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ABSTRACT

Internal water pipe corrosion is a complicated problem due to the interaction of water quality parameters with
the pipe wall. This study presents investigations of internal pipe surface corrosion mechanisms related to water
physicochemical. Samples of water and corrosion-damaged ductile cast iron (30+ years) and galvanized steel pipe
(1520 years) were collected under in-situ condition from Addis Ababa city water distribution system. Scanning
electron microscopy and optical microscopy were used to examine the pipes’ corrosion morphology and micro-
structures, respectively. Additionally, Mountains 9 surface analysis software was used for further pitting corrosion
characterization.To identify the causes of internal pipe corrosion, water physicochemical analyses were conducted
by using inoLab pH 7310P, DR 900, Palintest Photometer 7100, and Miero 800. Water physicochemical test indi-
cates: CaCO; is 77-215 ppm, pH is 7.05 — 7.86, total dissolved solids (TDS) is 84.10-262.8 ppm, CIO, is 0-0.5
ppm, and dissolved oxygen (80-81 ppb). From water test results, major causes of internal pipe corrosion damage
mechanisms were identified as dissolved oxygen, CaCO,, TDS, ClO, and resistivity of water which initiates a dif-
ferential cell that accelerates pipe corrosion. Using Mountain 9 surface analysis software, corrosion morphology
and pitting features were characterized. The outputs of this paper will be helpful for water distribution and buried
infrastructure owners to investigate corrosion damage mechanisms at an early stage. To manage corrosion mecha-
nisms, water supply owners need to conduct frequent inspections, recording of pipe data, testing of water quality,
periodic pipelines washing, and apply preventative maintenance.

Keywords: internal corrosion; water pipes; water physicochemical; corrosion mechanisms.

INTRODUCTION

forms of internal corrosion can attack water pipe
walls including uniform corrosion, localized
corrosion, stress corrosion cracking (SCC), ero-
sion-corrosion, and crevice corrosion. Corrosion
forms variety of scales on the surface of metallic
materials including goethite (a-FeOOH), mag-
netite (Fe,0,), and lepidocrocite (y-FeOOH) [4].
Corrosion, on the other hand, can influence water
quality as a result of interactions with heavy met-
al traces such as Cu, Mn, Ni, Pb, Cr, and arsenic
that have collected inside water [5]. Furthermore,

Ferrous materials are widely used for differ-
ent industrial product applications due to their
versatility and mechanical properties. Despite be-
ing used for a variety of purposes, these materials
are vulnerable to corrosion, which weakens the
physical, chemical, and mechanical properties
of metallic materials while in service. Internal
corrosion is the time-dependent and slow degra-

dation of metals induced by an electrochemical
reaction [1, 2]. Internal pipes corrosion and the
formation of deposits on the pipe walls are influ-
enced by water quality parameters [3]. Different

pipeline deterioration and collapse are influenced
by a variety of elements, including the environ-
ment, pipe material, and operational service, all
of which contribute to pipeline damage [6].
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Uniform and localized corrosions are the
two common types of pipe corrosion damage
that cause failure before the expected service life
[7, 8]. As deposition and trace elements increase
in the water pipe, the wall becomes more dete-
riorated during the stagnant condition of water
flow [9]. Internal corrosion scales are made up of
several crystalline phases, including a-FeOOH,
Fe,0,, and y-FeOOH tend to be dominant, while
siderite (FeCO,), and hematite (Fe,0O,) are fre-
quently found as scales [10, 11]. Samples from
real-world pipe distribution systems, where envi-
ronmental conditions are complex can be studied
with the in-situ condition to get better results as
compared with laboratory tests [12]. Water hard-
ness containing calcite and calcium has been
consistently observed forming corrosion on the
wall of the pipe that is exposed to water that has
high hardness [13].

Several sorts of studies have been done in nu-
merous countries throughout the world, including
the National Science Foundation (USA), the Aus-
tralian Research Council (Australia), the Engi-
neering and Physical Sciences Research Council
(UK), and the National Research Council (Cana-
da) [14]. This demonstrates that the influence of
corrosion on buried metallic structures remains an
active research topic, as managing corrosion risk
is challenging due to a wide range of environmen-
tal and material corrosiveness. The mechanisms
of internal corrosion damage become dominant
over the pipelines as the service years increase
with the combined effects of environmental, ma-
terial, and corrosion attack. The influences of
water pipeline failure mechanisms are broadly
classified into two categories: (1) structural dete-
rioration that is unable to withstand stresses act-
ing on it, and (2) the slow reduction of pipe wall
caused by corrosion and water pressure degrades
structural capacity and water quality. Water pipe
corrosion damage mechanisms are related to soil
condition [15, 16], microorganisms [17], and wa-
ter quality parameters [3].

