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Abstract: The world’s first steel structures were built towards the end of the 19th century. Some of
them are still in use today, whereas others are maintained as precious technical heritage. In both cases,
there may be a need to assess their technical condition and carry out repairs and reinforcements,
which requires an understanding of the properties of the steel used. The few studies that have
been undertaken of such steel structures indicate that the properties depend on the history of use.
This paper presents the results of metallographic tests of a steel tank in a water tower built in 1884
in Lower Silesia. The chemical composition was consistent with that of the puddled steel used in
the 19th century. The carbon content showed significant segregation and ranged from 0.011% to
0.072% mass. As a consequence, a typical microstructure for low-carbon steels (ferritic) was observed,
changing locally to ferritic-pearlitic. The tested steel contained a very high content of phosphorus
and silicon. The microstructure with numerous slags favoured the formation of surface delamination
caused by the corrosion processes. The degree of corrosion of the steel of the tank was also assessed,
as well as the type of corrosion inside the tank. Corrosion was favoured by the oxygen concentration
cell. The results of the research will be used to assess the potential for continuing tank use and the
reinforcements that have been planned. The results presented will add to the somewhat limited
research results available for steel dating back to the 19th century, which is still present in many
building structures. Such a database is especially needed by those designing technical measures
aimed at maintaining these historical structures in good technical condition.

Keywords: weldable iron; puddled steel; corrosion; microstructure; chemical composition; hardness;
steel water tank; water supply systems

1. Introduction

The long-term use of steel structures leads to significant microstructural changes.
These are an important challenge in buildings which have been in use for long periods.
For this reason, there is great interest in the literature when it comes to the material testing
of structures made from old low-carbon steel [1-10]. Studies have indicated that the degra-
dation of microstructure due to corrosion processes leads to a decrease in steel ductility, as
well as to changes in the character and rate at which fatigue cracking develops [1,2]. A prac-
tical indicator describing the degradation processes taking place in steel is the coefficient
00.2/ 0y [3]. The degradation of steel leads to an increase in the deformation reinforcement
co-efficient [4]. The stress—strain graph also indicates the appearance of a plateau (shelf) of
plasticity [4]. Degradation changes may become intensified due to the influence of the cor-
rosive environment, especially under hydrogen influence conditions [5,6]. The degradation
of the microstructure favours increasing sensitivity to hydrogen embrittlement [4].
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In the second half of the 19th century, many water towers were built in Lower Silesia.
There were made then with weldable steel (puddled steel), which was also called puddled
iron [1,2]. They were some of the first iron shell structures in the world. The production
of metal sheets made of puddled steel and cast steel did not start until the second half of
the 19th century. At that time the first coated structures were introduced in cylindrical
water tanks. In 1884, a steel water tank with a total capacity of 400 m> was built as part
of a pressure tower in Lower Silesia (Figures 1 and 2) and has been used for this purpose
without interruptions until today.

$10.56m

Figure 2. View of a fragment of the interior of the steel tank in the tower.

The technical condition of the steel jacket and bottom of the steel tank were tested
after 135 years of uninterrupted use to determine the degree of corrosion wear and the
potential for continuing use. The steel’s microstructure was tested. Spectral analyses of
the chemical composition were carried out, as well as other material tests. The results of
the material testing provided a basis for assessing the corrosion processes taking place
in the steel sheets of the tank and their strength parameters, and so, for decisions as to
allowing the continued use of the tank in coming years. The test results of steel from the
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tank structure are presented in this paper. The test results concerning the properties of 19th
century steel may be helpful in assessments of durability and suitability for use on other
historical structures made from old structural steels. The use of real material data may
be of practical importance in the experimental modelling and forecasting of the residual
lifetime of structures made from such steel [7-9]. In addition to their historical value, such
historical structures may also provide good performance parameters. In fact, the residual
life of historical steel structures is often much longer than that of similar structures built
today. The oldest steel silos in the world, which are presented in this paper, are a case in
point [11].

