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Abstract

One of the most significant current discussions in fluid transport industry is how to prolong the service life of a metallic pipeline system
under severe physical and chemical conditions. Electrochemical corrosion is a persistent problem, causing material degradation and
sometimes resulting in serious consequences. Here more than 150 three-point bending tests were done on 82 corroded carbon
steel pipes to examine their remaining strength. The current work proposes an artificial protocol to accelerate the electrochemical
corrosion of ferrous tubes in a controllable system and analyzed correlations between removed iron mass, the depth of corroded

sites, and the deterioration in the mechanical properties of the sample pipes. Based on these correlations, a rough estimate for the

retirement life of pipelines is put forward as a referable option.
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1 Introduction

The crippling effect of corrosion on buried ferrous pipe-
line transportation systems is becoming increasingly
difficult to ignore. Endless cycles of wetting and drying
tend to induce a slow process of coating detachment [1],
which enables the growth of corrosion or even enlarges
existing leakages. In an aging system [2], once ruptures
appear, the fluid and gas flowing through these distribu-
tion networks will spread out, resulting in structural fail-
ure, intermittent supply, product losses [2], environmental
damage, and even tragedies. Numerous reports over recent
decades have shown an immense amount of infrastructure
degradation owing to this long-standing problem [3-5].
Meanwhile, the most recent statistics in Hungary indicate
that on the national level, ferrous pipes account for 6 % of
the water supply system [2]; however, in major cities (e.g.
the capital city), this figure can reach 32 % [6].

An artificial corrosion system applied over a carbon
steel surface was designed to deliberately and quickly
induce corrosive damage to the sample pipes at given posi-
tions on their exteriors in a short time [7]. In the past, this
technique has been utilized as a quality control tool for the

installation of pipelines. This is a fully controllable sys-
tem since it can be adjusted to any testing conditions, such
as exposure time, types of electrolytes, types of metallic
pipes, etc. Furthermore, the rate of corrosion of this syn-
thetic system is of very high magnitude compared to the
corrosion found in slightly acidic soils [8].

With similar aims, several researchers have reported
on the chemical examination of pipes and their corre-
sponding analysis. In 2010, Sadeghi Meresht et al. [9] used
metallographic studies to determine the disbonded poly-
ethylene tape coating on the external surface as the prime
cause for stress corrosion cracking in the pipeline steel
in northern regions of Iran. Li et al. [10] suggested select-
ing suitable substitute alloys after discussing the main
causes of the corrosion backed by observed microstruc-
tures and mass loss experiments. Visual evidence and the
results of chemical and metallurgical analyses conducted
in the vicinity were employed to examine failure [11, 12].
Taking advantage of the finite element method and neu-
ral networks, a considerable amount of literature using
numerical simulation has been published on the failure
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of pipeline transportation systems [13—18]. Based on the
ability to resist hydrostatic pressure, Alamilla et al. [19]
took the material strength and wall-thickness loss into
account to validate the ductile mechanism of mechanical
failure in straight pipes. Tsuji and Meshii [20] performed
a series of similar experiments to examine the effects of
inner defection and faulty directions created on pipe sam-
ples. Other mechanical models have been used to observe
the failure of corroded pipes; e.g. internal pressure testing
with a hydrostatic test can be found in [21-23]. Inadequate
mechanical behavior examination can be seen [24], knowl-
edge in this area has been gained only by small-scale stud-
ies (7 specimens), particularly not corroded samples, not
to mention the pre-selected circumferential or longitudi-
nal degradation of specimens.

Carbon steel pipes in accordance with European
Standard EN 10220:2002 [25] are usually used in fluid
transportation systems. In this study, we first induce cor-
rosion in 82 ferrous pipes of these types, and then test
the remaining strength with three-point bending tests
in 153 testing locations along the pipes. The aim of the
investigation is to predict the effect of corrosion on pipe
strength in order to estimate the remaining life in service
of ferrous pipelines working in corrosive environments.

2 Material and experimental setting
To determine corroded pipes' remaining strength, mechan-
ical testing technique involving three-point bending

at their weakest spots was employed with improvised
loading equipment. Corrosion process in the ferrous pipes
by immersion is described below in Sub-subsection 2.2.1.
Removed iron mass was computed, and the defection
depth was measured. Having more than one group of cor-
rosive spots on each tube sample allows us to be able to
produce 153 bending results from 82 electrochemically
corroded pipes.

