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Abstract: The purpose of the research described in this article was to optimize the compositions
based on hydraulic-modified binder and construction waste for waterproofing and repair of concrete
or brick structures in contact with the ground, as well as the study of properties and development
of the basis of the methodology for selecting the composition of such a waterproofing system.
Processing of the results of the experiment was carried out by statistical and analytical methods.
The research was based on a method for determining the adhesive strength of a waterproofing
coating, based on the determination when the insulating layers are torn off. As a result of the
calculation and experimental verification, the composition of the waterproofing material was obtained,
which corresponds to an adhesive strength of 3.8 MPa; the strength of the waterproofing layer was
36–37 MPa, as well as the amounts of the main components: acrylic resin 3.9%; finely ground concrete
waste 80 kg/m3; plasticizer consumption (0.38. . .0.39%) at the optimum moisture content of the base
surface (9.7. . .9.8%).

Keywords: modified concrete; waterproofing; hydraulic binder; acrylic resin; plasticizer; construction
waste; adhesive strength; compressive strength

1. Introduction

Waterproofing can be considered as a building system that provides protection of
the structure from vapor–air mixtures and drip moisture (molar and molecular moisture
transfer). The components of the waterproofing system are a base material (usually heavy
concrete or reinforced concrete) with reduced water permeability, waterproofing mem-
branes, protection of waterproofing membranes, drainage systems, and thermal insulation.
All these materials and technologies for their application are components of the waterproof-
ing subsystems of individual parts of the building and structures that are in contact with
environmental moisture or ground moisture [1–3].

Firstly, there are flat and pitched roof insulation subsystems. Secondly, there are the
systems of insulation of facades and the basement of buildings. Thirdly, there are insulation
systems for structural elements of a building that are in contact with the ground, i.e., the
foundations, basements, and floors on the ground. Fourthly, there are insulation systems
for tunnels and other underground structures. Each of the waterproofing subsystems has
features in terms of the materials used, design solutions, and methods for implementing
these solutions [4–6]. ‘General’ is the declared main purpose of these systems.

In addition to direct waterproofing, each of the subsystems assumes the presence of a
structurally designed drainage system, usually with the use of engineering structures or
mechanisms. The impact of water (drop liquid with mineral and, in some cases, organic
substances dissolved in it) is one of the main factors affecting the durability of structures.
Water, filtering through the waterproofing system, penetrates into structures and initiates
corrosion processes in the materials that form these structures. Corrosion leads to the
degradation of the properties of the structure and its subsequent destruction. First of all,
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the insulation systems (if they are provided for by the project) and reinforced concrete of
the base are exposed to corrosion [7–9].

To the greatest extent, the manifestation of negative consequences in the protection
systems “drip moisture-construction” takes place for structures partially or completely
buried in the ground. On the one hand, the chemical composition of moisture and its ability
to penetrate through the smallest leaks and crevices, as well as the factor of hydrostatic
(and in the case of running water, hydrodynamic) pressure negatively affect the properties
and durability of structures [10–12]. On the other hand, the buried structures themselves
have an impact on the properties of the surrounding soils and groundwater. Firstly, there
is a draining effect that buried structures have on the groundwater level. The mechanism
here is as follows: water seeps into tunnels or pits, it is pumped out with the help of
pumps, while the level of moisture in the soil and its water saturation can change, which
leads to a change in the properties of the soil, the chemical composition of groundwater,
which can affect both the quality of construction work, and the durability of the insulation
system [13–15].

Practice shows that water leakage into a tunnel during the construction phase can
cause changes in hydrogeology with an increase in groundwater flow and a decrease in
groundwater levels in bedrock and overburden, which leads to a change in hydrochemistry.
Also, the state and chemical composition of groundwater can be influenced by the chemical
composition of the applied waterproofing solutions, as well as solutions used to strengthen
the soil [16–18].

The processes of degradation of the properties of waterlogged structures can be
intensified due to the additional influence of external factors. These are wind and vibration
loads, and sign-variable temperatures, and the impact of biological aggressors of various
nature. As a result of moistening, such problems appear as corrosion of concrete, reinforced
concrete, and metal structures of buildings; corrosion of embedded parts and fittings;
freezing of enclosing elements; biodamage; as well as direct flooding of objects is possible.

