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Abstract. The calculation of building structures for dynamic effects is usually performed according to the method 
of decomposition by its own forms of vibrations. However, the problem is that such a method gives an exact 
solution of the dynamic problem with full consideration of the entire spectrum of modes. Moreover, when solving 
practical problems with the use of software systems, dynamic calculations are performed approximately taking 
into account a limited number of the first natural modes of oscillation. The contribution to the dynamic response of 
the structure of unaccounted higher forms of oscillations, as a rule, is not evaluated at all. The results show that 
the error of such a solution to a dynamic problem can be significant. Consequently, this paper is devoted to the 
method of static registration of higher forms of oscillations in problems of the dynamics of building structures. The 
description of the main provisions of the method is given, examples of its implementation in the calculation of 
spatial structures under the action of an external harmonic load are given. With the help of a computational 
program complex, the displacements of nodes and internal forces in the elements of the structures under 
consideration are determined. Various parameters of the dynamic effect and the number of vibration modes taken 
into account were set. The adopted method of static accounting for higher forms of oscillations requires solving 
one dynamic problem and two auxiliary static problems. An important circumstance of the approach is that one of 
the static problems should be solved by the method of decomposition in its own forms of vibrations. The approach 
proposed in the article allows to significantly reduce the computational costs of dynamic calculation in comparison 
with the classical approach. This result can be of great importance when solving problems for complex dynamic 
effects and for structures that are not uniform in hardness. 

1. Introduction 
Buildings and structures in the process of their construction and operation are affected by various 

dynamic loading, such as wind load, earthquake, operation of process equipment, impact loads, emergency 
destruction of a structural element, and so on. Many studies are devoted to the development of constructive 
solutions for buildings and their elements, methods for calculating under the dynamic loads [1–15]. In depends 
on the reasons, that led to the oscillations of the structure, its work can be viewed as a superposition of 
oscillations according to its modes [16–24]. Traditionally, in the dynamic calculation of building structures, only 
the first few modes of natural oscillations are taken into account, since the contribution of precisely these terms 
to displacements and internal efforts is the main one. It is rather difficult to take into account the other modes, 
since the resources of computing devices are limited, and there is no need to include in the calculation higher 
modes with low energy value. This fact is confirmed by large in number (numerous) studies, for example, in 
the works [25–28]. 

However, in some cases, the calculation of buildings and structures on the dynamic load may require 
consideration of the contribution of higher modes of oscillations. The need for this may arise, for example, 
when calculating a structure for seismic load [29–34]. In these books are considered the applied and 
prospective approaches to the calculation of dynamic interaction, the basic principles of seismic design and 
key aspects of calculations. In the article [35], a study of the vibrations of a building structure was carried out 
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and it was concluded that, as the frequency increases, the more rigid and (or) less significant parts of the 
system will be included in the oscillatory process corresponding to highest modes, while some parts of the 
structure can be excluded from movement. All these facts lead to the destruction of the elements and, as a 
result, of the whole system. 

In the conditions of a real design process, when continuous changes are made to the project, editing the 
design scheme and recalculating it can take a significant amount of time and resources. Therefore, there are 
important and topical questions to reduce the number of modes taken into account in the calculation without 
losing accuracy of the result, as well as the contribution of the discarded modes to the local high-frequency 
oscillations of individual elements. Thus, the work [36] is devoted to the analysis of the accuracy of determining 
the response of a structure to a dynamic effect when taking into account a limited number of modes. 

In the article [37], a concept was entered, according to which it is proposed to add an estimate of the 
total response for all high-frequency modes, determined from a static load, to the standard dynamic 
calculation. It is noted that with an increase in the number of modes taken into account, the convergence of 
the result in efforts is lower than in displacements, therefore the inclusion of highest modes can significantly 
affect local efforts. 

The question of estimating the contribution of the rejected tones of vibrations for mechanical systems 
was also considered in [38], where the authors propose to add to the calculation the correction obtained when 
solving the auxiliary task of statics. This has greatly reduced the number of modes taken into account to 
achieve the required accuracy. 

In addition, the issue of introducing a quasistatic correction to the dynamic calculation to improve the 
convergence of the results was considered in [39, 40]. The authors proposed to introduce as an addition the 
quasistatic component of unrecorded modes of oscillations, which is defined as the difference between the 
solution of the quasistatic problem and the quasistatic component of the modes of oscillations taken into 
account in the calculation. 