2.1 Material

According to European Standard EN 10220:2002 [25],
in terms of physical characteristics, the pipe specimens
used in this research have an outside diameter of 21.3 mm,
1.8 mm wall thickness, and 0.866 kg/m of mass per unit
length, and are free of any coatings, galvanic or other
surface treatment. Mechanical properties of these kinds
of electric welded non-alloy steel tubes with specified
low-temperature properties are given in Tables 1 and 2,
obtained from European Standard EN 10217-4:2002 [26].

2.2 Experimental settings and operations

2.2.1 Corrosion test

The controlled acceleration system used here enables
us to artificially corrode ferrous pipe at given positions
actively within a considerably shorter time than realistic
conditions (Fig. 1). In order to create an identical working
condition similar to the saline water surroundings under
the sea floor, an inert chamber was filled with a 3.5 %

Table 1 Mechanical properties at room temperature for wall thickness 7 up to and including 16 mm [26]

Steel grade Tensile properties
) ) Elongation®
Upper yield strength or proof strength Tensile strength A min
Steel name Steel number R, minor R . min R %
e 0. n o
MPa’ MPa’
[ t
P2I5NL® 1.0451 215 360 to 480 25 23
P265NL 1.0453 265 410 to 570 24 22
* [ =longitudinal, = transverse
® For wall thickness 7'< 10 mm
"1 MPa =1 N/mm?
Table 2 Chemical composition (cast analysis)®, in % by mass [26]
Steel grade C Si Mn P S Cr Mo Ni Al > Cu Nb Ti \%
Steel name :Li:}ber Max Max Min Max Max Max Max Max Max Max Max Max Max Max
P215NL 1.0451 0.15 0.35 0.40 .20 0.025 0.020 030 0.08 030 0.020 030 0.010 0.03 0.02
P265NL 1.0453 020 040  0.60 140  0.025 0.020 030 0.08 030 0020 030 0.010 0.03 0.02

* Elements not included in this Table shall not be intentionally added to the steel without the agreement of the purchaser, except for elements which
may be added for finishing the cast. All appropriate measures shall be taken to prevent the addition of undesirable elements from scrap or other

materials used in the steel making process.

® AI/N > 2, if nitrogen is fixed by niobium, titanium or vanadium the requirement for Al _and Al/N do not apply.

tot

¢ Option 2: In order to facilitate subsequent forming operation, an agreed maximum copper content lower than indicated and an agreed specified

maximum tin content shall apply.



sodium chloride concentration solution, which also works
as the electrolyte of an electrical system (Fig. 2). As a
means to support the electrochemical process, a fixed set
of four identical metallic pipes, which are made of a metal
of higher position than iron in the galvanic series (i.e. cop-
per), playing cathodic roles in the electrolytic corrosion, is
attached tightly to a plastic frame.

Eight pipe samples were scrubbed vigorously using
acetone-absorbed cleaning tissue to get rid of any indus-
trial oil left on their surfaces during the production pro-
cess. The bottom end of each pipe is filled with silicon
so as to prevent the coating liquid and electrolyte from
entering the pipe in the coating and testing process.
Except for some bare surface spots of circular shape mea-
sured 6.3, 8.45, or 10 mm in diameter, the entire exte-
riors of these eight specimens were carefully painted.
The number and position of these spots will be shown
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Fig. 1 Schematic diagram of the artificially controlled setting of corrosion

Anodic process is:

Cathodic process is:

in Sub-subsection 2.2.2. A total of 82 samples were pre- M T
pared to conduct the corrosion experiment. m= Fxz X _[1 dt,

During the experiment, metallic corrosion naturally ?
occurs in the electrochemical process as a series of reduc- where:

tion-oxidation reactions. The steel tubes attached to the pos-
itive side of the power supply are being concurrently cor-
roded and oxidized. They, therefore, release electrons, form

positively-charged metal ions, and become sacrificial anodes

with small cavities on the pipe surface at given spots. In the 380 p
meantime, free electrons move to the cathodes, which are 360 %
attached to the negative side of the power supply before auto- 340 %
matically combining with positively-charged hydrogen ions < 0 %
available in the solvent to generate hydrogen molecules. E 30 /
1 "
280
Anodes S
> 260
Cathodes. ‘RfﬁiStf’@ 240
Plastic frame— | 220 m= FM_z f TI -dt
Corrosio 200
chamber
W8 Power supply 180

Data logger—pra =3

Fig. 2 The artificial corrosion device setup in reality

Fe(s)—> Fe’ (ag)+2e ° E’ =-0.45 V.

ning through eight anode-cathode pairs.