2. General Description of the Tank Structure and Its Technical Condition

Testing concerned a steel cylindrical tank of diameter D = 10,560 mm and shell height
H = 4020 mm and a bottom spherical-shaped cap of radius r = 12,696 mm (Figure 3).
The shell of the tank was made of metal sheets t = 8-10 mm thick and the bottom comprised
metal sheets of t = 10 mm thick. The sheets were joined together with rivets with pin
diameter of d = 22 mm.

external side of the tank

»

external side of the tank

,‘g ,
external side of the tank

support- external side of the tank

Figure 3. Geometry of the steel water tank. The design steel sheet thickness is indicated.
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The tank was filled with water every day during the night. During the day the tank
supplied water to the water supply system, maintaining the almost constant pressure
required. Over the past 30 years of operation, the tank was almost completely emptied
and refilled every day. This means that over 135 years there may have been more than
40,000 alternating water load cycles, although it is impossible to recreate a more precise
operational history.

During renovation of the pressure tower roof (Figure 1), the steel tank was emptied
(Figure 2) and the corrosion wear of the metal sheets was tested from the inside, as these
were clearly visible. From the external side of the tank, the corrosion process was not so
intense (Figure 4) given 135 years of operation.

Figure 4. Condition of the outside surface of the sheet steel of the tank: (a—c) the tank bottom, (d) tank support, (e-g)

tank wall.

The corrosion was found to be electrochemical in character and evenly distributed,
but with local pitting corrosion up to a depth of 1.0-1.5 mm. The highest corrosion losses
in the steel sheet of the cylindrical sides of the tank did not exceed 2.5 mm, whereas in the
steel sheets of the spherical bottom they did not exceed 1.0 mm, taking into account also
localised corrosion pits. The bottom of the tank was almost always covered with a layer
of water, as the tank was very rarely emptied completely, hence the corrosion rate of the
bottom steel was almost always low. The steel sheets of the tank shell were exposed to
atmospheric corrosion on a daily basis. This was because when the water level in the tank
fell during the day, so the shell remained covered with a thin layer of water, which together
with the substances dissolved in it formed an electrolyte. Every night the tank was filled
completely with water.
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3. Research Methodology
The following test methods were applied to study the tank steel:

(1) The chemical composition was determined by means of the spectral method using
the LECO GDS-500A (Leco Corporation, St. Joseph, MI, USA) analyser with glow
discharge (GDOES).

(2)  The microscopic tests were performed using the Leica M205 C stereoscopic microscope
(Leica Microsystems, Wetzlar, Hesse, Germany), Leica DM6000 M metallographic
microscope (Leica Microsystems, Wetzlar, Hesse, Germany), as well as the Phenom
World ProX scanning electron microscope (Thermo Fisher Scientific, Waltham, MA,
USA), equipped with the EDS detector on the conventionally prepared metallographic
specimens. The tests were carried out on samples in a non-etched and etched with 2%
Nital solution state.

(3) The HV1 hardness measurements were performed using the Vickers method ac-
cording to the PN-EN ISO 6507-1: 2007 standard with the application of a 1 kg
load. The test was carried out with the use of a LECO LM-248AT (Leco Corporation,
St. Joseph, MI, USA) hardness tester.

4. Results of Tests of the Chemical Composition of Tank Steel

Only a few publications [12-14] have been concerned with the mechanical properties
and chemical composition of structural steels dating back to the end of the 19th century.
It is important to distinguish between the so-called puddled iron (German Schweisseisen)
and the cast steel (German Flussstahl) produced at that time in steelworks in Austria and
Germany. The chemical composition of these old steel types is shown in Table 1 (with total
extended uncertainty U for the confidence level of about 95% and extension coefficient
k =2). The result is given as the mean of five determinations.

Table 1. Chemical composition of old steels in relation to results of own tests of tank steel—elemental content in [% mass].

