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The long-distance oil pipeline in the R-K region of Chad has experienced frequent failures of heat-shrink sleeves, significantly
impacting normal production in the oilfield. Therefore, a systematic study of the soil corrosion behaviour of pipelines after
heat-shrink sleeve damage is essential before implementing targeted anti-corrosion measures to prevent and control soil corro-
sion. Through sample composition analysis, electrochemical testing, and immersion experiments on the crude oil pipeline in the
specified area of Chad, as well as morphology and composition analysis of the corrosion products formed on the pipeline, the
main cause of corrosion failure was inferred to be the high content of CO, and CI? in the soil, as their synergistic effect induces
pitting corrosion on the pipeline. Furthermore, the high humidity and abundant rainfall in the Chad region increase the corrosion
risk. The primary soil corrosion products are Fe,O3; and FeCOs, along with small amounts of Fe;O,, FeCl (OH), and CaCOs. The
average corrosion rate along the pipeline soil line ranges from 0.10 to 0.13 mm a™".

Keywords: soil corrosion, CO,, corrosion mechanism, corrosivity model

Na zelo dolgih naftovodih, kot je naprimer R-K naftovod (od zaCetne postaje ¢rpanja Ronier do kon¢ne postaje Kome) v
afriskem Cadu, pogosto odpovejo polietilenski zaS¢itni toplotno skr¢ljivi rokavi (angl.: heat shrink sleeves), kar pomembno
vpliva na normalno proizvodnjo oziroma ¢rpanje nafte na naftnih poljih. Zato so se avtorji tega ¢lanka odlocili za sistemati¢no
Studijo korozije povzrocene z zemljino oziroma okolico, ki jih obdaja po tem, ko je Ze priSlo do poskodbe toplotno skrcljivega
rokava. V tem primeru je bilo v Studiji treba uporabiti pomembne ciljane antikorozijske ukrepe, ki preprecujejo korozijo
povzroceno z okolisko zemljino oziroma okolico. Avtoriji so tako izvedli vzorCenje in analizo sestave, elektrokemijsko
testiranje in preizkuse potapljanja na surovih (neza3citenih) vzorcih naftovodov v specifi¢nem okolju, ki se nahaja v Cadu. Prav
tako so naredili morfolosko in kemijsko analizo korozijskih produktov na naftovodih. Avtorji glavni razlog za korozijske
poskodbe pripisujejo visoki vsebnosti CO, in Cl, v zemljini oziroma okolici, katerih sinergijski ucinek je inducirana luknjicasta
(tockasta)_korozija (angl.: pitting corrosion) na naftovodih. Nadalje visoka vlaznost in obilna deZevja v tem analiziranem
podroc¢ju Cada povecujejo nevarnost za korozijske poSkodbe. Osnovni nastali korozijski produkti so Fe,O3 in FeCOs. Poleg tega
so avtorji nasli tudi manjSe vsebnosti Fe;O4, FeCI(OH) in CaCO;. Povprecna ugotovljena hitrost korozije zaradi navedenih
okoljskih vplivov vzdolZ naftovoda je bila od 0,10 do 0,13 mm na leto.

Kljucne besede: zemeljska korozija, CO,, korozijski mehanizem, korozijski model
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1 INTRODUCTION

Long-distance crude oil pipelines frequently encoun-
ter severe corrosion challenges during transportation. To
mitigate the corrosion rate, polyethene heat-shrinkable
sleeves are employed to insulate these pipelines from
corrosive media during installation. In Chad, the rainy
season is characterized by high precipitation, with local
soil moisture content often exceeding 50 %. This results
in long-distance crude oil pipelines being continuously
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submerged in high-temperature, water-saturated soils.
The efficacy of heat-shrinkable sleeves under such con-
ditions hinges on their ability to reduce water absorption,
which at elevated temperatures can decrease viscosity
and consequently lead to pipeline detachment. This de-
tachment facilitates the exposure of the pipeline to the
corrosive medium, thereby initiating the corrosion pro-
cess. For natural gas pipelines, the deployment of
polyethene heat-shrinkable sleeves is a common practice
due to their advanced development and suitability for
filling material gaps. However, the sleeves used as the
filler of pipeline ring welds often exhibit defects such as
warping, peeling, and breakage, compromising their in-
tegrity.! The primary failure modes of in-service pipeline
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heat-shrinkable sleeve patching include warping, folding,
carbonization, and bubbling, with the last one being the
most significant factor affecting the quality of the patch-
ing.? Research indicates that the predominant form of
failure in the application of pipeline heat-shrinkable
sleeve patching is the loss of interface sealing perfor-
mance. Furthermore, damage or removal of the anti-cor-
rosion layer may lead to cathodic protection current
shielding issues, thereby diminishing the effectiveness of
cathodic protection. The failures of heat-shrinkable tapes
can be attributed to two primary factors: firstly, the per-
formance of the heat-shrinkable tape and ancillary prod-
ucts fails to meet the stringent requirements of the
anti-corrosion patching process; secondly, the environ-
mental conditions at the site and the quality control dur-
ing the construction process are not sufficiently rigorous.