Pitting corrosion is the main problem of wa-
ter pipes which damages localized pipe surfaces.

Table 1. The number of pipe samples and methods used

It has a progressive damaging process including
pitting initiation, propagation, and termination
that go through until leakage formation. During
the initiation stage, the film cracks at first condi-
tion due to a variety of causes such as pipe and
environment interaction, non-homogeneity in the
corrosion scale, and the presence of chloride and
fluoride. When the films break, a stagnant water
condition can cause localized pitting on the pipe’s
surface due to deposits. Furthermore, oxygen, and
water moisture combine to generate electrochemi-
cal reactions at the cathode, forming hydroxide
ions, and at the anode, causing metal dissolution
Eqns. 1 and 2.

H,0 + 0, + 4e—>40H (1)
Fe + 2e — Fe?* )

This study aims to investigate internal corro-
sion mechanisms and to characterize their effects
on the pipe wall. The results obtained from this
study have various useful applicable information
for the industries and water distribution system
owners to keep water quality, predict the lifetime of
buried materials, apply planned pipe maintenance
and replacement activities, and corrosion control.

MATERIALS AND METHODS

Sample collection and preparation

Five in-situ condition corrosion damage (CD)
of 100 mm diameter galvanized steel (GS) sam-
ples that had been in service for more than 15-20
years and four 350 mm diameter ductile cast iron
(DCI) water mains samples served for more than
30 years were collected from Addis Ababa city’s
water distribution systems (WDS) for corrosion
characterization. In addition, new pipe samples
were prepared for microstructural study from
each type of pipe Table 1.

The coating thicknesses of DCI and GS pipes
were 25 and 55 pm respectively. The pipe’s el-
emental compositions of galvanized steel and
ductile cast iron were determined using a spark

Sample type

Number of samples

Testing method

Corroded pipe: 4

Ductile cast iron

New pipe: 1

e Surface analysis software (Mountains)

Corroded pipe: 5

o Water laboratory test.

Galvanized steel pipe

New pipe: 1

e SEM, OM
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@ Sample site

/

Fig. 1. Sites of water samples and iron
pipes collected in the municipal

spectrometer. The samples were dust-free after
being cleaned with a cotton cloth and ground with
silicon carbide abrasive paper. Then the spectrom-
eter (of Oxford Instruments PMI-Master Smart,
Germany) was calibrated. To eliminate the pos-
sibility of inaccuracy, each sample surface was
tested (burned) three times at different locations
to obtain average reading values, as shown in Ta-
bles 2 and 3, respectively. Meanwhile, five water
samples were collected from the same locations

Table 2. Elemental compositions of galvanized steel pipe

for the analysis of internal corrosion factors from
water quality Fig. 1.

Figures 2a and b show internal corrosion
patterns of ductile cast iron and galvanized pipes
respectively. Compared to the two pipes, more
corrosion damage was observed on the galva-
nized pipe wall. In addition, corrosion scale and
localized pitting corrosion were detected visu-
ally at the macro level.

Image processing

Mountains 9 digital surface analysis software;
Digital Surf, France was used to characterize cor-
rosion morphology and pitting features. The soft-
ware detects the images situation based on the
method of threshold segmentation of ISO 25178-2
[18] watershed standard to determine corrosion
characteristics from the sources of SEM images.

Test of water physicochemical

Water parameters were tested using laborato-
ry equipment such as the Miero 800, Burete Lab
pH 7310p, DR 900, and Palin test Photometer

Elements by wt.%

C Mn Si Ni P Mo Cr S \% Al Fe
0.087 0.41 0.117 0.06 0.01 0.01 0.10 0.01 0.09 0.05 Bal.
Table 3. The material composition of ductile iron pipe in wt.%
Parameter Elements
Pipe C Mn P S Si Ni. Cr Mo Cu Ti Mg Fe
DIP 3.600 | 0.340 | 0.090 | 0.032 | 2.250 | 0.060 | 0.070 | 0.001 0.080 0.14 0.008 | Balance
( N

Pipe wall corrosion

Internal corrosion details

Fig. 2. Photographs of internal pipe corrosion morphology:
(a) Ductile cast iron pipe and (b) Galvanized steel pipe
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7100 (Germany 2018) for detecting conductivity,
total hardness, water pH, chlorine dioxide, and re-
leased iron test were used to identify major causes
of internal pipe corrosion damage.

