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Abstract: Rehabilitation of corroded buried galvanized steel structures, including corrugated metal
culverts (CMCs) and pipes (CMPs), requires a deep understanding of the corrosion process and the
corresponding deterioration. The current paper describes an accelerated laboratory corrosion test
of corrugated galvanized steel coupons exposed to sequenced wetting/drying cycles ranging from
50 and up to 1600 cycles. The analysis demonstrates the influence of applying an increased number
of wetting/drying cycles on the acceleration of the developed corrosion in the buried galvanized
steel coupons. The study examines changes in the steel geometry represented by thickness loss and
the accompanied deterioration of the mechanical properties such as tensile strength, hardness, and
ductility over relatively short periods of time. It was observed that corrosion was insignificant as long
as the zinc coating of the galvanized steel lasted. However, when the zinc was almost fully depleted,
the bare steel was directly subjected to the surrounding corrosive environment, causing greater
corrosion damage during subsequent wetting/drying cycles. Based on four standard mathematical
models, the paper also presents approximate average corrosion predictions for bare steel in the
galvanized coupons, to assess the impact of potential damage due to corrosion and determine
essential rehabilitation measures.

Keywords: corrosion; corrugated metal pipes; corrugated metal culverts; deterioration; accelerated
cyclic test; tensile strength

1. Introduction

Buried steel structures in direct contact with soil, and exposed to aggressive environ-
ments, usually suffer from corrosion during their intended service life, imposing huge
repair and maintenance burdens [1-4]. Numerous engineering infrastructures, including
corrugated metal culverts (CMCs) and corrugated metal pipes (CMPs) that are designed
to be buried under soil deposits, are manufactured with zinc-coated galvanized steel due
to its ability to resist corrosion. The galvanization process that is used to cover the steel
surface with a zinc layer of a specific thickness is essential for resisting corrosion as long as
the zinc lasts. This zinc coating acts as a passivating layer, hindering rust from extending
to the bare steel, and thus preventing dealloying due to corrosion.

In cold climates, road salts are often used to facilitate the melting of snow on pave-
ments. Over time, as a result of water seepage, these salts form chloride solutions that flow
through soil layers, including the backfill soil surrounding underground steel structures,
creating a triggering corrosion environment. In general, steel corrosion can have significant
negative impacts, including reduced profile thickness and deterioration (i.e., degradation)
of the steel mechanical properties. This results in changes in the roughness characteristic
of the steel surface [5] and decreases axial and flexural stiffnesses, which is reflected in
reduced effective structural capacity [6,7]. It has been observed that the aggressiveness of
corrosion in soils is impacted by various chemical and physical properties (e.g., soil pH,
moisture content, soil resistivity, temperature, dissolved oxygen, and microbial activity)
which affect the long-term workability of buried steel structures [8-10].
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In steel structures, the developed corrosion can be assessed using various methods
including field observations and on-site surveys, laboratory measurements, and theoretical
predictions [11-14]. Monitoring the corrosion in field observations has the advantage of
revealing the effects of the actual corrosion process in real life to avoid sudden damages and
catastrophic failures [15-20]. Several field corrosion databases were reported to present the
measurements of corrosion damage depths in buried pipelines with the corresponding pa-
rameters of the surrounding environments (e.g., Mexican database [15], National Bureau of
Standard (NBS) database [16,17], and New York (NY) database [18]). Recently, Xia et al. [19]
conducted corrosion monitoring field research that summarized field measurements of
corrosion over the past 30 years for metallic material and coating/metal systems in different
environments (e.g., soil, marine, and atmospheric). Using field exposure tests to study the
actual in situ corrosion behavior is beneficial. However, the process is time-consuming and
may take several years, and research has been focused on accelerated corrosion tests.

Several researchers have performed cyclic accelerated corrosion tests on uncoated
and coated (e.g., zinc-coated) metal specimens to accelerate the propagation of rust layers
and monitor the corrosion process [21-23]. Many of these tests have focused on detecting
atmospheric corrosion of open-air coupons (e.g., hot dip galvanized perforation coupons)
to study the impact of important climate parameters such as temperature, drying level,
relative humidity, duration of humidity cycles, intensity (i.e., concentration) of sodium
chloride (NaCl, %), and frequency of exposure to salt spray solutions [24,25]. Furthermore,
some accelerated tests have been used to provide preliminary evaluations of various
precoated products to examine the degree of protection provided [25,26]. Other research
has been performed to calibrate accelerated cyclic corrosion tests, introduced in well-
known standards, and compared to field exposure tests, to supply correlations based on
acceleration coefficients for the laboratory tests [27]. Wetting/drying cyclic accelerated tests
aim to simulate similar corrosion-triggering factors represented by chloride deposits and
temperature fluctuations that might occur in coastal regions and affect the performance of
buried steel structures.

It should be noted that there is limited research available in the literature address-
ing the rust development process during accelerated corrosion tests of steel structures
buried in soil. Hence, the current paper presents an accelerated cyclic laboratory corrosion
test, where corrugated galvanized steel coupons were buried and exposed to repetitive
wetting /drying cycles. The specimens were covered with cohesionless soil to propagate
corrosion similar to that commonly developed in situ in buried steel structures which were
occasionally attacked by saline due to using dicing salts to thaw the snowfall on roads
in cold territories. The current tests investigate the effectiveness of the zinc coating in
providing corrosion resistance to achieve a longer service life than in the case of uncoated
steel. The accelerated corrosion test was started by adding a sodium chloride electrolyte
solution (NaCl), with 3.5% concentration, to cohesionless sandy soil covering corrugated
galvanized steel coupons in Pyrex pots. Repetitive wetting/drying cycles (i.e., 50, 100, 200,
400, 800, and 1600 cycles) were then applied to accelerate the steel corrosion.