It is imperative to undertake a systematic investiga-
tion into the corrosion behaviour of soil surrounding
pipeline joints after a heat-shrinkable sleeve has rup-
tured. This study aims to facilitate the implementation of
effective anti-corrosion measures for pipelines, thereby
preventing and controlling the onset of corrosion. Pipe-
line corrosion can be categorized into two primary
forms: uniform corrosion and localized corrosion. Local-
ized corrosion, which is particularly susceptible to the
formation of corrosion pits, poses a significant threat to
the safety of oil fields.* In comparison, uniform corro-
sion affects the entire pipeline and its rate can be readily
measured and predicted.* A substantial body of research
has been dedicated to investigating the correlation be-
tween soil composition and the rate of metal pipeline
corrosion. Understanding these dynamics is crucial for
developing more effective corrosion prevention strategies
and enhancing the longevity and safety of pipeline infra-
structure.

Xie® utilized a polarization test method to demon-
strate that the corrosion rate of metals increases with in-
creasing chloride ion (Cl-) concentration. Conversely,
other scholars argue that this phenomenon can be attrib-
uted to the ability of CI- to disrupt the passivity of steel,
thereby inducing pitting corrosion. Xie conducted an or-
thogonal test involving sand containing Cl-, sulphate
(SO4*), and bicarbonate (HCO;") ions, concluding that
SO4* exerts a greater influence on the electrochemical
corrosion behaviour of the sand when these three anions
coexist.® Dehwabh et al. explored the impact of a simulta-
neous presence of sulphate and chloride on the corrosion
of steel bars, finding that an increase in the sulphate con-
centration intensifies the chloride-induced corrosion of
steel bars.” Roland examined the effects of SO,>~ and CI-
on the local corrosion performance and morphology of
409 ferritic stainless steel, finding that the corrosion rate
of SS409 is directly proportional to the concentration of
these anions in the electrolyte.® In a related investigation,
Katsuhiko et al. observed that Cl- deposition is likely at
locations with thin rust layers on carbon steel surfaces,
leading to a looser and more porous rust layer structure.’
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This alteration allows external CI- to penetrate and accel-
erate corrosion. However, over an extended observation
period, as the rust layer on the carbon steel surface thick-
ens, the corrosive impact of external Cl- diminishes, and
the formation of chloride slows down.!?

The climatic conditions in Chad have a significant
impact on pipeline corrosion, as the country spans from
the arid environment of the Sahara Desert to the high-hu-
midity regions of the southern tropical savannas. High
humidity and abundant precipitation increase the risk of
pipeline corrosion.!" The moisture and dissolved salts in
the soil can promote electrochemical corrosion, particu-
larly at points of pipeline damage or coating failure.
However, there has been limited research on the soil cor-
rosion behaviour of oilfield pipelines in the Chad region.

Therefore, this article focuses on the external corro-
sive media affecting X65 oilfield pipelines in the Chad
area, conducting an in-depth mechanistic analysis. Based
on this analysis, a comprehensive data model is estab-
lished to assess the soil corrosivity in the Chad region,
which can contribute to the study of soil corrosion be-
haviour in different areas. Field data collection and rele-
vant testing are conducted on the Phase II pipeline in
Chad (from the Ronier Launch Station to the Kome End
Station), integrating and analysing fundamental informa-
tion and external inspection data to identify the causes
and growth trends of defects. Additionally, the effective-
ness of cathodic protection for the pipeline is tested and
evaluated. The soil along the pipeline, excavated corro-
sion products, and the transported media are sampled
and analysed for composition. Electrochemical methods
and embedded coupon techniques are employed to study
the corrosion mechanisms and influencing factors of the
pipeline.'? Finally, based on the research findings and
combined with the actual operational environment and
transmission conditions of the pipeline, research on pre-
dictive technologies for pipelines is carried out, leading
to the development of a mechanistic model of soil corro-
sion and a model for evaluating soil corrosivity.

2 EXPERIMENTAL PART

The study focuses on the ®508 Chad Phase II crude
oil pipeline (from the Ronier Launch Station to the
Kome End Station) under the jurisdiction of China Na-
tional Petroleum Corporation International (Chad). The
pipeline has a total length of 196 km, a diameter of 508
mm, and it transports crude oil. It is made of API 5L
X65 material, with wall thicknesses of 7.9 mm and
11.1 mm, a design pressure of 10 MPa, and a 3PE
anti-corrosion coating.

2.1 Soil sample testing

Soil sample testing methods included the hand rub-
bing method, dried residue weight method, and spectro-
photometry, following the standard GB/T 39637-2020
Corrosion of Metals and Alloys — Classification of Soil
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Corrosivity. A comprehensive evaluation of soil corrosi-
vity was conducted, as shown in Table 1.

Soil samples were taken along the pipeline route
(from the Ronier Launch Station to the Kome End Sta-
tion) at intervals of 4 km, yielding a total of eight soil
samples designated as 1#, 2#, 3#, 4#, 5#, 6#, 7# and 8#.

Table 1: Soil sample testing methods and standards

Serial Test parameter Test method Eval.uat}on
number criteria
1 Soil texture Hand rubbing
method
5 Moisture con- Dry rgsidue GB/T
tent weighing method | 394370.2020
B > | Spectrophotomet- | Corrosion of
Cl" and 50, ric method Metals and Al-
4 | Total salinity | Drying method |loys — Classifi-
Potentiometric cation of Soil
pH value method Corrosivity
.| Depolarization
6 Redox potential method

In conjunction with the actual conditions of the Chad
Phase II oil pipeline, key parameters such as soil texture,
moisture content, CI- content, SO,> content, total salt
content, pH value, and redox potential were tested on the
eight soil samples. Additionally, the electrochemical be-
haviour and corrosion effects of X65 steel in the soil
samples were observed, ultimately assessing the soil
corrosivity of X65 steel.!3!4

2.2 Electrochemical testing

Standard X65 corrosion test coupons were cut into
test samples with dimensions of (10 x 10 x 2) mm using
a CNC spark erosion cutting machine. Copper wires
were connected to the backside of the processed sample
working surface using a conductive adhesive, and the re-
maining parts were sealed with epoxy resin. After drying
for 24 h and polishing with a metallographic polishing
machine, the samples were prepared as working elec-
trodes."