Characterizations of pipe materials

New galvanized steel (GS) and ductile cat iron
(DCI) pipe materials were prepared for the char-
acterization of microstructures. Optical microsco-
py (OM, Huvitz HR-300 series, Huvitz, Gunpo,
Korea) was used to analyze the microstructures
and whether defects are available or not during
the manufacturing process that can contribute to
corrosion. Sample preparation procedures were
done following the procedures including cut-
ting, mounting and grinding using different sizes
of emery paper grit numbers including 400, 800,
1200, and 2000. The pipe specimens were then
polished with a grit of 6-micrometer disc before
being etched into the solution of ethanol 50 ml
and 1% of HNO, for 3 seconds to produce a mir-
rored surface before OM analysis. Additionally,
corroded water pipe samples were prepared from
each type of DCI and GS pipe having 15 mmx 15
mm to study internal pipe corrosion morphology
by using SEM JEOL Japan, Kyoto, Japan.

Determining corrosion rate

The mass loss of corroded pipes was evalu-
ated based on the usual corrosion rate calculation
model considering buried exposure time (in-situ
condition) from the period of pipe installation up
to the failure was determined in terms of mass
loss per unit area Eqn. 3.

K. AW

Crate = Aot (3)

where: AW is mass change and Cp4¢ is the rate of
corrosion are in g and mm/y, respectively;
A is the corroded surface area in cm?;
tis buried time in hours; K= 8.76 x 10* is
a constant value of error minimization and
p=17.86 g/cm? is the density of steel pipe.

RESULTS AND DISCUSSION

Analysis of water physicochemical parameters
Internal pipe corrosion is influenced by water
physicochemical parameters such as alkalinity,
protective film stability, and low pH, as well as
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the presence of heavy metals in the drinking wa-
ter, which can induce corrosion and pose a health
risk. Similarly, corrosion mechanisms such as dis-
solved oxygen concentration, erosion-corrosion
and corrosion behavior of the pipes were identi-
fied as the key internal pipe corrosion damage.
The other corrosion mechanism of the pipe wall is
the alloying process of pipe manufacturing due to
the contact of dissimilar alloying elements which
form galvanic corrosion. To mention collectively,
the main pipe failure mechanisms are corrosion,
the presence of defects during manufacturing,
the impact of some water physicochemical, and
water flow rate with high pressure. The results
of the water physicochemical laboratory test are
shown in Table 4. The pH of the water was found
to be between 7.05 and 7.86, which is within the
standard of WHO range of 6.5 to 8.5 (4" edition,
2011) [19] and has no influence on pipe corro-
sion. The lower level of CIO, (0.0-0.5 ppm), on
the other hand, implies that the amount is being
highly influenced by pipe wall corrosion.

Chlorine dioxide is used in drinking water as
a disinfectant; however, it has a degrading impact
on pipe walls [20]. Under the electrochemical pro-
cess of cathodic and anodic reactions, the release
of corrosion products into the water results in a
loss of water quality [3]. This is due to the dis-
solution of iron taking place at the anode (Eqn. 4)
and creating pit depth which able to hold chloride
and other ions which accelerate the rate of local-
ized corrosion.