Furthermore, this research studies steel deterioration in the galvanized coupons result-
ing from the corrosion propagation by monitoring the profile geometry thickness loss, and
the reduced mechanical properties of the steel in terms of tensile strength, ductility, and
hardness. The loss of thickness was determined by using the weight loss method, while
the mechanical properties were examined by applying tensile strength and hardness tests.
Furthermore, a simplified prediction model, developed based on the average predictions of
different commonly utilized empirical mathematical models (i.e., the Darbin/Romanoff
model modified by Elias, the Stuttgart model, the Caltrans model, and the American Asso-
ciation of State Highway and Transportation Officials (AASHTO) model) [28] for corrosion
damage prediction in the bare steel, was used to estimate the predicted corrosion times (i.e.,
years) versus the results obtained by the accelerated corrosion tests.
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2. Experimental Procedures

Ezzeldin et al. [6] proposed in detail a cyclic wetting/drying test for accelerating
corrosion propagation in buried corrugated uncoated mild steel coupons. In the current
study, the same testing procedure was performed on corrugated galvanized steel coupons
(i-e., from a Z610 (610 g/m?) steel sheet [29]). The steel was made via a hot-dip galvanizing
process, where a zinc coating layer with an average thickness of 41 um was applied on each
side. Each corrugated coupon had a profile with one and a half waves (i.e., two valleys and
one crest) and projection dimensions of approximately 110 mm x 110 mm. The corrugation
geometry had a nominal thickness of around 1.3 mm (+£0.15 mm tolerance), a corrugation
wavelength of 68 mm (i.e., a design value of 67.7 mm), and a corrugation depth of 13 mm
(i.e., a design value of 12.7 mm). Figure 1 presents the experimental setup for the conducted
accelerated wetting/drying test. Moreover, the bare steel of the galvanized coupons had
the chemical composition, as specified in Table 1 [30].

Wetting '
timer Drying

timer Note: See
Stainless Detail 1
/

Submersible Manifold Valves

pump

steel pipes - Pyrex pot
Perforations 1/ , .
T E - ~ o) | |
—_— \ \
\ \
= || |
Perforations } Sandy soil }
E - > T | |
\ \
= | |
\ \
I AP J
,r Corrugated Silicon sealant
c i steel coupon
‘onvection oven .
Detail 1

Figure 1. Schematic layout of the experimental setup proposed for the cyclic accelerated wet-
ting/drying corrosion test [6].

Table 1. The chemical composition of the bare steel material in the corrugated coupons.

Fe C Mn P S
~0.99 0.1-0.15 0.5-0.6 0.08 0.05

The accelerated wetting/drying test was initiated by placing the candidate corrugated
coupons underneath 400 g of well-compacted cohesionless granular sandy soil having the
grain size distribution (GSD) shown in Figure 2 to represent a common in situ interface
between buried corrugated metal culverts/pipes and the surrounding backfill. Silicone
sealant was applied to the edges of the steel coupon inside the Pyrex pot to prevent any
water leakage from the soil above during the wetting stages. To simulate accumulated road
salts used for thawing snow in cold regions, prior to beginning the wetting/drying cycles,
an electrolyte solution with 3.5 wt% NaCl in distilled deionized water was sprayed onto the
soil in each Pyrex pot to provide a saline solution. In the field, salts form a saline solution
after being mixed with water from melting ice, and this solution then flows downward
through underlying soil deposits until reaching buried steel structures beneath. Due to
repeated exposure to road salt solutions during snow seasons, the soil surrounding buried
steel structures increases in salinity, thus triggering corrosion propagation.
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Figure 2. Grain size distribution (GSD) curve of the utilized cohesionless sandy soil.

Following spraying the NaCl electrolyte solution, the specimens were placed inside
the convection oven to start the wetting /drying cycles in which four seconds were set for
the wetting stage to saturate the specimen soil with distilled water, followed by 60 min
for the drying stage to dry the specimen soil. The soil temperature reached around 90 °C
when the soil was completely dry. Inmediately after the spraying (wetting) stage, the soil
temperature decreased by about 30 °C to approximately 60 °C. During the subsequent
drying stage (i.e., 60 min), the soil temperature rose again as the specimen dried, to around
90 °C. The entire process was then repeated in sequence by using two programmed timers.
It should be noted that the 3.5% NaCl electrolyte solution was added only once, at the
beginning of the experiment, to control the salt concentration in the pots containing the
coupons. Furthermore, a spatula was used to mix and adjust the soil surface, crusted with
solid salt particles, every 20 wetting/drying cycles. This step was performed, without
disturbing the interface with the buried galvanized steel coupons, to break up any solid
salt crusts and thus provide good soil aeration, then carefully recompacting the soil surface.

The conducted accelerated corrosion tests were applied on galvanized steel coupons,
exposed to different accumulative numbers of wetting/drying cycles, i.e., 50, 100, 200, 400,
800, and 1600 cycles with two coupons per each set of cycles. These numbers of cycles were
selected based on lab trials to investigate the optimum set of accumulative cycles to develop
an accelerated corrosion, and also to compare the results of the galvanized coupons, utilized
in this study, with the mild coupons developed earlier by Ezzeldin et al. [6]. For subsequent
corrosion characterization, the flaky rusts were then collected in accordance with American
Society for Testing and Materials (ASTM) recommendations [31,32] (i.e., scrubbing and
brushing with a mild abrasive-distilled water slurry and a bristle brush). This method
aimed to take only the sticky rust layers out of the metal coupons, without disturbing the
bare metal surface. The accelerated propagation of corrosion after 50, 100, 200, 400, 800,
and 1600 wetting/drying cycles can be clearly shown in Figure 3, for corroded coupons
before and after the removal of rust layers.
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Figure 3. Coupons exposed to accumulative wetting/drying cycles: (a) before and (b) after rust removal.

The impact of corrosion on the surface of each corroded coupon was examined by
using a three-dimensional (3D) confocal visual profilometer (i.e., Keyence VK-X1000 model,
Keyence Corporation of America, Itasca, IL, USA) to show the variations in surface rough-
ness and topography. For each coupon, several spots were monitored, with a confocal lens
magnification of 20 x, corresponding to 480 x on the computer display screen. These scans
helped to determine the most severely affected areas and to investigate surface features
such as surface roughness, maximum pit depth, and maximum surface height. The surface
variation is attributable to the corrosion developed (i.e., a combination of uniform and
pitting corrosion), which can result in serious nonuniform metal damage (e.g., holes or
cavities). To characterize the corrosion products, the rusts collected for each coupon were
ground and sieved (with a No. 325 sieve) and were then examined (i.e., two samples per



Buildings 2024, 14, 1079

6 of 24

each set of wetting/drying cycles) via an X-ray diffractometer (i.e., Bruker D8 Advance
XRD model) followed by scanning electron microscopy (i.e., Hitachi 5-4700 SEM model)
with an energy-dispersive X-ray spectroscopy (EDS) system to obtain micrograph surface
mapping (i.e., 200 x magnification scale) for the corrosion products.