X65 sample

Soil
Pt electrode

Figure 1: Electrochemical testing of x65 steel in soil samples
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The electrochemical performance of X65 steel in soil
samples was tested using a CS310M electrochemical
workstation (Wuhan Coster Instrument). As shown in
Figure 1, in the three-electrode system, a saturated silver
chloride electrode served as the reference electrode, a
platinum electrode as the auxiliary electrode, and the
electrolytes were soil samples from different regions (1#,
2#, 3#, 4#, S#, 6#, T#, 8#). The X65 steel was used as the
working electrode to conduct the corresponding electro-
chemical tests (with adjustments made for water con-
tent).1©

Electrochemical tests included open-circuit potential
(OCP), electrochemical impedance spectroscopy (EIS),
and potentiodynamic Tafel scan. Before electrochemical
testing, it was necessary to ensure that the samples had
reached a steady state in the corrosive medium. The
open-circuit potential and electrochemical impedance of
the samples were first measured, followed by the deter-
mination of the self-corrosion potential and time curve
(Ecorr — t curve), as well as linear polarization and
potentiodynamic polarization curves. The EIS testing
frequency range was 1072 to 10° Hz, with an AC ampli-
tude of 10 mV. The potentiodynamic scan range was
0.1 to +0.4 V, with a scanning rate of 0.5 mV s!, and
all potentials were referenced to the saturated silver chlo-
ride solution. Impedance analysis and equivalent circuit
fitting of the impedance spectrum curves were performed
using ZView?2 software. Tafel fitting of the polarization
curves was carried out using Cview2 software, with the
fitting region being the approximately linear region that
is 50-100 mV away from the self-corrosion potential.!”

2.3 Buried plate method

Buried weight loss experiments were conducted to
study the corrosion effects of eight different soil samples
on X65 steel. Each soil sample was precisely weighed to
1000 g using an electronic balance, and any debris was
removed to ensure the purity and consistency of the sam-
ples. Following the ISO 11277-2020 standard, the soil
samples were ground and sieved to approximately 250
mesh size. The processed soil was placed into transpar-
ent boxes with dimensions of (100 x 120 x 230) mm.
Standard X65 corrosion coupons, with dimensions of
(75 x 25 x 5) mm, were first cleaned with distilled water,
then with anhydrous ethanol, dried, and uniformly buried
in different soil samples.'®

The experiment was designed to include three differ-
ent cycles: 15 d, 25 d, and 35 d. At the end of each ex-
perimental cycle, the coupons were retrieved from the
soil, subjected to acid and alkaline washing, and then
cleaned with deionized water and soft brushes to remove
soil residues and corrosion products. They were then
cleaned with ethanol and air-dried. After cleaning, each
coupon was weighed, the weight changes were recorded,
and corrosion rates were calculated based on the weight
loss and periods. After integrating all experimental data,
corrosion weight loss curves were plotted based on the
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Table 2: Soil sample testing results

Soil Soil hgg;ig;rte oH Salinity Cl- 1 SO42’l CO32’l HC03; Riﬁﬁéalio- I;Iiz:)trlll r;lcl)tzcr)lggl_
number|  texture (%) (mgg™) | (mgg™) | (mggh) | (mge™) | (mgeh) | v sHE) (mV)

1# |Coarseloam | 50 | 6.5 | 0568 | 0.031 0.326 0.124 0.267 176 -442

2# |Clay 50 [ 58 ] 0984 | 0.077 0.357 0.254 0.847 153 -374

3# | Sandy soil 50 [ 68 | 0712 | 0.048 0.137 0.420 0.354 155 -445

4#  |Medium loam| 50 | 6.5 | 1.633 | 0.034 0.246 0.573 0.744 201 -347

54 |Coarseloam | 50 | 6.1 | 0.875 | 0.130 0.148 0.247 0.895 167 -364

6# | Sandy soil 50 | 7. | 2016 | 0.053 0.403 0.114 0.247 145 -474

74 |Coarseloam | 50 | 6.5 | 1.245 | 0.056 0.189 0.254 0.528 142 -465

8# |Light clay 50 [ 63 ] 552 | 0133 1.019 0.942 1.452 208 -548

corrosion weight loss data to demonstrate the corrosion
rates of steel under different soil conditions'. The calcu-
lation formula is as follows:

w, -

—o0 v (1)

st

y =

In the Equation (1) v — the corrosion rate of the
metal, g m? h™!; w, — the weight of the specimen before
corrosion, g; w; — the weight of the metal after corrosion
and the removal of corrosion products, g; s — the surface
area of the specimen exposed to the corrosive medium,
m?; ¢ — the time of the specimen’s corrosion, h.

v, =8.76%x
ol

In the Equation (2) v, — the corrosion rate expressed
by corrosion depth, mm a™!, p — the density of the metal,
g cm™,

Based on the corrosion rate of X65 steel in different
soil samples, the annual corrosion rate was inferred,
thereby providing a direct understanding of the corro-
siveness of different soil samples towards X65 steel.

