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Statement of the problem. Studying the durability of construction materials in the aspect of
thermal fluctuations is the most complicated, yet the most appropriate method. Considering that
this concept does not take into account the changes of the physical structure, it becomes necessary
to consider not the material alone but also the configuration of the structure. Therefore it is necessary to make a comparison of two structurally different elements — PVC and wood.
Results. The coefficient of the 2-layer composite cross-section (no special connection) is the same
for the PVC and wood elements: kc = 2. The derived coefficient of the 3-layer composite crosssection (no special connection) is within the following range: kc = 3.5…5.5, which calls for a more
precise definition.
Conclusions. Based on the above experiment, we have theoretically established and experimentally confirmed the regularities of deformation and destruction of PVC elements of the 2 and 3-layer
solid and composite cross-section with no special connection. Identifying the thermal fluctuation
relations allows us to appropriate the theoretical concepts of the capacity of the construction material in a structure to actual conditions.
Keywords: construction materials, breaking load, durability, deformation, failure, thermal fluctuation.

Introduction. For most materials in construction there is a dependence of strength on the
temperature-time effect. This means that failure has a thermal fluctuation nature with thermal
motion of an atom being a catalyst for failure as well as deformation. Mechanical influences
only exarcebate this. Both processes are probabilistic as time does not play a specific role, it
increases the number of thermal fluctuations that destroy bonds in the material preventing the
critical phase [1, 10, 11, 17].
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This concept is used to predict and investigate the performance and durability of materials in
a range of operational parameters: durability of construction materials, long-term strength of
construction materials, effect of thermal aging, thermal activation laws [2, 12, 13, 15, 17].
Due to the fact that most construction materials are composite compounds, the consideration
of thermal fluctuation dependences considering not only the material, but also the configuration of the structure, would help to appropriate the idealized theoretical ideas about the performance of structures to actual conditions.
The thermal fluctuation concept in the classical case (direct beam) is expressed mathematically in the following way [14, 18]:
  m  exp 



U0    
R

 T 1  Tm-1  ,



(1)

where τ is the durability of the material or the time to the beginning of one of the limiting
states, s; R is the universal gas constant, kJ/mol·K; σ is stress, MPa; T is the temperature, K;
τm, U0, γ, Tm are thermal fluctuation constants.
Formula (1) is a modified Zhurkov formula and is referred to as the generalized Zhurkov
equation. The modification was performed by S. B. Ratner and V. P. Yartsev by introducing
into it the limiting temperature of the existence of a solid body, which did not cause a change
in the physical interpretation of the thermal fluctuation constants included in the equation as
well as the interpretation of the primary role of the thermal motion of kinetic units in the
process of failure and deformation of solids. It should be noted that the above formula is
insensitive to changes in the physical structure, which, in turn, causes a change in strength
properties. There are various variants of special cases where there is a need to modernize the
formula by introducing a coefficient [9].
1. Idenitfying a breaking load and durability. In this study, it is necessary to identify the
transverse bending strength (breaking load) as well as the time from the moment a non-critical
load is applied to the failure of the sample. For this purpose a number of tests are required
[6, 16]. For the experiments, the RS-FOAM polyvinyl chloride material with a density of
0.55 g/cm3 was adopted.
In order to identify the temperature-time-force equivalence, samples (in the form of beams)
were made of polyvinyl chloride (Fig. 1). Experiments are conducted for a solid section and a
composite section in two and three layers without the use of special bonds. The length of the
samples was 6 cm. The cross section was rectangular (b×h = 1.5 cm × 0.3 cm).

47

Russian Journal of Building Construction and Architecture
а)

b)

3 mm

3 mm

60 mm

3 mm

15 mm

60 mm
15 mm

c)
Fig. 1. Sample
for solid section tests (a)
and composite in two (b) and three layers (c)
with no special connections

3 mm
3 mm
3 mm

60 mm
15 mm

For performing transverse bending and fracture tests, a six-position stand was employed
(Fig. 2) [19, 20].

