
Academic Editor: Biao Hu

Received: 19 September 2025

Revised: 9 October 2025

Accepted: 13 October 2025

Published: 15 October 2025

Citation: Miryuk, O.; Rakhimov, M.;

Zhangabay, N.; Maikotova, K.;

Yermakhanov, M.; Rakhimov, A.

Numerical Simulation and Thermal

Efficiency Assessment of

Variatropic-Type Multi-Layer Exterior

Wall Panels. Buildings 2025, 15, 3717.

https://doi.org/10.3390/buildings

15203717

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Numerical Simulation and Thermal Efficiency Assessment of
Variatropic-Type Multi-Layer Exterior Wall Panels
Olga Miryuk 1, Murat Rakhimov 2 , Nurlan Zhangabay 3,*, Kamilya Maikotova 2, Myrzabek Yermakhanov 4

and Askhat Rakhimov 2,*

1 Department of Construction and Building Materials Science, Rudny Industrial University,
Rudny 111500, Kazakhstan

2 Department of Construction Materials and Technologies, Abylkas Saginov Karaganda Technical University,
Karaganda 100027, Kazakhstan; m.rahimov@ktu.edu.kz (M.R.)

3 Scientific Research Laboratory of Mechanical Engineering Problems, M. Auezov South Kazakhstan University,
Tauke Khan av., 5, Shymkent 160012, Kazakhstan

4 Department of Chemistry, M. Auezov South Kazakhstan University, Tauke Khan av., 5,
Shymkent 160012, Kazakhstan

* Correspondence: nurlan.zhangabay@auezov.ede.kz (N.Z.); a.rakhimov@ktu.edu.kz (A.R.)

Abstract

This study presents a theoretical analysis of the effectiveness of the use of variatropic
concretes in multi-layer panel structures of buildings in terms of heat transfer. Theoretical
analysis was performed with the aid of the modern numerical modeling software package
ELCUT 6.6 and the computer algebra system Maple, which helped improve the reliability
of the calculations. The results of this study of the thermophysical parameters of multi-
layer panels using variatropic concrete showed that an increase in the degree of variatropy
contributes to a rise in the temperature on the inner surface of the panel from 17.94 ◦C
(traditional panel) to 18.87 ◦C (the most variatropic panel, Scheme 4), which improves
indoor comfort conditions and reduces the risk of condensation. Additionally, it is possible
to reduce the thickness of the insulation layer without compromising thermal efficiency. The
high thermal inertia (D > 7) of variatropic panels ensures the accumulation and retention of
heat, which has a positive effect on energy consumption during the heating season. The
moisture regime of the studied structures meets regulatory criteria for preventing moisture
accumulation, thereby increasing panel durability and eliminating conditions for mold
formation or structural degradation. The air permeability performance of the panels also
complies with the standards, while the dense outer concrete layers provide additional
protection against air infiltration, stabilizing both thermal and moisture balance. The
calculated thermal resistance of variatropic panels (Schemes 3 and 4) exceeded the standard
requirement (3.20 m2·◦C/W) by 1.2 and 1.74 times, respectively. Thus, it was established
that the application of the variatropic principle in panel design ensures a more rational
distribution of temperature fields, which results in reduced heat losses and improved
thermal stability of exterior enclosures. This approach develops new design solutions
focused on improving the energy efficiency of buildings and reducing material costs, which
is consistent with current trends in Functionally Graded Design (FGD).

Keywords: multi-layer panel; thermophysical parameters; variatropy; modeling; energy efficiency

1. Introduction
In the context of contemporary global climate change and the increasing demand for

energy, the issue of energy conservation in construction has become particularly significant.
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The construction sector is recognized as one of the largest energy consumers, with buildings
and structures accounting for, on average, up to 40% of total global energy consumption [1–3].
A considerable share of this energy is utilized inefficiently, resulting in higher operational costs,
increased greenhouse gas emissions, and greater anthropogenic pressure on the environment.
Given these circumstances, energy efficiency in construction is regarded by the international
community as one of the key priorities for sustainable development.

Countries around the world are introducing new energy efficiency standards and
developing building certification systems [4–6], which provide an objective basis for assess-
ing the energy performance of facilities [7,8]. Among the most authoritative certification
frameworks are LEED (USA), BREEAM (United Kingdom), and DGNB (Germany). These
systems encompass a wide range of criteria, extending from energy efficiency and indoor
environmental quality to the sustainability of construction materials. Such standards
increasingly serve as benchmarks for national building codes and regulations, thereby
contributing to the advancement of global practices in “green” construction.

