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Abstract

The article presents important problems occurring in the operation of large-size steel
structures protected by paint coatings. In our atmospheric conditions, corrosion of steel
structures cannot be avoided, even with the use of protective coatings. The problem of
environmental pollution with corrosion products and exfoliated paint then appears. When
designing corrosion protection, durability of protection is assumed based on
environmental corrosivity categories, but in practice degradation of paint coatings can
occur much faster. The problem of premature peeling of paint results, among other things,
from its faulty application and use. Steel structure repairs are usually carried out
comprehensively, and new protection requires the removal of damaged coatings, mainly
by sanding. As a result of the mechanical action of the abrasive material, old paints and
corrosion products are removed, which results in a very large amount of waste that settles
on the adjacent area. Due to the age of paint removed, this waste often contains compounds
such as lead, chromium or zinc, which pose a real threat to the natural environment around
the renovated buildings. In the article, based on the observations carried out directly on
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the exemplary structures in renovation, the actual scope of the waste emission was
determined. This is a contribution to further spectrometric studies to determine the exact
area of contamination and to identify heavy metals in the waste arising from the renovation
of steel structures with paint coatings.
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1. INTRODUCTION

Although the economy of the 21st century is based on knowledge, innovation and
quality, awareness of issues related to corrosion protection is quite low. What's
worse, basic knowledge is also insufficient among designers and investors, who
often disregard this field of the construction industry and treat it as a less important
issue. Even in large prestigious steel structure projects, corrosion protection is in
many cases poorly designed and constructed [10, 4].

Corrosion is one of the phenomena that cannot be completely eliminated but can
be significantly reduced. The degradation of materials caused by corrosion can be
effectively reduced, mainly through the use of appropriate protection methods and
selection of materials [18].

Economic losses caused by corrosion are still increasing. Total direct and indirect
corrosion costs in Poland are estimated at 6—-8% of GDP. The costs of steel
structures corrosion are not specified, but it can be assumed that they are
significant [6]. Direct losses are costs resulting from premature destruction of
corroded structural elements, removal of damages and consequences of possible
failures, repairs resulting from corrosion damage. Indirect losses, more difficult
to estimate, are equivalent to all other negative economic and social effects caused
by this phenomenon.

Corrosion prevention of steel structures is a technological, design and
implementation process. Corrosion protection methods are developed, improved
and adapted to the requirements of sustainable development [11].

Coal steels commonly used in construction extremely easy corrode in our
atmospheric conditions [19]. Structures and buildings made of this material
require protection because of their safety and aesthetics [10]. The most common
way of protection is by applying layers of undercoat and topcoat paints. Protective
paint systems require periodic inspections, renovations, repairs, removal and
replacement of damaged coatings [12].

Nowadays, the biggest danger for the natural environment surrounding large steel
structures are peeling paint and corrosion products, which get into the soil or
surface waters. The problem is very important, because there are many steel
structures that are maintained and repaired in our public space. During the removal
of damaged painting layers by mechanical, chemical or thermal methods, the
largest emission of waste to the environment takes place [7]. Taking care of social
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welfare and environmental protection, zones endangered by pollution with
corrosion products and old painting materials should be designated. Determining
endangered zones will enable the preparation of appropriate methods for
reclamation of contaminated areas.

2. MATERIALS

Properties and application of structural steel

Steel is an iron-carbon alloy (the carbon content does not exceed 2.11%), heat and
plastic treated. Carbon in steel most often occurs in the form of lamellar perlite.
With increased carbon content, there is cementite surrounded by ferrite grains. In
Poland, steel is defined in accordance with PN-EN 10020 as a material containing
more iron than any other element, with a carbon content generally less than 2%
(by mass) and containing other elements [10]. Due to the chemical composition
and the share of individual alloying elements various types of steel are
distinguished.

Steel is obtained from pig iron in modern metallurgical installations - using
converter, arc and vacuum furnaces, which allow obtaining high quality material.
The primary metallurgical product is cast steel (e.g. in the form of billets or slabs),
which is processed into steel by plastic forming. Steel metallurgical products
include round, square or hexagonal bars, round tubes, closed and open profiles
(flat bars, angle bars, channel bars, tee bars ) and sheets.

Steel is a metal susceptible to corrosion in atmospheric and water environment.
For the purpose of steel refining, admixtures of other elements (alloy steels) are
used, as well as galvanizing processes to reduce corrosion susceptibility. An
example is stainless steels, characterized by resistance to corrosion in water and
the action of many chemical compounds.

Modern steel is a material with a practically uniform structure and chemical
composition. Its properties mainly depend on the percentage of carbon, alloying
elements as well as heat and plastic treatment. The carbon content has a large
impact on the typical mechanical and technological features of steel, such as
tensile and compressive strength, elasticity, plasticity, ductility, impact strength,
weldability and hardness.