The method of static accounting for the highest vibration modes was proposed in [41–43] for determining 
the natural vibration frequencies. In our work, it is extended to problems of forced oscillations and involves 
solving a dynamic problem by the method of spectral expansion in a series of modes with a small number of 
modes taken into account, as well as solving auxiliary static problems in an exact and approximate formulation. 

The purpose of this work is to solve the problem of the dynamics of forced oscillations, taking into 
account the contribution of the highest modes. The following tasks are solved: 

1. The theoretical description of the method under consideration and the formulation of auxiliary 
problems. 

2. Construction of design schemes of spatial structures and determination of their stress-strain state 
from the action of dynamic and static loads. 

3. Comparison of the results obtained in solving the problem of dynamics by the classical method and 
the method of static accounting for the contribution of the highest modes of oscillations. 

2. Methods 
Let us consider the standard way to solve a dynamic task. Let the system undergo forced oscillations, 

its equation of motion is: 

( ) ,u L u qρ = +  (1) 

where u(x, t) is the desired displacement; 

ρ is the density of system elements; 

q is external dynamic load;  

L(u) is an operator of a static task, depending on the nature of the work of the structure; 

It can be demonstrated the following examples of the mode of the operator of the static task L(u): 
a) ( )L u EAu′′=  is for tasks in tension and compression; 

b) ( ) IVL u EIu= −  is for the task on bending rods; 

c) 4 4 4 2 2 4 4( ) ( / 2 / / )L u D u x u x y u y= − ∂ ∂ + ∂ ∂ ∂ + ∂ ∂  is for tasks of plate bending; 

Let the external harmonic load p(t) = P0 sin (θt) acts on the system, then the equation of motion will 
look like (2): 

4
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2
0( ) .0L u u Pρθ+ + =  (2) 

The desired displacement is determined using the method of spectral decomposition in a row according 
to the modes of natural oscillations by the formula (3): 

1
( ) ( ),

n

n k k
k

u x a U x
=

=∑  (3) 

where n is the number of considered modes; 

ak is the amplitude value of the k-mode Uk(x); 
Thus, the solution of a dynamic problem by the formula (3) implies the choice of such a number n of the 

system's natural oscillations taken into account, which will be enough to find the desired displacement with 
the necessary accuracy. This number can be quite large, which will lead to a significant investment of time 
and resources. 

Therefore, it is possible to approach the solution of this problem in another way: take in the formula (3) 
a small number of the terms N(N << n), and the rest (higher modes of oscillations) to take into account in the 
calculation statically. 

To do this, the first step is to consider the solution of the auxiliary static task from the action of the static 
force P0. The exact static displacement is determined by solving the differential equilibrium equation (4): 

0( ) 0.L u P+ =  (4) 

The next step is to solve another auxiliary static problem by using the method of spectral decomposition 
in a row according to the modes of natural oscillations. Similar to solving a dynamic problem, you can write an 
expression for this static task in the next mode (5): 

,
1

.( ) ( )
n

n st k k
k

u x b U x
=

=∑  (5) 

Having solved auxiliary static problems using formulas (4) and (5), one can find the desired 
displacement of a dynamic problem when taking into account a small number N modes of natural oscillations 
in the following formula (6): 

( ) ( ) ( ), , ,( ) N ex st N stu x u x u x u x = + −   (6) 

where uN(x) is the solution of a dynamic task by the formula (3);  

( ),u xex st  is the exact solution of the static task by the formula (4);  

( ),u xN st  is an approximate solution of the static problem by the formula (5). 

Thus, the difference ( ) ( )[ ], , ,u x u xex st N st−  obtained in formula (6), is the static contribution of the 

rejected natural oscillations in formula (3). Figure 1 shows a graphical illustration of the use of this approach 
to solving problems. 

 
Figure 1. Beam deflection when solving a dynamic problem  
with a static account of the contribution of highest modes. 

As is well known, the movement of a point mass with steady-state oscillations has the formula (7): 
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( ( ,) )stu t u tβ=  (7) 

here ust is the static deflection of the beam at the location of the point mass from the statically applied force 
P0; β(t) is the dynamic coefficient equal to the ratio of the dynamic displacement u(t) to the static displacement 
ust at a given time. 