Particular emphasis is placed on innovative materials, advanced engineering sys-
tems, and the integration of “smart” building management technologies [9–11]. Such
solutions not only enable a substantial reduction in energy consumption [12,13] but also
ensure a high level of comfort, safety, and building durability [14]. Developed countries
have demonstrated that investments in energy-efficient technologies are justified by reduc-
tions in operating costs, increases in real estate market value, and mitigation of negative
environmental impacts [15–17].

One of the most promising approaches to enhancing energy efficiency in construction
is the use of multi-layer envelope structures, particularly energy-efficient panels for exter-
nal walls [18–20]. These panels combine load-bearing, thermal insulation, and finishing
functions, thereby significantly reducing heat losses in buildings, lowering heating and
cooling costs, and accelerating the construction process [21,22]. In global practice, multi-
layer panels have gained wide application in residential, public, and industrial construction
alike [23,24]. Their composition includes advanced thermal insulation materials (such as
mineral wool boards, expanded polystyrene, polyurethane foam, PIR, and others), which
are characterized by low thermal conductivity, high mechanical strength, and long-term
durability. The external layers of such panels provide resistance to mechanical and cli-
matic influences, while the inner layers maintain a favorable thermal regime and prevent
condensation [25].

In recent years, particular attention has been directed toward the use of variatropic
materials, which provide new prospects for enhancing the energy efficiency and durability
of building envelopes [26–28]. In the presented study, variatropy is realized through
the gradient distribution of concrete density in multi-layer panels, which ensures an
optimal combination of the bearing capacity of the outer layers and the thermal insulation
characteristics of the inner layers in a single structure. Variatropic multi-layer panels are
characterized by the combination of materials with distinct thermophysical and mechanical
properties integrated into a unified structure. This design ensures optimal distribution
of mechanical loads, increased resistance to thermal deformations, reduced heat losses,
and improved long-term performance. By adjusting the arrangement and thickness of
individual layers, it becomes possible to achieve target operational characteristics that are
unattainable with conventional panels [26].

Despite the obvious potential, there is a significant gap in comprehensive studies
devoted to quantifying the effect of the degree of variatropy on key thermophysical param-
eters of multi-layer panels in harsh climatic conditions. In particular, insufficient attention
was paid to how the gradient change in concrete density inside the panel structure affects
the distribution of temperature fields, humidity conditions, and overall thermal resistance
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while maintaining a constant overall thickness of the structure. Most existing studies have
focused on the mechanical properties of variotropic concretes, with limited attention on
their integrated energy efficiency when used in multi-layer enclosing structures.

Thus, the use of variatropic structures in external walls demonstrates considerable
potential for improving the energy efficiency of buildings. This approach is particularly
relevant for Kazakhstan, where the heating season extends over 6–7 months annually, and
winter temperatures in some regions drop below –30 ◦C. The severe climatic conditions
necessitate innovative solutions aimed at minimizing heat losses, reducing operating expen-
ditures for heating, and ensuring a comfortable indoor microclimate. The implementation
of energy-efficient structures under such conditions not only contributes to energy conser-
vation but also carries significant environmental importance, as it is directly associated with
the reduction of carbon dioxide emissions and the mitigation of anthropogenic impacts on
the environment [29].

In this regard, the purpose of the present study is to conduct a theoretical investigation
of the application of the variatropic principle in multi-layer panels and carry out a compara-
tive analysis with traditional panel systems in terms of their thermophysical characteristics.
The use of exclusively computer modeling in the study is due to the fact that the purpose
of the work was to obtain a detailed quantitative assessment of thermophysical parameters
for further validation with experimental studies.

It should be emphasized that the further development of the study previously con-
ducted by the authors [25] using variatropic-type concrete could provide a strong impetus
for the widespread implementation of variatropic concrete structures in construction prac-
tice in Kazakhstan. The scientific novelty of this study lies in the complex numerical
modeling and comparative analysis of a series of multi-layer wall panels with varying
degrees of variability but constant overall thickness, which has not been studied at this scale
before. For the first time, the effect of gradient changes in the density of concrete layers
on the thermophysical characteristics of fencing, including temperature fields, humidity,
and air conditions, under the harsh climate of Central Kazakhstan, was quantified. Such
an approach will enhance the energy efficiency, environmental sustainability, and opera-
tional reliability of buildings, while also contributing to the development of scientifically
grounded recommendations for the design of modern energy-efficient building envelopes
that comply with both national and international standards of sustainable construction.
At the same time, the use of variotropic materials directly corresponds to the principles of
Functionally Graded Design (FGD), where the properties of the material and structure are
purposefully changed to optimally meet heterogeneous requirements.