The loading capacity of steel structures is primarily based on their mechanical prop-
erties such as the structural axial stiffness (EA) and the structural flexural stiffness (EI).
Corrosion mainly impacts the surface geometry (e.g., the profile thickness) as well as the
mechanical properties (e.g., the steel strength, hardness, and ductility). To assess the geom-
etry of the corroded galvanized steel coupons, it is necessary to recalculate the corrugated
profile area (A) and moment of inertia (I) with the reduced thickness, to account for thick-
ness loss due to corrosion damage. The reduction in thickness was determined via the
weight loss method, where each coupon was weighed before and after testing. To examine
the mechanical properties, the metal coupons were investigated via a tensile strength
test and a hardness test. As presented in Figure 4, based on the ASTM requirements for
tensile strength testing [33,34], dog-bone-shaped specimens (four specimens per each set
of wetting /drying cycles) with a length of around 100 mm were cut from the candidate
coupons (i.e., intact and corroded with the flat portion between the crest and the valley)
and then tested in an Instron loading frame with a rate of tension around 2 MPa/sec,
utilizing a mechanical regular extensometer with 10 um accuracy. Furthermore, based on
ASTM recommendations [35], a Rockwell hardness test with HRE scale readings was also
performed at multiple points (around six points per each set of wetting/drying cycles) on

each coupon.
100 200 400 800 1600

Figure 4. Tensile strength specimens (i.e., dog-bone-shaped) cut from the candidate coupons exposed

to accumulative wetting/drying cycles.

3. Results
3.1. Surface Morphology and Corrosion Products

As illustrated in Figure 5, following the removal of rust layers from each coupon,
surface topography was performed on the most severely corroded spots by using a 3D
optical confocal profilometer. Corroded coupon surface variations were examined via
2D and 3D displays for 50, 100, 200, 400, 800, and 1600 wetting/drying cycles. Table 2
presents confocal analysis surface roughness results in terms of the maximum surface
elevation (Sz) and the maximum surface depth (Sv) (i.e., pit depth). The characterization
of the corrosion products was performed for the specimens corresponding to each set of
wetting/drying cycles as illustrated in Figures 6 and 7 for the XRD diffraction patterns and
the SEM micrograph mapping, respectively.
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Figure 5. The 3D (left) with L:W:H aspect ratio = 1:1:2, and 2D (right) surface topography of
galvanized steel coupons exposed to accumulative wetting /drying cycles, with magnification 480x.

Table 2. Surface roughness: maximum pit depths (Sv) and maximum surface heights (Sz).

Number of Wetting/Drying Cycles 0 50 100 200 400 800 1600

Maximum pit depth (Sv, um) 7.0 21.7 25.0 33.8 67.7 81.6 125.3
Maximum surface height (Sz, um) 22.0 60.6 57.9 70.7 139.8 229.0 680.5
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Figure 6. X-ray diffraction (XRD) patterns (intensity) indicating corrosion products propagated on
the candidate corroded galvanized steel coupons.
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Figure 7. Scanning electron microscope (SEM) micrograph mapping of corrosion product elements
found on coupons exposed to accumulative wetting/drying cycles, with magnification 200 x.

3.2. Mechanical Characteristics

The main objective of the conducted wetting/drying accelerated test is to investigate
the impact of accelerating the developed corrosion of buried galvanized steel coupons
by increasing the number of wetting/drying cycles. In the current study, the utilized
galvanized steel with a zinc coating layer of 41 um thick had better potential for resisting
corrosion, requiring up to 1600 wetting/drying cycles for the worst corrosion propagation
to occur, as illustrated in Figure 3a compared to the extensive corrosion that happened
much earlier in the uncoated coupons after only 800 cycles [6]. The impact of the zinc
coating is shown in Figure 3b, for coupons exposed to 0, 50, 100, and 200 wetting/drying
cycles, where it can be seen that the zinc coating resisted corrosion until it was almost
completely consumed in around 200 wetting /drying cycles, exposing the bare steel to the
surrounding corrosive environment.
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Average corrosion damage in terms of total thickness loss, including the bare steel
and the zinc coating, is illustrated in Figure 8a for galvanized steel coupons exposed to
50, 100, 200, 400, 800, and 1600 wetting/drying cycles. In Figure 8a, to demonstrate the
effect of the zinc coating, corrosion damage for mild steel coupons with no zinc coating [6],
exposed to the same wetting/drying accelerated corrosion test, is compared to corrosion
damage results for the galvanized steel coupons investigated in the current study. Based
on ASTM recommendations [31,32], Figure 8b plots average galvanized steel corrosion
rates in mm/year against the number of cycles to which the galvanized steel coupons were
exposed (where each wetting/drying cycle took around one hour).

800 -

Corrosion damage (pum)

—&— Galvanized steel coupons
==-&--N\lild steel coupons

(a)

0 400 800 1200 1600
No. cycles
03

o
()

o
=

Corrosion rate (mm/y)

(b) 0

0 400 800 1200 1600
No. cycles

Figure 8. (a) Average corrosion damages in galvanized and mild [6] steel coupons, and (b) corrosion
rates for the galvanized steel coupons.