0 2000 4000 6000 8000
Time (s)

0,(g)+4H" (ag)+4e” ->2H,0 E° =123 V.

tion, the formula applied is (see also Fig. 3):

* m: mass of iron entering the solution [mg]

10000 12000

Fig. 3 General concept of removed iron mass calculation
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A set of eight indistinguishable resistors (I Ohm)
in combination with chronological voltage data from mea-
surement was used to compute eight parallel currents run-

For the estimation of iron mass released during the test-
ing process, a mathematical combination of measuring
time, computed electric current, and Faraday's law was
employed to obtain the most accurate result. Because we
know that the Fe*? cation formed in the oxidation process
releases two electrons to the electrode during the dissolu-

1

» [ the current [mA], ranging from around 200 mA
to approximately 1000 mA, depending on exposing

14000
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areas. The currents are derived from the U voltage
measured across the R = 1 Q resistor

» T total elapsed time [sec]

* M: the relative atomic mass of iron, 56 [g mol™]

» F: Faraday constant, 96500 [C mol ']

» z:ion charge, 2 [-].

The dissolution of the metal ions at the anodes may prob-
ably diffuse into the solution, becoming hydrated as all
hydrogen molecules at the cathode will float and vapor-
ize out of the electrolyte. Obviously, there is also a slight
possibility that the released metal ions may gather at the
anode to create a solid protective barrier and inhibit fur-
ther corrosion. Thus, this artificial electrochemical process
is extended as long as needed to reach our goal of testing.

Fe** +2(OH)” — Fe(OH),

The other part reacts with the oxygen diffused from the
atmosphere, settling to the bottom of the chamber, con-
forming to the following equation:

4Fe** (aq) +0, (g)+ (2 + 4x) H,O
— 2Fe,0, xxH,0+4H" (aq).

2.2.2 Bending test

In most cases, the pipelines work under high internal pres-
sure and are bent downwards rather than otherwise. As a
result, either breakage or the downward bending effect —
or both — typically occurs at the thinnest, weakest position
of the pipe wall, which is prone to happen at a damaged
segment on the bottom side. It should be noted that, since
the pipe samples were all made by the electric welding
process, there is always a lengthwise seam, which is actu-
ally an inward elevated thread of the pipe material inside
the pipe wall. Hence, in order to attain the ultimate goal
of examining the remaining strength in the corroded pipes
in the worst case (safety factor was taken into account),
three-point bending experiments were conducted with the
loading point located at the ruined segment on this tangent
line in the direction of the bend, where the corroded site
lies underneath. Groups of 1, 2, or 3 corroded spots were
located at the halfway point of the 12 cm span between the
two supporting points of the bending machine. Depending
on the testing demand, these spots could stand alone or
in groups of 2 or 3, in either longitudinal (along) or cir-
cumferential (cross) direction. Three size options for the
spot (small, medium, large) and 3 degrees of degradation
(native, corrosion in gypsum, saline water) were chosen,
resulting in various testing pattern outcomes (Fig. 4).

Fig. 4 Pattern options resulted from various ways of

combinations of factors

A dial gauge indicator was used to measure the depth of
the damaged sites to evaluate the degree of degradation due
to corrosion (Fig. 5). With a 0.01 mm reading interval, this
instrument yields reasonably precise results. Without the
support of high-resolution microscopy technique, only
fairly reliable results of width and length measurements can
be expected. Thanks to the caliper's accuracy of 0.1 mm
tick spacing, the width, and length of corrosive area can
be measured in terms of circumference and length, respec-
tively. Apart from the depth and size of corrosive area, the
mass of the specimens was computed. The decrease in the
mass of each pipe will be interpreted later in Subsection 3.1.