2. Materials and Methods
This study examines four new design solutions for variatropic-type, multi-layer pan-

els in comparison to a traditional configuration, which had previously been developed
and analyzed by the authors in [25]. To assess energy efficiency, the following key pa-
rameters were considered: thermal resistance, temperature fields, moisture regime, and
air permeability. In determining the geometric parameters of the investigated structures,
the minimum requirements were adopted in accordance with the standards [30–32]. The
principal thermophysical parameters were taken from normative data, while the thermal
conductivity of concrete was calculated as a function of its density using the Nekrasov
Formula (1) [33]. The overall thermal resistance of the structures was then determined
according to Expression (2) [4].

λ = 1.16
√

0.0196 + 0.22d2 − 0.16 (1)
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where d is the relative density of the material, expressed in g/cm3 (numerically: d = ρ/1000,
if the density ρ is given in kg/m3).

R =
1

aint
+ ∑ Ri +

1
aext

(2)

where aint and aext are the heat transfer coefficients of the internal and external surfaces,
respectively; Ri denotes the thermal resistance of the i-th layer.

According to the standards [30–32], a single concrete element may be subdivided
into several layers with different density values under specific conditions. Taking these
provisions into account, the analysis of the effectiveness of variatropic concretes was carried
out by examining the division of all layers within the structure.

This study focused on a curtain-type panel with a width and height of 3 m, where
the remaining minimum geometric parameters were adopted in accordance with the
standard [30]. The thickness of all panel variations was assumed to be identical, equal
to 460 mm. The principal geometric and thermophysical parameters of the investigated
structures are presented in Figure 1 and Table 1. The analysis considered four design types
(schemes), one of which had been previously investigated by the authors and is referred to
in the present study as the traditional (reference) configuration.

 
(a) (b) 

(c) (d) 

Figure 1. Panel design variants (Scheme 1, Scheme 2, Scheme 3 and Scheme 4) for analyzing the
effectiveness of variatropic concretes: (a). Traditional configuration; (b). Variatropic concrete in layers
1 and 3; (c). Variatropic concrete in layers 1, 2 (two sub-layers), and 3; (d). Variatropic concrete in
layers 1, 2 (three sub-layers), and 3.
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Table 1. Thermophysical parameters of the investigated structures (Schemes 1–4) [4,30–32].
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Scheme 1

1 External layer Heavyweight concrete 70 2400 1.156 16.77 0.03

2 Insulating layer Highly porous
polystyrene concrete 310 400 0.112 2.07 0.085

3 Internal layer Heavyweight concrete 80 2400 1.156 16.77 0.03

Scheme 2

1 External layer Heavyweight concrete 30 2400 1.156 16.77 0.03
40 2000 0.940 13.5 0.06

2 Insulating layer Highly porous
polystyrene concrete 310 400 0.112 2.07 0.085

3 Internal layer Heavyweight concrete 40 2400 1.156 16.77 0.03
40 1800 0.833 9.6 0.09

Scheme 3

1 External layer Heavyweight concrete 30 2400 1.156 16.77 0.03
40 2000 0.940 13.5 0.06

2 Insulating layer Highly porous
polystyrene concrete

160 400 0.112 2.07 0.085
150 300 0.070 1.55 0.10

3 Internal layer Heavyweight concrete 40 2400 1.156 16.77 0.03
40 1800 0.833 9.6 0.09

Scheme 4

1 External layer Heavyweight concrete 30 2400 1.156 16.77 0.03
40 2000 0.940 13.5 0.06

2 Insulating layer Highly porous
polystyrene concrete

110 400 0.112 2.05 0.085
100 300 0.070 1.55 0.10
100 200 0.035 1.12 0.12

3 Internal layer Heavyweight concrete 40 2400 1.156 16.77 0.03
40 1800 0.833 9.6 0.09

The arrangement of layers within the panel structure is not arbitrary: the outer layers are
made of denser concrete to provide protection against external impacts (precipitation, wind,
and mechanical loads), whereas the inner layers are composed of lower-density concrete
varieties, which reduce heat losses and enhance the energy efficiency of the structure. This
design choice aligns with contemporary practices in the use of multi-layer panels in both inter-
national and domestic construction industries, where the optimal balance between structural
strength and thermal insulation is achieved precisely through variations in layer density.
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At the same time, the evolution of structures from Scheme 2 to Scheme 4 demon-
strates the consistent implementation of the principles of functional gradient design, where
each subsequent option provides improved thermal performance due to a more rational
distribution of material with variable density.