To assess the mechanical performance of the buried galvanized steel coupons in
the intact and corroded states, the coupons (i.e., intact and corroded) were tested for
tensile strength (see Table 3) and hardness. In Figure 9a, stress—strain curves are presented
for tensile strength tests of the dog-bone-shaped specimens (with a length of 100 mm)
cut from the galvanized steel coupons exposed to 0 (intact), 50, 100, 200, 400, 800, and
1600 wetting/drying cycles. The ultimate strength (oy) and the yield strength (oy) are
plotted in Figure 9b based on the adjusted cross-sectional area (i.e., reduced thickness) due
to corrosion. Axial (EA) and flexural (EI) stiffnesses are the determining factors for the
loading capacity of steel structures. Figure 9c shows the decreases in the axial stiffness
and flexural stiffness for the corroded corrugated galvanized steel coupons exposed to
the increasing numbers of wetting/drying cycles. Figure 10 illustrates changes in the
steel material hardness due to corrosion by plotting the Rockwell hardness HRE scale
readings for the galvanized steel coupons exposed to 0 (intact), 50, 100, 200, 400, 800, and
1600 wetting/drying cycles.
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Table 3. Results of the tensile strength tests on the intact and corroded coupons.
No. Cycles Sample Elastic Modulus (GPa) Ultimate Strength (MPa) Yield Strength (MPa)

1 201 407 331

2 205 415 343

0 3 212 432 365

4 208 418 355

Mean 207 418 349
Standard Deviation 4 9 13

1 202 394 351

2 198 397 342

>0 3 206 407 352

4 208 401 361

Mean 204 400 352
Standard Deviation 4 5 7

1 204 397 342

2 194 410 332

100 3 201 405 343

4 192 408 341

Mean 198 405 340
Standard Deviation 5 5 4

1 199 394 355

2 205 395 356

200 3 211 411 362

4 197 389 349

Mean 203 397 356
Standard Deviation 5 8 5

1 160 324 274

2 172 336 292

400 3 182 332 282

4 175 352 301

Mean 172 336 287
Standard Deviation 8 10 10

1 137 304 258

2 129 312 260

800 3 139 289 238

4 144 304 251

Mean 137 302 252
Standard Deviation 5 8 9

1 122 264 235

1600 2 110 248 224

3 135 281 245

Mean 122 264 235
Standard Deviation 10 13 9
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Figure 9. (a) Tensile stress—strain curves, (b) ultimate strength, yield strength, and elastic modulus,

and (c) reduction (%) in the axial stiffness and flexural stiffness for the galvanized steel coupons.
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Figure 10. Rockwell hardness HRE scale readings for the galvanized steel coupons exposed to 0
(intact), 50, 100, 200, 400, 800, and 1600 wetting/drying cycles.
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4. Discussion
4.1. Corrosion Analysis

Corrosive soils are usually characterized by a high chloride and/or sulfate content,
combined with good aeration and sufficient moisture. Thus, in the present study, the
developed corrosion in the candidate steel coupons can be attributable to the impact
of corrosive soil which initiated the dealloying of the steel molecules (i.e., dealloying
corrosion in which one or more constituents of an alloy are attacked, leaving a lower
density, which could cause a sudden failure due to the degradation of the mechanical
properties). As shown in Figure 3a,b, before and after the removal of the rust layers, in the
conducted accelerated wetting/drying corrosion test, the buried galvanized steel coupons
exhibited progressive corrosion at a higher number of wetting/drying cycles. In this study,
it was observed that the corrugated galvanized steel coupons exposed to 50, 100, and 200
wetting /drying cycles were protected from corrosion by the zinc coating layer, and the
bare steel material was basically not affected until the zinc was almost fully depleted, by
the end of 200 wetting /drying cycles. This shows the impact of the galvanization process
in providing resistance to corrosion attacks. In contrast, under the same testing conditions,
uncoated mild steel exhibited corrosion damage after only 50 wetting/drying cycles [6].
As illustrated in Figure 3b, the coupons exposed to 1600 wetting/drying cycles had severe
corrosion effects, including holes and pits penetrating through the entire thickness of
the steel, such as the pit outlined in yellow at the corrugation crest. It was also found
that the surface area of the extreme coupons exposed to 1600 wetting /drying cycles was
reduced by around 12%, in comparison to the original coupon’s surface area prior to
corrosion. In Figure 4, it can be observed that at a higher number of wetting/drying
cycles, the tensile strength specimens (i.e., dog-bone-shaped specimens) cut from the intact
and corroded coupons showed a gradual change in surface color and texture due to the
progressive corrosion.

In Figure 5, 2D and 3D surface topographs of the coupons following the removal of
rust layers illustrate variations in the surface texture, with greater pit and cavity damage
in the coupons exposed to a higher number of wetting/drying cycles. This can be clearly
seen in the distribution of pitting, represented by the blue areas in the 3D displays. The
corrosion modes appear to combine uniform corrosion with localized pitting corrosion. In
the worst cases, damage penetrated through the whole thickness of the steel material, as
shown for the coupons exposed to 1600 wetting/drying cycles. In the confocal analysis,
several spots were scanned to measure the surface roughness in terms of maximum pit
depth and maximum surface height, representing the variations in the surface topographs.
As indicated in Table 2, the magnitudes of the maximum pit depth and maximum surface
elevation (i.e., height) generally became greater at a higher number of wetting/drying
cycles (i.e., specifically greater than 200 wetting/drying cycles).

In hot-dip galvanized steel, the bare steel and its zinc coating are connected together via
good electrical contact, which enhances corrosion resistance. Plain zinc coating can be used
for higher temperature applications up to around 120 °C as a low-cost protection against
corrosion whereas the formed white corrosion products are not detrimental [36]. Zinc
coatings are usually utilized to provide corrosion resistance, but the coating performance
relies on several factors, such as the coating thickness, the supplementary treatment if
it exists, and the exposure environment [36]. It has been noted that as the temperature
increases the resistance against corrosion of the galvanized steel reduces, indicating higher
corrosion rates [37]. For example, Cox [38] investigated the temperature impact on the
developed corrosion rates of zinc in distilled water up to 100 °C. The results of the zinc
corrosion rate showed a very small increase as the temperature increased up to 50 °C
followed by a rapid increase at approximately 65 °C, above which the corrosion rate
decreased rapidly until reaching 100 °C to have a low corrosion rate almost similar to the
corrosion rate at 50 °C. Hence, several cyclic accelerated corrosion tests available in the
literature were performed on zinc-coated steel (e.g., galvanized steel) with temperatures
of up to 60 °C in the dry stage, e.g., the accelerated corrosion test, method B in General
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Motors Engineering Standard [39], the accelerated corrosion test for electrical appliances
(ACTE) [40], and other research regarding cyclic corrosion tests [25,41]. In the present study,
the cyclic accelerated corrosion test on the galvanized coupons was performed under the
same test conditions through which mild steel coupons were tested to compare and assess
the two states, the mild steel (i.e., low corrosion resistance) and the galvanized steel (i.e.,
high corrosion resistance).