Current Requirements Test Results for Tank
Element Puddled Steel Acc. to [12]  Cast Steel to 1906 Acc. to [12] According to PN EN Steel (Authors) Cont.
10025-2:2019-11 [15] [l £ U
C 0.0032-0.15 0.026-0.20 <0.17 0.034 £ 0.054
Si 0.003-0.42 0.001-0.013 - 0.148 £ 0.044
Mn 0.054-0.18 0.036-0.52 - 0.120 £+ 0.033
N 0.0037-0.04 0.011-0.022 - -
P 0.011-0.39 0.0009-0.136 <0.035 0.115 £ 0.036
S - 0.063-0.176 <0.035 0.010 + 0.07

A spectral analysis was carried out to assess the material type of the tank band.
The tank owner allowed steel sampling only in the top edge of the tank, but it is highly
likely that the material test results obtained are representative for the tank as a whole
(Figure 5). Based on the analysis, it was determined that the chemical composition was
consistent with that of puddled steel used in the 19th century. The test results obtained for
the band material of the tank are presented in Table 1. The values presented are an average
of four individual analyses. There is no currently available equivalent to this type of steel.
The carbon content obtained from the four analyses ranged from 0.011% to 0.072%, which is
a significant spread. However, the results obtained correlate with localised microstructure
changes in the tested material, which is mostly a ferritic microstructure containing approx.
0.0218% carbon. A ferritic—perlite microstructure with a higher carbon content can be found
in some areas. Segregation of some elements is a characteristic feature of puddled and cast
steels, especially carbon, phosphorus and sulphur. A very high phosphorus content was
found in the steel tested, exceeding by three times the amount of phosphorus in structural
steels produced today. High phosphorus content in puddled steel has been observed by
other researchers [1,2,7,9,10]. The authors of the paper [9] found that the high silicon
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content was linked to processes of steel deoxidation or desulphurization. This situation
favours degenerative processes in these steels [1].

Sample for testing P1

top edge of the tank

L70x65x10

Sample for testing P2

8 mm

| R R S S S
R =5,280 mm | [ tank wall

oy )

Figure 5. Steel sampling locations P1 and P2 on the upper edge of the tank.

5. Results of Metallographic Tests of the Tank Steel

Material tests were carried out after long-term exposure. Samples for testing were
taken in locations indicated in Figure 6. Microscope analysis indicated the presence of
significant amounts of slag impurities in the material microstructure of the angle section
tested (different in size and morphology), which is a characteristic feature of old weldable
steels (Figures 7 and 8). The chemical composition of the steel is conducive to the formation
of precipitations composed mainly of phosphorus and sulphur. However, oxide inclusions
are also common in these materials [7]. Slag inclusions are distributed in bands, longitudi-
nally to the direction of metal forming. The transversal cross-section provided a visible
orientation of the microstructure in the direction of plastic deformation, resulting most
probably from the shaping of the tank shell edges. A corrosion products layer is visible on
the surface. They locally penetrate deep into the material of the tank wall (Figure 8).

The microstructure present in the material will favour the formation of surface de-
lamination caused by the corrosion processes. Such delamination was also observed by
Panasyuk et al. [5] in the microscope image.

Figure 6. Sampling locations P1 and P2 from the tank wall for samples used for material testing.
The dashed line indicates cross-sections designated for microscope observation: longitudinal cross-
section—red colour; transversal cross-section—yellow colour.
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Figure 7. Longitudinal cross-section (a) and lateral (b) samples P1 taken from the tank wall. Numerous banded impurities
and heterogeneity indicating their complex structure. Light microscope, non-etched state.

Figure 8. Transversal cross section of sample P1 taken from the tank wall. Numerous banded slag
impurities are visible. A layer of corrosion products is visible on the surface, penetrating into the
wall material interior at specific locations. Light microscope, non-etched state.