@

2.4 Morphology and analysis of corrosion products

The samples were cut to dimensions of (10 x 10 x 3)
mm using an electro spark CNC cutting machine. Before
testing, the upper and lower surfaces of the samples were
abraded with 400- and 800-grit sandpapers, respectively,
and then cleaned using an XRD-6000 ultrasonic cleaner.
The scanning range of the instrument was set to 20-90°,
with a scanning speed of 4° min' and a step size of
0.02°. The data acquired from the test were analysed us-
ing Jade 5 software. The samples were observed under a
Hitachi S-3400N scanning electron microscope (SEM),
with the analysis of microcomponents performed using
an energy-dispersive spectrometer (EDS).

3 RESULTS AND DISCUSSION
3.1 Soil sample testing results

Before testing, it was found that the moisture content
of the eight soil samples collected for this study was low,
suggesting that excessive evaporation and loss of mois-
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ture had occurred due to prolonged collection and
storage times. Through the analysis of the natural envi-
ronment along the Chad Phase II pipeline, it was deter-
mined that the average rainfall during the rainy season
for this region can reach up to 900-1400 mm. According
to the relevant soil moisture datasets/soil water content
datasets (2000-2020), the soil moisture content can
reach 40-60 %.

Considering the aforementioned factors, and in con-
junction with the hydrological data obtained along the
pipeline as well as geological exploration data, the soil
moisture content during the Chad rainy season is as-
sumed to be 50 %.%° Water was added to the soil samples
collected in this study to adjust the moisture content to
50 %, and the relevant tests were conducted again. The
test results are shown in Table 2.

At a moisture content of 50 %, the redox potential
was lower compared to when the moisture content was
lower, indicating a decrease in soil oxidisability; the nat-
ural corrosion potential increased — the more positive the
natural potential of the soil, the lower its corrosivity. In
other words, an increase in the moisture content gener-
ally reduces soil corrosivity.

In light of the actual operating environment of the
Chad Phase II pipeline, it is inferred that the continuous
rainy season is not the stage, in which pipeline corrosion
is most severe. The alternation between dry and rainy
seasons, leading to fluctuating wet and dry states, actu-
ally exacerbates the occurrence and progression of corro-
sion.

3.2 Electrochemical test results

Typically, electrochemical behaviour and reaction
rates are characterized using impedance spectroscopy
and polarization curves,?' where impedance spectroscopy
represents the interface resistance or capacitance be-
tween the electrode and the electrolyte, while polariza-
tion curves describe the polarization behaviour of the
electrode in the electrochemical system using corrosion
current density as a key parameter and evaluate the cor-
rosion performance and corrosion resistance of a mate-
rial.??

Materiali in tehnologije / Materials and technology 59 (2025) 2, 173-185
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Figure 2: Electrochemical test results: a) polarization curve; b) Bode plot; c¢) phase angle plot; d) impedance spectrum; e) impedance fitting cir-

cuit diagram

The polarization curves, Nyquist plots, Bode dia-
grams, and phase angle plots of eight soil samples are
shown in Figures 2a to 2d. According to the corrosion
current density in the polarization curves, X65 steel ex-
hibits a higher corrosion current density in soil samples
3#, 6#, and 7#. The increase in the corrosion current den-

sity indicates a stronger tendency for self-corrosion and a
faster anode reaction rate. In the phase angle plots, it can
be observed that most soil samples display a single peak,
while soil sample 4# presents two peaks. The number of
peaks is closely related to the number of capacitive loops
in the Nyquist plots. In the Bode diagrams, the trend of

Figure 3: Microscopic corrosion morphology of X65 steel surface after electrochemical testing

Materiali in tehnologije / Materials and technology 59 (2025) 2, 173-185
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|Z| values corresponds with the radius of the capacitive
loops, following the order of 2# > 4# > 1# > 8# > 5# >
3# > T# > 6#, with the |Z| value of soil sample 2# being
the highest, 0.01 Hz. In the Nyquist plots, a smaller ca-
pacitive arc indicates a faster charge transfer rate, sug-
gesting a more intense corrosion reaction. Soil sample 6#
has the smallest capacitive arc, indicating the most se-
vere corrosion reaction, which is consistent with the re-
sults obtained from the soil sample testing and analysis.

The equivalent circuit diagram obtained by fitting the
EIS data with Zview2 software is shown in Figure 2e,
where R; is the solution resistance, R, is the charge trans-
fer resistance, CPE, is the constant phase element repre-
senting the double layer capacitance, R; is the resistance
of the corrosion product film, and CPE; is the constant
phase element representing the capacitance of the corro-
sion product film.

Figure 3 depicts the microscopic corrosion morphol-
ogy of the X65 steel electrode after electrochemical test-
ing. Following electrochemical testing, the sample sur-
face experienced pitting and crevice corrosion, resulting
in a distribution of small or large irregular corrosion
products on the surface of the electrodes, along with nu-
merous protrusions and micro-pits. The corrosion sur-
faces of the 3#, 6# and 7# samples showed severe pitting,
with a rougher surface texture and the presence of some
larger holes and black substances. This was due to their
soil being sandy or light loamy, with high CI- concentra-
tions and relatively high natural corrosion potentials. In
the electron microscopy images of the 1#, 5# and 8#
samples, river-like undulations can be observed, which
are indicative of groove corrosion. This was caused by
cracks and deposits on the electrode surface, as well as
possibly the paths formed by the flow of corrosion prod-
ucts over the electrode surface. The fewer corrosion
products in these samples are attributed to their lower sa-
linity, natural corrosion potentials and pH values. In the
electron microscopy images of the 2# and 4# samples, a
smooth and flat surface can be seen, with few and small
crevice holes, indicating very minor corrosion. This is
closely related to the soil type and ion concentrations of
these samples.

