CIVIL AND ENVIRONMENT AL ENGINEERING REPORTS

CIVIL AND ENVIRONMENTAL ENGINEERING REPORTS

E-ISSN 2450-8594 CEER 2025; 35 (1): 0001-0019
DOI: 10.59440/ceer/196751

Original Research Article

THREE-LAYER REPAIR COATING SYSTEM FOR MANHOLES, PUMP
STATIONS, AND TANKS IN AGGRESSIVE SULFATE ENVIRONMENT

Tomasz PAWLAK?!, Anna SZYMCZAK-GRACZYK?, Tomasz GARBOWSKI?
! Department of Construction and Geoengineering, Faculty of Environmental and Mechanical Engineering,
Poznan University of Life Sciences, Poznan, Poland
2 Department of Biosystems Engineering, Faculty of Environmental and Mechanical Engineering, Poznan
University of Life Sciences, Poznan, Poland

Abstract

Advancements in the repair and protection of water and wastewater infrastructure are now focused on using an
innovative material called polyurea. Distinguished by its rapid curing time and versatile applications, polyurea is
applied using a spray gun with high-pressure pumps. The introduction of new building materials is part of ongoing
efforts to meet stringent environmental, health, and performance standards, and polyurea offers significant
improvements by eliminating solvents and volatile organic compounds (VOCs). This paper presents a
technological protocol starting with inspection and cleaning, followed by drying, and ending with the application
of three layers: a moisture-blocking base layer, a rigid polyurethane middle layer for structural reinforcement, and
a final sealing and anti-corrosion layer. This innovative method ensures a homogeneous, seamless structure,
enhances construction durability, and accelerates the repair process, allowing immediate resumption of operation.
Designed specifically for aggressive wastewater environments, this system is characterized by excellent corrosion
resistance, making it ideal for water and wastewater infrastructure elements such as reinforced concrete manholes,
sewage pumping stations, and tanks. Customizable polyurea properties allow personalization based on
environmental aggressiveness, structure size, and abrasion resistance, representing a significant advancement in
infrastructure maintenance technology. The paper showcases this modern repair and renovation method,
highlighting its applications, benefits, and potential to revolutionize water and wastewater infrastructure
maintenance in challenging conditions. The effectiveness of this solution is also compared with traditional
methods, demonstrating the superiority of the three-layer system in terms of waterproofing, sulfuric acid
resistance, monolithic structure, and application time.
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1. INTRODUCTION

Typically, sewage found in the sewer system has a slightly alkaline reaction and is considered relatively
non-aggressive towards concrete. However, practice shows that in closed structures, expansion
chambers, and near the outlets of pressure pipelines above the sewage surface, corrosion of concrete
surfaces frequently occurs. Sewer pipes, as well as all construction structures, are subject to degradation
processes over time, leading to a reduction in their usability and, in extreme cases, to failure or even
building disaster [1-9]. The number of corrosive factors is quite significant. Among them, the following
can be mentioned: (1) chemical aggression of the ground-water environment, in which pipes, manholes,
or chambers are placed; (2) chemical aggression of sewage and the gas zone inside the sewer
infrastructure structures; (3) biological aggression of various types (tree roots, microorganisms, etc.);
(4) mechanical impacts, such as abrasion and cavitation, elevated sewage temperature.

It should be noted that the design process of pipelines, manholes, chambers, and tanks should
consider these negative factors and lead to the adoption of a solution that corresponds to local conditions,
is relatively durable, and ideally the most durable while maintaining a rational level of execution costs.
However, one should not expect unlimited durability of the adopted solutions — although the service life
of each solution can be extended through proper operation and maintenance, ultimately, the level of
degradation is reached where further repair actions become unfeasible or uneconomical. Regardless, at
a certain point, so-called moral wear of the technical object occurs, resulting in its replacement despite
even good technical condition [9].

The issue of corrosion affects structures made of concrete (pipes, wells, chambers, tanks) and
mortars used in the past in masonry constructions (joints of brick collectors). Sulfate corrosion is not the
only type of corrosion that concrete or reinforced concrete elements working in the sewer system may
undergo. Other probable types include leaching corrosion caused by soft water and chloride-induced
corrosion, particularly in stormwater collectors carrying water containing de-icing agents used in road
maintenance. Corrosion caused by nitrates occurs much less frequently.