A microscope analysis carried out in the etched state indicated a mostly ferritic
microstructure, but zones of ferritic—perlite microstructure were also observed, as presented
in Figures 9 and 10. The ferritic—perlite microstructure is typical for low carbon puddled
steel [2,7,9,10]. The simultaneous occurrence of ferritic and ferritic—perlitic zones indicates a
different carbon content in the steel, which is typical for puddled steels. Structural elements
made of puddled steels display a significant tendency for microstructure degradation [2,10].
In microscopic examinations, numerous precipitations of tertiary cementite were found at
the grain boundaries of the ferrite, the presence of which indicates a considerably advanced
steel ageing processes [1,3]. Degenerate perlite was also observed locally. This process is
related to the decomposition of perlite into ferrite and carbides, which is also associated
with degenerative processes taking place in these steels [3]. In the case of unalloyed steel,
it should be expected that the perlite decomposed into ferrite and cementite. The ferrite
grains showed considerable variation in size. Such microstructural heterogeneity favours
the initiation of fatigue cracks [7]. The microstructure of the steel sample taken from
the angled section of the band (sample P2) was similar to the microstructure of the steel
taken from the tank shell (sample P1)—Figures 11 and 12. The transversal cross-section of
sample P2, however, indicated no grain elongation in the direction of plastic deformation,
which had been observed in the same cross-section of sample P1 (Figure 12). It was most
probably caused by the plastic bending of the upper edge of the tank shell. The strain
hardening caused by this resulted in the hardness differentiation of the water tank shell
material and the angled section of the tank band, which showed an average hardness of
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195.1 +14.8 HV1 and 132.9 + 4.4 HV1, respectively. Similarly to in the case of the P1 sample,
numerous precipitations of tertiary cementite were observed at the grain boundaries of
ferrite and degenerated perlite, which are associated with the long-term degenerative
processes occurring in these types of steel (Figure 13).

Figure 9. Longitudinal section of sample P1 taken from the tank wall. Tertiary cementite and
degenerated perlite formed as a result of material degradation are marked with arrows. Light
microscope, etched state.

Figure 10. Cross section of sample P1 taken from the tank wall. Numerous bands of slag impurities
are visible. The ferritic microstructure predominates with heterogeneous grain with localized areas
of ferritic—perlite microstructure (frame). Light microscope, etched state.

Figure 11. Longitudinal cross-section of the P2 sample taken from the angled section of the tank
band. Ferritic microstructure with few perlite grains. Numerous bands of slag impurities are visible.
Light microscope, etched state.
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Figure 12. Lateral cross-section of sample P2 taken from the angle section of the tank band. High
degree of slag impurities is visible in the area of the ferritic microstructure. Light microscope,
etched state.

Figure 13. Longitudinal cross-section of the P2 sample taken from the angle section of the tank band.
Tertiary cementite and degenerated perlite formed as a result of material degradation are marked
with arrows. Light microscope, etched state.

6. Assessment of Corrosion Intensity of Shell and Tank Bottom Steel

Features of the intensive corrosion were visible on the inner surface of the cylindrical
shell steel of the empty tank. The corrosion products were distributed evenly over the entire
surface of the steel sheet and localized in the form of clear thickening of so-called “corrosive
braids” (Figure 2). The reaction of corrosion products was pH = 6.5. The microanalysis of
the chemical composition of corrosion products inside of the tank was determined using
the EDS method. A general view of the corrosion products was presented in Figure 14.
The EDS microanalysis was performed in several randomly selected places. Similar results
were obtained. An example spectrum of characteristic X-rays is presented in Figure 15.
The results of the microanalysis of the chemical composition performed in this area were
shown in Table 2. The tests found that the corrosion products were rich in lead, with mass
concentrations ranging from approx. 20% up to even 50%. Old water tanks were sealed
with thin overlapping lead sheets, and many pipes in water supply systems were made
of lead until the mid-20th century. Leonetti et al. [16] showed that the presence of the
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red-lead paint ensured high air-tightness of two plate-to-plate contacting surfaces. It also
contributes to the reduction of the friction coefficient between the plates, which affects
the fatigue strength of the joint [17]. It cannot be ruled out that the tank has not been
protected with anticorrosive coatings over the years of operation. The steel sheets of the
tank could be covered with an anticorrosive paint containing lead oxides. This may explain
the occurrence of lead in the corrosion products inside the tank. The presence of lead in
a dense layer of corrosion products, large tank capacity, daily water exchange, as well as
a stagnant character are all factors that limit the possibility of lead ions passing into the
water. This was confirmed by the fact that the tank user did not detect the presence of lead
in the drinking water.