Fe — Fe*" + 2e’ 4)

While the cathodic reaction is affected by
oxygen:

H,0 + 0, + 2e" = 20H - 5)

The presence of inorganic salts and organic
matter in the water as microscopic particles are
capable of forming deposits on the pipe wall at
stagnant condition of water flow indicates the
presence of total dissolved solids. As present-
ed in Table 4, the total dissolved solids (TDS)
ranged from 84.10 to 262.8 ppm. The highest
TDS value was found in sample code #5, which
was 262.8 parts per million (ppm). This dem-
onstrates that the number of solid particles in
groundwater is higher than the number of solid
particles in surface water due to the presence
of dissolving substances while water moves in
the soil [21]. Though the TDS level was higher
than in other samples, it did not affect health,
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Table 4. Water physicochemical analysis results

Water parameter Site codes WHO (2011)
#01 #02 #03 #04 #05

pH 7.71 7.05 7.64 7.68 7.86 6.5-8.5
Chlorine dioxide (ppm) 0.5 0.05 0.0 0.12 0.0 0-0.2
Total hardness (CaCO,) (ppm) 84 87 90 77 215 61-121
Fe* (ppm) 0.45 0.0 0.1 0.55 0.05 0-0.3
Conductivity of water (uS/Cm) 171 197 197.3 157.8 493.4 up to 400
Total dissolved solids (ppm) 91.6 105 105.4 84.10 262.8 up to 500
Dissolved Oxygen (ppb) 80 - - 81 80 -

but the solids were able to develop deposits
on the pipe wall over time during water stag-
nant condition and damages pipe surface Fig. 3.
Additionally, water electrical conductivity (EC)
in Table 4 shows from (157.8-493.4 uS/Cm). The
EC depends based on the amount of iron released
and total dissolved particles in the water. The pres-
ence of EC indicates the potential of water able to
pass the flow of electric current from the pipe is
being higher which enhances the rate of internal
corrosion. Table 4 also presents the lab result of
ferric ion (Fe*") ranging from 0.05-0.55 ppm in the
analyses. The result obtained from the site of 02,
03, and 05 indicate the release of ferric oxide is
at normal condition whereas sites 01 and 04 ob-
served a higher amount of ferric ion; in turn, which
shows the rate of internal pipe corrosion condition
enhanced by dissolved oxygen. As the attack of
ferric oxide increases, it has great potential to form
magnetite (Fe,0,) corrosion scale which leads to
change in water taste and color. The other factor
of internal pipe corrosion is water hardness caused
by dissolved calcium irons which form protective
scales on the pipe wall. As the size of scale increas-
es during the stagnant condition of water flow, it
creates turbulent and develops erosion-corrosion.
During the chemical reaction of iron, oxy-
gen, and water, dissolved oxygen (DO) induces

~
H20 Fe(OH)2 —= Fe(OH)3 — Fe3Os
02 - Rust
o e T H20) (Fe™
O2+ 2H20 + 4e” = 40H" 02 (H20
Pipe wall
k y,

Fig. 3. Schematics of pipe wall
corrosion formation process

the formation of iron oxides in the water. Internal
pipe wall corrosion is accelerated by DO, which is
deoxidized at the cathode during electrochemical
processes. DO’s laboratory report indicates that
the results are in the 80—81 ppb range, indicating
that internal corrosion is accelerated and ferrous
oxides are formed as a result of chemical reaction:

0, + 2H,0 +2Fe — 2Fe (OH), (6)
0, +4Fe+2H,0 (OH), — 4Fe(OH), (7)

In general, even though, the concentrations
of the drinking water physicochemical are at
standard level and have no health effect, some
parameters can be the mechanisms such as dis-
solved oxygen, total dissolved solids, erosion-
corrosion, and water pressure are the main actors
to damage pipe wall.

Characterization of corrosion morphology

Several SEM photos sizes were taken includ-
ing (50, 100, 200, 500) um & 1 mm. For this
study, 500 um is used with a magnification of X50
as shown in the figure below. Figure 4a—c depicts
the morphologies of internal corrosion in SEM
images. Figure 4a shows the SEM image of the
DClI pipe wall which was damaged by the uniform
and localized corrosions during the service years
with operating water pressure of 150-350 kPa.
Similarly, Figure 4b presents the corrosion dam-
aged surface of galvanized pipe. The surface is
deteriorated as a result of pitting corrosion growth
caused by the deposits, dissolved oxygen, long
time water conveying service, and alternating of
water pressure. Perforation and tubercles of iron
pipes depend on the pipe material, and the variety
of corrosion products that affect service lifetime.
Similarly, Figure 4c shows the corrosion crystals
of GS pipe having irregular shapes and porous
textures due to the formation of pitting at random
locations which breaks corrosion films.
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Fig. 4. Micrographs of SEM internal pipe corrosions: (a) ductile iron;