To conduct the three-point bending test on the pipes,
a computer-controlled servo-hydraulic actuator of 150 kN
capacity with built-in transducer 50-C1400/8 was employed.
The aggregating applied load is quantified directly, exploit-
ing a strain gauge based load cell of 20 tons dynamic capac-
ity linked with the actuator. A dc signal conditioner mod-
ule in the servo-hydraulic control console ADVANTEST-9

Fig. 5 Depth measurement



conditions the load cell output. Attached right below this
moving part is a horizontally cylindrical solid steel segment
that plays the role of loading point from the top. Two other
similar rolling steel segments take charge of the two sup-
porting points on the bottom side. All three critical compo-
nents are free to rotate around their own axes, which were
fixed onto a strong steel frame (Fig. 6).

The pipe samples are placed symmetrically below one
loading point and above two supporting points in the indi-
cated position. The chosen span of 12 cm is rigidly fixed
between two horizontally longitudinal axes of the cylin-
drical supporting points. The hydraulic engine gradually
pushes the horizontally longitudinal axis of the cylindri-
cal loading point downward vertically, driving forces onto
the cross section of the tube at which the corroded area
is located on the inverted line. Concurrently, a dial gauge
indicator is employed to take displacement measurements.
These data are then delivered directly via signal cables
to the built-in computer, where compatible pre-installed
software records the data and sketch them out in two plots.
In the meantime, the screen presents the two relation-
ships, which are load-displacement and time-displacement
in visual form. A set of testing parameters is designated
in advance, which can be seen in Fig. 7.

A constant loading speed of 3 kN/min and unload-
ing phase in turn allows the pipes to deform and reform
gradually and show a period of fatigue and finally col-
lapse at their weakest points. The dial gauge indicator was
installed onto the frame at a good contacting posture.

EFI
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3 Results

3.1 Corrosion test

Immersion time, working media, characteristics of desired
corrosion sites, temperature conditions, and chemical com-
position of the tubes are all theoretical considerations that
must be taken into account. Quantitative demonstrations
of similarly empirical data, which are somewhat analo-
gous in statistical correlation, were performed in groups
(Fig. 8). In this case, another archetypal parameter is
the removed iron mass (Fig. 9). This parameter excludes
the impact of spot dimension by exhibiting the practically
overlapped falling pattern in the value of removed iron
mass. The gradient developed from the best-fit line of the
removed iron mass against time curve provided informa-
tion concerning the isolation rate of iron in the course of
the electrochemical corrosion progress, which is formerly
known as a time-independent parameter (Fig. 10):

=" 0))
A
where:

* j: corrosion intensity or specific removed iron mass
[mg mm™]

* m,: the time-lapse mass of iron entering the solution
[mg]

* A: the exposed surface area [mm?];

v=—"=", ©)

Fig. 6 Picture of the experimental setup and associated built-in software
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for various spot sizes in the experiments

where:
 v: the slope value, indicating dissolution rate of iron,
56 [mgs™]
* m :net removed iron mass [mg]
n
e ¢ time [sec];

0.25
0.20
"o
o
£
> 0.15 4
g
i Linear Regression
c ) Y=A+B*X
-2 0.10 4 Weight given by Data19_C error bars.
% Parameter Value Error
@
L A 0.01154 0.00648
(=] B 4.50369E-4 2.69066E-5
0.05
R SD N P
0.98432 3.94981 11 <0.0001
0.00 T T T T T
0 100 200 300 400 500

Exposing area, a (mm?)

Fig. 10 Removed iron mass on different size spotted pipe in unit of time

C =—, 4
) “
where:

+ C: Corrosion rate [mg mm™s™'].

ANOVA comparative analysis was utilized to check
the effect of directional scattering of spots, spot sizes, and
working liquid varieties on the corrosion rate of analogous
specimens, which conclusively demonstrates the minor
and major factors and their statistical correlation (Fig. 11).

Comparative analyses of the corrosion test results
indicate that the corrosion intensity (specific iron mass
removal) is numerically unrelated to the number, size, or
direction of the sites, or to the position of the examined
tube in the corrosion chamber. However, it hinges criti-
cally upon the electrolyte type (i.e. sodium chloride solu-
tion or gypsum suspension). Pipe composition, which was
not investigated in this work, is another potential factor.

