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Abstract

The conducted studies have shown that no optimal and effective solution would ensure reliable operation throughout the entire service life of tank structures. The
search for effective and innovative technical solutions in this area is a pressing issue. The study aims to determine an effective material for providing secondary protection
of a reinforced concrete structure to increase the operational characteristics of tank structures. The conducted experimental studies have shown the possibility of using
a polymer sheet with anchor ribs as protection for a reinforced concrete structure. Protection of reinforced concrete structures remains a key aspect of the design and
operation of facilities exposed to aggressive media. The conducted studies have shown that there is no optimal and effective solution providing reliable operation during
the whole service life of capacitive structures. Search for effective and innovative technical solutions in this area is an urgent task. The research aims to determine
an effective material for secondary protection of reinforced concrete structures to increase the operational characteristics of capacitive structures. The performed
experimental studies showed the possibility of using polymer sheets with anchor ribs as protection for reinforced concrete structures. The article discusses the use of
polymer sheets with rail-shaped anchor ribs for protection of the inner surface of reinforced concrete engineering structures from aggressive influence.

Introduction

In today's world, infrastructure is aimed at improving
the standard of human life and development. One of the
most important systems in terms of responsibility for the
functionality of infrastructure is the water supply system.

Water of the required quality dramatically reduces the risk
of epidemic diseases, has a beneficial effect on people's health,
and creates conditions for a comfortable life.

Water supply systems must operate with a high degree
of reliability since the functionality of all municipal facilities
depends on their operation.

For water supply to facilities located within the borders
of the North-Western part of the Russian Federation, it is
necessary to ensure the uninterrupted operation of water
intake storage facilities including: drinking water storage
tanks, settling tanks, filters, and dehumidifiers. The solution
to this problem is possible only if the necessary measures are
taken to protect the structures of storage facilities from the
effects of water and other aggressive environments.

The impact of various factors causing defects and damage
[1-3] to the internal enclosing structures of water supply and
sanitation tanks can be assessed by the development of physical
wear in them [4,5]. The main problems of defect occurrence
are various mechanical, physical, and chemical effects on
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reinforced concrete structures associated with different factors
of influence [6-9]. The main mechanical influences are, as a
rule, the destruction of the surface by hard abrasive grains,
atmospheric moisture in a liquid or solid state, falling from
clouds or settling from the air onto the earth's surface, impact
(short-term) and long-term overloads, as well as overloads
with high rates of increase and large amplitude values that
occur in emergencies [5,9-12]. The influence of chemical
factors is often determined by aggressive environments
of industrial and domestic wastewater, atmospheric water
(rainwater) and others [13,14]. The degree of aggressiveness of
the environment [10,15,16] depends on the presence of external
and internal factors of concrete corrosion [17-22]. The external
factor of corrosion is the aggregate state of the environment
[15,23], temperature [20,24], humidity [9,10], and the pressure
of the environment [14,23,25] on concrete. The internal factor
is the composition and structure of concrete [1,2,5,7,24]. To
ensure uninterrupted operation and maintenance of reinforced
concrete structures [10,16,17,24,26] of water supply system
storage facilities in good technical condition, their reliable
protection is necessary [16,24,28].

To ensure uninterrupted operation and maintenance of
reinforced concrete structures [3,22] of water supply system
storage facilities in good technical condition, their reliable
protection is necessary [27-34].

Based on the experience of using existing types of primary
and secondary protection of engineering structures during
their operation, their insufficient reliability becomes obvious
(2,5,7,34).

The theory of long-term protection of reinforced concrete
structures, when exposed to aggressive environments, is
based on the theory of structural reliability of operation of
building structures [23,18], that is, the ability of the structure
to resist destruction with a sufficient degree of probability [16],
accompanied by various potentially dangerous impacts [24],
characteristic of load-bearing, enclosing structures [10,23,21]
and their protective coatings.

Work in the field of protection of reinforced concrete
structures [26,17,16] is of great importance for improving the
operational characteristics of structures [16,21] in general and
increasing the period of their maintenance-free operation
[8,9]. Currently, research is ongoing to develop innovative
materials [4,5,10,22] for secondary protection of reinforced
concrete structures [3,5,7] exposed to aggressive environments
[9,14]. The use of polymer sheets with rail-shaped anchor ribs
[1,11,23,34-36] for protecting the inner surface of reinforced
concrete structures of tank facilities [10] from aggressive
impact [9,14] contributes to their longer operation while
maintaining the original technical parameters [10,16,21], is of
great importance for the construction industry.