3.3 Immersion test results

The soil physical and chemical properties, as well as
the average corrosion rates of X65 steel in the soil sam-
ples (1#,2#,3#,4#,5#,6#,7# and 8#) under conditions of
50 % moisture content, are shown in Figure 4. The test
revealed that the average corrosion rates of the eight soil
samples were relatively close, ranging between
0.10-0.13 mm a'. The highest corrosion rate was ob-
served for the 6# soil, 0.133 mm a!, while the lowest
was observed for the 2# soil, 0.104 mm a'. The differ-
ences in the corrosion rates may be attributed to varia-
tions in the soil texture and significantly different natural
corrosion potentials. It should be noted that with the bur-
ied plate (weight loss) method, the primary form of

178

metal corrosion is uniform corrosion, with a relatively
uniform electrochemical activity between the entire
metal surface and the soil environment. Metal loss oc-
curs in a relatively uniform manner over the entire metal
surface, without any distinct independent or selective
corrosion regions.

The primary form of corrosion encountered in the
second phase of the crude oil pipeline in Chad is external
corrosion, particularly at patch-up areas. This corrosion
is typically manifested as a combination of localized
and, to a lesser extent, uniform corrosion.? Unlike uni-
form corrosion, which occurs evenly across a metal sur-
face, localized corrosion, including pitting, is concen-
trated in specific areas. This type of corrosion is often
driven by the heterogeneity of the soil’s microenviron-
ment, which can vary significantly in terms of pH, ion
concentration, and oxygen availability.?* Specifically,
factors such as gradients in redox potential, localized in-
creases in chloride ion (CI-) concentrations, and de-
creases in pH can intensify corrosion rates in certain re-
gions of the pipeline.?

Building on previous research, it was established that
the predominant form of corrosion in the second phase
of the crude oil pipeline in Chad is external corrosion at
patch-up areas. The observed corrosion morphologies in-
clude: 1) extensive continuous pit corrosion and 2) clus-
ters of adjacent corrosion pits. These findings indicate a
combination of localized and, to some extent, uniform
corrosion. The onset of external corrosion in these areas
is primarily attributed to weakened bonding at lap joints,
which permits the ingress of free water. This creates a
distinct microenvironment conducive to corrosion, char-
acterized by variations in the composition of corrosive
media and more aggressive local corrosion dynamics
compared to generalized soil corrosion. Notably, the rate
of localized corrosion in these areas typically exceeds
that measured by the traditional buried plate (weight
loss) method.
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Figure 4: Annual corrosion rate curves and average annual corrosion
rate curves of X65 steel under 50 % moisture content
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Figure 6: Microscopic corrosion morphology of X65 steel surface at 50 % soil moisture content: a) day 15; b) day 25; ¢) day 35
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For this study, a point of significant metal loss was
identified and excavated from each soil sample. Corro-
sion products on the external surface of X65 steel were
then collected and analysed microscopically, as depicted
in Figure 5. Initial observations after 15 d revealed mini-
mal corrosion on most of the X65 steel samples, main-
taining clear surface textures. Notably, only isolated cor-
rosion products were visible on the steel from soil 6#. By
day 25, a uniform and continuous layer of corrosion
products formed across the steel surfaces, though the
coverage was somewhat sparser at the edges. This pat-
tern aligns with the findings from our electrochemical
experiments. By day 35, the film of corrosion products
began to break down, leading to intensified corrosion
characterized by numerous reddish-brown corrosion
products.

In an investigation of X635 steel exposed to eight dif-
ferent soil samples with varying moisture contents, it
was observed that the steel’s original metallic lustre was
obscured by a reddish-brown ferric oxide film, a
by-product of the oxidation process. Microscopically,
this film displayed consistent roughness and patchy dis-
tribution. Over time, the oxidation led to the formation of
an amorphous, protective rust layer on the steel’s surface,
which engaged in slow interfacial reactions with the un-
derlying metal. Microscopic analysis further revealed a
stratified structure within the rust layer, suggesting com-
plex formation dynamics. The compactness of the rust
layer, indicative of its strong adherence to the substrate,
highlights a distinct mechanism of rust layer develop-
ment in the context of soil-induced corrosion. Notably,
while this uniform corrosion did not produce
through-holes or severe material degradation, the integ-
rity of the rust film significantly modified the physical
properties of the metal surface.

Macroscopic analysis indicated that the corrosion
patterns of samples 1#, 2#, and 4# displayed notable
similarities, as did the patterns observed in samples 3#,
5#, and 8#, and samples 6# and 7#. Based on these
groupings, the most severely corroded regions of sam-
ples 1#, 3#, and 6# were selected for further analysis at
specific intervals: (15, 25, and 35) d, respectively. These
regions were examined using scanning electron micros-
copy (SEM) to elucidate the detailed corrosion mecha-

pectrogram A |

Figure 7: Elemental analysis spectrum of corroded surface of X65 steel
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nisms and morphological changes. The results of this
SEM analysis are presented in Figure 6.