If an external harmonic load acts on the system, then the maximum value of the coefficient β in case of 
forced damped oscillations can be found using formula (8): 

22 22
2 2

1

1

.

in

β
θ θγ
ω ω

=
 − + 
 

 
(8) 

As noted above, the auxiliary static task should be solved by the method of expansion in a row in the 
modes of natural oscillations. For this, a static calculation is carried out as a solution to a dynamic problem 
with an external load in the mode p(t) = P0 sin (θt), where a very small value of the angular frequency is 
specified. From formula (8), β → 1 as θ → 0 and according to (1) the solution of the dynamic problem will 
tend to solve statically. 

3. Results and Discussion 
In order to verify the method of static accounting of the highest modes of oscillations, two calculation 

schemes were built in the SCAD Office 21.1 software package. 

2.1. The space frame 
The system consists of rod finite elements (Figure 2). The overall dimensions of the design scheme are 

12×10×14 m. The lower nodes of the system are rigidly clamped. The material is B25 concrete, the dimensions 
of the cross sections of the elements are 20×20, 35×40, 50×50 cm × cm (Figure 3). The harmonic dynamic 
load 0( ) sin( )p t P tθ=  is applied at node 15 in the X direction. The amplitude of the force P0 is assumed to 

be 100 T, the angular frequency was set in two variants: 1θ = 8 rad/s and 2θ = 13 rad/s. According to the 
results of the modal analysis, the first, second and third natural frequencies (eigenfrequencies) of the system 
are respectively 10.7, 11.4 and 15.5 rad/s. For reinforced concrete structures adopted the coefficient of 
inelastic resistance of the material γin = 0.09. 

 
Figure 2. Spatial frame scheme. 

 
Figure 3. Stiffness of scheme elements. 

The movement of nodes 2 and 25 in the X direction is considered, as well as the bending moment 
relative to the Y axis in the N57 element (in Figure 2, it is highlighted with a thick line). The result of the 
calculation of the frame on the dynamic load is shown in Table 1.  

6
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Table 1. Dynamic frame calculation. 

Number of the mode  θ = 8 rad/s θ = 13 rad/s 
u2, mm u25, mm M57, T⋅m u2, mm u25, mm M57, T⋅m 

1 –2.535 –148.860 –5.672 –2.368 139.011 –5.296 
2 –2.563 –149.577 –5.841 –2.396 139.730 –5.529 
3 –2.744 –158.363 –6.234 –1.942 117.410 –4.544 
5 –41.725 –118.532 –99.719 –47.466 164.646 –113.912 
7 –48.053 –116.483 –113.526 –54.400 166.908 –128.890 
10 –48.909 –125.380 –115.641 –55.327 157.519 –131.180 
15 –49.291 –125.775 –116.287 –55.732 157.101 –131.877 
30 –45.554 –126.341 –108.006 –51.945 156.542 –123.485 
60 –45.372 –126.000 –106.461 –51.763 156.879 –121.933 

100 –45.332 –126.004 –106.378 –51.723 156.874 –121.849 
140 –45.373 –126.005 –106.620 –51.763 156.874 –122.091 
180 –45.373 –126.005 –106.620 –51.763 156.874 –122.091 
220 –45.373 –126.005 –106.619 –51.763 156.874 –122.090 
250 –45.373 –126.005 –106.619 –51.763 156.874 –122.090 

As can be seen, the desired values cease to change significantly already taking into account the 60 
modes. 

Further, the auxiliary static problem was exactly solved by formula (4) from a force equal to the amplitude 
of the force P0. Exact static displacements of nodes 2 and 25 are –39.203 and –44.940 mm respectively, and 
the bending moment in the element N57 is 92.139 T⋅m. 

The next step is also the static problem was solved by the dynamic method at the frequency of the 
forcing force θ = 0.0001. As shown in the previous paragraph, at such a frequency, the solution of the dynamic 
problem should practically coincide with the solution of the static problem. The results of the calculation with 
a different number of considered modes are given in Table 2. 

From Table 2 it can be seen that the method of solving a static problem proposed in this paper by 
solving a dynamic problem with a very low frequency of the forcing force really converges to an exact solution 
to the static problem with an increase in the number of vibrational modes taken into account. 