Roof systems experience mainly the effects of rain, snow, the possibility of frost
formation, and, as a concomitant effect, wind loads. On pitched roofs, external drainage
is assumed. The waterproofing carpet is made solid, as a rule, along a continuous crate
with reinforcement in problem areas and, on skates, junctions of multi-level roof elements,
as well as in valleys, and along the perimeter of passage elements, i.e., pipes, aerators,
wind vanes, antennas, etc. On flat roofs and roofs, as a rule, internal drains are provided
through receiving funnels [19–21]. In inverted exploited roofs with intensive or extensive
landscaping, such funnels are two-level. Moisture is removed both from the surface of the
roof and from the inner layers of the roof structure. In this case, a profiled membrane with
a geotextile coating is used [22–24].

The impact of wind loads can lead to negative results for a roof of any kind and any
configuration. These loads are especially intense at high wind speeds, such as typhoons,
tornadoes, and gust winds. The air flow penetrates under the outer protective and decora-
tive layer and tears off both the waterproofing and other layers that form the roofing pie of
the structure. As a rule, destruction occurs due to failure of the mechanical fastening of
waterproofing membranes [25–27].

Facade waterproofing systems are usually based on the use of multi-layer plaster
systems that perform both protective and decorative functions. In the case of using systems
with insulation, the design solutions for facade insulation become more complicated and
significant. In this case, it is necessary to implement additional structural measures to
protect the heat-insulating materials that form the insulating shell. From the side of
the room, the use of a vapor barrier or diffuse membranes is recommended; from the
outside—waterproofing [28–30]. In the basement of the building, cut-offs made of rolled
insulation are required to prevent capillary suction of moisture from the foundation in the
wall structure (Figure 1).
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Figure 1. Methods of moisture penetration into the structure: 1—ground moisture; 2—precipitation
(snow, rain) and melt-water; 3—air humidity; 4—moisture filtration due to capillary phenomena;
5—waterproofing cut-off.

Moisture can get into structures in various ways (see Figure 1). In the construction of
the wall, of its basement, and foundation, there is a constant movement of the vapor–air
mixture. With the possibility of moisture condensation under certain conditions, for
example, when the material reaches the dew point temperature. If the insulation system
is not properly implemented, capillary rise of ground moisture through the foundation
structure and through the capillaries of the wall material is possible.

For insulation systems of any structures in contact with the ground (foundations, oper-
ated basements, tunnels, etc.), four aspects are important: reducing the water permeability
of the supporting structure, creating seamless insulating shells, protecting the insulation
system from external physical and physico-chemical impacts and an efficient drainage
system (Figure 2).

The bearing structures of underground structures are usually made of heavy concrete
(reinforced concrete) with a water permeability rating of at least W8. If the structure is
made of separate elements (shells), sealing of the joints is mandatory. If the water resistance
is insufficient, then it is possible to strengthen the structures by injecting special polymer or
polymer–cement solutions into them. If it is necessary to insulate (for example, the walls of
an operated basement), heat-insulating boards are used that not only have good strength
characteristics, but also have low water absorption, water resistance, and are also resistant
to aggressive groundwater, e.g., boards based on extruded polystyrene foam (XPS -plates),
or polyisocyanurate foam (PIR-plates) [31–33].

For all their advantages, constructions made of slab heat-insulating products have
a significant drawback: the presence of leaks on the contact surfaces between the slabs
and between the slabs and supporting structures. These areas of increased heat transfer,
called “cold bridges”, significantly reduce the thermal performance of the structure. In
this regard, seamless insulating shells are considered promising, which are used not only
for insulating structures in contact with the ground, but also for insulating walls and the
foundations of structures and roofs [34,35]. Firstly, there are heat–vapor-waterproofing
shells based on polyurethane foam or polyethylene foam. Secondly, there are light or warm
plaster coatings (used mainly for wall insulation), as well as green walls. Thirdly, there are
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polymer concretes and modified concretes based on a hydraulic binder, used mainly for
the insulation of underground structures [36–39].
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Figure 2. The system of heat–hydro–vapor barrier for the insulation of the operated basement:
1—waterproofing roll material; 2—bituminous primer; 3—profiled membrane PLANTER geo;
4—plates made of extruded polystyrene foam (XPS) or polyisocyanurate foam (PIR), or hekjys made
of seamless polyethylene foam (PE); 5—PVC waterstop, central; 6—foundation wall; 7—profiled
membrane PLANTER standard; 8—drainage pipe; 9—crushed stone preparation; 10—sand prepara-
tion; 11—transitional side (fillet); 12—base soil; 13—backfill soil.