Another negative phenomenon affecting cement-containing products is the carbonation process,
primarily resulting in the destruction of reinforcement in reinforced concrete. Oil contamination
(penetration of oil or petroleum into the concrete structure) leads to a reduction in material strength.
Additionally, the potential impact of specific chemicals present in industrial wastewater must be
considered — pipelines intended for their transport should be specially designed, considering not only
the pipe material or the insulating coating used but also all elements crucial to the system's functionality.

A prime example is pipe gaskets, where incorrect selection can cause a rapid loss of pipe tightness.
The possibility of threats from the pipeline's external environment should also be considered. Practical
observations show that the pH of organic soils can reach about 3.0, which exerts strong corrosive effects
on concrete. Groundwater in peat, besides such a low pH, may also have a significant sulfate content.
Aggressive soil contaminants should also be expected in post-industrial areas and former waste disposal
sites.

Sewer pipeline destruction can also occur due to abrasion, i.e., mechanical wearing of the pipe by
sand and other hard particles carried by the sewage stream. This problem occurs in pipes with steep
slopes and is exacerbated by the cavitation phenomenon resulting from uneven pipe bottoms, where
numerous air bubbles in the sewage create a vacuum at their contact with the pipe wall. Cavitation
intensifies near cascades and expansion chambers, where it “"cooperates” with the kinetic energy of
falling water (sewage) [9].

Different working conditions of sanitary, stormwater, and combined, gravity or pressure pipelines
cause varying levels of corrosion risk and may determine the possibility of its occurrence. Typically, the
aggressiveness of domestic and industrial sewage towards concrete is insignificant — the pH of the
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sewage ranges from 6.5 to 7.5, and the harmful salt content (chlorides, sulfates, nitrates, and ammonium)
does not exceed 0.05% [1]. Permissible (non-corrosive) concentrations of salts in concrete (relative to
cement mass) are assumed at the following levels [2]: — chlorides: 0.3-0.4% (concrete and reinforced
concrete structures), 0.2% (prestressed structures); — sulfates: 3%; — nitrates: up to 0.15%.

Therefore, according to standards [3,4], such conditions are classified as slightly aggressive
towards concrete — class XA1 according to [3], la according to [4], and with such aggressiveness,
material-structural protection for concrete is assumed to be sufficient. However, since sewage contains
significant amounts of organic substances, under favorable conditions, the action of microorganisms
leads to the formation of destructive substances — ultimately causing concrete structure cracking and pH
reduction. This results in flaking with aggregate exposure and decreased concrete strength.

Lowered pH, in turn, leads to gradual reinforcement corrosion in reinforced concrete structures
exposed to moisture. These are typical signs of sulfate corrosion, as shown in Fig. 1. Conditions
conducive to sulfate corrosion usually occur in combined sewer systems and sanitary pipes. Pipelines,
wells, and chambers with sediment accumulation and no ventilation are particularly susceptible.
Expansion wells and gravity sections following pressure (pumping) pipes are especially vulnerable. In
continuously operating pressure pipes, sulfate corrosion is often not observed, even with appropriate
sulfur compound content in the sewage conveyed. It is believed that this is due to the short residence
time of sewage. The real cause, however, is different (explained in [6]) — limited oxygen availability
contributes, among other factors.

AT A .: o o e . < . 4
Fig. 1. Sulfate corrosion occurring in a sewer well

Sulfate corrosion most commonly occurs in concrete structures exposed to groundwater, sewage,
or seawater. Its occurrence requires the presence of sulfates, which can be of natural origin (e.g., as a
component of seawater or a result of microorganism activity) or artificial (e.g., artificial fertilizers or

industrial wastewater). A distinction is made between external and internal corrosion (ESA for external,
ISA for internal).
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Internal corrosion occurs in concrete with increased alkali or gypsum content in the cement, due
to the production process. Internal-type corrosion can also occur in concrete subjected to heat treatment
at temperatures above 60°C. ESA-type corrosion occurs when concrete is exposed to sulfate solutions
from its immediate surroundings, ultimately reacting with the cement matrix to form gypsum and, under
favorable conditions, ettringite.

Sulfate corrosion in sewers is induced by microorganisms — primarily sulfate-reducing bacteria
and sulfur-oxidizing bacteria. It is therefore external, biological corrosion. Biological corrosion (ang.
MIC — Microbiologically Influenced/Induced Corrosion) is generally understood as a complex process
of material destruction due to the action of living organisms and their metabolic products (independently
or jointly). Biocorrosion is most often caused by bacteria, microscopic fungi, and insects, though
cyanobacteria, actinomycetes, algae, and lichens also lead to its occurrence. It usually results from the
interaction of mechanical, physical, chemical, and/or biological factors [5].