Table 2. Static calculation of the frame through modes of oscillations. 
Number of modes u2, mm u25, mm M57, T⋅m 

1 –1.138 –66.839 –2.547 
2 –1.151 –67.166 –2.630 
3 –1.278 –73.316 –2.904 
4 –35.924 –37.643 –85.993 
5 –35.895 –37.660 –85.924 
6 –36.095 –36.962 –85.183 
8 –42.687 –43.642 –101.025 
10 –42.721 –44.329 –101.112 
12 –43.129 –45.372 –102.213 
14 –41.300 –44.713 –97.782 
16 –41.893 –44.609 –99.060 

200 –39.203 –44.940 –92.139 
250 –39.203 –44.940 –92.139 

As follows from Table 1, a practically exact solution to the problem of dynamics was obtained when 
taking into account 140 modes of natural oscillations. In Table 3, this exact solution is compared with the 
solution proposed by the proposed method, taking into account 5 modes.  

Table 3. Frame calculation results. 

No. Solution  θ = 8 rad/s θ = 13 rad/s 
u2, mm u25, mm M57, T⋅m u2, mm u25, mm M57, T⋅m 

(1) Dynamic Solution with N = 5 –41.725 –118.532 –99.719 –47.466 164.646 –113.912 

(2) Dynamic Solution with N = 10 –48.909 –125.380 –115.641 –55.327 157.519 –131.180 

(3) Dynamic Solution with N = 15 –49.291 –125.775 –116.287 –55.732 157.101 –131.877 

(4) Dynamic Solution with N = 30 –45.554 –126.341 –108.006 –51.945 156.542 –123.485 
(5) Static exact solution –39.203 –44.94 –92.140 –39.203 –44.940 –92.140 
(6) Static solution with N = 5 –35.895 –37.660 –85.924 –35.895 –37.660 –85.924 
(7) Static contribution of higher modes –3.308 –7.280 –6.216 –3.308 –7.280 –6.216 

(8) 
Dynamic solution with static accounting 
mode with N = 5 

–45.033 –125.812 –105.935 –50.774 157.366 –120.128 

(9) Dynamic exact solution –45.373 –126.005 –106.619 –51.763 156.874 –122.090 
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Analysis of the results shown in Table 3 allows us to find the errors of various methods. These errors 
are given in Table 4, where the following is indicated: ∆ is absolute error; ε is relative error. 

Table 4. Comparison of results between different methods. 

Difference 
between Type 

θ = 8 rad/s θ = 13 rad/s 
u2, mm u25, mm M57, T⋅m u2, mm u25, mm M57, T⋅m 

(8) and (9) ∆ –0.340 –0.193 –0.684 –0.989 –0.492 –1.962 

ε, % 0.75 0.15 0.64 1.91 0.31 1.61 
 

(1) and (9) 
∆ 3.648 7.473 6.900 4.297 7.772 8.178 

ε, % 8.04 5.93 6.47 8.30 4.95 6.70 
 

(2) and (9) 
∆ –3.536 0.625 –9.022 –3.564 0.645 –9.090 

ε, % 7.79 0.50 8.46 6.89 0.41 7.45 
 

(3) and (9) ∆ –3.918 0.230 –9.668 –3.969 0.227 –9.787 

ε, % 8.64 0.18 9.07 7.67 0.14 8.02 
 

(4) and (9) ∆ –0.181 –0.336 –1.387 –0.182 –0.332 –1.395 

ε, % 0.40 0.27 1.30 0.35 0.21 1.14 

Analysis of the results in Table 4, allows to formulate the following conclusions: 

1. The use of the method of static accounting of the highest forms of oscillations can significantly 
improve the accuracy of the results both in terms of displacements and in terms of internal efforts, compared 
to the standard method with comparable computational costs. For example, the standard method when 
accounting for 10 modes gives an error of 7–8 %; the proposed method when accounting for 5 modes gives 
an error of 1–2 %; at the same time, in the proposed method it is necessary to solve the dynamic problem 
twice, taking into account 5 modes, which is less in computational costs than one solution with 10 modes. 

2. The standard method only when taking into account 30 modes gives errors comparable to the errors 
of the proposed method when taking into account 5 modes. Thus, the proposed method can significantly 
reduce computational costs to achieve the same accuracy of the solution. 