The boundary conditions for the climatic parameters of the study area were adopted
in accordance with standards [33,34] and are presented in Table 2.

Table 2. Boundary conditions for climatic parameters [33,34].

№ Indicator Value

1 Study area Karaganda, Republic
of Kazakhstan

2 Indoor humidity regime Normal
3 Humidity zone Dry
4 Operating condition of enclosing structures A

5 Air temperature of the coldest days,
with a probability of 0.92 –34.7 (◦C)

6 Mean relative humidity of the coldest month (January) 79 (%)
7 Duration of the heating season 207 (days)
8 Indoor temperature in winter 20 (◦C)
9 Indoor relative humidity 55 (%)
10 Mean daily temperature during the heating period −4.8 (◦C)

11 Required design resistance according to the degree-days
of the heating period 3.20 (W/m2·◦C)

To determine the temperature field distribution in multi-layer panels, the specialized
software package ELCUT 6.6 [34–36] was employed, which has been proven to be an
effective tool for solving problems related to heat conduction and conducting thermal
analysis of building structures. The verification of the correctness and reliability of the
finite element mesh used in the calculations was previously carried out by the authors
and presented in an earlier published work [25]. In this study, the simulation results were
compared to an analytical method for calculating temperature values at the boundaries of
multi-layer wall structures, which showed satisfactory convergence of the results obtained,
confirming the adequacy of the chosen technique.

At the same time, to determine other thermophysical characteristics of the panels
under investigation (such as the heat transfer coefficient, thermal resistance, and others),
calculation methods regulated by national building standards [4,33] were applied. These
calculations were carried out using the Maple-2020.0 software package, which is designed
for solving systems of algebraic equations and performing numerical experiments.

The developed analytical framework, ensuring a comprehensive combination of nu-
merical modeling in ELCUT and analytical–normative calculations in Maple, is presented
in Figure 2 [4,33,36].

The integrated workflow of ELCUT-Maple consisted of sequentially performing finite
element modeling of thermal fields in ELCUT, followed by analytical processing of the
results in Maple. The data were transmitted through text files containing temperature
distributions, which were used in Maple to calculate heat transfer resistance, humidity,
and air conditions. Verification was carried out by comparing the ELCUT results with
analytical calculations according to the standards, which showed satisfactory convergence,
confirming the reliability of the methodology.

The proposed method for evaluating the effectiveness of variatropic concrete application
in panel structures possesses significant practical and scientific potential. Its further use will
make it possible not only to identify the most rational engineering solutions for specific design
conditions but also ensure the optimal selection of structural parameters, taking into account
operational requirements, climatic characteristics of regions, and economic feasibility.
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Analysis of the ther-
mal inertia structure 

Figure 2. Algorithm of the method for analyzing the thermophysical parameters of the studied
panel structure.

In addition, the methodology opens up opportunities for the comprehensive opti-
mization of the thermophysical characteristics of multi-layer enclosing structures, which
contributes to enhancing their energy efficiency, durability, and resistance to external im-
pacts. The implementation of this approach in design and construction practice will enable
the development of structures that meet modern requirements of energy-efficient construc-
tion and sustainable development, while also reducing operating costs and improving
environmental safety.

3. Results and Discussion
3.1. Actual Heat Transfer Resistance of Multi-Layer Panel Structures in Comparison to the
Required Value

Figure 3 presents the results of the analysis of the actual heat transfer resistance of all
types of panel structures shown in Figure 1, compared to the required values (Table 2). The
required values were determined based on the normative parameters corresponding to the
climatic conditions of the region, in accordance with [4,33].
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Figure 3. Actual (R1) and required (R2) thermal resistance values of multi-layer panel structures: Scheme
1—Traditional type; Scheme 2—Variotropic concrete in 1 and 3 layers; Scheme 3—Variotropic concrete
in 1, 2 (two layers), and 3 layers; Scheme 4—Variotropic concrete in 1, 2 (three layers), and 3 layers.
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3.2. Analysis of Temperature Fields in Multi-Layer Variotropic Panel Structures

Figure 4 presents an analysis of the temperature fields in multi-layer variotropic panels,
simulated using the ELCUT 6.6 software package [25,36].