Microbiologically Influenced Corrosion (MIC) may occur in water tanks, the course
and effects of which are described in various papers, among others [18,19]. Aside from a
significant amount of oxygen associated with the formation of iron oxides and high lead
content, the EDS microanalyses of the corrosion products inside the tank also detected
small amounts (1-3%) of zinc (Zn), calcium (Ca), silicon (Si) and aluminium (Al). A similar
origin related to anticorrosion protection as in the case of lead can be attributed to zinc and
aluminium observed in the EDS spectrum. No significant sulphur content was found in
these products. This suggests that the corrosion is unlikely to be caused by biofilm induced
by sulphate-reducing bacteria (SRB) (Figure 14).

Figure 14. Corrosion products taken from the tank wall: (a) tank walls at the inspection deck, (b) top edge of tank wall, (c)

corrosion area in the stereoscopic image.

counts

5000
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Figure 15. Example of EDS spectrum obtained for the area shown in the microscope image.
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Table 2. Results of microanalysis of chemical composition performed in the area presented in

Figure 15.
Element Symbol Atomic Conc. [%] Weight Conc. [%] Uncertainty [%]
Pb 711 49.89 0.04
C 53.17 21.62 0.04
@) 32.56 17.64 0.03
Fe 1.70 3.22 0.01
Zn 1.39 3.08 0.04
Ca 1.74 2.37 0.03
Si 1.81 1.72 0.03
Al 0.51 0.46 0.04

The corrosion is clearly electrochemical atmospheric and even in character with locally
occurring pits. Atmospheric corrosion occurs when the air humidity is above 70%, resulting
in a thin water layer forming on the surface of the steel tank sheets, which together with
the substances dissolved in it form an electrolyte. Data from the literature indicate that
advanced uniform corrosion may contribute to stability loss of steel tank shells [20].

In the tested tank, a water layer formed on the inside as a result of the daily lowering
of the water surface in the tank. The wall of the tank shell above the water line was
thus wet for part of the time. An important role is played in this situation by differential
aeration cell to individual fragments of the metal surface. The zones submerged in water
are anode areas, whereas those above the water line are cathodic. This situation forms
oxygen aeration cell, which intensifies localised corrosion processes. The tank bottom has
been exposed quite rarely with the result that corrosion processes impacting the inner part
of the spherical bottom are much less advanced than those the sheets of the shell (Table 1).

Features of atmospheric corrosion of the tank bottom and tank shell were found on
the external side of the riveted tank (Figure 4). Localised flaking of the anticorrosive paint
coating and localised corrosion pits are visible, but their intensity is not high.

Measurements of the thickness of the metal sheets of the tank shell and bottom were
carried out using a calibrated ultrasonic thickness gauge with a measurement accuracy
of 0.1 mm. Measuring the thickness of tank sheets was difficult due to a layered struc-
ture of sheets with large slag impurities between layers. As a result, a detailed visual
inspection was carried out of the corrosion state of sheets around rivets (Figure 4). The hot
riveting process was used extensively up to about 1970 for joining plates in built-up cross-
sections [16]. At the stage of manufacturing the rivet (during cooling after forging), the
rivet shank was shortened, which led to an increase in the yield stress and tensile strength
of the steel [16,17]. The joined plates were thus pressed against each other by the rivet
heads, which caused an internal axial force to be created, referred to as the “clamping
force”. Literature data indicate that its value ranged on average from 60 to 100 MPa [16].
The clamping force induced by the hot riveting technique is higher than that obtained
with prestressed bolts [21]. It also prevents the occurrence of their self-loosening. No gaps
were found between the rivet heads and the tank shell sheets, as presented in Figure 16.
In consequence, it was easier to reject the very small measures of sheet thickness, as these
were determined as resulting from the layered structure. With respect to corrosion of the
sheets around the rivet heads, the sealing could have loosened at contact points resulting
in water leaks from the tank. Such a situation did not occur in the tested tank.
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thorughly
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outside of the tank

Figure 16. Possible case of corrosion of sheets beneath the rivets.

Localised corrosion pits of about 1-1.5 mm in depth were found. Under the thick
“braids” of corrosive products on the sheets of the shell, the corrosive pits were approx.
1 mm larger than in other locations. The formation of braids was related to the nature
of the microstructure, which favoured the formation of corrosive pits. The presence of
non-metallic inclusions in the microstructure favours the formation of delamination, as
indicated earlier. This led to the retention of the corrosive solution in these locations, which
supported the electrochemical process.