The analysis of the corrosion products on X65 steel
samples exposed to soil environments revealed distinct
morphological differences: in sample al, the products
formed sheet-like structures; in a2, they were granular;
and in a3, they appeared more dispersed. With an in-
creased exposure time of 25 d, the corrosion products in
sample bl became more dispersed and exhibited signifi-
cant variations in height. In samples b2 and b3, the prod-
ucts transitioned from smaller to larger grains, accumu-
lating into thicker layers. After 35 d, all sample groups
(cl, c2, and c3) developed thick, sheet-like corrosion
layers, characterized by noticeable porosity and crack-
ing, which underscored the aggressive interaction be-
tween the corrosion medium and steel.?® The surface of
these layers was coated with dense iron oxide particles,
resembling sand grains, and hydroxides with a flocculent
structure, indicative of ongoing oxidation and hydration
reactions. Further microscopic examination revealed the
presence of white, flower-like or network-like structures,
which were loosely arranged and porous hallmarks of
immature hydrated iron oxides. The formation of a dense
compound layer, identified as hydroxide iron oxide
(FeOx-(OH);.2«), potentially serves as a protective barrier
against further oxidation of the steel surface.

The base composition of X65 steel primarily includes
carbon (C), manganese (Mn), and iron (Fe). Analysis of
the corrosion products, however, reveals a different ele-
mental composition, dominated by carbon (C) and oxy-
gen (0O), suggesting a predominant formation of iron ox-
ides (Fe,O;) and iron carbonates (FeCQO;). This indicates
an active participation of carbon dioxide (CO,) in the
corrosion process. Additionally, minor constituents such
as iron(Il, IIT) oxide (Fe;0.), iron chloride hydroxide
(FeCl(OH)), and calcium carbonate (CaCO;) were de-
tected, highlighting the involvement of oxygen (O,),
chloride ions (CI-), and carbon dioxide (CO,) in the cor-
rosion dynamics. Energy-dispersive spectroscopy (EDS)
was performed on selected points within the most se-
verely corroded regions of samples 1#, 3#, and 6# after
35 days of exposure?’. The results of this analysis are
presented in Figure 7.

The results of the energy-dispersive X-ray spectros-
copy (EDS) revealed that the predominant elements in

; WSpectrogram C
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the corrosion zone are carbon (C), oxygen (O), and iron
(Fe), with minor traces of aluminium (Al), silicon (Si),
and calcium (Ca) detected in localized microzones.
These trace elements are likely to influence the corrosion
process significantly. As depicted in Figure 7, the ele-
mental analysis of the corrosion surface presents varied
compositions: Spectrum A shows a higher concentration
of iron (Fe) and oxygen (O), indicating that the corrosion
products predominantly consist of iron oxides. In Spec-
trum B, elevated levels of carbon (C) and oxygen (O),
along with lower concentrations of calcium (Ca) and iron
(Fe), suggest that the surface corrosion products are pri-
marily composed of carbon oxides and carbonates. Spec-
trum C reveals a higher concentration of carbon (C), ox-
ygen (O), and iron (Fe), with trace amounts of
magnesium (Mg), aluminium (Al), and silicon (Si), indi-
cating a composition of carbonates and iron oxides in the
corrosion products.

In the 35-day buried-plate experiment, corrosion
products were collected from the more severely corroded
regions of the X65 steel in samples 1#, 3#, and 6# for
phase analysis using an X-ray diffractometer, as depicted
in Figure 8. The analysis revealed that the primary con-
stituents of the corrosion products in sample 1# are sid-
erite (FeCQO;) and hematite (Fe,O3), with minor traces of
magnetite (Fe;O4) and iron chloride hydroxide (FeCl
(OH)). In sample 3#, the dominant components are he-
matite (Fe,03), calcite (CaCO;), and siderite (FeCOs),
supplemented by trace amounts of magnetite (Fe;O,) and
iron chloride hydroxide (FeCl (OH)). Similarly, the main
components in sample 6# are siderite (FeCO;) and hema-
tite (Fe,0;), with trace amounts of magnetite (Fe;O4) and
iron chloride hydroxide (FeCl (OH)). These findings cor-
roborate the results obtained with the EDS analysis and
align with the composition of corrosion products col-
lected from the field, further confirming that the white
deposits identified in the microanalysis are iron hydrox-
ides.?® This consistency supports the conclusion that the
corrosion of X65 steel in Chad’s soil is predominantly
due to iron oxidation.

Through experimental research and theoretical analy-
sis of the factors influencing the corrosion of oil field
pipelines, the identified corrosion mechanism involves
the external environment of the gathering and transporta-
tion pipelines, which constitutes a coexisting system of
CO,, CI, and H20. Utilizing EDS line scanning and
XRD phase analysis, it has been determined that the pri-
mary corrosion products are siderite (FeCOs) and hema-
tite (Fe,0;), with minor traces of magnetite (Fe;0,), iron
chloride hydroxide (FeCl (OH)), and calcite (CaCOs).
The corrosion of X65 steel primarily occurs through
three processes: chemical reactions at the gas-liquid in-
terface, within the soil, and the soil/steel interface;
charge transfer at the soil/steel interface; and the mass
transfer of corrosive substances through the soil. The dis-
solution of CO; gas into water results in the formation of
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Figure 8: XRD pattern of soil corrosion products on X65 steel pipe-
lines

carbonic acid (H,COs), represented by the following
chemical Equations:

CO, = CO, 4, 3)
CO,y + H,0 = H,CO, 4)
H,CO, - H* + H,CO, (5)
HCO, - H* + CO (6)

The reactions in the soil include 1 anodic reaction
and 3 cathodic reactions.