(a) 

(b) 

(c) 

Figure 4. Cont.
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(d) 

Figure 4. Analysis of temperature fields in multi-layer variotropic panels: (a). Traditional type (Scheme
1); (b). Variotropic concrete in 1 and 3 layers (Scheme 2); (c). Variotropic concrete in 1, 2 (two layers), and
3 layers (Scheme 3); (d). Variotropic concrete in 1, 2 (three layers), and 3 layers (Scheme 4).

3.3. Analysis of Thermal Inertia in Multi-Layer Variotropic Panel Structures

Figure 5 presents the results of the analysis of thermal inertia values for multi-layer
variotropic panel structures.
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Thermal inertia value of multilayer structures

Figure 5. Thermal inertia values of multi-layer variotropic panel structures: (Scheme 1—Traditional
type; Scheme 2—Variotropic concrete in 1 and 3 layers; Scheme 3—Variotropic concrete in 1, 2
(two layers), and 3 layers; Scheme 4—Variotropic concrete in 1, 2 (three layers), and 3 layers.

3.4. Analysis of Moisture Regime in Multi-Layer Variotropic Panel Structures
3.4.1. Analysis of Moisture Condensation in Multi-Layer Variotropic Panels

Figure 6 presents the results of the analysis of moisture condensation in multi-layer
variotropic panel structures.
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(a) (b) 

(c) (d) 

Figure 6. Moisture condensation values in multi-layer variotropic panel structures: (a). Traditional
type (Scheme 1); (b). Variotropic concrete in 1 and 3 layers (Scheme 2); (c). Variotropic concrete in 1,
2 (two layers), and 3 layers (Scheme 3); (d). Variotropic concrete in 1, 2 (three layers), and 3 layers
(Scheme 4).

3.4.2. Analysis of the Amount of Moisture Condensing in Multi-Layer Variotropic Panel
Structures During the Moisture Accumulation Period

Figure 7 presents the results of the analysis of the amount of moisture condensing in
multi-layer variotropic panel structures during the moisture accumulation period.
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Figure 7. Amount of moisture condensing in multi-layer variotropic panel structures during the
moisture accumulation period: Scheme 1—Traditional type; Scheme 2—Variotropic concrete in 1 and
3 layers; Scheme 3—Variotropic concrete in 1, 2 (two layers), and 3 layers; Scheme 4—Variotropic
concrete in 1, 2 (three layers), and 3 layers.
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3.4.3. Analysis of the Amount of Moisture Evaporating from Multi-Layer Variotropic Panel
Structures During the Drying Period

Figure 8 presents the results of the analysis of the amount of moisture evaporating
from multi-layer variotropic panel structures during the drying period.
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Figure 8. Amount of moisture evaporating from multi-layer variotropic panel structures during the
drying period: Scheme 1—Traditional type; Scheme 2—Variotropic concrete in 1 and 3 layers; Scheme
3—Variotropic concrete in 1, 2 (two layers), and 3 layers; Scheme 4—Variotropic concrete in 1, 2 (three
layers), and 3 layers.

3.4.4. Conditions for the Unacceptability of Moisture Accumulation in Variotropic Panel

Structures over an Annual Service Period (Rf
vpc ≥ Rreq

vpc)

Figure 9 presents the results of the analysis of the unacceptability of moisture accumu-
lation in multi-layer variotropic panel structures over an annual service period.
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Figure 9. Condition for the unacceptability of moisture accumulation in multi-layer variotropic
panel structures over an annual service period: Scheme 1—Traditional type; Scheme 2—Variotropic
concrete in 1 and 3 layers; Scheme 3—Variotropic concrete in 1, 2 (two layers), and 3 layers; Scheme
4—Variotropic concrete in 1, 2 (three layers), and 3 layers.
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3.4.5. Conditions for the Unacceptability of Moisture Accumulation in Multi-Layer

Variotropic Panel Structures During the Moisture Accumulation Period (R f
vpc ≥ Rreq

vpc)

Figure 10 presents the results of the calculation of moisture accumulation unacceptabil-
ity values in multi-layer exterior panel structures during the moisture accumulation period.
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Figure 10. Condition for the unacceptability of moisture accumulation in multi-layer variotropic
panel structures during the moisture accumulation period: Scheme 1—Traditional type; Scheme
2—Variotropic concrete in 1 and 3 layers; Scheme 3—Variotropic concrete in 1, 2 (two layers), and
3 layers; Scheme 4—Variotropic concrete in 1, 2 (three layers), and 3 layers.