Polymer concretes and fine-grained modified concretes used in underground insu-
lation systems have several advantages over other materials. Firstly, the introduction of
polymer components into the composition makes it possible to obtain materials with a
water resistance grade of W10 and higher. Secondly, the components of such concretes and
the hydraulic binder have a high degree of affinity with the base material, which, as a rule,
is concrete. The strength of the contact is thus ensured at the physicochemical and chemical
levels due to reactions in the contact, or rather in the transition zone. Thirdly, as part of
waterproofing fine-grained concrete, it is possible to use recycled concrete waste, which
expands the attractiveness of using the material from the standpoint of waste disposal and
solving environmental problems [40,41].

An effective way to protect the concrete of underground structures from moisture and
damage by aqueous solutions containing aggressive chemicals is the hydrophobization of
the surface of structural concrete (reinforced concrete), as well as the use of fine-grained,
polymer-modified concrete based on a hydraulic binder.

Waterproofing materials based on a hydraulic binder have high adhesion to the base
material (usually concrete or reinforced concrete), which is explained by the same crystal
structure; the same mechanism for the formation of a strong shell, which is based on the
hydration processes of clinker minerals; as well as close physical properties (including the
coefficient of thermal expansion) with concrete and high compressive strength.

Thus, the waterproofing coating must meet the following requirements: to ensure
maximum watertightness in any, even the most critical, operating conditions, as well
as to form a strong contact with the base material. These conditions correspond to the
waterproofing systems based on mineral-modified binders, especially since, with the help of
these systems, it is possible to create seamless waterproofing shells, and in the composition
of the binder, it is possible to partially utilize treated construction waste.

Two systems are most commonly used in waterproofing methods; those with a water-
proofing barrier (made of roll material or membranes) and those based on plaster systems
containing hydraulic binder. Such systems were studied in the experiment.

Coating efficiency was assessed by the following criteria: the condition of the coating
surface; the intensity of corrosion processes in the surface layer and in the coating body,
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including the contact surfaces of the base material and the coating; as well as the adhesion
of the coating to the substrate.

The condition of the surface and surface layers of concrete was assessed using appro-
priate instruments or non-destructive methods, as well as visually. A thorough inspection
of the concrete surface was carried out. The presence of shells, abrasions, delaminations,
wear, and other defects were recorded, and the depth of corrosion damage in the surface
layers of concrete (reinforced concrete) was also assessed.

Determination of the depth of concrete corrosion damage and the state of reinforce-
ment was carried out either by non-destructive methods, including using electron tomog-
raphy, or on the basis of determining the depth of concrete neutralization (changes in its
alkalinity in the surface layer due to reactions with air CO2). The colorimetric method is
the least expensive and most obvious way to determine the depth of neutralization.

The colorimetric method consisted of the following. The cores drilled out of the
concrete body were split and the freshly formed surface of the chip was wetted with a
0.1% alcohol solution of phenolphthalein. Crimson coloration of the surface of the concrete
wetted with a solution was manifested at a pH of more than 8.3, which allowed us to
conclude if there was an acidic environment (formed during carbonate corrosion and
leaching of concrete). The original color of the surface was maintained at a pH of less
than 8.3.

Depending on the type of structure and the conditions of its operation, as well
as the time of operation, the depth of concrete neutralization varied from 2–4 mm to
20–50 mm, and in some months (under the influence of an additional alternating tempera-
ture effect—up to 100 mm. According to the results of chemical analysis, it is possible to
draw a conclusion about the state of concrete of underground structures. Practice shows
that concrete in contact with running water is exposed to the greatest leaching effect. In
such cases, corrosion of the first and second type prevails.

The purpose of the research described in the article was to optimize the compositions
based on hydraulic-modified binder and construction waste for waterproofing and repair
of concrete or brick structures in contact with the ground, as well as the study of properties
and the development of the basis for the methodology for the selection of the composition
of such waterproofing systems.

2. Materials and Methods

Portland cement (activity 40 MPa) and finely ground waste, the specific surface of
which was comparable to the specific surface of Portland cement: 300–350 m2/kg, were
used in the composition of waterproofing systems. Particles with a shape close to spherical
predominated. Acrylic resin produced in Russia at the Bobrovsky experimental plant was
used as an acrylic additive.

Evaluation of coating strength properties and adhesion of the coating to the substrate
were the main instrumental methods to determine the quality characteristics of the coating.

Tensile adhesion tests were carried out using the DYNA instrument. With the help
of drilling perpendicular to the insulated surface, an incomplete (partial) sample with a
diameter of 50 mm was taken. The core (sample) passed through the interface (between
the waterproofing material and concrete) deeper into the concrete base. A metal disk was
attached to the surface of the core using epoxy resin, and after it had cured, a pull-off force
was applied to this disk (Figure 3).