Fe —» Fe?* + 2e” (7)
H +e - H (8)
H,CO, + ¢ - H + HCO,- ©)

HCO, + ¢ - H + CO,> (10)

The reaction of FeCO; and CaCOs; deposition on the
surface of X65 pipelines.

Fe* + CO,> - FeCO, (11)
Ca* + CO3* - CaCO, (12)
FeCO, - FeO + CO, (13)
3FeO + H,0 - Fe,0, + H, (14)

Due to the anion selectivity of CO2 and the presence
of defects in the corrosion product film, chloride ions
(Cl-) come into contact with the X65 steel pipeline,
thereby promoting pitting corrosion.

Fe+Cl” + H,O = [FeCI(OH)],, + H" + e~ (15)
[FeCI(OH)],, = FeCI(OH) + e~ (16)

Furthermore, the surface of the X65 steel pipeline
demonstrates a propensity for pitting corrosion. The
in-situ medium contains a high concentration of chloride
ions (CI-), which continuously accumulate within the pit-
ting holes. Under severe conditions, this accumulation
can lead to the perforation of the pipeline.
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Figure 9: Corrosion mechanism diagram of X65 pipeline closures

3.4 Establishment of a multi-factor soil corrosiveness
model

The physicochemical composition of the soil con-
tains more than a dozen elements, which interact and in-
fluence each other. The corrosion behaviour of the pipe-
line is the result of comprehensive interactions of these
elements. Therefore, these elements are simplified in this
study to achieve an optimal effect, ensuring that the final
results can quickly and reasonably evaluate the corrosion
environment of the field pipeline.

To simplify the detected elements as much as possi-
ble while ensuring the accuracy of the evaluation
method, it is first necessary to determine which are the
main factors affecting corrosion, and therefore, cluster
analysis is first used to mathematically process the rela-
tionships between these factors.

The correlation coefficient r; of various soil physico-
chemical index data is calculated, with calculation meth-
ods including the Euclidean distance method, the maxi-
mum-minimum method, the correlation coefficient
method, and the scalar product method. In this study, the
correlation coefficient method is adopted. The larger the
r;, the stronger the correlation is. The calculation
Equation is:*

i(xik _fi)(xik _fj)
k=l (17)

\/i(xik _xi)z \/i(xjk _)?j)2
k=1 k=1

r; =

HCO; @

Based on equations (3)—(15), correlation coefficients
for various physicochemical indicators can be calculated,
resulting in Table 4.

Based on the correlation coefficients of the
physicochemical indicators from Table 4, with a standard
of 0.70, the above seven physicochemical criteria can be
divided into four categories.

Category 1: Water content

Category 2: pH

Category 3: Content of HCOs~

Category 4: Content of CO;>, content of Cl-, content of

SO,*, salt content, and resistivity

The seven physicochemical criteria are considered
the main selection parameters for the soil corrosion eval-
uation. The average annual corrosion rate results were
used to perform the calculation using grey correlation
analysis®, and the calculation process was as follows:

y - n®
1 m
;Zk:l ik

where Y; represents the mean-quantified sequence of
each sub-factor, and X represents the sub-factor se-
ries.

i=123,...,n; k=1,23,....m (18)

x, (k)
1 m
FOMENL
Here, Y, denotes the mean-quantified sequence of the

parent factors, and Xou represents the series of parent
factors.

Y, = k=123,...,m (19)

— 1 m — 1 m 1 m .
where X, =; o Ko X =;Zk=l X f =m k:lé'i(k) i=1,23,....,n; k=1,23,...,m (20)
Table 4: Correlation coefficients of various physical and chemical indicators
1 2— — 2 _ e .
[ e | S0 | Sl | S0 | S50 [ sSSP
Moisture content 1.00 - - - - - - -
pH value -0.45 1.00 - - - - - -
CO,” content -0.41 0.48 1.00 - - - - -
CI content 0.19 0.17 0.50 1.00 - - - -
htSO,” content —0.18 0.30 0.79 0.74 1.00 - - -
HCO, content 0.26 0.53 0.48 0.46 0.27 1.00 - -
Salinity 0.16 0.20 0.55 1.00 0.78 0.46 1.00 -
Resistivity content 0.15 0.20 0.55 1.00 0.80 0.44 0.77 1.00
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The grey correlation degrees between each environ-
mental factor and the average corrosion rate, shown in
Table 5, can be calculated from Equations (3)-(16),
(3)—(17) and (3)—(18).

In Table 5, it can be observed that the order of influ-
ence of each factor on the average corrosion rate of X65
steel is as follows: pH > resistivity > salinity > Cl- con-
tent > COs* content > SO,* content > HCOs~ content.

Subsequently, the weights of various corrosion fac-
tors for X65 steel are calculated by establishing a com-
parison matrix,?! as shown in Table 6.