The maximum measured value of local corrosion losses from the tank shell sheets
amounted to 3 mm almost across its entire height. The highest part of the tank shell
was originally 8 mm thick, but the current minimum thickness of 5 mm is still a value
that ensures sufficient tank loading capacity. The lower parts of the shell had an original
thickness of 10 mm and the maximum localised corrosion losses do not threaten safe tank
operation with respect to loading capacity.

The tank bottom sheets had an original thickness of 10 mm, but showed only slight
corrosion losses, not exceeding 1 mm. This is due to the fact that there was almost always a
layer of water covering the bottom, making atmospheric corrosion impossible.

The estimated linear function of the corrosion progress Vp, calculated as the loss of
sheet thickness over 135 years of operation, amounted to Vp, = 3.0/135 = 0.022 mm/year
(Vp =1/t, where: I-corrosion loss on the sample [mm], t-time [years]). This means that
in terms of the commonly used classification of metal resistance to corrosion, the sheets
are of uniform corrosion-resistant steel. This does not mean, however, that this steel is
completely resistant to pitting corrosion. It should also be noted that the corrosion rate
will not be constant under these conditions. The degradation changes taking place in
the microstructure of steel affect the rate of its corrosion, making it more susceptible in a
corrosive environment [4-6].
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7. Conclusions

A review of the structural safety of historic steel structures requires an understand-
ing of their construction, the methods used to fabricate the structural elements, and the
properties of the materials used. Tests carried out on steel in a water tank which has been
operating for 135 years lead to the following conclusions:

1. The chemical composition of tank steel indicates that a puddled steel was used to
build the pressure tower tank. Moreover, the ferritic—perlite microstructure with con-
siderable heterogeneity and numerous non-metallic inclusions and slag is typical for
this group of materials. In the microstructure, there are also numerous precipitations
of tertiary cementite at the ferrite grain boundaries, the presence of which indicate
advanced steel ageing. Localised degenerate perlite was also observed. This is related
to the decomposition of perlite into ferrite and carbides, which is also associated with
degeneration processes taking place in these types of steels.

2. The water tank should be classified as unfit for welding on account of the high
phosphorus content, which is limited to 0.035 + 0.05% in weldable low alloy steels,
numerous slag non-metallic inclusions and the presence of tertiary cementite. This is a
significant problem when riveted parts of a steel tank will need to be replaced. Riveted
joints ensured a secure fit of the plates to be joined, despite their corrosion. Searching
for the possibility of joining steel plates in the case of their renovation with the use
of prestressed bolts requires their systematic control due to the possibility of their
self-loosening. In the case of the tested tank, this problem is negligible considering
the low risk of cyclical loads. However, when determining their clamping force, it
is required to take into account the microstructural heterogeneity of the steel plates.
Applying too much force may result in catastrophic destruction of the puddled steel.

3.  The presence of a considerable number of banded non-metallic inclusions in the
material amid corrosive processes enables the formation of surface delamination and
results in the appearance of characteristic corrosive “braids”. Such advanced corrosion
means that installation of cathodic protection on the tank should be considered.

4. During operations, the tank has been subjected to uniform corrosion, which was
favoured by the oxygen concentration cell (differential aeration). Corrosion pits were
observed locally, reaching depths of approx. 1-1.5 mm. Under the thick “braids” of
corrosive products on the sheet steel of the shell, the corrosion losses were approx.
1 mm deeper. The corrosion products of the sheets inside the tank did not contain
sulphides with a reaction of pH = 6.5, so Microbiologically Influenced Corrosion
caused by aerobic or anaerobic bacteria was not found in this case.

5. During renovation work, special attention should be paid to mechanical damage,
including any physical impacts, as the material will be highly brittle due to the nature
of the microstructure. Puddle joints also have much lower fatigue strength than
modern steel joints. Therefore, numerical and non-destructive testing methods play
an important role in their fatigue life prediction. Important recommendations in this
regard are presented by Kuehn et al. [22].