In conclusion, it is noted that the combination of materials with different densities and
vapor permeability creates conditions for the natural circulation of moisture vapor. During
periods of high humidity, the inner layers with higher vapor permeability temporarily
accumulate excess moisture, which is then effectively removed during periods with more
favorable conditions, which is confirmed by the drying coefficient exceeding the moisture
accumulation by 3.3–4.1 times.

Thus, the improvement of the moisture resistance of variotropic panels is a conse-
quence of the purposeful design of the gradient of material properties, which provides a
synergistic effect in controlling the humidity regime of the enclosing structure.

3.5. Analysis of Airflow Regime in Multi-Layer Exterior Panel Structures (Rreq
u ≤ R f

u)
3.5.1. Analysis of Air Permeability Resistance in Multi-Layer Variotropic Panel Structures

Table 3 presents the results of the analysis of the required and actual air permeability
resistance of multi-layer variotropic panel structures.

Table 3. Required and actual air permeability resistance values of multi-layer variotropic panel structures.

№ Schemes
Required Air Permeability

Resistance, for Building
Height, H = 27 m

Actual Air
Permeability

Resistance

Condition
Fulfilled

1 Variant—1 59.28 29,802 Fulfilled
2 Variant—2 59.28 26,304 Fulfilled
3 Variant—3 59.28 26,259 Fulfilled
4 Variant—4 59.28 26,214 Fulfilled



Buildings 2025, 15, 3717 13 of 18

The results obtained demonstrate that the air regime of all the studied panels meets
the regulatory requirements for air permeability, while the dense outer layers of concrete
provide additional protection against air infiltration, helping to stabilize the thermal and
humidity balance. However, achieving high airtightness requires addressing certain design
aspects. Sealing of mounting seams and junctions, as well as the development of fastening
units with thermal breaks and sealing elements to preserve the integrity of the air barrier,
is of key importance.

At the same time, high airtightness also has certain drawbacks. The main one is the
need to organize balanced supply and exhaust ventilation with heat recovery, since natural
infiltration through enclosing structures becomes minimal. Without an effective ventilation
system, there is a risk of increased humidity in the premises, which can negatively affect
the microclimate. Thus, the use of variotropic panels with increased airtightness requires
an integrated approach to the design of the building as a whole.

3.5.2. Study of Temperature Distribution at the Boundaries of Multi-Layer Variotropic
Panel Structures Considering Air Filtration

Table 4 presents the results of the analysis of temperature distribution at the boundaries
of multi-layer variotropic panel structures, taking air filtration into account.

Table 4. Temperature distribution values at the boundaries of multi-layer variotropic panel structures.

Condition τ
Schemes

1 2 3 4

Without Air Filtration, ◦C
(According to Figure 3)

τint 20.00 20.00 20.00 20.00
τ1 17.94 17.96 18.38 18.87
τ2 16.86 17.50 18.01 18.62
τ3 −32.68 16.74 17.41 18.20
τ4 −33.92 −32.46 −2.72 8.57
τ5 - −33.07 −32.92 −5.44
τ6 - −33.93 −33.41 −33.46
τ7 - - −34.09 −33.80
τ8 - - - −34.27

τext −34.7 34.7 34.7 34.7

With Air Filtration, ◦C

τint 20.00 20.00 20.00 20.00
τ1 17.94 17.95 18.37 18.87
τ2 16.85 17.49 18.01 18.61
τ3 −32.69 16.73 17.40 18.19
τ4 −33.92 −32.46 −2.78 8.51
τ5 - −33.08 −32.93 −5.53
τ6 - −33.93 −33.41 −33.47
τ7 - - −34.09 −33.81
τ8 - - - −34.28

τext −34.7 34.7 34.7 34.7
Difference %

This study presents a comprehensive theoretical investigation of the effectiveness
of using variotropic concretes in multi-layer building panel structures (Figure 1b–d) in
comparison to the previously studied traditional three-layer panel (Figure 1a) [24].