Study

Existing storage facilities that have been in operation for
25-30 years are mainly made of reinforced concrete monolithic,
precast, and precast-monolithic structures in ground, loose, or
recessed design [3,5,10,27].
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Practically it is considered that the average lifespan of water
supply storage facilities is 50 years. The research conducted
by the authors [10,16,21] (a selective inspection of the internal
surface of reinforced concrete structures of water supply tank
structures at objects of the North-Western part of Russia that
have been in operation for more than 20-25 years), showed
worsened technical condition (Table 1).

Materials and methods

The main causes of defects are mechanical, physical,
and chemical effects on reinforced concrete structures.
Mechanical impacts include abrasive wear, precipitation,
overloading, and mechanical impact. Physical effects are
associated with temperature-shrinkage deformations, wear
and aging of concrete, and freezing and thawing of concrete.
Low deformability of concrete can lead to the formation of
microcracks in case of heavy deformations of the bottom, walls,
and coating of the tank, deformations of the entire structure
caused by uneven soil precipitation [5,9-1215,16].

Based on the research carried out experimentally, a scheme
was developed for the application of forces and the resulting
deformations under the action of atmospheric pressure and
groundwater pressure on a layer of polymer material (Figure
1), anchored in the reinforced concrete walls of tank structures
using ribs with a cylindrical widening at the top. In this
diagram, it is assumed that the polymer layer is anchored in
the concrete at points a and b (Figure 2).

Designations (Figure 1): h — diagram of hydrostatic load
uniformly increasing by the height of the entire structure;
h, - diagram of hydrostatic load uniformly increasing by a
certain height of the structure; h, - diagram of non-uniform

Table 1: Technical condition of internal surfaces of reinforced concrete structures of
water supply storage facilities at the facilities of the North-Western part.

m Defect description

Worsen the operational characteristics of structures, but during
operation, they can develop significantly, including increased
porosity; surface sinks and chips of the protective layer concrete
without exposing the reinforcement, and temperature-shrinkage
cracks with an opening of up to 0.2 mm.
Affect the reliability, strength characteristics, and load-bearing
Major  capacity of reinforced concrete structures, including cracks with an
defects.  opening of more than 0.2 mm; surface corrosion of concrete and
armature.

Minor
defects

LN LA

h1

h2

=

[T

L

Figure 1: Diagram of hydrostatic groundwater pressure on the structure of a buried

tank.
082
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Figure 2: Diagram of the application of forces and deformations of a polymer sheet

anchored in concrete with anchor ribs under hydrostatic groundwater pressure.

hydrostatic load by a certain height of the structure; L — uniform
diagram of hydrostatic load by the width of the structure.

In Figure 2, S, is the initial length of the polymer layer
adjacent to the surface of the pipe. As a result of the influence
of atmospheric pressure and groundwater pressure, the
polymer layer between the anchors stretches somewhat,
peels off from the concrete, and takes a new position along
a circle of radius r. The length of the section of the polymer
layer between the anchors increases and becomes equal to S,,
and the angle between the radii drawn from the center O to
two adjacent anchors becomes equal to o. A polymer material
is characterized by an elastic modulus E and tensile strength
within the elasticity limits o,, which is taken equal to the
value of its proportionality limit. Concerning high-density
polyethylene, this tensile strength, with a margin, is taken
equal to 5 MPa [4,5,10,22,12].

Chemical exposures are caused by aggressive substances.
The internal surfaces of water supply storage facilities'
reinforced concrete structures are affected by chemically
active substances dissolved in water. Concrete has a porous
structure and a rough surface, so it is characterized by high
water absorption, gas permeability, susceptibility to corrosion,
and abrasive hydropower. During operation, the concrete of the
underwater zone is exposed to dissolved sulfates and chlorides,
an alkaline environment, chlorine, ozone, sodium hypochlorite,
and in the surface zone - carbon dioxide from the air.

When concrete is exposed to organic and non-organic
environments, the following types of corrosion should be
distinguished, as given in Table 2.

