651
0.9998
0.9993

8584.00
13600.00
1.14
4.98

One of the criteria was the lowest SD (6.50 x10-5) that indicated the model
deviate closed from the mean [19]. The highest values of R-squared (raw,
adjusted, and predicted) (1.0000, 0.9999, 0.9998) indicated the stronger
model is and the better it predicts the responses [20]. For a good statistical
model, the R-squared value should be close to one, the more fit the model
is deemed to be [1]. The lowest PRESS (1.14 x10-7), which is a measure of
how a particular model fitted each point in the design [21].
The response surface quadratic model via ANOVA is shown in Table 7. The

model equation for quadratic regression model was defined and
coefficients of the model equation were predicted. The model used was a
full quadratic equation obtained from RSM via FCCCD in terms of actual
factors are presented in Equation 4.
Current density (A/m2) =
+ 0.11764 - 0.043058(pH) + 2.98820 x10-3(moisture content)
+ 3.22573 x10-3(pH)2 - 4.28707 x10-5(moisture content)2
+ 3.12500 x10-6(pH)(moisture content)

(4)

Table 7: ANOVA for response surface quadratic model
Source

Sum of Squares
x104

Degrees of Freedom

Mean Square
x104

F Value

Prob > F

Model
A
B
A2
B2
AB

6.9180
1.1570
1.1570
4.5980
0.5076
0.0002

5
1
1
1
1
1

1.3840
1.1570
1.1570
4.5980
0.5076
0.0002

32752.74
27391.58
27225.50
108840.99
12015.36
3.70

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0959

3.2.2

Effect of Process Variables on Current Density Requirement

In the present study, RSM via FCCCD was utilised to model the effect of pH
and moisture content on current density requirement. The quadratic
polynomial model was suggested and statistically tested in the previous
subsection. In this subsection, the interaction effects between factors on
the responses were discussed.

The 3D plot and 2D plot of interaction between pH and moisture content
on the current density requirement were indicated by a saddle nature of
contour plot. A saddle contour plot means a point at the origin of the
surface that is a maximum response in one planar cross-section and a
minimum response in another section [22]. A saddle point was observed
in the central region over the contour [23]. It shown that the center of the
saddle curve was the minimum response of the current density
requirement was achieved as the pH at 6.85 and 34.72% of moisture
content.
3.3

Model Validation

This study is to investigate the interaction effect of those two variables on
current density requirement. Therefore, in order to validate these results,
three additional experimental runs were carried out at various conditions.
The result of validation runs were tabulated in Table 8. The mean and SD
of the experimental runs were calculated. In order to compare the
experimental data and predicted data, the ranges of 90% confidence level
were also determined. All the statistical data were calculated using IBM
SPSS Statistics Version 23 software.
Figure 3: Response surface of current density as a function of pH and
moisture content
The visualization of the predicted models (Equation 4) on the current
density for the significant interaction terms is shown in Figure 3 and 4 in
the form of response surface plot (3D) and contour plot (2D). The 3D plot
showed the interaction between the independent variables and the
responses, while 2D plot, line of constant response were drawn on the
plane of independent variables.

Table 8: Comparison between experimental and predicted data
Run

Response: Current Density (A/m2)
Experimental
Predicted

ε (error)

1
2
3
Mean

0.02292
0.02823
0.03325
0.02813

-0.00080
0.00008
0.00068
-0.00001

Standard Deviation
Range within 90% confidence level

0.02380
0.02815
0.03257
0.02817

0.00516
0.01942 - 0.03684

It was found that the mean was 0.02813 ± 0.00871 (A/m2). While the range
of current density requirement within 90% confidence level was 0.01942
A/m2 - 0.03684 A/m2. Since the predicted data were within the tested
ranges, it can be concluded that there is no difference between the
experimental values, and the predicted data within 90% confidence level
and the current density requirement as suggested by RSM via FCCCD is
valid.

Figure 4: Contour plot of current density as a function of pH and moisture
content

4. CONCLUSION
This study was carried out to investigate the effect of pH and moisture
content on current density requirement of ICCP using OFAT method and
statistical tool, RSM via FCCCD.
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i) In OFAT method, the relationship between the effect of pH on current
density requirement was:
Current density (A/m2) =
(0.0017)(pH)2 - 0.0244(pH) + 0.108

(2)

and the relationship between the effect of moisture content on current
density requirement was:
Current density (A/m2) =
(-1 x10-5)(moisture content)2 + 0.0012(moisture content)
- 0.0009

(3)

ii) While in RSM study, the interaction of the two factors (pH and moisture
content) on the current density requirement in model equation was:
Current density (A/m2) =
+ 0.11764 - 0.043058 (pH) + 2.98820 x10-3 (moisture content)
+ 3.22573 x10-3 (pH)2 - 4.28707 x10-5 (moisture content)2
+ 3.12500 x10-6 (pH)(moisture content)

(4)

The response surface plot and contour plot showed a saddle curve of
interaction between effect of pH and moisture content on the current
density requirement, which means that the center of the saddle curve and
contour plot was the minimum response of current density requirement
and achieved at pH 6.85 and 34.72% of moisture content.
In order to validate the model, three sets of experimental runs were
carried out and all the statistical data were calculated using IBM SPSS
Statistics Version 23 software. The range of current density within 90%
confidence level was 0.01942 A/m2 - 0.03684 A/m2 and there is no
difference between the experimental result and the predicted data within
90% confidence level and the current density requirement as suggested by
RSM is valid.
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