(b) Galvanized steel pipe and (c) corrosion crystals of GS pipe

Microstructure analysis

The microstructural analysis is crucial to in-
vestigate the presence of defects, inoculants,
compositions, and inclusions during manufac-
ture. Figure 5 a—c shows a micrograph of a DCI

pipe consisting of black circles of graphite and
white pearlite structures. The tendency of pitting
and intergranular corrosion occurring on the sur-
face of DCI, according to OM’s image analysis, is
between the surrounding graphite nodules. Simi-
larly, Figure 5d & e depict the microstructure of

Graphite distritution

Ferrite and pearlite
distributions

Fig. 5. Microstructures: (a—c) Ductile cast iron and (d and e) Galvanized steel pipe
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GS pipe, which consists of white pearlite and gray
ferrite structures separated by grain boundaries.
The carbon content of the tested galvanized steel
was 0.087 wt.% presenting ferrite-pearlite micro-
structures with dominant ferritic structure. Simi-
larly, the tested pipe sample has 0.117% silicon by
weight, which improves the tensile strength of the
pipe. The grain size and boundaries of the samples
were observed as uniform distributions of alloying
elements based on optical microscope (OM) analy-
sis. The OM images of X100 magnification present
the patterns and distributions of microstructures of
the samples. Different magnification can be used to
observe more clearly the internal structures, but in
this study, X100 was used to investigate distribu-
tions of ferrite-pearlite structures.

Image processing analysis

The Mountain9 software characterizes differ-
ent corrosion features including pit depth, area, pit

form, and volume based on the watershed segmen-
tation. Figure 6a shows the SEM image morphol-
ogy of corroded galvanized steel pipe, which was
used as the source of image processing to determine
pit depth, area, and volume using the software.
Similarly, Figure 6b depicts the topography of cor-
rosion-degraded pipe surface filled watershed seg-
mentation with particle boundary in pseudo-color
of the surface, which is ready for image processing
analysis at the particle level. The blue color repre-
sents a more damaged localized surface. Similarly,
the red color depicts the top layer of the pipe sur-
face which is going to be damaged layer-by-layer.
Figure 7a presents a 3D image of corrosion-
damaged topography whereas Figure 7b shows the
cross-sectional of the sample having details of pit
depth. The image processing results produced from
Mountains 9 surface analysis software are shown in
Figures 8a and b. The result shows that maximum
pit depth equals the sum of the maximum peak (Z-
max) and valley (Z-min) values, which is 200 pm

f* . 'o—zoo'um
"SED By, %150
i 272K o

<55 e

500 pm
-100

Information (b)
Layer Topography layer

Fig. 6. Image processing: (a) true color of SEM view, (b) topography layers

2 ®)

Height (Z-max)

X pm

Fig. 7. Corrosion morphology characterization of GS pipe: (a) 3D image of watershed seg-
mentation of corroded surface and (b) cross-section of corrosion damaged surface
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after a 30% loss of original pipe thickness of 5 mm
Figure 8. The average pit depth that existed on both
internal and external surfaces was evaluated using
Eqn. 8 to determine the remaining pipe thickness.

T,=T,— t, ()

where: T, is pipe thickness loss, T, and t are
original and remained thicknesses of the
pipe sample.

Figure 9 shows watershed segmentation of in-
ternal pipe corrosion damage which was generat-
ed from the SEM image. The entire surface of the
sample is filled with watersheds and divided into

several particles with their boundaries. This is an
important condition of image processing to char-
acterize corrosion-damaged surfaces at the parti-
cle level. The Figure shows a corrosion-damaged
surface that was filled with watershed and studied
at the particle level. The particles are colored au-
tomatically and divided by grain boundaries. The
surface colored with blue, red, and yellow rep-
resent the decreasing order of corrosion damage.
This method of corrosion characterization is used
for determining the state of corrosion on metallic
materials at any given time and aids to make de-
cisions to apply corrosion-prevention strategies.

(a)
10 4
g
o
5
0
-120 -100 -80
Pitdepth
Information
Number of values: 28

(b)

Counts

20 40 60 80 pm

Height

Information

Number of values: 28

Fig. 8. Result of image processing: (a) pit depth, (b) height (Z-max)

um
um
3%
50
300 4
||
More -0
corrosion
damaged \
pipe wall .
50
-100

Fig. 9. Watershed segmentation of corrosion damaged GS pipe surface
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The SEM image was automatically divided
by the software into several particles for detailed
analyses of corrosion at the particle level. Based
on the image processing result, maximum pitting
corrosion area and volume are (43164 um?) and
(182845 um?) respectively reported as the rate of
corrosion as shown in Figure 10 at particle #1.