Sulfate corrosion in sewers is inextricably linked to the presence of hydrogen sulfide, produced
by bacteria during the decomposition of plant and animal proteins and the direct decomposition of
sulfates. Once emitted into the airspace of sewers, hydrogen sulfide (H2S) is converted under aerobic
conditions (by aerobic bacteria) into elemental sulfur, which deposits on the pipe surface above the
sewage level. Thiobacillus bacteria then oxidize the sulfur to sulfuric acid, a process that intensifies in
the pipe crown. Sulfuric acid (H2SO4), even when diluted, with a pH of 4, reacts with calcium hydroxide
(Ca(OH)2) in concrete, forming gypsum (CaSO4). This crystallizes with water, increasing its volume
by about 130%.

Gypsum can also react with unhydrated tricalcium aluminate (C3A) or monosulfate. Additionally,
potassium sulfate and calcium sulfate may react with concrete components. These reactions lead to the
formation of a highly expansive crystal, hydrated calcium sulfoaluminate — ettringite. Ettringite (also
known as Candlot salt) increases in volume by 227% upon crystallization. Initially, gypsum and
ettringite crystallization seals the concrete structure, but subsequently causes cracks and fractures,
ultimately leading to complete structural destruction (crystallization pressure during gypsum formation
is about 110 MPa, with concrete tensile strength ranging from 2 to 6 MPa [1]).

Sulfate corrosion begins under improper flow and ventilation conditions in sewers. For example,
when there are low-slope sewers or when flowing sewage is concentrated. The primary sources of
divalent sulfur, crucial in the sulfate corrosion process, are biofilm and sediments. In this area, bacteria
multiply significantly due to their longer residence time compared to the flowing sewage. Sulfur
reduction usually occurs in the shallow sediment layer and the biofilm created by microorganisms.
Therefore, in biofilm, under favorable conditions, sulfate corrosion occurs much faster than in sewage
[5]. The concentration of oxygen in the sewage significantly affects the next stage of the process.
Hydrogen sulfide entering the sewer airspace can either be removed by the ventilation system or start
the next stage of corrosion.

To initiate this stage of sulfate corrosion, a pH below 9, appropriate humidity, and a carbon source
are necessary. Then, divalent sulfur can be oxidized by Thiobacillus bacteria to elemental sulfur and
sulfuric acid, lowering the pH to around 2 or 1.5 [1]. The details of the processes determining corrosion
are more complex — more information on this can be found in the previously mentioned work [5] and in
the studies by Prof. W. Dabrowski — for example [6,7,8]. In summary, in sewers where sulfate corrosion
occurs, the most significant damage is in the pipe crown and the zone of sewage level fluctuations.
Below the sewage level — in the kinetic zone, corrosion damage practically does not occur. A thin layer
of mineralized sediments usually forms there, creating a durable and tight coating that effectively
protects concrete from aggressive agents.

However, where it is worn by fast-flowing sewage (not formed), conditions for sulfate corrosion
are generally not present. The damage formation zones in the sewer cross-section are shown in Fig. 1,



THREE-LAYER REPAIR COATING SYSTEM FOR MANHOLES, PUMP STATIONS 5
AND TANKS IN AGGRESSIVE SULFATE ENVIRONMENT

which has been frequently repeated in publications on this subject. It should be emphasized that
significant corrosion threats occur in sections of gravity sewers located behind expansion wells ending
the pressure section of the sewer, as well as in these wells. In these particular cases, the environment
inside the sewers should always be considered highly aggressive towards concrete (XA3). It is also
worth recalling that hydrogen sulfide, so important for the corrosion process, is highly toxic to humans,
colorless, flammable, and has a characteristic rotten egg odor (at low concentrations). Being heavier
than air, it accumulates in inspection wells and is one of the main causes of poisoning (and death) of
people descending into sewers (wells). It is particularly dangerous because, at high concentrations (those
life-threatening), exceeding 100 ppm, it ceases to be detectable.

The primary objective of this research is to develop and evaluate the effectiveness of an innovative
repair technology using a three-layer protective coating, specifically designed for water and wastewater
infrastructure exposed to aggressive environments, particularly those prone to sulfate corrosion. The
study aims to compare the new technology with traditional repair methods in terms of corrosion
resistance and execution efficiency, including the time required for full coating application and its
associated costs.

The study involved a series of laboratory and field tests to assess the durability and effectiveness
of the three-layer coating. These tests included evaluating the material's resistance to sulfuric acid,
mechanical properties such as tensile and compressive strength, as well as the speed of application and
drying time of each coating layer. The costs of implementing the new technology were also compared
with traditional repair methods, allowing for an economic assessment of the proposed solution.