Results

To protect against mechanical, physical, and chemical
impacts, reliable protection of the inner surface of reinforced
concrete structures of large water supply facilities is necessary.
Primary protection by providing high chemical resistance,
water resistance, and wear resistance of cement concrete
is not reliable enough. Therefore, during major repairs and
reconstruction of water supply storage facilities, secondary
concrete protection is used with special coatings that ensure
complete isolation of the structure from the aggressive
environment [11,12,32,34]. The combined use of primary and
secondary protection is the most reliable. Protection of concrete
and reinforced concrete structures in the Russian Federation is
regulated by normative documents 28.13330.2017 "Protection
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of building structures against corrosion", 72.13330.2016
"Protection of building structures and structures against
corrosion", 229.1325800.2014 " Reinforced concrete structures
of underground structures and communications. Corrosion
protection" and state standard 31384-2017 "Protection of
concrete and reinforced concrete structures from corrosion.
General technical requirements", and in European EN 1504
"Products and systems for the protection and repair of concrete
structures. Definitions, requirements, quality control, and
evaluation of conformity (Part’s: 1-10).

Protection of internal surfaces of tank structures should
meet the following requirements: be resistant to aggressive
environment, strong, resistant to abrasion, and mechanical
loads; ensure maintenance-free operation of protected tanks
during the entire lifespan; be technologically advanced during
operation and maintenance.

Methodology

Compression tests were conducted to determine the
efficiency of secondary protection of reinforced concrete using
a polymer sheet with anchor ribs. Experimental studies based
on the methodology of GOST 4651-2014 "Plastics. Compression
test method" included determining the compressive stress (at
a relative deformation of 70%).

The tests were conducted on five samples. Before testing,
the samples were conditioned at a temperature of 232 °C and
a relative humidity of 50 + 5%. The test speed was 5 mm/min,

Table 2: Main types of corrosion under the influence of organic and non-organic
environment on concrete.

T f
H ype ? Description
corrosion

Characterized by lixiviation of calcium hydroxide, destruction
of other hydrates (hydro silicates, hydro aluminates, hydro
ferrites), the appearance of white plaque on the surface from
precipitation of dissolved calcium bicarbonate salts
Caused by exchange reactions between cement stone
components and alkaline solutions and is characterized by
the formation of soluble compounds. Included: carbon dioxide
corrosion of CaC0,+C0,+H,0 = Ca(HCO,),; obscenity corrosion
of Ca(OH),+2HCI = CaCl,+2H,0, Ca(OH),+H,S0O, = CaS0,-2H,0;
magnesium corrosion of Ca(OH),+MgCl, = CaCl,+Mg(OH), or
Ca(OH),+MgS0,+2H,0 = CaS0,-2H,0+Mg(0H,2
Called by the interaction of sulfate with tricalcium hydro
aluminate of cement and is characterized by the accumulation
of slightly soluble salts in the concrete, growth of volume
at the transition to the solid phase with the formation
of crystals with subsequent destruction of its structure
3Ca0-Al,0,-6H,0+3CaS0,+25H,0 = 3Ca0-Al0,-3CaS0,-31H,0
Caused by exposure of compounds, hydrosilicates, and
hydroaluminate calcium cement to chlorine and characterized
by the formation of water-soluble calcium chloride, the
destruction of the surface layer of concrete, and corrosion of
steel armature.

1 1 Type

2 2 Type

3 3 Type

Corrosion of
4 concrete and
reinforcement

Caused by the carbonation of concrete with carbon dioxide
in surface area and is characterized by a transition of
calcium hydroxide (Ca(OH),) in calcium carbonate (CaCO,),
reducing the pH value and neutralizing the concrete, exposure
to dissolved oxygen leads to the formation of a galvanic
pair on the surface of the reinforcement and its intense
electrochemical corrosion in cracks and armature corrosion.

Corrosion of
5 concrete and
reinforcement
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and the relati-e deformation was measured using a crosshead
of the testi 4 machine. The relative deformation under
compression was calculated using the formula:

oc=—,
A
Where F is the compressive load, N; A is the initial cross-
sectional area of the sample, mm?>.

When repairing water supply storage facilities, the following
materials are used for protective coatings: cement-based
materials (shotcrete, penetrating compositions; polymer-
bitumen mastics, liquid rubber, polymer compositions;
polymer films made of polyvinyl chloride, sheet materials made
of polyethylene, polypropylene, fiberglass. The characteristics
of the secondary protection methods used during repair work
are shown in Table 3. In addition to all structural surfaces,
it is necessary to carefully seal temperature joints, wall
abutments to the bottom and coating, pipeline entries, areas of
technological hatches, and viewing platforms. The test results
are presented in Table 4.