Steel used in buildings is referred to as structural steel. Structural steels differ in
their chemical composition, and therefore also in physical and mechanical
properties [9].

Mechanical properties of steel

Considering the use of carbon steel for structural design, the main characteristics
of this material are mechanical properties. Steel strength and quality are
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determined by such basic features as: tensile strength, yield strength, ductility and
fracture toughness.

Structural steel is widely used in building constructions, as well as for the
production of machinery and vehicles. Considering the conditions under which
steel will work, the appropriate type should be selected. Medium carbon steels
with the average minimum carbon content of 0.25% are most commonly used.
Structural steel must be sufficiently strong and plastic, which can be obtained in
the hardening process and after adding appropriate additives, such as chromium,
magnesium, nickel, molybdenum. Such additives increase the hardenability of
steel, however they pose a threat to the environment with their emission caused,
for example, by corrosive processes [2, 3].

Physical properties of steel
The physical properties of carbon steel include density of p = 7850 kg/m?, thermal

expansion a = 12x107%/K, Poisson's coefficient v = 0.3 and thermal conductivity
A =158 W/(m'K).

Corrosion as a phenomenon favoring delamination of protective coatings

Corrosion is a process of gradual destruction of materials, occurring on their
surface under the influence of the surrounding environment. Depending on the
type of material and environmental impacts, the dominant processes have
chemical, electrochemical, microbiological or physical character (e.g. melting and
other phase transformations, damage by UV radiation).

The term "corrosion" is used to refer to the destruction of the structure of
materials, in our case metals. The rate of corrosive destruction of multi-component
structures depends on the type of materials in the connected elements, methods of
joining and many other factors.

Corrosion is a natural process for steel. Normal carbon steel reacts with oxygen in
the air, which creates a layer of iron oxide on the steel surface. This surface is
porous and allows further oxidation of the steel, causing the "rust" effect. In other
words, corrosion is the gradual destruction of metal and non-metal materials under
the influence of chemical and electrochemical environmental impact, as a result
of which the condition and properties of the material change.

Types of corrosion

Corrosion is divided into the following types depending on the mechanism of
processes:

* chemical corrosion - occurring in dry gases and liquids that don’t conduct
electricity (non-electrolytes), liquid organic substances are an example of such a
liquid. According to the European Standard "Corrosion of metals and alloys, basic
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terms and definitions" chemical corrosion is "corrosion during which no
electrochemical processes occur" [15, 11].

* electrochemical corrosion - occurring in aqueous solutions such as sea and fresh
water, in moist soils and gases, and thus in electrolyte environments. According
to the European Standard "Corrosion of metals and alloys, basic terms and
definitions" electrochemical corrosion is "corrosion during which at least one
anode reaction and one cathode reaction occurs”.

The effect of corrosive processes is the destruction of the metal, which is mainly
observed on surfaces in the form of accumulation of solid reaction products, e.g.
oxides, rust, scale [14]. If the reaction products fall off the metal substrate,
unevenness of the originally smooth surface or pits are observed. It favors the
degradation of steel protective layers, mainly paint coatings. In addition, products
(metal ions) soluble in a corrosive environment may be formed and pollute the
environment.

Corrosivity categories - environment aggressivity

The procedures of the Road and Bridge Research Institute (RBRI) provide for
appropriate protection systems for steel surfaces for the specific environmental
corrosivity categories. Corrosivity categories according to PN-EN ISO 12944-2
are given in Table 1.

Table 1. Corrosivity categories according to PN-EN ISO 12944-2 [11]

Corrosivity Examples of typical environments in temperate climate (informative only)
categories ] ]

Interior Exterior

Heated buildings with clean atmospheres, e.g. .
Cl very low offices, shops, schools, hotels. Not applicable

Unheated buildings where condensation may |Atmospheres  slightly  polluted.
C2 low -

occur, e.g. warehouses, sports halls. Mainly rural areas.

Production rooms with high humidity and Urban and industrial atmospheres,

C3 medium  |some air pollution, e.g. food processing  average sulfur oxide (IV) pollution.
plants, laundries, breweries, dairies. Coastal areas with low salinity.
. Chemical plants, swimming pools, ship and |Industrial areas and coastal areas
C4 high . . o
boat repair yards. with moderate salinity.