2. LITERATURE REVIEW

Various methods are used to protect against concrete corrosion caused by biogenic sulfuric acid (V1) in
sewer systems. These methods target different stages of the reactions leading to sulfate corrosion. They
include: (a) the use of chemical or biological technologies to reduce hydrogen sulfide emissions; (b) the
application of admixtures or protective coatings to guard against chemical attacks on concrete
components; (c) the use of antimicrobial coatings or admixtures that reduce microbiological activity.
These also inhibit the growth of algae and fungi [10]. This paper focuses on the application of protective
coatings in aggressive environments where advanced sulfate corrosion is present.

Reinforced concrete structures are often used in wastewater treatment facilities. In the
construction of external sewer networks, concrete constitutes about 30%, and in large cities, up to 36%
of all types of materials used in sewage systems [11,12].

It was estimated that in the USA, the total cost of corrosion in water and sewage infrastructure in
2002 was around $36 billion. It was also found that corrosion leads to the loss of concrete mass and
structural capacity, ultimately resulting in the destruction of concrete channel structures. Repairing and
replacing damaged channels is very expensive. In the United States, the annual costs for this amount to
about $14 billion [13]. Of the negative impacts on concrete, the most common and well-studied are
chemical impacts. Therefore, most information on this topic can be found in technical literature. In
recent years, there has also been a lot of information on biological corrosion [5,9,11,14-24].

The analysis of the causes of concrete corrosion is the subject of numerous publications [6-
8,10,13,24-37]. The literature also shows the previous most common repair methods [38-46]. In practice,
however, each concrete-environment system must be considered individually.

In cases of sulfate corrosion threat, several methods are used to protect concrete structures,
including coating protections made from cement-based materials (Fig. 2), resins (Fig. 3), GRP (TWS)
liners made of polyester resins (Fig. 4), PE panels — polyethylene elements welded during installation,
and various ready-made elements such as polymer concrete modules (Fig. 5) or finished polyurea
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elements (Fig. 6). This article presents a comparative analysis of these methods against the method of
three-layer membrane spraying as an alternative to traditional renovation methods.

Fig. 3. Renovation method using resins
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Fig. 5. Renovation method using polymer concrete modules [47]
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Fig. 6. Renovation method using polyurea liners [48]

3. MATERIALS AND METHODS

3.1. Description of the Three-Layer Polyurea Coating System

All the technologies presented above require a significant amount of time for execution and involve the
necessity to shut down facilities (e.g., sewer chambers, manholes, or tanks in treatment plants) for an
extended period, which is often impractical. Currently, these products are continuously being developed
to meet the changing requirements of environmental protection, health, and efficiency. Fast-curing
systems, which can cure from a few seconds to a few minutes, are particularly desirable as they often
enable their use in situations requiring rapid repair actions. To produce the coating, are using specialized
spray machine, e.g. Graco, which is designed to heat the components of both polyurea and foamed
polyurethane to a maximum of 60 degrees Celsius, and then, after the temperatures stabilize, the material
is sprayed onto the structure using a gun and a pressure of 150-230 bar. The efficiency of the machine
is very high, so with one process you can cover up to 1000 m? per day. Among them, polyurea, applied
using high-pressure pumps and internal mixing in a spray gun, stands out due to its versatility. The
production of broadly defined construction chemicals now offers a wide range of curing times and
physical properties of polyurea, allowing for extensive application of this product.

Eliminating solvents and volatile organic compounds (VOCs) makes these products significantly
safer to work with than traditional materials [49-55]. However, manual spraying poses a challenge,
especially in confined spaces, raising issues of application uniformity due to human error, fatigue, and
equipment limitations. Proper application of the renovation material in the form of polyurea requires a
series of steps, including inspection, cleaning, drying, and the application of three layers: a moisture-
blocking base layer, a middle layer of rigid polyurethane for reinforcement and filling voids, and a final
sealing layer. Each layer serves a specific purpose, from moisture blocking to structural reinforcement.

This innovative three-layer application method offers numerous advantages: it creates a
monolithic structure without joints, strengthens the existing infrastructure with rigid polyurethane
instead of traditional cement-based repair materials, saves time, and allows for immediate restoration of
use thanks to the quick curing time of the membrane. Additionally, its corrosion resistance is particularly
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beneficial in the aggressive sulfate environment often found in sewer infrastructure, such as manholes,
sewage pumping stations, and tanks for aggressive liquids. The ability to customize the properties of
polyurea makes it suitable for a wide range of structures, considering the environmental aggressiveness,
structural dimensions, and abrasion resistance. The article presents a comprehensive overview of this
modern repair and renovation method, highlighting its applications, benefits, and potential to
revolutionize the maintenance of water and wastewater infrastructure under challenging conditions.