The test results concerning the tank steel presented are a contribution to enriching the
somewhat sparse test results related to properties of the steel used in 19th century building
structures. This is relevant to heritage buildings which should be maintained in good
technical condition, especially as some continue to be used. In particular, the presented
results are helpful tools in the assessment and renovation of historic riveted structures.

Author Contributions: Conceptualization, E.H., R.I. and M.B.L.; methodology, E.H. and M.B.L.;
software, M.B.L.; validation, E.H., M.B.L. and R.I,; formal analysis, E.H.; investigation, E.H., R.I.
and M.B.L.; resources, E.H.; data curation, M.B.L.; writing—original draft preparation E.H., R1. and
M.B.L.; writing—review and editing, E.H. and M.B.L.; visualization, R.L; supervision, E.H.; project
administration, E.H.; funding acquisition, E.H. and M.B.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.



Materials 2021, 14, 2204 14 of 14

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lesiuk, G; Szata, M.; Bocian, M. The mechanical properties and the microstructural degradation effect in an old low carbon steels
after 100-years operating time. Arch. Civ. Mech. Eng. 2015, 15, 786-797. [CrossRef]

2. Lesiuk, G.; Szata, M. Fatigue Properties and Fatigue Crack Growth in Puddled Steel with Consideration of Microstructural
Degradation Processes after 100-years Operating Time. Procedia Eng. 2014, 74, 64—67. [CrossRef]

3. Lesiuk, G.; Szata, M. Aspects of structural degradation in steels of old bridges by means of fatigue crack propagation. Mater. Sci.
2011, 47, 82-88. [CrossRef]

4. Tsyrulnyk, O.T.; Nykyforchyn, H.M.; Petryna, D.Y.; Hredil’, M.I,; Dz’Oba, .M. Hydrogen degradation of steels in gas mains after
long periods of operation. Mater. Sci. 2007, 43, 708-717. [CrossRef]

5. Panasyuk, V,; Schiiller, M.; Nykyforchyn, H.; Kutnyi, A. Corrosion-Hydrogen Degradation of the Shukhov Lattice Construction
Steels. Procedia Mater. Sci. 2014, 3, 282-287. [CrossRef]

6.  Zagorski, A.; Matysiak, H.; Tsyrulnyk, O.; Zvirko, O.; Nykyforchyn, H.; Kurzydlowski, K. Corrosion and stress-corrosion cracking
of exploited storage tank steel. Mater. Sci. 2004, 40, 421-427. [CrossRef]

7.  De]Jesus, A.M.; daSilva, A.L.; Correia, J.A. Fatigue of riveted and bolted joints made of puddle iron—An experimental approach.
J. Constr. Steel Res. 2015, 104, 81-90. [CrossRef]

8.  De Jesus, A M.P,; Figueiredo, M.A.V,; Ribeiro, A.S.; de Castro, PM.S.T.; Fernandes, A.A. Residual Lifetime Assessment of an
Ancient Riveted Steel Road Bridge. Strain 2011, 47, e402—e415. [CrossRef]

9.  De Jesus, AM,; da Silva, A.L.; Figueiredo, M.V,; Correia, ].A.; Ribeiro, A.S.; Fernandes, A.A. Strain-life and crack propagation
fatigue data from several Portuguese old metallic riveted bridges. Eng. Fail. Anal. 2011, 18, 148-163. [CrossRef]

10. Lesiuk, G.; Correia, J.A.; De Jesus, A.; Kucharski, P. Fatigue crack propagation behavior of old puddle iron including crack closure
effects. Procedia Struct. Integr. 2016, 2, 3218-3225. [CrossRef]

11. Hotata, E. Historical structures of steel tanks and silos in Lower Silesia. Builder 2020, 273, 96-99. [CrossRef]

12.  Helmerich, R. Alte Stihle und Stahlkonstruktionen. Materialuntersuchungen, Ermiidungsversuche an originalen Briickentrigern und
Messungen von 1990 bis 2003, 1st ed.; Verlag fiir neue Wissenschaft GmbH: Berlin, Germany, 2005; ISBN 3-86509-362-0.