When a spot on the galvanized steel is damaged due to corrosion or mechanical
scratches, the zinc layer around this spot corrodes and a galvanic cell is formed via an
active electrolyte. The zinc then serves as an anode to be sacrificed, while the bare steel
becomes a cathode which is protected from corrosion in relation to the zinc coating. Fur-
thermore, corrosion products precipitated from other galvanic cells with cathodes and
anodes developed from the bare steel provide additional corrosion resistance on the steel
surface. With continuous exposure of the metal to an aggressive surrounding corrosive
environment, the corrosion extends increasingly to the bare steel. Eventually, when the
zinc is almost fully consumed, more galvanic cells form in the bare steel material, leading
to damage to the steel surface. In the case of having carbon steel buried in saline soil with
a high chloride content, the corrosion products usually include one or more components
such as magnetite (Fe304), hematite (Fe,Os3), quartz (SiO,), lepidocrocite (y-FeOOH), aka-
geneite (3-FeOOH), or goethite (x-FeOOH) [42]. Based on the environmental conditions
and site type (e.g., marine/urban or marine/industrial), additional corrosion products
can be expected in galvanized steel due to the presence of the zinc coating such as zinc
oxide (ZnO) and/or gordaite (NaZn4(504)(OH)6Cl1-6H,0) and/or zinc hydroxysulfates
((ZH(OH)2)3'ZHSO4'1’IH20) [43]

As exhibited in Figure 6, based on the results of the XRD analysis, the corrosion
products obtained from the galvanized steel coupons included silicon oxide (quartz) (SiO»),
zinc oxide (ZnO) (see Equations (1) to (10) below), magnetite (Fe3O4) (see Equation (11)
below), and hematite (Fe;O3) (see Equations (12) to (16) below). In addition, forms of iron
oxyhydroxides (FeOOH) such as akageneite (3-FeOOH) and lepidocrocite (y-FeOOH) were
hardly observed. The formation of quartz and zinc oxide was observed in the corrosion
products of almost all the candidate galvanized steel coupons. The existence of quartz
can be attributed to the cohesionless granular sandy soil used to bury these coupons, and
to the stickiness of the sand particles at the coupon’s surface during the corrosion test
wetting/drying cycles. In contrast, zinc oxide developed due to depletion of the zinc
coating layer during the corrosion test, until the zinc coating was almost fully depleted
at around 200 wetting /drying cycles. The corrosion of the zinc coating layer began with
the dissolution of zinc at the anodic zone in an aqueous solution based on three different
intermediates (see Equations (1) to (8)) followed by an oxygen reduction reaction at the
cathodic zone (see Equation (9)). Then, the initial rust layer develops by the reaction of
OH™ and Zn?** (see Equation (10) for the overall reaction) [44,45].

Following 400 wetting/drying cycles, the formation of magnetite and hematite was
observed in the XRD analysis. The XRD analysis results are also supported by the appear-
ance of the corroded coupons shown in Figure 3a. For the coupons exposed to 50, 100, and
200 wetting/drying cycles, the white color represents zinc oxide, and the yellow-white
color represents quartz (silicon oxide). Moreover, for the coupons exposed to 400, 800,
and 1600 wetting /drying cycles, the dark black rust corresponds to magnetite, and the
reddish-brown rust corresponds to hematite, as discussed in the previous literature [6,46].
The formation of black magnetite corrosion products is usually associated with a lower oxy-
gen environment, which may have occurred in the conducted accelerated wetting/drying
corrosion test due to a decrease in dissolved oxygen over time, caused during the drying
stages under high temperatures. Moreover, variations in the dissolved oxygen content
could also occur at different spots due to compaction of the cohesionless sandy soil above
each coupon. A lower concentration of dissolved oxygen could arise particularly in highly
densified soil zones, because of the reduced volume of voids following soil compaction. In
contrast, the presence of hematite could result from the periodic remixing and recompacting
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of the soil surface after approximately every 20 wetting/drying cycles, to break up salt
crusts and aerate soil voids, and could also be due to temperature fluctuations in the wet
and dry stages and the presence of the NaCl electrolyte during wet stages. As shown
in Figure 7, the SEM analysis with EDS found that the main components of the devel-
oped corrosion products resulting from electrochemical reactions during the accelerated
wetting /drying corrosion test included iron (Fe), oxygen (O), zinc (Zn), and silicon (5i).
Iron was more prevalent for coupons exposed to a greater number of cycles, i.e., 400, 800,
and 1600 wetting/drying cycles, indicating extreme damage to the bare steel material. In
contrast, zinc was more apparent in the corrosion products of coupons exposed to 50, 100,
and 200 wetting/drying cycles, reflecting the gradual depletion of the zinc coating. The
two elements, oxygen and silicon, were evenly distributed in the corrosion products of all
of the coupons, from 50 to 1600 wetting /drying cycles. The corrosion products developed
in the present accelerated wetting/drying corrosion test were formed via electrochemical
processes represented by the following chemical reactions [44,45,47]:

Zinc oxide (ZnO):
Zn <> Zn*,q +e 1)
Znt,q — e +Zn*t 4 ()
Zn + Hy,O — %H, + ZnOH,4 3)
Znt,q + Zn — Zn%* + Znt g + 2e (4)
Zn** g — Zn*t (5)
ZnOH,g + Zn — ZnOH,4 + Zn**) + 2e (6)
ZnOH,q — ZnOH" + e (7)
ZnOH* 4 — Zn?* + OH™ (8)
10, + HyO + 2e — 20H™ 9)
Zng) + %0y + HyO — Zn(OH), ¢+ ZnO + HyO (10)

Magnetite (Fe3Oy):

8FeOOH + Fe — 3Fe30y4 + 4H,0O (11)