4. The bendable plate 
The plate consists of plates (Figure 4). The overall dimensions of the design scheme are 4×5 m. The 

right and left nodes of the system are rigidly clamped. The material is concrete B25, slab thickness is 15 cm. 
Forcing dynamic load p(t) = P0sin(θt) is applied at node N68 in the Z direction. The amplitude of the forcing 
force P0 is assumed to be 100T, the angular frequencies were also set in two variants: 1θ = 110 rad/s and 

2θ  = 150 rad/s. According to the results of the modal analysis, the first, second and third natural frequencies 
of the system are 129.9, 170.2 and 323.3 rad/s. For reinforced concrete structures adopted the coefficient of 
inelastic resistance of the material γin = 0.09. 

 
Figure 4. Plate design scheme. 
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In this case, the vertical movement of the node 68, the bending moment in the N49 element and the 
shear force in the N71 element (Figure 4) were considered. The result of the calculation of the plate on the 
dynamic load is given in Table 5. 

Table 5. Dynamic plate calculation. 

Number of modes 
θ = 110 rad/s θ = 150 rad/s 

u68, mm M49, T∙m/m Q71, T/m u68, mm M49, T∙m/m Q71, T/m 
1 –56.892 32.970 –52.300 48.060 –27.854 44.118 
2 –56.892 32.973 –52.226 48.060 –27.854 44.118 
3 –61.325 31.318 –61.721 43.304 –24.278 34.091 
5 –61.325 36.318 –61.721 43.304 –24.278 34.091 
7 –61.325 36.318 –61.721 43.304 –24.278 34.090 

10 –61.742 37.799 –56.096 42.896 –22.843 39.515 
15 –62.584 39.725 –50.689 42.079 –21.020 44.834 
30 –62.883 40.976 –56.467 41.791 –19.859 39.182 
60 –63.228 41.663 –54.094 41.459 –19.229 41.485 

100 –63.352 41.695 –54.401 41.340 –19.200 41.185 
140 –63.352 41.695 –54.403 41.340 –19.200 41.184 
180 –63.352 41.695 –54.402 41.340 –19.200 41.184 
220 –63.352 41.695 –54.402 41.340 –19.200 41.184 
240 –63.352 41.695 –54.402 41.340 –19.200 41.184 

As can be seen, the desired values cease to change significantly already taking into account 
100 modes. 

The exact static displacement of the node 68 from the amplitude forcing force of 100 T is 22.793 mm, 
the bending moment in the element N49 is 18.155 Т⋅m/m, the lateral force at the node N71 is 16.624 Т⋅m/m. 

The next step is also the static problem was solved by the dynamic method at the frequency of the 
forcing force θ = 0.0001 rad/s. As was proved in the previous paragraph, at such a frequency, the solution of 
the dynamic problem practically coincides with the solution of the static task. 

As follows from Table 5, a practically exact solution of the dynamics problem was obtained with account 
of 100 modes of natural oscillations. In Table 6, this exact solution is compared with the solution proposed by 
the proposed method, taking into account 5 modes. 

Table 6. The results of the calculation of the plate. 

No. Solution 
θ = 110 rad/s  θ = 150 rad/s 

u68, mm M49, T∙m/m Q71, T/m u68, mm M49, T∙m/m Q71, T/m 
(1) Dynamic Solution with N = 10 –61.742 37.799 –56.096 42.896 –22.843 39.515 
(2) Dynamic Solution with N = 15 –62.584 39.725 –50.689 42.079 –21.020 44.834 
(3) Dynamic Solution with N = 30 –62.883 40.976 –56.467 41.791 –19.859 39.182 
(4) Dynamic Solution with N = 60 –63.228 41.663 54.094 41.459 –19.229 41.485 
(5) Static exact solution –22.793 18.155 –16.624 –22.793 18.155 –16.624 
(6) Static solution with N = 5 –20.732 12.717 –23.931 –20.732 12.717 –23.931 
(7) Static contribution of higher modes –2.061 5.438 7.307 –2.061 5.438 7.307 

(8) 
Dynamic solution with static 
accounting mode with N = 5 –63.386 41.756 –54.414 41.243 –18.840 41.398 

(9) Dynamic exact solution –63.352 41.695 –54.402 41.340 –19.200 41.184 

Analysis of the results shown in Table 6 allows us to find the errors of various methods. These errors 
are listed in Table 7, where: ∆ is the absolute error; ε is relative error. 