3.2 Bending test
In these series of tests, we also employed the native pipes
to have a full adjustment and make them the standard
figure to draw analogies with the corroded pipes. As of
mechanical rule, at the bending section, ovality could be
observed with the distortion of the pipe samples. The roll-
ing supporting points enable specimens to settle without
friction. Five parameters in the bending test are examined:

The ultimate (highest) peak force [kN] is the loading
force at which the pipe is totally collapsed, exhibiting
either one of the two following signs:

* the unloading does not accompany any recoverys;

» or the constant load accompanies a drastic increase

in displacement.
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Fig. 11 Difference in corrosion rate referring to different driving factors

Total displacement [pum]: the downward movement of
the bending cross-section due to the vertical load.

Slope [kN/um]: the ratio in each changing load phase of
the loading force and the displacement gaining within this
phase only. Therefore, we have Slope 05 or Slope 56 and
so on in loading phases from 0 to 5 kN, from 5 to 6 kN,
respectively.

Elapse-Stiffness [N/mm]: the ratio of the highest peak
force to the total displacement aggregating up to the
moment of reaching this load. Similarly, we examine stiff-
ness after every loading phase from 0 to 5 kN, from 5 to
6 kN, and so on, with the corresponding names stiffness
05, stiffness 56, etc.:

oM 5)
K
where:

* o: Pipe's stiffness [kN mm™]

* M: Bending moment at the cross-section of the load-
ing point [kN mm], calculated from Eq. (6);

* K: Shape coefficient [ mm?*]; calculated from Eq. (7);

FxL
4
where:
* F: Ultimate (highest) peak force [kN];
« L: Distance between two supporting points (span),

M=

, ©)

equal to 120 [mm];

3
koD X”x(l—ij, )
32 D

where:
e D: outer diameter of testing pipes, equal to 21.4
as measured [mm];
e d: inner diameter of testing pipes, equal to 19.5
as measured [mm].

These one-tenth millimeter differences of d and D
from the standard are within the tolerance of the caliper.
We shall use these measured values in all forthcoming
calculations.

The above-mentioned parameters could be categorized
into two groups to examine: the first one is a group of pri-
mary variables, including the highest peak forces and total
displacements of each pipe, and the second one group of
secondary variables, including the pipe's elapse-stiffness
of pipe phases and slope. Sub-subsections 3.2.1 and 3.2.2
will discuss these two categories.

3.2.1 The first group

With respect to direction of the corroded area, in Fig. 12,
we can clearly see the highest peak forces of pipes with
the patterns of spots arranged in the along direction are
always greater than those in the cross direction for all
sizes and numbers (2 or 3 spots).

A similar trend can be monitored with pipe deforma-
tions, with the weaker pipe presenting the larger total dis-
placements. This is applicable to both the sizes and num-
bers of spots (Fig. 13). Pipes with corroded spots in the
cross direction of all sizes (large, medium, small) show
a normal rule: the fewer spots, the higher ultimate peak
force (Fig. 14). On the other hand, an unexpected trend
for pipes with the pattern of along direction is observed
as the highest peak forces of medium size spots show
the diverse drift, although this is not a major difference
(Fig. 15). Likewise, there is a relatively clear tendency
when we compare pipes of the same cross pattern with an
identical number of spots.

The corroded pipes of larger size with either 2 or
3 spots often exhibit a better ability to withstand loading
forces (Fig. 16).To explain this phenomenon, the depth of
corroded area (hole depth) was also considered. It was
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Fig. 14 Trend in highest peak forces for pipes with corroded spots in different arrangements

successfully verified that the smaller the exposed area
is, the thinner the pipe wall is at the given spots after the
corrosion process and consequently the less remaining
strength the pipe has. Hence, the larger total displacement
is displayed by the weaker pipes regardless of sizes and
numbers of spots. In other words, the smaller the corroded
size is or the smaller the number of spots is, the larger
deformation the pipes will experience (Fig. 17).

3.2.2 The second group

The last comment regarding the relationship between the
size, depth of the corroded sites, and the mechanical prop-
erty of the damaged tubes ought to be seen particularly
in certain groups of pipes (Fig. 18).

In order to exclude the bias created by the displacements
that resulted from each loading and unloading phase, it is
time to adopt two other secondary parameters, which are
slope and elapse-stiffness.
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Hence, for both of these parameters, the greater value
indicates the steeper load-displacement curve, meaning
the pipe is stronger than otherwise. It should be noted that
in the unloading phase, however, the smaller value of the
slope implies higher elasticity of the testing pipe, denot-
ing that the current force has not reached its peak value.
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The comparisons of either slope or stiffness between the
analogous tubes signify the same message, indicating that
the smaller the uncoated area is (the deeper the damage
in it is) the weaker the pipe is at that cross section (Fig. 19).