Materials that provide coating protection must work
together with the main structure throughout the entire lifespan,
be waterproof, water-resistant, mechanically strong, plastic
and elastic, chemically resistant, and durable. Technological
properties of materials should allow performing waterproofing
works with minimal material and labor costs (Figure 3).

Repair and restoration works include technological
operations of cleaning the surface of weak concrete, sealing
cracks, restoring the surface layer of concrete, and installing
secondary waterproofing.

Table 3: Characteristics of the secondary protection methods used.
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The repaired concrete surfaces are firstly cleaned of loosely
bound and crumbling particles by hydrodynamic cleaning
devices, and in case of insufficient roughness, they are cleaned
with subsequent washing with a pressure jet of water. Sealing
of cracks is performed after their expansion to the base of the
crack and priming. Filling of cracks is performed manually
from the surface or by injection. Cracks with a width of more
than 0.3 mm are pre-stitched with metal spatulas and blown
with compressed air. The armature is cleaned of rust with
metal brushes. Filling of cracks is performed with polymer-
cement solutions.

Injection of deep cracks is performed with polymer-cement
and polymer compositions using surface or deep injectors.
Surface injectors pump the repair compound directly into
the crack. Previously, the crack is sealed with a hard cement
solution from the surface, so that the injection composition
does not pour out. Deep packers are placed in inclined holes
drilled at a distance of 200 mm on both sides of the crack so
that they cross it.

Restoration of the surface layer is performed by

[ Requirements for protective coatings |

Features Design solutions Device technology Operating
Material properties conditions

Reliability, relia-

Strength,

. Technical and
wear resistance, water

Labor costs, machine

. economic effi- time costs, bility, durability,
resistance, water ab- - . .
X . ciency, process duration, pro- environmental
sorption, chemical re- : . .
. . o safety, duction, friendliness,
sistance, biostability, . L.
environmental manufacturability, low

frost resistance, corro-
sion resistance,
dielectric properties

friendliness, construction control of
reliability all operations

maintenance,
maintainability

Figure 3: Requirements for protective coatings.

Name
Repair methods i Advantages Disadvantages
of materials

Application of paint and
mastic compositions

Organic, polymer, bitumen-polymer, cement-
polymer compositions
Hydrophobizing compositions, injection cement
solutions, cement compositions of penetrating
action

Application of penetrating
compositions

Rolled and sheet materials based on bitumen and

Pasting with rolled materials )
polymer materials

Cement solutions, polymer solutions, asphalt

Shotcrete :
solutions, shotcrete

Linings with polymer films Metal, polymer, and bentonite sheets, polymer
and sheets films

Seam Sealing compounds, gaskets, cords, hydroshonks

The simplicity of the device, availability
of materials, ease of application

Maintain theircontinuity, when

Top mechanicalcharacteristics

The most long-lasting and reliable

Possibility of providing reliable

Fragility under the influence of liquid
environments, deformations

The simplicity of the device, availability Fragility, low mechanical strength, poor adhesion
of materials, ease of application

to wet surfaces, toxicity, low crack resistance

Fragility, risk of damage due to punctures, high
deformed cost.
Low durability,
Heterogeneity with the base, low adhesion to
the base
Heterogeneity with the base, high material cost,
and high labor costs for the device
Fragility in case of incorrect selection of

protection materials

Table 4: Main test results for determining the compressive stress (at a relative strain of 70%).

Name of the indicator m of ND for testing

81.1
76.3
78.3
84.8
81.6
Average
80.4
Standard deviation 3.26

Compressive stress (with relative
deformation of 70%), MPa

State standard 4551-2014 " Plastics. Compression test method" (the test was carried out on 5 samples of B type,
manufacturing samples by mechanical processing, conditioning the samples before testing at a temperature of (23+2) C

and relative humidity of (50+5) %

084
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impregnation and penetrating solutions to reduce the porosity
of the surface, reduce water absorption of concrete, and increase
mechanical strength. The compositions are applied by brush,
roller, or spray depending on the viscosity of the material.
After application, the composition is rapidly absorbed into the
concrete base with a pore wall coating, and the liquid phase
evaporates and dries. Penetrating compositions interact with
free calcium oxide at a certain depth and colmatize micropores
in concrete [3,11,34].