Analysis of the results shown in Table 7, allows to formulate the following conclusions: 

1. The use of the method of static accounting of the highest modes of oscillations can significantly 
improve the accuracy of the results both in terms of displacements and in terms of internal efforts, compared 
to the standard method with comparable computational costs. For example, the standard method when 
accounting for 15 modes gives errors of 2–10 %; the proposed method when accounting for 5 modes gives 
an error of 0.02–2 %; at the same time, in the proposed method it is necessary to solve the dynamic problem 
twice, taking into account 5 modes, which is less in computational costs than one solution with 15 modes. 

2. The standard method only when accounting for 60 modes gives an error comparable to the error of 
the proposed method when accounting for 5 modes. Thus, the proposed method can significantly reduce 
computational costs to achieve the same accuracy of the solution. 
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Table 7. Comparison of results between different methods. 

Difference 
between Type θ = 110 rad/s θ = 150 rad/s 

u68, mm M49, T∙m/m Q71, T/m u68, mm M49, T∙m/m Q71, T/m 

(8) and (9) ∆ –0.034 –0.061 –0.012 0.097 0.360 0.214 

ε, % 0.05 0.15 % 0.02 0.23 1.88 0.52 
 

(1) and (9) ∆ 1.610 –3.896 –1.694 1.556 –3.643 –1.669 

ε, % 2.54 9.34 3.11 3.76 18.97 4.05 
 

(2) and (9) ∆ 0.768 –1.970 3.713 0.739 –1.820 3.650 

ε, % 1.21 % 4.72 6.83 1.79 9.48 8.86 
 

(3) and (9) ∆ 0.469 –0.719 –2.065 0.451 –0.659 –2.002 

ε, % 0.74 1.72 3.80 1.09 3.43 4.86 
 

(4) and (9) ∆ 0.124 0.032 0.308 0.119 0.029 0.301 

ε, % 0.20 0.08 0.57 0.29 0.15 0.73 

5. Conclusions 
1. In this paper proposed a method for solving a dynamic problem from the action of a harmonic load 

on structures, based on a static account of higher modes of oscillation. The method requires solving two 
dynamic problems and one static task. 

2. As shown in the examples, the proposed method gives a high accuracy of the solution at lower 
computational costs compared with the standard method of decomposition in its own modes of oscillation. 
High accuracy of the solution is obtained not only by movements, but also by efforts. 

3. Solving a dynamic problem with a static account of the highest modes of oscillations can significantly 
save computation time and computer resources, since it is necessary to solve one dynamic problem with a 
small number of modes and two static tasks, instead of solving one dynamic problem with a large number of 
modes taken into account in the calculation. As is known, the relationship between the number of forms taken 
into account and computational costs is non-linear. With a decrease in the dimension of the problem, its 
solution is an order of magnitude easier and faster. 