Buildings or areas with almost permanent Indusrial arcas with high humidity

Cs very high condensation and high pollution. and A8BIeSSIVE a'tmospl'le'r ¢ and
coastal areas with high salinity

Offshore areas with high salinity and

. . . industrial areas with extreme

CX extreme Industrial areas with extreme humidity and humidity and aggressive atmosphere

aggressive atmosphere. and sub-tropical and tropical

atmospheres.
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For large steel engineering structures, such as power pylons, bridges or GSM steel
towers, corrosivity classes from C3 to CX, and for wind farm components and oil
drilling rigs the highest corrosion class CX are adopted.

Paint protective coatings

Paint protective coatings are used as permanent (in the assumed period) or
temporary corrosion protection [20]. They can be implemented as single or multi-
layer [16]. Multi-layer paint coatings include undercoat layer (primer),
intermediate layers and a top layer. Coatings are made of paints, enamels and
varnishes. Enamels have fillers, pigments and varnish binder in their composition.
However, in relation to paints, quantity of those component is much smaller.
Varnishes are made of solutions of binders in various solvents. Paints consist of
pigments, fillers and a binder.

Due to the properties, the following types of paints are distinguished:

* insulating,

* passivating,

* sacrificial.

Undercoat paints are used as periodic protection, e.g. during assembly of the
structure, or as a primer to which another paint coat will be applied.

Insulating undercoats separate the surface at risk of corrosion from mechanical
impacts and electrically isolate it from the environment. In their composition they
have inert pigments, such as zinc white, titanium white and iron oxide.
Sacrificial undercoats contain metal in the form of dust, with smaller potential
than the potential of the protected metal. For example, aluminum or zinc in the
form of dust is used to protect iron alloys.

Passive undercoats have an insulating and passivating effect, forming a layer of
metal oxides and salts on its surface, which prevents corrosion. Strong oxidizer
are used as pigments in these paints: lead minium, lead chromate and zinc
chromate.

Among the primer paints, minium based paints are still used. Minium (red lead)
paints have long been used as anti-corrosive preparations, used for the first
painting of steel and cast iron elements and sheets. The anti-corrosive effect of
minium paint is based on the so-called passivation, consisting of the formation of
a tight oxide film on the metal surface isolating it from the corrosive environment.
The main disadvantage of minium paints is the fact that they contain lead, which
is a poisonous substance.

Methods of paint coating application

When choosing the method of applying paint coatings, one should know as much
as possible about the covered element. The most important information is: size
and shape of the element and the condition of the surface to be covered [11].
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In the case of large-size steel structures, the volume of painting work is defined as
total surface painted with primer and topcoat paints. The thickness of individual
paint coatings and the technique of their application are specified in the Technical
Approval of the Institute of Road and Bridge Construction. The total thickness of
dry coatings should be 240-320um. Fig. 1 shows the classification of techniques
for applying paint coatings.

Techniques for

applying paint
coatings

] . L)
brush spray dip electrophoretic
painting painting painting painting

Fig. 1. Classification of techniques for applying paint coatings

All work on the application of paint coatings should be carried out in accordance
with the guidelines set out in the detailed technical specifications prepared for the
project.

Defects of paint coatings

Defects arising at the stage of applying the paint layers and during the operation
of the structure promote delamination of the coatings, which causes emissions of
pollutants into the environment.

Paint
defects
t d standing
creases stains pattern eep out and blisters
cracking cracking flaking

Fig. 2. Types of paint coating defects

Defects arising at the stage of applying the paint layers and during the operation
of the structure promote delamination of the coatings, which causes emissions of
pollutants into the environment.

Defects in paint coatings are caused by the application technology and operating
conditions. Fig. 2 shows the types of the most common defects. Creases are the
result of drying the paint coating, which is too thick, and the only method to
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remove this defect is to re-apply the correct thickness. Stains are only an aesthetic
defect, which does not matter in terms of metal protection. They are formed when
painting vertical surfaces with low viscosity paint. Fragility and deep or pattern
cracking can be caused by a change in the plastic properties of the painting
material due to high temperature, UV radiation and other atmospheric factors.
Detachment and peeling of coatings is caused by improper preparation of the
surface covered with a paint coating [8]. Blisters appear for various reasons: poor
surface preparation, too thick layers, moisture in the paint coating, undercoating
corrosion.

e L oty e
Fig. 3. Defects of paint coatings [18]:

a) crease, b) stain, c) pattern cracking, d) deep cracking,
e) standing out and flaking, f) blisters

Removal of old paint coatings from steel surfaces

Painting is one of the most popular methods of protecting various surfaces, not
only has a protective but also decorative function. However, to achieve a good
adhesion of paint, the painted surface has to be properly prepared. Old coatings
are becoming a particularly big challenge, which in many cases has to be
completely removed before new painting can be started.

The most popular method to remove paint coatings is mechanical scraping. This
is done manually using sandpaper, brushes and using electric grinding machines.
The most effective mechanical method is sandblasting, which consists in applying
fine-grained abrasive at sufficiently high pressure.