13. Pasternak, H.; Hoch, H.-U.; Fug, D. Stahltragwerke im Industriebau; Ernst and Sohn: Berlin, Germany, 2010. [CrossRef]

14. Brandes, K. Eigenschaften alter Eisen und Stahle und ihre addquate Materialpriifung und Bewertung. Bautechnik 2008, 85, 394-406.
[CrossRef]

15.  PN-EN 10025: 2019 Hot Rolled Products of Structural Steels—Part 2: Technical Delivery Conditions for Non-alloy Structural Steel; Polish
Committee for Standardization: Warsaw, Poland, 2019; Available online: http://www /pkn.pl (accessed on 20 March 2021).

16. Leonetti, D.; Maljaars, J.; Pasquarelli, G.; Brando, G. Rivet clamping force of as-built hot-riveted connections in steel bridges.
J. Constr. Steel Res. 2020, 167, 105955. [CrossRef]

17.  Maljaars, J.; Leonetti, D.; Maas, C. Fatigue life prediction of hot riveted double covered butt joints. Int. J. Fatigue 2019, 124, 99-112.
[CrossRef]

18. Liengen, T.; Basseguy, R.; Feron, D.; Beech, 1. Understanding Biocorrosion, Fundamentals and Applications, 1st ed.; Woodhead
Publishing: Sawston Cambridge, UK, 2014; ISBN 9780081015476.

19. Beech, I.B.; Sunner, J. Biocorrosion: Towards understanding interactions between biofilms and metals. Curr. Opin. Biotechnol.
2004, 15, 181-186. [CrossRef] [PubMed]

20. Mabheri, M.R.; Abdollahi, A. The effects of long term uniform corrosion on the buckling of ground based steel tanks under seismic
loading. Thin-Walled Struct. 2013, 62, 1-9. [CrossRef]

21.  Collette, Q.; Sire, S.; Vermes, W.J.; Mesler, V].; Wouters, I. Experimental investigations on hot-driven structural rivets in historical
French and Belgian wrought-iron structures (1880s-1890s). Constr. Build. Mater. 2014, 54, 258-269. [CrossRef]

22. Kiihn, B,; Lukic, M.; Nussbaumer, A.; Giinther, H.-P.; Helmerich, R.; Herion, S.; Kolstein, M.H.; Walbridge, S.; Androic, B.;

Dijkstra, O.; et al. Assessment of Existing Steel Structures: Recommendations for Estimation of Remaining Fatigue Life, 1st ed.; Sedlacek,
G., Bjjlaard, F, Geradin, M., Pinto, A., Dimowa, S., Eds.; European Commision Joint Research Center: Auchen, Germany, 2008;
ISSN 1018-5593.


http://doi.org/10.1016/j.acme.2015.06.004
http://doi.org/10.1016/j.proeng.2014.06.225
http://doi.org/10.1007/s11003-011-9371-z
http://doi.org/10.1007/s11003-008-9010-5
http://doi.org/10.1016/j.mspro.2014.06.049
http://doi.org/10.1007/s11003-005-0055-4
http://doi.org/10.1016/j.jcsr.2014.10.012
http://doi.org/10.1111/j.1475-1305.2008.00596.x
http://doi.org/10.1016/j.engfailanal.2010.08.016
http://doi.org/10.1016/j.prostr.2016.06.401
http://doi.org/10.5604/01.3001.0013.8800
http://doi.org/10.1002/9783433600535
http://doi.org/10.1002/bate.200810031
http://www/pkn.pl
http://doi.org/10.1016/j.jcsr.2020.105955
http://doi.org/10.1016/j.ijfatigue.2019.03.002
http://doi.org/10.1016/j.copbio.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15193324
http://doi.org/10.1016/j.tws.2012.06.004
http://doi.org/10.1016/j.conbuildmat.2013.12.059

	Introduction 
	General Description of the Tank Structure and Its Technical Condition 
	Research Methodology 
	Results of Tests of the Chemical Composition of Tank Steel 
	Results of Metallographic Tests of the Tank Steel 
	Assessment of Corrosion Intensity of Shell and Tank Bottom Steel 
	Conclusions 
	References