Within the framework of the study, the thermophysical parameters of the structures
were analyzed, including thermal performance (thermal resistance, temperature field distri-
bution, and thermal inertia), and moisture and airflow regimes. The theoretical analysis was
carried out using the modern numerical modeling software package ELCUT 6.6 [25,35–37]
and the computer algebra system Maple, which enhanced the reliability of the calculations.

For the modeling of multi-layer panels, appropriate types of concrete were selected,
and their thermophysical properties are presented in Table 1. The geometric dimensions
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of the structures were chosen such that the overall thickness of all four panel variants
remained the same, while the configuration of the internal layers varied. The study
was conducted for a climatic region with severe winter conditions (Table 2), where the
temperature of the coldest days with a probability of 0.92 is –34.7 ◦C. Based on these data,
the parameters of the heating period (degree–days) were determined, which are necessary
for the subsequent analysis.

The analysis of thermal performance showed that the required thermal resistance
(Rt) for the selected region is 3.2 m2·◦C/W [4,25]. A comparison of this normative value
with the actual thermal resistances (R) of the studied structures (Figure 3) revealed that
the first two panel variants do not meet the minimum Rt requirements. At the same
time, Scheme 3 and Scheme 4 demonstrated exceedances of the normative value by 1.2 and
1.74 times, respectively. This confirms that increasing the degree of material variatropy
enhances the effectiveness of the building envelope structures in terms of thermal resistance.

The analysis of temperature fields (Figure 4) showed that increasing the variatropy
of the layers contributes to a rise in the temperature on the inner surface of the panel:
from 17.94 ◦C for the traditional structure (Scheme 1) to 18.87 ◦C for the variant with
more pronounced variatropy. Scheme 3 and Scheme 4 thus demonstrate higher energy
efficiency compared to the traditional three-layer panel (Scheme 1) and the less variotropic
variant (Scheme 2). This is explained by the physical nature of the density distribution
of the concrete within the panel structure: the use of a gradient density variation creates
a sequential transition from denser outer layers to less dense inner layers. As a result,
the effective thermal conductivity of the panel decreases, the influence of thermal bridges
is reduced, and a more uniform temperature distribution across the panel thickness is
formed. This approach minimizes local zones of reduced temperature on the inner surface
of the wall, thereby enhancing thermal comfort in indoor spaces and reducing the risk of
moisture condensation.

The study of thermal inertia (D) confirmed that all structures fall into the high-inertia
category (D > 7). Moreover, with an increase in the degree of variatropy, the thermal inertia
value exhibits an additional positive effect, enhancing the ability of the building envelope
to smooth out temperature fluctuations (Figure 5).

The analysis of the moisture regime (Figure 6) showed that, at the second stage of the
study, all multi-layer panel structures demonstrated moisture accumulation. The calculation
of the accumulated moisture (Figure 7) revealed that, in the traditional three-layer structure
(Scheme 1), the moisture accumulation values are lower, on average, compared to the
variotropic panels, by 1.21–1.31 times depending on the panel scheme. However, the results
of the moisture exchange analysis during the drying period (Figure 8) indicated that the
balance between moisture accumulation and drying is positive. The drying coefficient of
the structures exceeds the moisture accumulation values by 3.3–4.1 times, confirming the
panels’ capability for self-regulation of their moisture state.

In all the studied structures, the condition for the unacceptability of moisture accu-
mulation (R1

vpc ≥ R2
vpc) is satisfied both over the annual cycle and during the moisture

accumulation period (Figures 9 and 10). This highlights the positive effect of using vari-
otropic concretes in exterior building envelope structures, despite significant differences in
layer thicknesses compared to traditional solutions.

The analysis of the airflow regime revealed that, in all multi-layer structures, the con-
dition for compliance between the required and actual air permeability resistance (R2

u ≤ R1
u)

is met with a considerable margin (Table 3). This result is explained by the design features
of the panels: the presence of dense outer concrete layers significantly limits air filtration
through the envelope, while the variotropic structure further inhibits through-transfer. For
comparison, according to current regulations [4], the minimum required air permeability re-
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sistance for exterior walls is considerably lower (in the order of hundreds), so the calculated
values obtained exceed the normative level many times over. This emphasizes that the
studied structures not only meet the requirements but also possess a substantial safety mar-
gin in this regard, ensuring high airtightness and resistance to air infiltration. At the same
time, the traditional three-layer structure (Scheme 1) exhibits the highest air permeability
resistance, exceeding that of the variotropic panels (Scheme 2, Scheme 3 and Scheme 4) by
an average of 10%. Additionally, the analysis of temperature distribution at the panel
boundaries, considering air filtration (Table 4), showed only minor temperature fluctu-
ations, which can be attributed to the positive effect of the dense outer concrete layers
limiting the intensity of filtration processes.