Hematite (Fe,O3):
2Fe(s) + g O — FerOgzs) (12)
Fe + H,O — Fe(OH) ™ + H* (13)
Fe(OH)™ — Fe?* + OH™ +2e” (14)
Fe¥* (,q) + 30H ™ (5q) — Fe(OH)s(s (15)
2Fe(OH)3 — FeyOs(s) + 3H2O(aq) (16)

4.2. Mechanical Analysis

Corrosion damage is often associated with a reduction in profile thickness and/or
a deterioration of mechanical properties. As illustrated in Figure 8a, in both galvanized
and mild [6] steel coupons, the depth of corrosion damage grew at a higher number of
wetting/drying cycles. For instance, the maximum reduction in thickness reached approxi-
mately 691 um (i.e., 49%) for the galvanized steel coupons exposed to 1600 wetting/drying
cycles, indicating deterioration to around half the original thickness (i.e., 1.3 mm =+ 0.15).
This can be attributed to a longer period of exposure to the surrounding corrosive environ-
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ment, leading to the development of more galvanic cells and a higher corrosion potential
with less corrosion resistance at the coupon surface, resulting in more rust and a rougher
surface with a larger number of pits. However, it is apparent that when exposed to the
same number of wetting/drying cycles, the mild steel coupons had less corrosion resistance
than the galvanized steel coupons. This shows the effectiveness of the zinc coating in
providing corrosion resistance and delaying corrosion of the bare steel material, with the
result that less damage occurred in the galvanized steel coupons than in the mild steel
coupons during the same period of exposure. For instance, after 800 wetting/drying cycles,
the galvanized steel coupons exhibited a thickness damage of around 368 um, as compared
to the thickness damage of 585 pm in the mild steel coupons [6]. This means that the zinc
coating of the galvanized steel provided greater corrosion resistance, which reduced the
damage to the thickness of the galvanized steel coupons by around 37% in comparison
to the results for the uncoated mild steel coupons. Figure 8b shows that the rate of cor-
rosion was low at the beginning of the test and increased gradually until the completion
of 200 wetting/drying cycles. However, the corrosion rate then rose sharply between 200
and 400 wetting/drying cycles, remained almost constant between 400 and 800 cycles, and
finally declined slightly between 800 and 1600 wetting/drying cycles. The slight increase
in the corrosion rate observed at 50, 100, and 200 wetting/drying cycles is attributable to
the zinc coating, which acted as a passivating layer, providing protection against corrosion
of the bare steel while being sacrificed. When the zinc layer was almost entirely depleted at
around 200 wetting/drying cycles, the bare steel was exposed, resulting in a steep increase
in the corrosion rates between 200 and 400 wetting /drying cycles. However, the formation
of accumulated rust layers resulted in a stable corrosion rate after 400 wetting/drying
cycles. In other words, the surface of the coupon was then covered by inner rust layers,
which acted as passivating layers. Thus, corrosion resistance was enhanced, causing the
corrosion rate to almost stabilize after 400 cycles, and even decline slightly between 800
and 1600 wetting/drying cycles, as presented in Figure 8b.

The corrosion of metals usually leads to deterioration of the structural capacity, which
may result in sudden failure in certain situations. As illustrated in Figures 9 and 10, in
the current study, material deterioration (i.e., degradation) of the corroded galvanized
steel coupons was monitored via tensile strength and hardness tests. Figure 9a records
lower failure strains in coupons exposed to a greater number of wetting/drying cycles,
indicating lower ductility in the steel material. In Figure 9b, it can be noted that the
ultimate strength and yield strength decreased at a higher number of wetting/drying
cycles. However, the changes were slight and fluctuating until the zinc layer was fully
depleted, at around 200 wetting/drying cycles. In contrast, coupons exposed to 400, 800,
and 1600 wetting/drying cycles revealed considerable reductions in strength and stiffness,
due to damage to the bare steel caused by the surrounding corrosive environment. The
decreases in strength, stiffness, and ductility evident from the tensile strength test and the
hardness test could be attributable to the pit damage impact, which results in a reduced
effective cross-section area of the corroded coupons, indicating the apparent actual surface
area with pit damage, in comparison to the measured cross-section areas of the same
coupons. This has also been reported for similar cases in the literature [6,48-56]. Thus,
the reduction monitored in the mechanical properties (e.g., ultimate strength and yield
strength), calculated based on the measured cross-section area with the reduced thickness of
the corroded coupons, may compensate for the actual reduction in the effective cross-section
area due to the existence of variable pits in the corroded specimens.

Because of the corrosion impact on the structural capacity, the axial (EA) and flexural
(EI) stiffnesses were also affected by the accelerated corrosion and the increasing number
of wetting/drying cycles, as illustrated in Figure 9c. The stiffness values fluctuated until
the completion of 200 wetting/drying cycles, but as the number of cycles continued to
increase, significantly greater stiffness reductions (%) were recorded. The trends, as shown
in Figure 9, are in agreement with the Rockwell hardness test values presented in Figure 10,
where it can be seen that hardness decreased for corroded coupons exposed to a greater
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number of wetting/drying cycles. This implies softening of the steel material, resulting
in lower ductility performance. Softening became apparent in coupons exposed to 400 or
more wetting/drying cycles. This confirmed the fact that after around 200 wetting/drying
cycles, depletion of the zinc layer resulted in damage to the bare steel, leading to material
softening, reflected by lower HRE hardness values.

In general, the deteriorations in the mechanical properties found in the current study
could be attributed to the combination of general and localized pitting corrosions associated
with greater surface roughness in galvanized steel exposed to a higher number of wet-
ting/drying cycles. A comparison between the mild steel coupons and the galvanized steel
coupons is presented in Table 4 to mimic the discrepancies in the mechanical properties,
i.e., reductions (%) in the nominal thickness, axial stiffness, and flexural stiffness, under
the same test conditions, representing the surrounding environment, corresponding to
each set of cycles. The existence of the zinc coating layer was deployed to resist corrosion
attacks and increase the serviceability time with adequate capacity. It can be presumed
that such corrosion has a significant impact on steel performance, mild or galvanized,
which can require essential rehabilitation measures for corroded buried steel structures, or
replacement in severe cases.

Table 4. Comparison between the mild steel coupons and galvanized steel coupons based on the
reductions (%) in the nominal thickness, axial stiffness, and flexural stiffness.