Fig. 2. Installation scheme
for testing:
1 –– frame; 2 –– support platform;
3 –– roller bearings;
4 –– test sample;
5 –– cargo device;
6 –– electric heater;
7 –– LATR 1M 220V-9A
for temperature control;
8 –– casing;
9 –– damping tank with sand

The breaking load and durability (the time from the beginning of loading to the failure) are
identified for three types of temperatures – 15, 30, 45 ºС. For each step of voltage reduction,
at least 8 tests are performed under similar conditions followed by statistical processing.
Then, based on the experimental data, graphs are plotted in the coordinates "lgτ – σ".
The next step is the standard rebuilding of the family of fan-shaped lines in the coordinates
"lgτ – 1000/T". For such a rearrangement, three arbitrary stress values are selected that intersect the direct temperatures of the graph "lgτ – σ" in the first positive half-quarter. The points
of intersection of the selected stresses with direct temperatures yield the coordinates of the
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points of direct stresses in the coordinate system "lgτ – 1000/T". In the case of direct and
backward beams in the coordinates "lgτ – 1000/T", a family of fan-shaped straight lines is obtained, converging to a point called the pole. The pole coordinates yield two thermal fluctuation constants of the generalized Zhurkov equation out of four: lg τm and Tm.
The constants U0 and  are identified using the graph plotted in the coordinates "U0 – σ". The
constant U0 is the value formed along the ordinate (U0, kJ/mol) by the point of intersection of
the straight line, and  is the slope of the straight line taken with the opposite sign. This
straight line is designed using three points with coordinates (σi; Ui).
2. Experimental studies of the durability of polyvinyl chloride samples. The results of experimental studies of the durability of solid PVC specimens depending on the temperature and
stress are summarized in Table 1.
Values of the decimal logarithm of time [sec] at the specified voltages
and temperatures for a solid section after statistical data processing

Table 1

Average value of the logarithm of durability and the boundaries of the confidence interval at the temperature
15 °C
30 °C
45 °C
σ, MPa
σ, MPa
σ, MPa
L
M
H
L
M
H
L
M
H
13.608 0.029 0.417 0.805
13.114
0.009 0.383 0.757
12.214
0.130 0.492 0.854
13.035 0.490 0.868 1.247
12.561
0.365 0.763 1.161
11.700
0.251 0.579 0.908
12.462 1.371 1.712 2.053
12.009
1.206 1.494 1.782
11.185
0.772 1.131 1.490
11.889 2.501 2.757 3.013
11.457
2.058 2.365 2.673
10.671
1.785 2.133 2.481
11.316 3.208 3.449 3.689
10.905
3.071 3.276 3.481
10.157
2.258 2.664 3.070

The graph in the coordinates "lgτ – σ" is shown in Fig. 3.

Fig. 3. "Direct beam" for samples of a solid section
in the coordinates of the dependence of the logarithm of durability on the stress

For samples of a solid section, the straight-line dependence lg τ = f (σ) at the temperature
of 15°C is described by the equation lg τ = –1.493(σ) + 20.365, the correlation coefficient
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is R2 = 0.986. At the temperature of 30°C log τ = –1.324(σ) + 17.491 at R2 = 0.988. At the
temperature of 45°C log τ = –1.132(σ) + 14.012 at R2 = 0.980.
While redesigning the "lgτ – σ" graph into the "lgτ – 1000/T" graph, stresses of 9, 10, 11 MPa
were chosen. The straight-line dependence lg τ = f (1000/T) for the stress of 9 MPa is described
by the equation lg τ = 9.455(1000/T) – 25.814 with the correlation coefficient R2 = 0.989. The
stress forward of 10 MPa is described by the equation lg τ = 8.356(1000/T) – 23.496, R2 = 0.988.
The stress forward of 11 MPa is described by the equation lg τ = 7.256(1000/T) – 21.178,
R2 = 0.986. From the position of the pole of the graph "lgτ – 1000/T", the first two constants
are identified: log τm = –5.75 sec and Tm = 474 K.
The straight-line dependence for solid section samples U0 = f (σ) is described by the following
equation: U0 = –21.013(σ) + 369.831, R2 = 1. The last two constants are identified using the
equation: U0 = 370 kJ/mol and γ = 21 kJ/(МPа · mol).
The results of the experimental studies of the durability of PVC samples of a composite cross
section in two layers without special bonds depending on the temperature and stress are summarized in Table 2.
Values of the decimal logarithm of time [sec] at the specified voltages
and temperatures for a composite section in two layers after statistical data processing

Table 2

Average value of the logarithm of durability and the boundaries of the confidence interval at the temperature
15 °C
30 °C
45 °C
σ, MPa
σ, MPa
σ, MPa
L
M
H
L
M
H
L
M
H
15.560 0.251 0.579 0.908
15.160
0.117 0.405 0.692
14.580 –0.088 0.270
0.628
15.232 0.380 0.872 1.364
14.841
0.172 0.589 1.007
14.273
0.147 0.559
0.970
14.905 1.350 1.671 1.992
14.522
0.645 1.157 1.669
13.967
0.568 0.953
1.337
14.577 2.673 3.098 3.523
14.203
1.553 2.035 2.516
13.660
1.404 1.794
2.184
14.249 3.395 3.682 3.969
13.884
2.817 3.201 3.586
13.353
2.471 2.790
3.108

The graph in the coordinates "lgτ – σ" is shown in Fig. 4.