Chemical paint removal involves covering with a special preparation that causes
swelling and melting of an old coating, which can then be easily removed with a
spatula or a water jet. This method it requires special precautions, therefore it is
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not usually used for preparation of large areas. It works very well with more
complicated details that would be difficult to prepare with other methods.

For thermal paint removal, electric heat guns are used to produce a stream of hot
air. Under the influence of temperature, the paint swells, which makes it relatively
easy to scrape with a spatula. This method is only effective with certain types of
paints. In addition, it requires caution so as not to damage the prepared surface.
As mentioned earlier, the most common method of removing old coatings is
abrasive machining. In workshop conditions, it is possible to carry out work in
specialized chambers, equipped with extractors enabling the removal of dust
generated. All the waste should be utilized in a proper way. It is usually burned in
specialized incineration plants. Renovation works performed at the facilities
require the use of covers to reduce the emission of pollutants. However, in
practice, a significant proportion of pollution ends up in the environment.

It should be emphasized, that depending on the type and chemical composition of
the coating, each waste will pose a specific threat to the environment, and thus
also to human health. Metallic poisons accumulate in the body to varying degrees
and cause characteristic diseases (lead poisoning, zinc fever, cancer) [1, 13, 17].
Some paint ingredients can also cause allergies.

3. RESULTS

Technical aspects of environment pollution

During the renovation of large engineering steel structures, mechanical removal
of paint layers poses a great threat to the environment. Assuming the average
thickness of paint coatings at 320um (in accordance with RBRI guidelines) and
the density of paints used for applying coatings, securing within 1.4-2.6 kg/dm?,
from 1 m? of the structure surface we get waste weighing about 0.8 kg , not
including corrosion products. For the renovation of large structures, such as power
pylons and steel bridges, the total mass of pollutants can reach tens or even
hundreds of kilograms. Removing paint coatings mechanically causes spraying of
paint particles in the vicinity of the structure, causing environmental pollution.
Therefore, it is very important to designate a zone exposed to direct pollution
during renovation work.

Based on the observations of the renovation works carried out on a number of
structures, the authors established a zone exposed to direct pollution caused by the
mechanical removal of paint. The proposal for determining the pollution zone is
presented below on the example of two typical objects.
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Fig. 4. Removing protective layers by sandblasting the steel pole of power line 400kV

Fig. 4 shows dusty pollution arising when sandblasting the steel pole of power
line. Based on the visual assessment, the area covered with dust was determined,
indicating the zone of direct pollution in the area the pole. The observations show
that such a zone can be established within 15 meters outside the pole contour, as

shown in Fig. 5.

4 Tism )

e e

Fig. 5. Diagram of the area directly exposed to waste pollution after sandblasting the
400kV pole structure.
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For bridge structures, the observed area of impact of pollution caused by
sandblasting was smaller than for power poles due to their lower height and the
use of curtains limiting the distribution of dust [5]. An example of a steel bridge
during a renovation with protecting curtains is shown in Fig. 6. However, in the
absence of curtains, the impact area is often much larger. It may even exceed the
area specified for power poles. Moreover, it was observed that the waste after
sandblasting the steel bridge in Putawy posed a threat to people on the fairway.

ik o 7 P S S

Fig. 6. View of the steel bridge during renovation - sandblasting

As aresult of observations and measurements carried out for bridge structures, the
area endangered by pollution was determined for min. 10m outside the external
dimensions of the construction, according to the diagram proposed by the authors
shown on Fig. 7.

| Tow 7

/ Tow %

Fig. 7. Top view - diagram of the area directly threatened by waste cover after
sandblasting the bridge structure
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4. SUMMARY

The issue of renovation works on large-size steel structures discussed in the article
indicates the problem of environmental pollution. Depending on the location of
the structure, appropriate category of corrosivity of the atmosphere is assumed to
assure the proper protection against corrosion. Incorrect recognition of the
corrosivity category may result in premature destruction of the protective paint
layers, which in extreme cases may lead to failure of the structure. Accurate
knowledge and ability to recognize the type of steel corrosion is necessary when
designing a structure, and later during its operation. Appropriate selection of
protective layers for a particular type of engineering structures will allow long
operation while reducing environmental pollution. The designer, having a wide
range of methods, should choose the most effective way of protection which is
also the most economical. Assuming that the pollution generated in the renovation
process is carried by air movement and gravity, all the waste can end up in the
vicinity of the structure, causing undesirable environmental and health effects.
The assessment of this effect is yet another scientific issue that will be supported
by detailed research on the identification of harmful pollutants and their impact
on the environment.
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