This study on the effectiveness of using variotropic concretes in panel structures is
part of the authors’ broader theoretical and experimental research [25]. The obtained results
confirmed that incorporating variatropy into panel design provides significant advantages
in terms of thermal performance, including energy savings and reduced material consump-
tion through the rational selection of concrete types. This approach opens opportunities for
the development of new structural solutions aimed at enhancing building energy efficiency
and reducing material costs. It aligns with current trends in Functionally Graded Design,
where the combination of different materials within a single structure allows the creation
of constructions with improved operational characteristics.

This research clearly demonstrates the significant potential of using variotropic con-
cretes in multi-layer enclosing structures. The obtained results require a deep understand-
ing of the context of existing scientific research and current trends in building thermo-
physics [25,38,39].

The prospects for further research in this area are associated with extending the theo-
retical results through experimental verification of the obtained data under real operating
conditions of the panels. Particular attention should be given to accounting for the con-
crete heterogeneity coefficient, which may influence stress distribution and heat transfer
in variotropic structures. Furthermore, an important stage of future work involves con-
ducting a techno-economic analysis to assess the feasibility of large-scale implementation
of variotropic panels in construction practice, taking into account production costs and
operational benefits under the severe climatic conditions of Kazakhstan.

At the same time, the obtained results can serve as scientifically grounded recommen-
dations for design organizations and research centers in the development of energy-efficient
multi-layer exterior wall structures. Moreover, they can complement the catalog of mod-
ern construction solutions and contribute to the adoption of innovative technologies in
construction practice.

4. Conclusions
As a result of this comprehensive theoretical study of the thermophysical parameters

of multi-layer panels using variotropic concrete, the following conclusions were drawn:

• The scientific novelty of this study is that it established quantitative relationships
between the degree of variability of the structure and its key thermophysical charac-
teristics. It proved that the application of the variotropic principle provides not just an
improvement, but a qualitative transformation of the thermal regime due to a more
rational distribution of temperature fields. This leads to a decrease in heat loss and an
increase in the thermal stability of exterior fences, which is especially important for
building operations in regions with harsh climatic conditions.

• The quantitative results of calculations of heat transfer resistance showed that the
variatropic-type panels (Scheme 3 and Scheme 4) not only meet regulatory require-
ments but also significantly exceed them by 1.2 and 1.74 times, respectively. This
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allows us to consider such structures as an effective alternative to traditional three-
layer panels in the construction of buildings in the cold zones of Kazakhstan.

• An increase in the degree of variability was found to contribute to a temperature
increase on the inner surface of the panel from 17.94 ◦C (Scheme 1) to 18.87 ◦C
(Scheme 4), which improves the comfortable operating conditions of the premises and
reduces the risk of condensation. Additionally, it is possible to reduce the thickness of
the insulation layer without reducing heat efficiency.

• All structures are confirmed to have high thermal inertia (D > 7), while with increasing
variability, the ability of panels to accumulate and store heat increases, which has a
positive effect on energy consumption during the heating period.

• The humidity regime of the studied structures, despite the increase in moisture accumu-
lation, meets the regulatory criteria for preventing moisture accumulation by exceeding
the drying coefficient over the moisture accumulation coefficient by 3.3–4.1 times. This
increases the durability of the panels and eliminates the conditions for mold formation
or destruction of the structure.

• The air regime of the panels exceeds the requirements for air permeability by a signifi-
cant margin (with the actual values exceeding the requirements hundreds of times),
and the dense outer layers of concrete provide additional protection against air infil-
tration, stabilizing the thermal and humidity balance.

Thus, the scientific, technical, and economic feasibility of using variotropic concrete
in multi-layer panels has been proven, which opens up practical prospects for the con-
struction of energy-efficient and durable buildings in Kazakhstan. The implementation
of such solutions will reduce operating costs, increase comfort, and reduce the material
consumption of structures, conforming to the principles of functional gradient design and
“green” construction.
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