The load was applied at a constant rate until the moment of destruction. Tensile
strength was determined as the ratio of the value of the fixed breaking load to the cross-
sectional area of the cylindrical sample. At the same time, the type of destruction and the
place where the destruction occurred were taken into account, i.e., along the concrete, along
the contact zone (interface), or along the waterproofing layer. As an indicator of adhesive
strength, only the destruction that occurred at the interface between materials was taken.
Destruction in the concrete or a waterproofing (repair) layer was considered as the lower
limit estimates of adhesive strength.
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In the experiment, for the conditions which are presented in Table 1, the influence on
the adhesion strength (Y1) and on the compressive strength of modified waterproofing
fine-grained concrete (Y2) of four factors was studied: the consumption of acrylic additive
in a mineral waterproofing material based on hydraulic binder (X1), the moisture content
of the base surface (X2), as well as the consumption finely ground concrete waste (X3) and
plasticizer consumption (X4). The optimization parameter was taken to be the adhesion
strength (Y1) of the waterproofing coating to the base material.

Table 1. The adhesion strength (Y1) and on the compressive strength of modified waterproofing
fine-grained concrete

Factor Name Mathematical Symbol Average Value Variation Interval
Values on Levels

−1 +1

The consumption of the polymer
component (acrylic addition), Рpc, % X1 2.4 1.6 0.8 4.0

Surface humidity, w, % X2 6 4 2 10

Consumption of finely ground
concrete waste, Рcw, kg/m3 X3 80 40 40 120

Plasticizer consumption, Рp, % X4 0.28 0.12 0.14 0.40

The consumption of Portland cement (grade M400) was assumed to be 280 kg/m3; the
consumption of fine aggregate (quartz sand with fineness modulus Mk 2.3) was 360 kg/m3.
The flow rate was assigned depending on the required workability of the concrete mixture
and was carried out by the standard method. The waterproofing material was applied
to the samples, and then, after 28 days, their adhesion strength in tension and separately
for the strength of the surface layer in compression were tested according to the standard
test method.

The experiment was conducted using a four-factor experiment matrix based on a
D-optimal plan. At each point of the plan, the experiments were carried out at least five
times. To reduce the possible influence of extraneous factors, the sequence of experiments
was randomized. The “scatter” of the results for each series of experiments was evaluated
using the Cochran criterion.

The adequacy of the obtained models was checked using Fisher’s criterion. This
criterion is based on the determination of the calculated values of the F-criterion and
its comparison with the tabulated values calculated for degrees of freedom f1 = 4 and
degree of freedom f2 equal to the number of free coefficients in each of the regression
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equations. When determining the calculated values of the F-criterion, the sum of squares
of the difference between the calculated and average experimental values for each of the
experiments was taken into account.

3. Results and Discussion

Processing the results of the experiment, carried out in the Statistica program, made it
possible to obtain a model (an algebraic polynomial or a function of four variables) that
relates the adhesive strength and compressive strength of a waterproofing material with the
factors varied in the experiment. The significance of the coefficients of the base polynomials
was estimated by confidence intervals (∆b), which were calculated using the Student’s
t-test. The adequacy of the obtained models was verified by the Fisher criterion. As a result,
the following basic mathematical models were obtained:

- For adhesive strength (∆b1 = 0.11 МPa):

Y1 = 2.51 + 1.08X1 + 0.30X2 − 0.18X3 − 0.16X2
2 (1)

- For compressive strength (∆b2 = 0.6 МPa):

Y2 = 32.4 + 3.2X1 + 1.0X2 + 1.8X3 + 1.4X4 + 1.2X1X3 − 0.8X4
2 (2)

Adhesion strength, according to the analysis of the coefficients of the model (1), was
most determined by the consumption of acrylic resin (coefficient at X1 equal to 1.08);
the consumption of finely ground concrete waste affected the adhesive strength but not
significantly (the coefficient at X3 was equal to minus 0.18). The influence of base humidity
was ambiguous at low and medium humidity values, the adhesive strength increased,
but at values exceeding a certain average level, the adhesion strength began to decrease
(coefficient at X2 equal to 0.3 and at X2

2 equal to minus 0.16). The inflection point of the
function Y1(X1, X2, X3) was within the range of the factor X2, provided by the conditions of
the experiment, and the optimal value could be determined analytically.