Figures 11 to 14 present corrosion character-
izations of ductile cast iron using image process-
ing to investigate corrosion morphology and pit-
ting characteristics. Figure 11a is the SEM im-
age source of the sample with its true color and
Figure 11b depicts the topography of corrosion

damaged surface filled by watershed and the sta-
tus of corrosion damaged surface is isolated by
different colors to show that the sample is ready
for corrosion characterization. Similarly, Figure
12a shows the 3D form of the watershed surface
which describes the loss of the pipe thickness
while Figure 12b presents the cross-sectional
details of the sample to demonstrate the depth
of pit and maximum height remaining on the
pipe surface. Figure 13 and 14 also show that
the results obtained from image processing in
the form of table and bar graphs respectively.
The particle analysis of watershed segmentation

~

s Information
Method Watershed detection
Number of particles 13
Coverage 100 %
Density 80.31 Particles/mm?
Parameters Projected area pm* pm?

o Particle #1 43164 182845

Particle #2 18969 67539
Particle #3 10425 27396
Particle #4 7337 17576
Particle #5 14873 49660

-5 Particle #6 16826 42298
Particle #7 23366 784383
Particle #8 18437 64333
Particle #9 27301 74221
Particle #10 11674 29786

2T Particle #11 7094 17304
Particle #12 22612 61569
Particle #13 11572 35382

J/

Fig. 10. Corrosion pit area and volume per particle (GS) pipe

(b)

-100

Information

Layer Topography of surface layer

Fig. 11. Corrosion characterization of DCI: (a) true color of SEM view, (b) topography layers
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describes the threshold condition of pitting fea-
tures. The depth of corrosion is 190 pm which is
the threshold value after a 30% thickness loss of
8 mm original thickness.

Identifying

Analysis of internal corrosion damage

corrosion damage mechanisms,

corrosion control, water quality, and prediction of

Y (um)

=
»
FETERETETA IRRTTRRNT FATTANTRTE IRUNTARATI

Z -max

Pit depth

0 10

(®)

0.6 Frrrerr — —— — — a— S— —

20 30 40 50
X (um)

60 70 80

Fig. 12. Corrosion morphology analysis of DCI: (a) 3D image of watershed segmenta-
tion of corroded surface and (b) cross-section of corrosion damaged surface

-80

Pit depth
Information
Number of values: 12

Information

Number of values: 12

s um N
\ 2o Information
L Method Watershed detection
| Height pruning 5.000 % of Sz
Area pruning 1.000 % of surface
|| Number of particles 12
W || Coverage 100 %
I | Density 64.22 Particles/mm?
Projected Minimum Maximum )
| parameters area v diameter v diameter Zminimum
“ -50 | Unit um? um um. wm
| Particle #1 25402 92.38 292.0 -131.3
Particle #2 27080 112.7 264.5 -116
Particle #3 12350 55.83 236.1 -97.04
100 Particle #4 30280 145.8 221.4 -84.96
’ Particle #5 5377 55.40 135.8 -71.06
0 un | Mean 15601 84.15 191.4 -63.66
L J
Fig. 13. Watershed segmentation of corrosion showing pit area and depth per particle (DCI)
4 5
; :
3 3
(=] O

50

Z-maximum

120

Fig. 14. Result of image processing (a) Pit depth, (b) Height
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the remaining pipe age are major concerns of wa-
ter supply owners. The characteristics of corro-
sion damage depend on the condition of corrosion
films or scales. Many factors, including water pipe
materials and manufacturing processes, bacteria,
water treatment chemicals, dissolved oxygen, and
a lack of planned inspection and maintenance, all
contribute to the buried water pipelines corro-
sion damage. Additionally, Dissolved gases such
as oxygen and carbon dioxide in water transport
are other origins of internal pipe wall corrosion
mechanisms [22]. Other internal corrosion ele-
ments in the working environment, such as wa-
ter velocity and pressure, have a major role in the
creation of erosion-corrosion and stress corrosion
cracking over service time. Water flow catego-
rized as low velocity (0.07 m/s), medium velocity
(0.4-0.6 m/s), and high velocity (approximately
1.5-2 m/s) [2]. Water velocity data were used
to evaluate the condition of erosion-corrosion.
When the velocity is higher, erosion-corrosion
develops with the help of pipe service load. As
the progress of corrosion damage increases, water
flow creates turbulent and damaged pipe walls.
On the other hand, during the stagnant condition
of water flow, the bottom part of the pipe wall has
more damage than other surfaces due to deposits
lying on the surface. Pipe damage symptoms such
as localized pitting size, pipe wall fracture, and
surface deterioration are critical characteristics to
consider while doing pipe maintenance [23, 24].