4. In the future, it is planned to extend the method of static accounting of the highest modes of 
oscillations to tasks with an arbitrary time-dependent load, as well as to problems of calculating structures 
from seismic effects. 
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Аннотация. Расчёт строительных конструкций на динамические воздействия обычно выполняется по 
методу разложения по собственным формам колебаний. Однако, проблема состоит в том, что такой 
метод дает точное решение динамической задачи при полном учёте всего спектра мод. Более того, при 
решении практических задач с использованием программных комплексов динамические расчеты 
выполняются приближенно с учетом ограниченного количества первых собственных форм колебаний. 
Вклад в динамическую реакцию сооружения неучтенных высших форм колебаний, как правило, никак не 
оценивается. Результаты показывают, что, погрешность такого решения динамической задачи может 
оказаться значительной. Следовательно, настоящая работа посвящена способу статического учета 
высших форм колебаний в задачах динамики строительных конструкций. Приведено описание основных 
положений метода, даны примеры его реализации при расчете пространственных конструкций под 
действием внешней гармонической нагрузки. С помощью расчетного программного комплекса 
определены перемещения узлов и внутренние усилия в элементах рассматриваемых конструкций. 
Задавались различные параметры динамического воздействия и число учитываемых мод колебаний. 
Принятый метод статического учета высших форм колебаний требует решения одной динамической 
задачи и двух вспомогательных статических задач. Важным обстоятельством подхода является то, что 
одна из статических задач должна быть решена методом разложения по собственным формам 
колебаний. Предлагаемый в статье подход позволяет значительно снизить вычислительные затраты на 
динамический расчёт в сравнении с классическим подходом. Этот результат может иметь большое 
значение при решении задач на сложные динамические воздействия и для неоднородных по жесткости 
конструкций. 
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Abstract. Using finely dispersed mineral particles of various origins and morphologies offers a promising 
strategy in controlling the structure formation in cement composites. However, the use of such additives is 
hampered because those additives proved to be prone to consolidation into rather dense aggregates. Fine 
dispersion and disaggregation of powders is possible with the aid of cavitation ultrasonic treatment. However, 
the optimal conditions for such processing can not be established without conducting simulation studies. The 
purpose of the present study was the identification of ultrasonic-action factors and conditions ensuring an 
efficient disaggregation of finely dispersed powders of various origins and particle morphologies. In our study, 
we used diopside, granulated blastfurnace slag (GBS), wollastonite, ash, and calcium carbonate powders. It 
is found that the process of ultrasonic treatment of aqueous suspensions is accompanied not only by the 
dispersion of initial particles and aggregates but, also, by simultaneous formation of new aggregates. That is 
why the observed variations of the specific surface area and the optical density of powders can be attributed 
to the variation of the fractional composition of dispersed phase. The activating capability of a mineral additive 
is due to the fraction of the particles less than 1 μm in size exerting a key influence on the variation of the 
specific surface area of the powder. Our estimate of the energy efficiency of the cavitation disaggregation of 
powders during an ultrasonic treatment shows that the most energy-favorable one is the ultrasonic treatment 
lasting for 1–5 minutes, i.e. during the period of the first half-wave of the variation of the particle fraction less 
than 1 μm in size. 

1. Introduction 
A promising method for improving properties of cement composites implies filling the cement-binder 

matrix with finely dispersed mineral particles of different origin and morphology. An analysis of literature data 
shows that, as modifiers in structural material science, not only finely dispersed natural materials but, also, 
various specially prepared powders can be used [1–5]. Introduction of both additives, natural minerals (quartz, 
granites, basalts and others) and technogenic wastes, promotes an increase of cement-stone density and 
stability, a reduction of water demand of mixtures and their segregability, an increase of water-retaining 
capacity and homogeneity of the composites, and shrinkage reduction.  

However, the use of such additives is difficult due to their propensity for aggregation and inefficiency 
with respect to objects of this class of traditional methods of disaggregation by mechanical actions [6]. And, if 
it is not possible to destroy the aggregates, then the activating effect of the introduced additive decreases 
sharply, since the main advantage of a highly dispersed powder, the ability to form a large number of contacts 
with its very small content, is unrealized. 

One of the promising research lines in the fine dispersion and disaggregation of dispersed phase is 
the use of ultrasonic cavitation. The cavitation process features a multi-factorial complexity of phenomena 
proceeding in the cavitation cavity [7–11]. Under the action of cavitation, on the local scale intense liquid 
microscopic flows and high-power local shock waves are generated; the shock waves ensure a rise of 
temperature to 5000 K and a rise of pressure to 100 MPa, both processes leading to mass-transfer 
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intensification and to a substantial variation of the characteristics of treated medium [11]. Presently, well-
substantiated concepts of the mechanism of ultrasonic dispersion are available. According to those 
concepts, both the shock waves and the acoustic flows having arisen due to the micro-explosions of 
cavitation bubbles can be factors causing the disintegration of particles and aggregates [6, 14]. Along with 
the dispersion, a dispersed-phase coagulation process develops in suspensions under the action of 
ultrasound. The mechanism of acoustic coagulation was attributed to the action of hydrodynamic forces, 
Bernoulli and Bierkness ones, on the particles. However, the expressions for the latter forces were derived 
for the case of hydrodynamic action of particles in a uniform steady-state flow of ideal incompressible liquid, 
whereas the liquid flow with a propagating sonic wave is non-uniform and unsteady. Considering the latter 
fact, many authors adhere to the opinion that the mechanism of particle coagulation process in a sonic wave 
fundamentally differs from the picture which the Bernoulli force produces in an incompressible liquid 
flow [16]. 