The compressive strength of the waterproofing coating also depended to the greatest
extent on the consumption of acrylic resin (factor at X1 equal to 3.2). To a lesser extent, the
compressive strength depended on the surface moisture, the consumption of fine-grained
concrete waste (the coefficient at X2 and X3 was equal to 1.0 and 1.8 respectively). When
the values of the plasticizer consumption were below the average, provided for by the
experimental conditions (the coefficient at X4 was equal to 1.4 and at X4

2 was equal to
minus 0.8). The inflection point of the function Y2(X1, X2, X3, X4) was within the range of
the factor X4, provided for in the experimental conditions, and the optimal value could be
determined analytically.

The use of the analytical optimization method makes it possible, as a result of the anal-
ysis of polynomials obtained by statistical methods, to obtain additional information about
the influence of factors (within their variation intervals established by the experimental
conditions, Table 1) on the results and obtain optimized response functions. The basis of
the methodology is the assumption that the obtained statistical relationships (mathematical
models) are algebraic functions of several variables, and methods of mathematical analyses
are applicable to these functions [41–43].

Analytical optimization was carried out in five stages: the basic models were first
optimized by the surface moisture factor (X2), and then optimized by the plasticizer con-
sumption (X2); the natural values of the optimized factors were determined; a graphical
interpretation of the obtained optimized models was carried out; a nomogram was formed
for solving inverse and direct problems of mathematical modeling.
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Stage 1. Optimization of the obtained basic models for X2: the optimal value of the
factor X2 was determined (in coded form), and then both basic Equations (1) and (2) were
solved at optimal values of X2.

∂Y1/∂X2 = 0.3 − 3.2X2 = 0 → X2
0.3

0.32
= 0.94

Obtaining algebraic polynomials optimized with respect to X2:

- For adhesive strength:
Y1 = 2.65 + 1.08X1 − 0.18X3 (3)

- For compressive strength:

Y2 = 33.3 + 3.2X1 + 1.8X3 + 1.4X4 + 1.2X1X3 − 0.8X4
2 (4)

Stage 2. Optimization of model (4) by X4 (model (3) does not contain factor X4): the
optimal value of factor X2 is determined (in coded and natural form), and then Equation (4)
is solved at optimal values of X4.

∂Y1/∂X4 = 1.4 − 1.6X4 = 0 → X4
1.4
1.6

= 0.875

Obtaining algebraic polynomials optimized for X2 and X4:

- For adhesive strength:
Y1 = 2.65 + 1.08X1 − 0.18X3 (5)

- For compressive strength:

Y2 = 33.9 + 3.2X1 + 1.8X3 + 1.2X1X3 (6)

Stage 3. The determination of the natural values of the optimized factors was carried
out using the data presented in Table 1:

Surface humidity: w = 6 + 0.94 × 4 = 9.7. . .9.8%
Plasticizer consumption: Pp = 0.28 + 0.875 × 0.12 = 0.38. . .0.39%
Stage 4. Graphical interpretation of the optimized functions (5) and (6) is shown in

Figures 4 and 5.
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Figure 5. Relationship between the strength of the waterproofing layer (MPa) and variable factors at
optimal values of surface moisture 9.7. . .9.8% and plasticizer consumption 0.38. . .0.39%.

The uncertainty factor on predicting the results using the optimized functions was
accounted for in Figure 4 by introducing the mean value and variance of the result with an
accuracy probability of 98%.

It should be noted that the use of analytical optimization allows not only to obtain
the values of factors in intervals, including optimal values, but also to reduce the cumber-
someness of graphical interpretation of the obtained results, which can be performed in
Cartesian coordinates on the plane in the form of functional dependencies U = f1(X1, X3),
or as an equation with a parameter: X1 = f2(X3, U).

Stage 5. A nomogram was built for selecting the composition of a waterproofing
(repair) material and solving a prognostic problem of mathematical modeling: predicting
the properties of this material (Figure 6). The nomogram was constructed by combining
the graphical interpretation of the optimized models (5) and (6).
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Figure 6. Nomogram for selecting the composition and predicting the adhesive strength (MPa) and
the strength of the waterproofing layer (MPa) on variable factors at optimal values of surface moisture
9.7. . .9.8% and plasticizer consumption 0.38. . .0.39%: 1—average value; 2—variance of the result;
3—an example of solving a prognostic problem.