Fig. 4. "Direct beam" for specimens of compound section in two layers
in the coordinates of the dependence of the logarithm of durability on the stress
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For specimens with a composite cross section in two layers, the linear dependence lg τ = f (σ)
at the temperature of 15 °C is described by the equation log τ = –2.549(σ) + 39.747, the correlation coefficient is R2 = 0.975. At the temperature of 30 °C log τ = –2.209(σ) + 33.668 at
R2 = 0.984. At the temperature of 45 °C log τ = –1.843(σ) + 27.154 at R2 = 0.982.
While redesigning the "lgτ – σ" graph into the "lgτ – 1000/T" graph, the stresses of 12, 13,
14 MPa were chosen. The linear dependence lg τ = f (1000/T) for the stress of 12 MPa is described by the equation lg τ = 12.571 (1000/T) – 34.431 with the correlation coefficient
R2=0.997. The stress forward of 13 MPa is described by the equation lg τ =10.419(1000/T) –
–29.519, R2 = 0.996. The stress forward of 14 MPa is described by the equation
lg τ = 8.268 (1000/T) – 24.607, R2 = 0.998. Based on the position of the pole of the graph
“lgτ–1000/T”, the first two constants are identified: log τm = –5.75 sec and Tm = 438 K.
The straight-line dependence for the samples with a composite cross section in two layers
U0 = f (σ) is described by the following equation: U0 = –41.122(σ) + 733.733, R2 = 1. The last
two constants U0 = 734 kJ/mol and γ = 41 are identified using the equation kJ/(МPа · mol).
The results of the experimental studies of the durability of PVC samples of a composite cross
section in three layers without special bonds depending on temperature and stress are summarized in Table. 3. The graph in the coordinates "lgτ – σ" is shown in Fig. 5.
For the samples with a composite cross section in three layers, the linear dependence
lg τ = f (σ) at the temperature of 15°C is described by the equation log τ = –3.544(σ) + 56.275,
the correlation coefficient is R2 = 0.985.
At the temperature of 30 °C log τ = –2.801(σ) + + 43.274 at R2 = 0.984. At the temperature
of 45 °C log τ = –2.334(σ) + 35.099 at R2 = 0.972.
Values of the decimal logarithm of time [sec] at the specified voltages
and temperatures for a composite section in three layers after statistical data processing

Table 3

Average value of the logarithm of durability and the boundaries of the confidence interval at the temperature
15 °C
30 °C
45 °C
σ, MPa
σ, MPa
σ, MPa
L
M
H
L
M
H
L
M
H
15.861
0.121 0.464 0.807
15.358
0.143 0.442 0.741 14.881 0.112 0.436
0.760
15.611
0.443 1.050 1.658
15.116
0.449 0.814 1.178 14.646 0.245 0.675
1.106
15.361
1.656 1.966 2.276
14.873
1.379 1.755 2.132 14.411 1.025 1.416
1.807
15.110
2.682 3.167 3.653
14.631
1.974 2.355 2.736 14.176 1.445 1.814
2.182
14.860
3.419 3.702 3.986
14.388
2.833 3.225 3.616 13.941 2.557 3.026
3.495

While redesigning the "lgτ – σ" graph into the "lgτ – 1000/T" graph, the stresses of 12, 13,
14 MPa were chosen. The straight-line dependence lg τ = f (1000/T) for the stress of 12 MPa
is described by the equation lgτ = 20.404 (1000/T) – 57.285 with the correlation
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coefficient R2 = 0.991. The stress forward of 13 MPa is described by the equation
lg τ = 16.701 (1000/T) – 47.938, R2 = 0.989. The stress forward of 14 MPa is described by the
equation lg τ = 12.998 (1000/T) – 38.551, R2 = 0.990. Based on the position of the pole of the
graph "lgτ – 1000/T", the first two constants are identified: log τm = -5.75 sec and Tm = 397 K.