Galvanized Steel Coupons Mild Steel Coupons
Corrosion . . o Flexural Corrosion . . o Flexural
No. Cycles Damage (%) Axial Stiffness (%) Stiffness (%) Damage (%) Axial Stiffness (%) Stiffness (%)

50 0.9 4.0 4.1 49 10.7 13.8

100 1.6 7.0 7.1 8.0 18.3 22.0

200 41 8.5 8.7 12.8 29.1 324

400 12.6 29.0 29.3 22.3 43.1 45.8

800 26.3 529 53.3 375 72.8 74.1
1600 49.0 70.7 71.1 - - -

4.3. Prediction Models

Extensive research findings have been employed in the development of empirical
models to predict metal thickness loss. In the literature, corrosion prediction analyses have
focused on the construction and maintenance of steel bridges and on structures related
to the design of mechanically stabilized earth (MSE) walls [28]. The durability of earth
reinforcements relies on several factors, including site conditions, steel type (whether
galvanized or not), climate, backfill, project sequence, and in-service operations. The
current study investigates the application of different metal loss prediction models, based
on two variables: the initial zinc coating thickness (z;) and the exposure time (t¢), to predict
the service lifetime in years of the bare steel in the galvanized steel coupons utilized in
this research, where the cohesionless soil covering the coupons has a pH of around 9.8
and a resistivity, p ((3-m), of approximately 30.1. The prediction models examined are
the Darbin/Romanoff model modified by Elias, the Stuttgart model, the AASHTO model,
and the Caltrans model. The original differences in developing these models relied on the
steel type and the properties of the surrounding environment (e.g., pH and resistivity),
which determine the depletion rate for the zinc coating and the bare steel. The sacrifice in
thickness can be determined by using different corrosion rates for the bare steel and the
zinc coating depletion, based on the exposure time in years. The formulas utilized for the
four prediction models are presented in the following Equations (17) to (21), where X (um)
represents the thickness loss of the bare steel (i.e., base material) per side, t; (year) represents
the design life, and zi (um) represents the initial zinc thickness in the galvanized steel.

When used to predict the corrosion time (in years) of the bare steel utilized in this study,
these formulas yielded various results, as illustrated in Figure 11. Therefore, a simplified
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prediction model was developed according to the average predictions of the four considered
prediction models. The simplified developed model is presented in Equation (22).

1,500 1
----------- Darbin/Romanoff model
------ Stuttgart model
— — AASHTO model s’ -
=+ = - Caltrans model .’ .
1,000 - d

Average model -,

500

Predicted corrosion damage of bare steel (um)

Predicted time (years)

Figure 11. Corrosion damage predictions for the bare steel in the galvanized coupons.

As an example, to relate the thickness reduction developed from the conducted ac-
celerated tests to the predicted time in years calculated from the simplified prediction
model, the coupons exposed to 1600 wetting/drying cycles (the greatest number of cycles)
exhibited corrosion damage thickness loss of around 691.4 um, including the loss of the zinc
coating, which had a thickness of 41 pm. Thus, the thickness loss of the bare steel alone was
around 650.4 um (i.e., 691.4 pm minus 41 pm). Based on the average corrosion prediction
curve (i.e., the average model presented in Equation (22) and shown in Figure 11), the bare
steel corrosion damage of 650.4 um corresponds to a predicted corrosion time of around
45.8 years following depletion of the zinc coating (see Table 5). According to the average
prediction curve, depletion of the zinc coating takes approximately 4 years. Therefore,
the total predicted time for a total thickness loss of 691.4 um (41 pm of zinc coating plus
650.4 um of bare steel) is around 49.8 years (i.e., 4 years until zinc depletion plus 45.8 years
of bare steel corrosion), which corresponds to 1600 wetting/drying cycles (1600 h) in the
accelerated corrosion test, as shown in Table 5. However, for a more conservative design, it
might be preferable to use the predicted corrosion time of the bare steel only (e.g., 45.8 years
in the current study) to represent the total corrosion time, without considering the time
required for depletion of the zinc coating.

The conducted accelerated corrosion tests related the damage reduction in the thick-
ness to the number of wetting/drying cycles, not to the time in years. Therefore, the
simplified corrosion model was used later to relate the corrosion damages developed from
the accelerated tests to a predicted time in years. This was attained based on the assumption
that the thickness damage from a certain number of cycles, developed from the accelerated
tests, has an equivalent predicted number of years, developed from the prediction mod-
els, to represent the predicted actual corrosion propagated under a similar surrounding
corrosive environment. In this manner, we can assume that at the same thickness damage
for buried steel exposed to a similar corrosive environment, we could relate the number
of cycles from the accelerated corrosion test to the predicted number of years from the
mathematical model in which both, i.e., the accelerated test and the mathematical model,
have a common factor, which is the thickness damage loss.
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Table 5. Corrosion of steel in terms of corrosion damage per side (total steel with zinc coating, zinc
coating, and bare steel without zinc coating) and reduction in the nominal total steel thickness, for
galvanized steel coupons exposed to 0, 50, 100, 200, 400, 800, and 1600 wetting/drying cycles, related
to the predicted corrosion times in years.

Wetting /drying accelerated test (cycles)

50 100 200 400 800 1600

Corrosion damage of total steel (with 41 pm zinc coating) (um)

128 263 585 179.6 367.8 691.4

Corrosion damage of zinc coating (41 pum thickness)

128 263 41 41 41 41

Corrosion damage of bare steel (without 41 um zinc coating) (nm)

0 0 175 138.6 326.8 650.4

Reduction in nominal steel thickness (zinc coating + bare steel) (%)

oO|l ol oo | O

09 163 413 1263 263 49

Predicted time corresponding to corrosion damage of steel (zinc coating + bare

steel) (years) *

0 125 257 52 138 27 49.8

* The total zinc depletion time can be taken as approximately 4 years, based on the average prediction model
shown in Equation (22) and Figure 11.