The traditional method of renovation using polyurea spraying involves applying a cement-based
material to restore the corroded structure and as a layer that smooths the surface after cleaning (Fig. 7).
This is also the final stage in the renovation of concrete surfaces using construction chemicals, which
often does not yield satisfactory results. After the polymer-cement material has cured, the drying process
follows, and then a resin primer is applied, and finally, polyurea is sprayed. Unfortunately, this process
is time-consuming and carries a significant risk of unwanted effects. Although the polyurea material
cures in a few seconds, the curing time of the restorative mortars can take up to two weeks, and water
trapped in the concrete structure can lead to the formation of blisters and delamination of the polyurea
membrane.

Fig. 7. Restoration of the corroded surface with cement-based materials

The three-layer polyurea coating is intended primarily to strengthen the structure by using stiff
foamed polyurethane as the middle layer, as well as to prevent detachment of the single-layer polyurea
coating used in the traditional method. The use of these three layers is intended to accelerate renovation
works without the need to renovate the corroded concrete structure using cement-based materials, where
the curing time of these materials is sometimes several weeks before polyurea spraying can be applied.
In the three-layer technology, as the final layer, which is used as a single layer in the traditional method,
it already has resistance parameters both to an aggressive medium in the form of sulfuric acid and
diffusion resistance, standardly marked as Sd. The traditionally used polyurea spray method requires the
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application of a minimum membrane thickness of 2 mm, which guarantees that its resistance parameters
will be maintained. The same thickness of both the first and last layers in three-layer technology must
be maintained. This guarantees that only the final layer has a protective function and the remaining ones
have a structural function (rigid polyurethane) and a moisture-cutting layer (polyurea).

The authors assumed that the thickness of the entire three-layer coating will depend on the degree
of corrosion of the concrete structure, i.e. in addition to the outer and inner layers of 2 mm submeters
on each side of the three-layer coating, the thickness of the layer of rigid polyurethane will be at least
20 mm. This thickness of the foamed polyurethane guarantees that the three-layer structure is stiff and
is not subject to loads in the form of water vapor diffusion. Below is the entire renovation process in
three-layer technology.

3.2. Substrate Preparation

The surfaces to be repaired should be free of dust, soot, oils, greases, release agents, etc. The preparation
of the concrete substrate involves removing the old coating down to the "healthy" layer. This should be
done using mechanical methods such as chiseling, stripping, or sandblasting. After removing the old
coatings, a hydrodynamic method should be used. In this method, water at a pressure of approximately
50-150 MPa (with a stream length of 1-6 cm) removes a surface layer of 1-3 mm thickness. This results
in a rough, clean, and moist surface, free of microcracks (water at such pressure ruptures microcracks;
ensure proper drainage of this water from the object). If reinforcing steel is present and exposed after
cleaning, it should be cleaned using an abrasive blast method to a cleanliness class of at least Sa2. The
concrete cover around the reinforcing steel should be chipped away to a non-corroded area. The cleaned
bars should not be left uncovered; they must be coated with a specialized anti-corrosion mortar (Fig. 8).

Fig. 8. Hydrodynamic cleaning
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3.3. Injecting and Bonding Tapes
After cleaning the structure, it may turn out that the tank, manhole, or pumping station has leaks,
shrinkage cracks, or structural cracks that need to be sealed and reinforced. Currently, successfully used
reinforcement techniques (e.g., injections, or bonding carbon tapes/mats) and protective preparations
can improve the condition and stop destructive processes (Fig. 9).
In the scope of repair solutions, the following should be done:
— Fill cracks with injections and additionally reinforce with special reinforcement to prevent
further widening, using available sealing and waterproofing systems.
— Additionally reinforce crack areas with extra reinforcement (e.g., mesh, or bonding carbon
mats/tapes) from the inside of the tank.

Fig. 9. Pressure injection of cracks

3.4. Application of the moisture-blocking layer on the entire internal surface

The prepared, injected, and dried substrate is covered with a polyurea membrane using a specialized
spraying machine to achieve a uniform surface. The polyurea membrane base layer will serve as a
moisture barrier for the structure. Additionally, this layer will ensure complete impermeability of the
concrete surface to the aggressive environment (Fig. 10a).