Fig. 5. "Direct beam" for the samples of compound section in three layers
in the coordinates of the dependence of the logarithm of durability on the stress

The straight-line dependence for the samples with a composite cross section in three layers
U0 = f (σ) is described by the following equation: U0 = –70.769(σ) + 1239.2, R2 = 1. The last
two constants U0 = 1240 kJ/mol and γ are identified using the equation = 71 kJ/(МPа · mol).
3. Identifying the coefficient for considering the configuration of the section in the generalized Zhurkov equation. The thermal fluctuation constants found using the above method for PVC elements of a solid cross section and a cross section in two and three layers with
no special bonds are summarized in Table 4.
Thermal fluctuation constants for solid PVC elements
and sections in two and three layers with no special connections
Section type
Solid section
Composite with no special links in two layers
Composite with no special links in three layers

lgτm, sec
–5.75
–5.75
–5.75

Table 4

Empirical constants
Tm, K
U0, kJ/mol
γ, kJ/(MPa · mol)
474
370
21
438
734
41
397
1240
71

In the all cases in question, the straight lines for PVC elements converge into a “direct beam”,
which is a classical representation of the thermal fluctuation concept and thereby does not
contradict it [10]. At the same time, the dependences for polyvinyl chloride samples of the
solid cross section are similar to the previously obtained results [3]. These indicate a sufficient degree of reliability of the study and the adequacy of the results.
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The results for wooden samples are based on those by previous researchers [4, 5, 8]. Thermal
fluctuation constants for wooden elements of a solid section and sections in two and three
layers with no special connections are presented in Table 5.
Table 5

Thermal fluctuation constants for solid wood elements
and sections in two and three layers with no special connections
Section type
Solid section
Composite with no special links in two layers
Composite with no special links in three layers

lgτm, sec
12.5
12.5
12.5

Empirical constants
Tm, K
U0, kJ/mol
235
–172.14
262
–359.00
274
–1894.70

γ, kJ/(MPa · mol)
–7.36
–14.40
–40.06

As can be seen from Table 4 and 5, the constants lgτm and Tm (omitting the influence of the
error) are insensitive to changes in the type of section (solid, composite of two and three elements) for both PVC and wooden elements. Moreover, the constants U0 and γ for elements of
composite sections in two layers with no special bonds differ exactly by a factor of two, regardless of the type of a material.
For elements of composite sections in three layers with no special bonds, there are differences
of 3.5 times for PVC elements and 5.5 times for wooden samples. It is worth noting that the
“–” sign of the constants U0 and γ for wooden elements shows that the tree is characterized by
a “reverse beam”, which does not have any effect in the case of this work.
These relationships enable us to speak about the possibility of introducing a certain coefficient into the Zhurkov equation taking into account the configuration of the section while
identifying the thermal fluctuation dependences and thus the overall durability of the structure. Hence the essence of the method is to introduce a coefficient into the generalized
Zhurkov equation that considers changes in the constants U0 and γ. The numerical value of
the coefficient should be applied depending on the number of elements in the compound section
with no special connections. Due to the fact that the factor (U0 – γ σ) has a linear dependence
and thus a linear relationship between the constants U0 and γ, bracketing the factor can be considered correct. Hence the generalized Zhurkov equation will take the following form:

 U   
  m  exp kc   0
 Т 1  Т m1
R
 



 

.

(2)

It has been found that the factor kc in the equation for a composite section of two layers with no
special bonds for any type of material is kc = 2. The factor kc for a composite section of three layers with no special bonds varies from 3.5 to 5.5. Due to the fact that the meaning is not specific, it
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calls for some clarification. But based on the available information, it can be assumed that due to
the complexity of the section, the tendency of PVC to isotropy, and wood, in turn, to anisotropy,
may start having an effect. While performing studies aimed at identifying the thermal fluctuation
constants of the generalized Zhurkov equation for wooden elements of solid and composite sections, it is necessary to make use of samples from the same batch, which is not always possible.
The use of samples from different batches impacts the value of the resulting coefficient.
Conclusions
1. Based on the study, the patterns of deformation and failure of PVC elements of solid sections and composite sections with no a special connection in two and three layers are theoretically substantiated and experimentally identified.
2. Based on a comparative analysis with the values for wooden samples obtained in previous
studies, it is suggested that a coefficient is introduced taking into account the configuration of
the section of elements. For composite sections with no special bonds in two layers, this coefficient is kc = 2. For elements of a composite section in three layers with no special bonds, the
coefficient varies from 3.5 to 5.5 and calls for further clarification.
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