The experience of using existing types of secondary
protection (Table 1) shows that the most reliable among them
is the mounted lining. Lining protects concrete surfaces from
possible mechanical, physical, and chemical damage. The main
advantages of polymer lining sheets are exceptional chemical
resistance; resistance to cracking and thermal aging, elasticity;
lifespan of at least 50 years; environmental safety, and
maintainability of the polymer coating. This material and its
components are produced in the Russian Federation, which is
a solution to the equally acute problem of import substitution.
Polymer sheets can be flat or with anchor elements embedded
in a freshly laid concrete mix.

Flat polymer sheets are attached to the concrete surface
with glue or mastic. The disadvantage of this attachment is the
low adhesion to concrete and most adhesives. Anchor sheets
with protrusions in the form of anchor ribs have T-shaped
(Figure 4) or cylindrical thickenings (Figure 5), which provide
anchoring in concrete, the rigidity of the lining, and a tight
fit to the surface. Polymer sheets are also used for lining with
V-shaped anchor elements, which are made in the form of a
"dovetail" (Figure 6) and evenly distributed over the surface
(23,34,35].

Discussions

When installing protective coatings of reinforced concrete
structures, lining sheets are mounted with anchor ribs to the

Figure 5: Polymer sheet with cylindrical thickening anchor ribs.
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elements.

Figure 6: Polymer sheets with V-shaped

surface of the structure, and they are attached with anchors to
the base. After fixing the sheets, extrusion welding of vertical
seams is performed. Anchor installation sites are covered with
polymer overlays and scalded. The space between the polymer
sheet and the inner surface of the reinforced concrete structure
is covered with a cement-sand solution. Filling is done in tiers,
with a distance of 5 mm - 10 mm to the upper edge of the sheet.

In general, the method of installing secondary protection
using the lining method with polymer sheets is presented in
Figures 7 and 8.

Small defects of the polymer coating, and cuts (no more
than 3 mm) are detected and eliminated with a welding
extruder. Coating cuts can also be repaired by welding. To
eliminate breakouts with a width of more than 15 mm, linings
made of polyethylene sheets are used.

When lining both precast and monolithic reinforced
concrete structures, reliable protection of structures during the
entire lifespan is provided from any aggressive environment,
including acids, alkalines, and petroleum products. The
polymer coating provides complete water resistance, low water
absorption, high frost resistance, environmental friendliness,
and good dielectric properties. The lining has elasticity and
high resistance to cracking and thermal aging, it is eco-friendly
and inert to aggressive environments. The temperature range
at which maintainability of waterproofing based on polymer
lining sheets is ensured is from -20 to + 40 °C. The lifespan
of the lined structures of storage facilities is not less than
50 years. The advantages of this technology include the low
weight of the lining coating, its strong adhesion to concrete,
and the possibility of obtaining a sealed, durable solid coating
in a short time during reinforced concrete works. The most
important advantage of lining reinforced concrete structures
with polymer sheets is maintenance-free operation throughout
the entire lifespan of storage facilities [1,4,5,34,35].

Conclusion

The polymer sheet in this article is considered to provide
secondary protection for reinforced concrete structures of water
supply system tanks to improve operational characteristics
during the repair and reconstruction of reservoirs. This
material can also be used in new construction and act as
permanent formwork.

The use of polymer sheets protects against possible
mechanical, physical, and chemical damage, and provides high
chemical resistance, durability, and environmental safety.
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Figure 7: Method of attaching a polymer sheet to a concrete and reinforced
concrete structure.

Designations: 1 — holes; 2 - reinforced concrete base; 3 — holes in the polymer
mesh; 4 - anchor bolts; 5 — polymer mesh; 6 — holes in the vertical guides for
anchor bolts; 7 - vertical guides; 8 — polymer clips; 9 — polymer sheet; 10 - holes
for polymer clips; 11 - rail-like projections; 12 - self-compacting mixture.

Figure 8: Method of attaching a polymer sheet to a concrete and reinforced
concrete structure (top view).
Designations: 2 - reinforced concrete base; 4 — anchor bolts; 5 — polymer mesh;
7 - vertical guides; 8 — polymer clips; 9 — polymer sheet; 11 - rail-like projections;
12 - self-compacting mixture.

Evaluating the advantages of using the lining of concrete
and reinforced concrete structures, it becomes obvious that the
use of lining sheets is one of the most promising ways to solve
the problems of ensuring the uninterrupted operation of tank
structures of the water supply system.
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