This difference seems to be clearer on those pipes
with the spots lying along rather than cross, and surely
the damaged pipes with along directional defection always
exhibit better mechanical characteristics than those
with crossways defection (Fig. 20).

Examining in more detail the relationship between hole
depth and other parameters, we recognize a unanimous
trend which shows a polynomial dependency of all param-
eters on hole depth, clarified by Eq. (8):

_ Axx

S x-19°
where:

()

* y: Parameter of interest;

* A: Empirical coefficient with corresponding unit
assigned by the parameter of interest [-];

* x: Maximum hole depth of the corroded area [mm].

The constant value 1.9 represents the pipe wall thick-
ness [mm].

Since the fitting curves are all the same, notwithstanding
which parameter is examined, the authors call these the attri-
bute parameters associated with the pipe's material. In con-
nection with each loading phase, we may subsequently have
a corresponding attributed parameter such as "attributed
total dis 68" indicating the total displacement that happened
when we increased the load from 6 kN to 8 kN, and likewise
with other parameters and loading phases. The illustration of
this trend can be seen in Fig. 21. Table 3 lists the fitted val-
ues of the empirical coefficient 4 in different circumstances.

This trend is consistent with the outcome in the work of
Tsuji and Meshii [20].
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Fig. 17 Noticeable trend in total displacement for pipes with corroded spots in different arrangements
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Fig. 18 Load-displacement relationship of a given pipe group

4 Conclusion

In accelerated corrosion test: testing severity and extent
of testing showed coherent progress of corrosion regard-
less of quantities of spots, spot directions, or immersion
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time in a stable temperature condition of the test cham-
ber. The practically identical results of decaying inten-
sity acquired from 82 corrosion tests suggest that the
great dependence we could hardly find in this corrosion
imitation system is only upon electrolytic liquid variety.
The empirical examinations are reproducible and coher-
ent. Accordingly, the applicabilty of this synthetic corro-
sion installation is verified.

The results of the bending test conducted on pipes
with various corroded patterns showed that the pipes
with the longitudinal degradation on the outer surface
often withstand downward vertical loads better. Put in
the same corrosive environment, metallic pipes with less
exposed area tend to suffer from deeper damage to the pipe
wall, bringing about lower remaining strength. Based on
the thickness of the pipe wall left, we can roughly estimate
the strength-related indicator of the damaged pipes.

A more detailed inspection of the precise dimensions,
geometrical shapes, and depths of corroded sites could
be conducted by high-resolution microscopy techniques
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Fig. 19 Slope and stiffness left for pipes with corroded spots in different arrangements
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Fig. 20 Slope and stiffness left for pipes with corroded spots in different arrangements

Table 3 Empirical coefficient of diverse parameters

Load step Total displacement Slope Stiffness
(kN) (mm) (kN/mm) (N/mm)
0-5 —855.2 +8.1 —6430.7 +119.4
5-6 -1044.3 £ 9.7 —7.8+0.1 —6332.4+101.3
6-5 —971.2+9.6 -15.2+0.1

5-7 —-1336.3 £ 14.6 —4.4+0.07 =5762 + 69.3
7-6 —1294.6 £15.2 -159+0.15

6-8 —2053.7 +34.5 -1.67 £ 0.04 —4307.1 £45.8
8-7 —1980.4 £ 34.2 —-17.1 £0.16

7-9 —4193.1 £90.7 —0.46 +0.009 —2384.3 £25.6
9-8 —4067.6 + 87 -18.3+0.13

8-10 —8397.4 £ 100 —0.4+0.007 —1282.6 + 16.6
10-9 —9913.7 + 526.6

to achieve more authoritative data from corroded pipes.
Alternative scenarios of aggressive working environ-
ments (i.e. different kinds of soils, different electrolyte
strengths, etc.) ought to be emulated to shed light on
other associated risk factors of pipes. Remaining strength

examination on corroded metallic pipes working in var-
ious conditions of bedding soils will doubtless produce
plenty more educational outcomes with respect to their
mechanical debasement.
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