The rate of corrosion was determined from a
typical 15 year old GS pipe was determined based
on the weight loss method. Using Eqn. 3, insert-
ing the values of constant (K =8.76 - 10, (AW =
160 g, D =2.54 cm, A= 2nDh = 160 cm?, and h
=10 cm, p="7.86 g/cm? and t = 131400 hrs. esti-
mated for 15 years) in the equation, the computa-
tion gives 0.084 mm per year. This corrosion rate
value indicates the reduction of pipe weight, and
which confirms the deterioration of pipe structure
due to water physicochemical parameters, and
soil corrosivity during the service year.

In general, the rate of corrosion damage de-
pends on the variety of mechanisms including water
physicochemical forming oxidation and reduction
process on the pipe wall, soil environment, erosion-
corrosion, stress corrosion cracking, and the com-
bined effect of these mechanisms. Once buried fer-
rous materials are corroded, characterizations are
very important to understand corrosion behaviors
from the viewpoints of water parameters and envi-
ronmental impacts for the application of corrosion

prevention methods. Chemical additions such as a
little amount of sodium bicarbonate during water
treatment, as per WHO standards, are highly helpful
for controlling internal pipe corrosion (IPC). Using
digital image and field survey, as compared to the
IPC with external pipe corrosion (EPC) damage,
pipe wall corrosion is more affected than external
corrosion. More corrosion-damaged locations were
observed at the bottom of the pipe on both inside
and outside surfaces. Based on the analysis of water
physicochemical, site #5 is more corrosive to the
pipe wall. Similarly, the rate of metal dissolution in
galvanized steel pipe is higher than ductile cast iron
pipe, according to pitting corrosion characterization
using the software. For pipeline safety and water
quality, periodic pipe washing and in-line inspec-
tion, as well as annual pipe servicing, are critical to
controlling internal pipe corrosion.

CONCLUSIONS

Internal pipe corrosion damage mechanisms
(CDMs) were studied on the DCI and GS water
pipes and corrosion characterization was per-
formed to investigate corrosion behaviors. Major
CDMs were identified including electrochemical
corrosion, operation conditions, water physico-
chemical, and defects from pipe manufacturing.

Based on the study conducted on the internal
corrosion damage mechanisms of buried ductile
cast iron and galvanized water pipes, the follow-
ing conclusions can be drawn. The water physico-
chemical analysis shows that the main mechanisms
of the internal pipe wall are dissolved oxygen, chlo-
rine dioxide, total dissolved solids and total hard-
ness. Corrosion characterization using a scanning
electron microscope was done to evaluate corrosion
morphology and crystals. Based on the study, mi-
cro-cracks and perforation are developed from the
subsurface of the pipes. Water pH has no significant
effects on corrosion formation and conductivity in-
sists on corrosion cell formation. Based on weight
loss calculation, the rate of corrosion on the buried
galvanized pipe of 0.042 mm/y is obtained in the
loam soil. The microstructural analysis, though the
samples have uniform structural distribution, indi-
cates that galvanic corrosion is formed due to dis-
similar structures (ferrite-pearlite) contacting each
other in the case of galvanized steel. Similarly, in-
tergranular corrosion forms between the contact of
grain boundaries and the structures between graph-
ite of ductile cast iron and pearlite.
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In summary, internal corrosion is a compli-
cated process caused by a range of corrosion
mechanisms including pipe material manufactur-
ing, electrochemical corrosion, and operational
conditions. To manage corrosion mechanisms,
water supply owners must conduct frequent in-
spections, maintain historical pipe data, test water
quality after treatment, wash pipelines on a regu-
lar basis, and do preventative maintenance.
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