The nomogram combines two sectors. In sector I, a problem is solved related to the
evaluation of adhesion strength values depending on variable factors; in sector II—the task
of assessing the strength of waterproofing fine-grained modified concrete depending on
various factors. An example of solving a prognostic problem (estimating the properties of
a waterproofing coating depending on the values of variable factors) is shown by orange
lines (3) in Figure 6.
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The procedure for solving the prognostic problem is as follows. The experimenter
sets the values of the consumption factors of acrylate resin and the consumption of finely
ground concrete waste. Let the consumption of acrylic resin be 3%; we marked the point
“a” on the ordinate axis and drew a straight line (a, e) parallel to the abscissa axis through
sectors I and II. We set the consumption of finely ground concrete waste 90 kg/m3. In
sector I, from the point “b”, we raised the perpendicular to the intersection with the straight
line (a, e) and at the intersection we achieved the point “c”, which corresponded to an
adhesive strength of 0.32 MPa. In sector II, from the point “d” we raised the perpendicular
to the intersection with the straight line (a, e) and at the intersection we achieved the
point “e”, which corresponded to a compressive strength of 34.6 MPa. Optimal values of
surface moisture (9.7. . .9.8%) and plasticizer consumption (0.38. . .0.39%) were previously
determined as a result of analytical optimization.

After determining the values of the factors using calculation methods, a control series
of active experiments was carried out and the actual values of the adhesive strength and
compressive strength of the waterproofing coating samples were determined at previously
specified values of the variable factors (Table 2). They established the difference between
the calculated and natural values and made the final conclusion on the efficiency of the
obtained models, as well as on the values of variable factors.

Table 2. Verification of the reliability of the results obtained at optimal values of surface moisture
9.7. . .9.8% and plasticizer consumption 0.38. . .0.39%.

№
Factor Values: Adhesion Strength, MPa Compressive Strength, MPa

Acrylic
Consumption, %

Consumption of Finely
Ground Waste, kg/m3 Estimated Practical ∆, % Estimated Practical ∆,%

1 3.9 110 3.6 3.5 2.8 39.1 37.4 4.3

2 3.9 80 3.7 3.8 2.7 37.1 36.1 2.7

3 3.9 50 3.9 3.8 2.6 34.1 35.8 5.0

4 2.4 110 2.5 2.4 4.0 35.7 34.2 4.2

5 2.4 80 2.7 2.5 7.4 33.9 34.9 4.3

6 2.4 50 2.7 2.5 7.4 32.1 33.8 5.3

7 0.9 110 1.4 1.5 7.1 31.5 30.0 5.0

8 0.9 80 1.9 1.8 5.2 30.7 30.0 2.3

9 0.9 50 1.8 1.7 5.6 28.7 30.0 4.5

Mean deviation: 5.0 Mean deviation: 4.2

In Table 2, ∆ is calculated by the formula: ∆ =
∣∣∣Y−Rexp

Y

∣∣∣× 100
where Y is the estimated value, and Rexp is the experimental value of the parameter.
The optimization parameter is the adhesive strength of the waterproofing coating to the

base material. Therefore, according to the magnitude of the results, we took compositions
2 and 3 as the basis of the waterproofing material. The difference between the calculated
and experimental values of the adhesive strength varied from 2.8 to 7.4% (average 5.0%),
and the compressive strength from 2.3 to 5.3% (average 4.5%). The obtained value of the
deviation of the experimental values from the calculated indicators below those accepted in
the technology of concrete. In connection with these, the results of the experiment carried
out can be considered satisfactory.

Taking into account the percentage of deviations, we accepted 2 as the main composi-
tion. This composition corresponded to an adhesive strength of 3.8 MPa; the strength of
the waterproofing layer was 36–37 MPa, and the amounts of the main components: acrylic
resin 3.9%; finely ground concrete waste 80 kg/m3; plasticizer consumption (0.38. . .0.39%)
at the optimum moisture content of the base surface of 9.7. . .9.8%.
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The roughness and fracturing of the base surface were important for increasing the
adhesive strength, but these parameters are difficult to use as variable factors, since it is
practically impossible to comply with the conditions for the continuity of the values of
the variable factors over the entire area of their measurement (from −1 to +1) and their
reproducibility (measurement method).

The area of contact between waterproofing fine-grained modified concrete and base
concrete is considered as a transition zone (transition layer) and the processes occurring
in this zone largely determine the magnitude of the contact strength and durability of
this contact.

The presence of an optimum function of adhesive strength is explained by chemical
and physicochemical processes occurring in the transition layer, including the absorption
of moisture contained in the waterproofing material. Moisture is removed from the volume
in which the hydration of the hydraulic binder, which is the basis of the waterproofing
material, occurs; its deficiency is formed; and the maximum degree of hydration may
decrease. Important factors influencing the adhesion of a waterproofing material are the
method of applying the waterproofing coating and the curing conditions.