3.5. Application of the repair layer

To apply the repair and reprofiling layer to the structure walls, use rigid polyurethane with a density of
at least 80 kg/m*® and up to 120 kg/m* with a diffusion resistance coefficient above 200 to ensure
adequate rigidity combined with high flexibility. This process should be carried out using a specialized
spraying machine. The rigid polyurethane is intended to reinforce the base layer of the previously
applied moisture-blocking polyurea. The thickness of the layer can be applied from 0.5 cm up to several
centimeters, depending on the thickness of the corroded layer of the reinforced concrete structure (Fig.
10b).

3.6. Finishing works and membrane application

After completing the above steps, the prepared substrate should be coated again with polyurea. Using
specialized equipment (Reactor), apply the anti-corrosion and sealing layer of Polyurea 100% using a
spray method at 150-240 bar. The polyurea membrane was selected due to the environment in the
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chambers and the necessity of using a material suitable for contact with potable water — membrane
parameters are provided below. The structure can be loaded with water a few minutes after the coating
application (Fig. 10c).

c)
Fig. 10. Steps of preparation of the Three-Layer Polyurea Coating System, a) base layer of polyurea blocking
moisture, b) repair and reinforcing layer (rigid polyurethane), c) final protective layer

Table 1 provides the example parameters of the cured polyurea membrane available on the Polish
market. There are also other polyurea membranes tailored for specific purposes. For tanks and drinking
water installations, the necessary parameter is a PZH certification for contact with potable water. For
sewage tanks and infrastructure, the essential parameter is the coating's resistance to sulfuric acid. Each
construction object that needs renovation or protection should be considered individually, obtaining
information about the environment, structural dimensions, and possible other factors that may affect the
selected polyurea membrane in the future. The density of polyurea, depending on the manufacturer,
ranges from 1.05 to 1.20 kg/dm?®. Foamed polyurethane has a density of 0.10 - 0.12 kg/dm?.

Table 1. Technical parameters of a sample polyurea membrane

Parameter Typical Value! Method
Tensile strength 30 N/mm? DIN 53504
Elongation at break 300% DIN 53504
Tear resistance 120 N/mm DIN 53515
Impact resistance Class 11 EN ISO 6272-1
Adhesion to substrate (steel) >5 MPa EN ISO 4624
Adhesion to substrate (concrete))  >1.5 MPa EN 1542

Shore hardness 60D EN ISO 868
Abrasion resistance <3000 mg EN ISO 5470-1
Abrasion 80 mm?® DIN 53516

! Typical values can vary depending on specific formulations and conditions

4. RESULTS AND DISCUSSION

4.1. Performance of the Three-Layer Coating in Aggressive Environments

Table 2 shows the price comparison and physical-mechanical properties of available renovation
technologies, using a sewer well with a diameter of 2000 mm and a depth of 3000 mm as an example.
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The cheapest method is renovation using construction chemicals with cement-based mortars, and its

price is taken as one.

Table 2. Comparison of renovation methods using a sewer well as an example

s V] Lo | Lo
No Renovation method (as a multiple |(as a specific| Tightness | to sulfuric . g
) improvem
of the cost) * cost) 2 acid
ent
1 Construction chemicals - 1 €1,150 no none none high yes
polymer-cement mortars
2 |Resins - epoxy/polyurethane 2 €2,300 yes partial partial low no
GRP (TWS) liners €2,800- . .
3 2.5 €3.000 no partial none medium yes
4 Polymer membrane modules 5 €5,750 no partial none high yes
5 Polyurea liners 3 €3,500 no full none medium no
6 [Three-layer membrane 2 €2,300 yes full full high yes

! cost multiplier for an example well DN1000 with a depth of 3.0 meters,
2 specific cost for November 2024 for an example well DN1000 with a depth of 3.0 meters,

Below is a comparative analysis of the various items in the table above.

4.2. Cost Analysis of Anti-Corrosion Protection Methods

As mentioned earlier, the cheapest renovation method is using construction chemicals, specifically the
manual or mechanical application of polymer-cement mortars. The cost of such renovation is around
€1,150 for a DN1000 well with a depth of 3.0 meters. The method involving the application of epoxy
or polyurethane resin costs twice as much, as it also requires substrate preparation with construction
chemicals. The cost of this renovation is approximately €2,300, which is double the cost of the method
based solely on construction chemicals. GRP (TWS) liners cost around €2,800-€3,000, which is 2.5
times more expensive than the first method. The price of a comprehensive renovation includes all
activities necessary to complete the task. They include cleaning, drying and re-profiling work as well as
the entire costs of equipment, machinery and employees.