In general, this corrosion prediction approach for galvanized steel could be used to
make decisions regarding the replacement and/or rehabilitation of damaged underground
steel structures. By not including the time for depletion of the zinc layer, risks of steel
failure could be minimized, since a conservative estimate of the serviceability lifetime of the
structure would be obtained. Table 5 presents the predicted corrosion times for the utilized
galvanized steel coupons corresponding to the depth of corrosion damage, i.e., total steel
thickness, zinc coating thickness, and bare steel thickness, and percentage reductions in
nominal total steel thickness obtained in the accelerated corrosion test exposed to 0, 50, 100,
200, 400, 800, and 1600 wetting /drying cycles. Furthermore, Figure 12 plots the percentages
of corrosion damage (i.e., reduction in the 1.5 mm nominal total steel thickness), for the
proposed galvanized steel material, corresponding to the predicted corrosion time in years.

Zinc depletion zone

<>
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30 1

20 1

10 1

Reduction in 1.5 mm nominal steel thickness (%)

i
i
i
i
i
i
i
i
i
i
i
i
i
L

0 10 20 30 40 50
Predicted time (years)

Figure 12. Theoretical corrosion prediction times corresponding to the reduction in 1.5 mm nominal
steel thickness (%).

Darbin/Romanoff model modified by Elias:

7\ 1.54 B um \ g5
Ift; > ( 25) then X = 25 (year 065 _ 7, (17)
.\ 1.54
It t; < (231) then X = 0 (18)
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Bare steel corrosion rate: 25 um/year following zinc depletion.

Stuttgart model:
X:12<”m> <tf_3_(zi_51)) (19)
year 2

Zinc corrosion rate: 17 um/year for the first 3 years, then 2 pm/year until zinc depletion.
Bare steel corrosion rate: 12 pm/year following zinc depletion.

AASHTO model:
X:12<m> (tf_z_(zi_?’o)) (20)
year 4

Zinc corrosion rate: 15 pm/year for the first 2 years, then 4 um/year until zinc depletion.
Bare steel corrosion rate: 12 pm/year following zinc depletion.
Caltrans model:

X = 28 (“m> (t; — C) 1)
year

C, the time required for zinc depletion, is around 4.77 years for a zinc coating 41 pm thick.
Bare steel corrosion rate: 28 um/year following zinc depletion.

Average model:
_ Hm %
X =142 (year) (tf 10.25 ) @2)

Zinc corrosion rate: 10.25 pm/year until zinc depletion.
Bare steel corrosion rate: 14.2 um/year following zinc depletion.

5. Conclusions

The conducted accelerated corrosion tests with sequenced wetting/drying cycles

proved efficient in propagating corrosion in buried corrugated galvanized steel coupons.
The corrosion was started by applying a 3.5% NaCl electrolyte solution to the buried
candidate coupons, which were then exposed to repetitive wetting/drying cycles. The
test results demonstrated how additional wetting/drying cycles increased the corrosion
damage, i.e., thickness loss, and the deterioration of mechanical properties. Based on the
results of the tests conducted in this study, the following conclusions could be drawn.

The existence of the zinc coating layer significantly delayed the impact of corrosion,
until the zinc layer was almost fully depleted (i.e., at around 200 wetting/drying
cycles), resulting in the direct exposure of bare steel to the aggressive surrounding
corrosive environment. For instance, under the worst corrosive state, corresponding to
1600 wetting /drying cycles, the maximum thickness loss was around 691 pm (around
49% of the nominal thickness).

The corrosion rates at lower numbers of wetting/drying cycles (i.e., 50, 100, and
200 cycles) increased only slightly, with insignificant variations, demonstrating the
corrosion resistance provided by the zinc coating. However, following zinc depletion
and exposure to the bare steel surface, a substantial sharp increase in corrosion was
observed for coupons exposed to 400 wetting/drying cycles. The developed corrosion
modes included a combination of uniform and pitting corrosions, extending to cavities
in the case of the coupons exposed to a higher number of wetting/drying cycles (e.g.,
1600 cycles).

The analysis of the rust layers showed similar corrosion product morphologies for
all of the galvanized steel coupons. The XRD analysis results included four main
chemical compounds: zinc oxide, quartz, magnetite, and hematite; while the SEM
analysis with EDS indicated major elements such as iron, oxygen, zinc, and silicon.
With regard to the mechanical properties of the corroded specimens, at a higher
number of wetting/drying cycles, the tensile strengths, i.e., ultimate strength and yield
strength, calculated based on the measured reduced cross-sectional area, hardness,
and material ductility, decreased. The damage loss of the profile thickness and the
deterioration of mechanical properties resulted in reduced axial stiffness and flexural



Buildings 2024, 14, 1079

22 of 24

References

stiffness, e.g., around 71% reductions corresponding to 1600 wetting/drying cycles,
which weakened the loading capacity of the steel.

e  Lastly, a simplified approximate corrosion prediction model, based on average predic-
tions of four standard mathematical models, was presented to predict the corrosion
of the bare steel in the galvanized coupons. The model predicts the corrosion time in
years, corresponding to the thickness loss of the bare steel in the galvanized coupons
following the depletion of the zinc coating. For instance, the average predictions corre-
sponding to the corrosion developed in the coupons subjected to 1600 wetting/drying
cycles gave around 50 years including the zinc depletion time. However, for a safer
design, it is recommended that the predicted corrosion time for bare steel only should
be used (around 46 years in the case of the 1600-cycle coupons), without adding the
time required for depletion of the zinc coating. This would provide a conservative
estimate for the timing of potential future damage that could lead to failure due to
deterioration of the steel. The objective is to facilitate the implementation of measures
necessary for avoiding failure, by providing rehabilitation solutions for damaged
structures, or full replacement in severe cases.

6. Future Works

The research on corrosion analysis and the accompanying damages is an important
field that requires a detailed focus on various aspects to attain a close fit to real lifetime
corrosion. Future works could be implemented to extend the objectives of the current
research by considering the following subjects:

e Investigating the influence of corrosion propagation on the performance of buried
steel pipes and culverts;

e Studying different rehabilitation measures to fix in-service deteriorated (damaged)
steel structures;

e Lastly, investigating the effects of applying the proposed accelerated corrosion tests
on coated metal specimens to evaluate the painting process on the steel surface with
different primers, e.g., epoxy polyamide primer, at variable thicknesses to obtain their
potential resistance against corrosion.
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