In the early stages of hardening, the formation of a tight and durable contact between
the base concrete and the material of the waterproofing coating based on a binder hydraulic
hardening and a polymeric modifier is due to the formation of bonds of various nature:
ionic and valence (value (2–10) × 105 J/mol), hydrogen ((0.1–0.3) × 105 J/mol), as well as
molecular bonds of (0.1–0.3) × 105 J/mol [44,45].

At the stage of applying a waterproofing coating to the surface of concrete products
and in the early stages of hardening, the adhesive contact of the cement particles of the
waterproofing coating with the surface of the base concrete is due to electrostatic forces
and capillary interaction forces. In the initial period, on the contact surface (the transition
zone whose thickness is approximately equal to 1.3 × 10−10 m) of the base concrete and
waterproofing, capillary interaction forces prevail. With the implementation of chemical
reactions, absorption of moisture by the concrete surface and evaporation from the outer
surface, the water content in the transition zone decreases and the forces of electrostatic
and covalent interaction become predominant [46,47].

The assessment of the capillary component influence of the adhesive interaction of a
separate cement particle of the waterproofing layer with the surface of the base concrete was
carried out using the model. The shape of the mineral particle is assumed to be spherical.
The scheme of interaction of a spherical mineral particle with a flat base surface through a
liquid phase layer of thickness is shown in Figure 7.

The following designations were accepted: θ1is the wetting angle of the cement
particle; θ2 is the wetting angle of the cement particle; r is the radius of the cement particle;
ρ1 is the first main radius of curvature of the liquid cuff at its arbitrary point, located in
the plane of the sheet; ρ2 is the second main radius of curvature of the liquid cuff at the
same point, located in the plane perpendicular to the sheet; Rc is the wetting radius of the
concrete surface with a liquid cuff.

The capillary component of the adhesion of a mineral particle to a flat concrete surface
(Figure 7) depends on the coefficient of surface tension of thin water films (σ, N/m), as
well as capillary pressure (Pk, Pa), determined through the main radii of curvature of the
liquid cuff (ρ1 and ρ2, m) and can be calculated from the formulas:

Fk = 2πRcσ + πρ2
2 · Pk (7)

Pk = σ

(
1
ρ1

+
1
ρ2

)
(8)

In Formula (7), the first term characterizes the capillary component of adhesion due to
the surface tension of the liquid along the wetting perimeter with radius Rc. The second
term characterizes the capillary component of adhesion due to capillary pressure on the
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wetting spot. Determination of capillary pressure using Formula (8), and adhesion strength
using Formula (7) allows obtaining approximate results.

Buildings 2024, 14, 1748  12  of  16 
 

wetting  spot.  Determination  of  capillary  pressure  using  Formula  (8),  and  adhesion 

strength using Formula (7) allows obtaining approximate results. 

 

Figure 7. Scheme of the interaction of a mineral particle of a waterproofing material with a flat solid 

surface in the presence of a liquid phase between the surfaces of concrete and a waterproofing coat-

ing in the early stages of hardening. 

More accurate calculated values can be obtained using the following relationship: 

1

2

k

r
Fk


 , where 

2
1 coscos

cos1







k     (9)

If we consider the surface of the base concrete to be completely wetted, then the value 

of  the angle θ2  is greater  than 0.  In  this case,  the coefficient can be determined by  the 

formula: 
2

2
1


tgk  . The maximum value of Fk will be when the angle α is equal to zero 

or 90о. In this case, the capillary component of adhesion will be equal to:  rFk 4 . 

Taking into account the fact that σ = 72.5 × 10−3 N/m and r 2.5 × 10−5 m, we obtain: 

Fk = 4 × 3.14 × 2.5 × 10−5 × 72.5 × 10−3 = 2.3 × 10−5 N. The maximum value of the capillary 

component of adhesion will be equal to: 

𝐴 ൌ ிೖ

గమ ൌ ଶ.ଷ⋅ଵషఱ

ଷ.ଵସ⋅.ଶହ⋅ଵషభబ 11.6kPa   

The total value of electrostatic (Ae) and capillary (Ak) adhesion at the time of appli-

cation of the waterproofing coating will be: 

А = Аe + Аk = 426.0 + 11.6 = 437.6 kPа   

As the cement-based waterproofing coating with acrylic additives hardens, the capil-

lary component decreases, the electrostatic component remains constant. The basis of the 

adhesive strength of the waterproofing coating material to the base concrete will be per-

formed by forces based on the chemical interaction of neoplasms in the hardening water-

proofing coating and hydrosilicates of the base concrete. 