For the method involving the introduction of polymer concrete modules into the well, the price is
five times higher. This is due to the nature of the work that must be done before the pre-prepared modules
can be installed. These works involve dismantling the surface, removing the well cover or neck, leading
to increased costs that are not present in the traditional construction chemical method. Using pre-
fabricated polyurea liners requires proper substrate preparation, well scanning (measuring the surface
and shapes of the well), prefabrication of the liners, and installation, resulting in a cost exceeding €3,500.

For the three-layer membrane technology, costs are reduced to the process of surface preparation,
drying, and three-layer spraying, which is not achievable with other methods due to technological
requirements such as the curing time of mortars or resins, filling spaces with mortars in GRP or modular
technologies, where we must wait until the technical parameters of individual materials reach their
declared properties before the structure can be put into use.

4.3. Evaluation of Coating Tightness and Chemical Resistance

An essential parameter where chemical aggression in the form of sulfuric acid is involved is the tightness
of the coating. Polyurea manufacturers specify a minimum application thickness of 2.0 mm, for rigid
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polyurethane the authors assume a minimum thickness of 20 mm, while this thickness will depend on
the degree of corrosion of the concrete structure. If the defect is 50 mm, this should be the thickness of
this layer. The tightness of the coating is determined only by the internal polyurea layer in direct contact
with the aggressive environment, which has already been tested by membrane manufacturers. Individual
physico-chemical values can be found in the technical data sheets of individual products. Cement-based
materials do not achieve such resistance due to their porosity and lack of chemical resistance, even HSR
cement-based mortars. With the renovation method involving coating the internal surfaces with resin,
such a tightness effect will be ensured. The market offers many products in the form of resins, either
polyurethane or epoxy, that can be selected to achieve the desired goal. For the GRP method or polymer
concrete module method, such tightness cannot be achieved because both GRP elements and modules
need to be joined. The joints are made with polyester laminates, which do not achieve full tightness,
even when applied in multiple layers. The same problem applies to polyurea liners, where it is necessary
to connect the bottom with the walls. The issue of tightness does not concern the three-layer membrane
technology where the entire surface is sprayed, thus forming a single monolithic system over the entire
internal surface of the well. The coating is tight when it does not have any joints, is monolithic and
impermeable like cement mortars. The authors were guided only by the above factors when determining
whether the coating was tight or not.

As previously mentioned, in sewer infrastructure where concrete structures are present, there is
an increased risk of sulfate corrosion causing degradation of the structure, which in some cases can lead
to a building disaster. Sulfate corrosion is ultimately caused by sulfuric acid, which eventually leads to
the swelling and damage of concrete. An aggressive environment in the form of hydrogen sulphide and
then sulfuric acid is a common phenomenon occurring in expansion sewage wells, tanks and sewage
pumping stations. The conditions there are very similar and in some cases even identical Therefore,
materials must be selected to resist this environment. Unfortunately, no polymer-cement mortars, even
those made with HSR cement, have this resistance, which disqualifies them as a method used for such
structures. Resins meet this criterion, although they may not withstand high concentrations of sulfuric
acid. The same situation applies to GRP liners or polymer concrete modules. These materials are based
on polyester resins, which are inherently not resistant to very acidic environments. This method may
work in such conditions using a different type of resin for the liners (e.g., vinyl ester). Polyureas,
however, have resistance to sulfuric acid. Some studies confirm resistance to even 35% sulfuric acid
with a pH below one. Such tests are performed by the Building Research Institute for the polyurea layer,
and this is what the authors suggested when preparing the resistance table

4.4. Application Process and Layer Thickness Optimization

Comparing the above methods, only the three-layer membrane is fully monolithic, applied by spraying
with a minimum thickness of 2.0 mm, which is not achieved with methods involving embedding various
types of liners that require connecting individual elements. With GRP liners, it is necessary to connect
the walls with the bottom using lamination. For polymer concrete modules, it is also necessary to join
heavy elements with resin mortars. The resin method allows for partial monolithic nature, which means
it is subject to human error. This manifests in manual application of the material and is not always done
correctly.