From Table 6, it can be seen that the differences be-
tween the weights of the six factors influencing the aver-
age corrosion rate of X65 steel are not significant. More-
over, from the calculation results, it is evident that
among the four anions (CI- content, COs>~ content,
HCOs~ content, SO,>~ content) of soil corrosion factors,
the last three have a very small proportion of influence

on the corrosion rate. Considering the feasibility and
convenience of on-site operations, only the influence of
the Cl-content among the four anions was considered.
Correspondingly, the factors such as redox potential, nat-
ural corrosion potential, and soil texture were also in-
cluded as elements for evaluating the corrosivity. The
calculation used the same method, and the results are
shown in Table 7.

Field and laboratory measurements were conducted
for various factors such as soil resistivity, moisture con-
tent, soil pH, soil texture, redox potential, natural corro-
sion potential, salinity, and CI- content. Each measure-
ment indicator was scored and denoted as N1, N2, ...,
N7. The scores for these factors were then summed to
obtain the total score N*2. The soil corrosivity was evalu-
ated based on the N values, with the criteria for the cor-
rosion grade evaluation presented in Tables 8 and 9.

Table 5: Grey relational degrees between various environmental factors and the average corrosion rate of X65 steel

Grey relational degree | pH value | COs> content| Cl- content | SO4>~ content | HCOs~ content| Salinity | Resistivity content
fi 0.7923 0.7051 0.7078 0.7045 0.6942 0.7230 0.7320
Table 6: Weights of the main factors influencing the soil corrosivity of X65 steel
Index pH value | COs* content | CI- content | SO,* content | HCO; content | Salinity Resistivity content
Weights 0.4479 0.0579 0.0861 0.0467 0.0533 0.1228 0.1853

Table 7: Weights of the main factors affecting soil corrosivity

Indices Soil texture pH Salinity content| Cl~ content Natural t(e::zggls 100 PO 5o resistivity | Redox potential
Weights 0.0912 0.2293 0.1197 0.0721 0.1864 0.1673 0.1340

Table 8: Soil corrosivity evaluation indexes

Serial number Detection indicators Numerical range Evaluation scores Ni (i = 1, 2, 3,---,7)

Sandy soil (strong) 2.5
1 Soil texture Loam (light, medium, heavy) 1.5
Clay (light clay, clay) 0

4.5-5.5 4

2 pH value 5500 )
.. O >0.75 3

3 Salinity (mg g') 01-075 5
i o >0.05 1.5

4 CI” content (mg g7') 0.01-0.05 1
<-550 5

5 Natural corrosion potential (mV) =550 to —450 3
—450 to =300 1
. R <20 4.5

6 Soil resistivity (€ - m) 20-50 3
. 200400 1

7 Redox potential (mV, SHE) ~400 0

Table 9: Soil corrosivity classification and evaluation criteria

N value Soil corrosivity grades
19<N=30 High
11<N=19 Medium

Note: N = N1 + N2 + N3 + N4 + N5 + N6 + N7
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Table 10: Evaluation of soil corrosivity in Chad

Number | Soil texture | pH value Sahntlty €OM™ | CI- content Natural corrosion Soil resistivity Redox poten- Score
ent potential tial

1# 1.5 2 2 1 3 4.5 1 15
2# 0 2 3 1.5 1 4.5 1 13
3# 2.5 2 2 1 5 4.5 1 18
4# 1.5 2 3 1 3 3 0 13.5
S# 1.5 2 3 1.5 3 4.5 1 16.5
o# 2.5 2 3 1.5 5 4.5 1 19.5
T# 1.5 2 3 1.5 5 4.5 1 18.5
8# 0 2 3 1.5 5 4.5 0 16

Based on the detection and evaluation method estab-
lished above, the corrosivity of X65 steel in the soil of
Chad was evaluated, with the results presented in Ta-
ble 10.

Except for the corrosion in soil No. 6, which reached
a severe level, the evaluation results of the corrosion of
X65 steel in the soil of Chad show that the corrosion of
the steel in all other soils was classified as moderate. The
average corrosion rates of the eight soils were quite simi-
lar, ranging from 0.10 to 0.12 mm a!. This indicates that
the established evaluation system aligns well with the ac-
tual evaluation results.

4 CONCLUSIONS

The main conclusions of the soil sample testing, ex-
ternal corrosion product testing, and external corrosion
mechanism research are as follows:

1) The soil texture was generally light loam, with a
pH value skewed towards neutral, and the overall soil
corrosivity was classified as moderate or weak. Among
them, soil No. 8 had the highest salinity content, while
soil No. 2 had the lowest corrosivity.

2) The corrosion current density was the highest
when the steel was in soil No. 6. After impedance fitting,
the impedance of soil No. 6 was the smallest, suggesting
it had the strongest corrosivity towards X65 steel.

3) The sample surfaces were covered with a red-
dish-brown iron oxide film. Subsequently, the surface
corrosion of the X65 steel after 35 days of indoor corro-
sion was severe, with the presence of FeCOs, Fe,Os and a
small amount of FeOOH on the surface.

4) With an increase in the moisture content
(35-55 %), the soil corrosivity towards steel gradually
decreased (due to the dilution effect of water on ions and
oxygen content), while with an increase in the tempera-
ture and Cl- concentration, the soil corrosivity increased.
The average corrosion rate of X65 steel in the eight soil
samples with a 50 % moisture content was from
0.10 mm a' to 0.12 mm a'.

5) Soil resistivity, moisture content, pH value, soil
texture, redox potential, natural corrosion potential, sa-
linity, and Cl- content are the eight key environmental
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factors that induce local soil corrosion. The evaluation
system aligns well with the actual evaluation results.
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