The durability of the insulation system to the base material depends not only on the 

magnitude of  the adhesive strength  for  the estimated hardening period, as well as  the 

thickness of the layer and the conditions (aging) under which the waterproofing coating 

gains strength, but also on the reliability of adhesive contacts and changes (hardening or 

Figure 7. Scheme of the interaction of a mineral particle of a waterproofing material with a flat solid
surface in the presence of a liquid phase between the surfaces of concrete and a waterproofing coating
in the early stages of hardening.

More accurate calculated values can be obtained using the following relationship:

Fk =
2πrσ

k1
, where k1 =

1 − cos α

cos α + cos θ2
(9)

If we consider the surface of the base concrete to be completely wetted, then the value
of the angle θ2 is greater than 0. In this case, the coefficient can be determined by the
formula: k1 = tg2 α

2 . The maximum value of Fk will be when the angle α is equal to zero or
90◦. In this case, the capillary component of adhesion will be equal to: Fk = 4πrσ.

Taking into account the fact that σ = 72.5 × 10−3 N/m and r 2.5 × 10−5 m, we obtain:
Fk = 4 × 3.14 × 2.5 × 10−5 × 72.5 × 10−3 = 2.3 × 10−5 N. The maximum value of the

capillary component of adhesion will be equal to:

Ak =
Fk

πr2 =
2.3 · 10−5

3.14 · 6.25 · 10−10 11.6 kPa

The total value of electrostatic (Ae) and capillary (Ak) adhesion at the time of applica-
tion of the waterproofing coating will be:

A = Ae + Ak = 426.0 + 11.6 = 437.6 kPa

As the cement-based waterproofing coating with acrylic additives hardens, the cap-
illary component decreases, the electrostatic component remains constant. The basis of
the adhesive strength of the waterproofing coating material to the base concrete will be
performed by forces based on the chemical interaction of neoplasms in the hardening
waterproofing coating and hydrosilicates of the base concrete.

The durability of the insulation system to the base material depends not only on the
magnitude of the adhesive strength for the estimated hardening period, as well as the
thickness of the layer and the conditions (aging) under which the waterproofing coating
gains strength, but also on the reliability of adhesive contacts and changes (hardening or
degradation) of properties over time. This property is largely determined by the presence
and operating conditions of the adhesion layers.
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In waterproofing coatings based on a hydraulic binder, the adhesive tensile strength is
significantly reduced if no tie layer is used. As a binding layer, the same system was used,
but more mobile and with a large flow of water. At the same time, in the solution with
acrylic additives, the adhesive strength in the absence of a binder layer was 15–18% less
than the strength achieved when using a binder layer. It was found that when the acrylic
tie layer dried too much, the adhesive strength was less than if no tie layer was used at all.

The obtained results are used in the design of systems of cladding insulation with
polymer–cement mixtures, and the optimization technique proposed in the article is appli-
cable to solve any formulation and technological problems.

4. Conclusions

A promising way to protect structures, including structures buried in the ground,
is external waterproofing systems based on a polymer-modified hydraulic binder. Com-
pounds similar to them can be used in the repair of surfaces of structures made of concrete,
reinforced concrete, as well as concrete reinforced with polymeric materials.

It has been established that after applying the waterproofing coating and in the early
stages of hardening, electrostatic forces and forces of capillary interaction between the
mineral particles of the waterproofing coating and the structural elements of the surface
layers of the base concrete are the main factors in the formation of adhesive contact.

The conducted experiments allowed forming the basis for the methodology of selecting
the composition and predicting the properties of waterproof protective and repair coatings,
based on the use of nomograms. The optimum value of moisture content of the base surface
(9.7–9.8%), allowed obtaining the maximum adhesion of the coating to the base, as well
as to optimize the plasticizer consumption (0.38–0.39% by mass of water consumption.),
allowed obtaining the coating with maximum adhesion to the base (up to 3.7–3.9 MPa) up
to and maximum strength (35–36 MPa).

The adequacy of the obtained optimization solutions was checked at two levels. First,
in the process of obtaining basic models (regression equations) in the Statistica program,
the adequacy of the equations was checked by Fisher’s criterion. Secondly, based on
the results of analytical optimization, the second stage of verification was carried out.
The conditions were set, by which the calculated values of factors were determined, and
then an active experiment with obtaining full-scale samples was carried out. In this case,
the amount of discrepancy between the calculated and experimental values of the results
was evaluated.
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