The greatest layer thickness is achieved using polymer-cement mortars; however, due to their
porosity and vapor permeability, the intended effect of resistance to an aggressive environment is not
achieved. The method involving resin application also carries the risk of rapid degradation of the coating
due to its final thickness, which does not exceed 1.0 mm. With such a small thickness, microorganisms
often develop, causing the coating to blister and peel off. For GRP liners, the thickness of the panel does
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not exceed 4.0 mm, but due to the necessity of joining elements, neither monolithic nature nor tightness
is achieved, making thickness less relevant in this case. The same applies to polymer concrete modules.
The lack of monolithic nature does not ensure full protection, so the thickness of the modules is
irrelevant. For the three-layer membrane, besides the two layers of polyurea, there is additional filling
with rigid closed-cell polyurethane, allowing for flexibility in choosing the layer thickness.

4.5. Structural Load-Bearing Improvement
Using construction chemicals in the form of polymer-cement mortars for renovation, materials can be
selected to serve structural functions (R3 and R4 class mortars), allowing for strengthening already
degraded structures. GRP liners, by the necessity of filling the space between the panel and the existing
wall, improve the load-bearing parameters of the structure. Self-leveling mortars with high compressive
strength (up to 60-70 MPa) can be used for this purpose. The same approach is taken with the installation
of polymer concrete modules. Resins and polyurea liners do not serve structural functions due to their
relatively small thickness. With the three-layer method, using rigid polyurethane foam significantly
improves the structure's load-bearing capacity. Closed-cell polyurethane foam can have a compressive
strength parameter from 2.0 to 50 MPa, improving load-bearing capacity after renovation.

Analyzing the above table, it can be seen that the three-layer membrane renovation method is
definitely the most advantageous in terms of the presented properties compared to traditional methods.

4.6. Execution Time and Efficiency

A very important element in well renovation is the execution time. This involves the need to cut off
sewage inflow, perform pumping, occupy traffic lanes, etc. The above elements, assuming long-term
work, generate costs, which translate into the price of such renovation. The following Table 3 presents
the stages of work for individual renovation methods and the time required for their execution.

Table 3. Stages of work for individual renovation methods for sewer wells along with execution time

Stage I - Total
No Cleaning Stage 11 Stage 111 Stage IV StageVV |Stage VI Time
Application of Application . ) i
! Yes bonding layer of mortars Curing 14 days
5 Yes Appll'catlon of Application Curing Appllce}tlon Curing |16 days
bonding layer of mortars of resins
Installation - Lamination of .
3 Yes of GRP liners Filling the space bottom joints Curing - 10 days
Removal of Installation Execution of Filling
4 Yes o - 5 days
cover/neck of modules resin joints the space
5 Yes Kinetic removal Kinetic installation Installat|qn of Exep qtlon - 5-6
polyurea liners | of joints days
. Application of i i i
6 Yes Drying 3-layer membrane 1

Analyzing the renovation time with various methods, we can observe that the three-layer
membrane method is by far the fastest of the presented technologies. This is due to the fact that right
after cleaning and drying the structure, the material can be applied at the same time because the curing
time of the polyurea membrane and the rigid polyurethane is only a few seconds. Immediately after
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application, the object can be put into use, which allows the completed renovation to be delivered within
just one day.

5. CONCLUSIONS

In this study, the application of a three-layer polyurea membrane as a protective coating was analyzed,
considering its properties in relation to the technical requirements for anti-corrosion solutions for
concrete, reinforced concrete, and steel structures. The research demonstrates that the polyurea
membrane, when applied correctly, offers excellent corrosion resistance, particularly in aggressive
environments such as wastewater infrastructure.

The rapid curing time of the polyurea coating significantly reduces downtime during renovation,
making it an attractive option for time-sensitive repairs in critical infrastructure. The study also
highlights the advantages of this technology over traditional repair methods, particularly in terms of its
monolithic structure, resistance to sulfuric acid, and the ability to personalize the coating properties
depending on environmental aggressiveness and structural needs.

Moreover, the introduction of rigid polyurethane in the middle layer improves the overall load-
bearing capacity of the rehabilitated structures, further extending the lifespan of infrastructure
components. The three-layer system not only enhances durability but also provides comprehensive
protection against both chemical and mechanical wear, reducing the need for frequent maintenance and
ensuring long-term performance.

Future research could explore the long-term durability of polyurea coatings under various
operational conditions, including extreme temperature fluctuations and high-pressure environments.
Additional studies on cost-effectiveness over extended time periods would also provide valuable
insights for decision-makers in the water and wastewater sectors. Furthermore, investigating potential
eco-friendly enhancements to the polyurea formulation could align this technology with global
sustainability goals.

In summary, the three-layer polyurea membrane system represents a significant advancement in
protective coatings for infrastructure, offering a high-performance, cost-effective, and versatile solution
for combating corrosion in challenging conditions.
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