Also, the kinetics of dispersion and coagulation processes is influenced by the intensity and duration of 
ultrasonic action. In engineering practice, the ultrasound intensity can be evaluated from the oscillation 
amplitude [6, 7]. The time required for the dispersion of powders depends, first of all, on the intensity of the 
ultrasonic action, on the physico-mechanical properties of the material to be dispersed, and on the state of the 
surface of powder particles. 

The efficiency of the dispersion process is largely defined by the erosion activity of the liquid, whose 
magnitude substantially depends on its physico-mechanical properties. Here, the most pronounced action is 
due to the saturated vapor pressure of the liquid because the micro-impact actions due to cavitation decrease 
sharply at a high value of the latter pressure inside cavitation bubbles. That is why it is recommended to 
disperse materials in aqueous solutions as the erosion activity of such solutions proved to be much higher 
than that of organic solutions [6]. 

During the ultrasonic treatment, the dispersed-medium temperature affects the cavitation intensity and, 
hence, the powder dispersion process. For each liquid, there exists a certain range of temperatures in which 
the intensity of the cavitation action is maximal; for water, this temperature range is 35 to 50 °C [8]. 

On the whole, the profound scope of performed theoretical and experimental studies has ensured rather 
wide a range of industrial applications of cavitation technologies [6–10, 17, 20]. Nonetheless, calculation-
based identification of the conditions of ultrasonic treatment ensuring most efficient dispersion and 
disaggregation of powders of different origin and particle morphology is presently impossible. In this 
connection, there arises a necessity in experimental studies. 

The purpose of the present study was to identify factors and conditions of the ultrasonic action providing 
for a most efficient disaggregation of finely dispersed powders of different origin and particle morphology. 

To achieve this goal, the following tasks were solved: 

– to establish the nature of the change in the content of particles smaller than 1 μm, depending on the 
specific surface area of the initial powders and the duration of the ultrasonic treatment;  

– to substantiate the energy-preferable duration of processing of powders by ultrasound, which provides 
a maximum content of particles smaller than 1 μm. 

2. Materials and Methods 
In the present study, as the carrier medium we used distilled water and as the dispersed phase, powders 

of heating-plant ash, granulated blastfurnace slag, diopside, wollastonite, and calcium carbonate. The particle 
size study of the powders was performed on an FSKh-6 photosidementer, whose work is based on the 
sedimentary Stokes law and the law of radiation attenuation in the turbid media of Lambert-Berra. The 
granulometric composition of initial powders is shown in Figure 1. It should be noted that for methods based 
on light scattering there is a characteristic description of the hydrodynamic diameter of particles that can be 
both primary particles and their aggregates and agglomerates [12, 13] 

The optical density of suspensions was measured on a KFK-2MP photocolorimeter (λ = 470 nm). The 
test compositions were prepared by mixing powders in distilled water. The cavitation treatment of specimens 
was implemented using a UZG Volna-M device generating up to 1000-W ultrasound (model UZTA 1.0/22). 
The working compounds were placed in a transparent cylindrical vessel, where it was sonicated at a frequency 
of 22 kHz for different duration and power of ultrasound. 
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Figure 1. Granulometric composition of virgin (non-processed) powders: a – ash (Ssp = 2840 cm2/g), 
b – granulated blastfurnace slag (Ssp = 4186 cm2/g), c – diopside (Ssp = 1840 cm2/g),  
d – wollastonite (Ssp = 5226 cm2/g), e – calcium carbonate CaCO3 (Ssp = 2327 cm2/g). 

3. Results and Discussion 
Treatment with ultrasound of aqueous suspensions of powders of various origins and particle 

morphologies is accompanied with a change of specific surface area, an integral characteristic characterizing 
the degree of dispersion and aggregation of powders (Figure 2). The obtained results on the variation of 
specific surface area proved to be well correlating with the data on the variation of optical density at the 
passage of light through ultrasonically processed suspensions (Figure 3). The variation of the granulometric 
composition of dispersed phase can be judged considering the data on the variation of root-mean-square 
particle diameter (dm) versus the duration of ultrasonic treatment (Figure 4). For all the powders, the variation 
of dm exhibits an oscillating behavior being a result of the dispersion and coagulation processes. During the 
initial period of ultrasonic treatment (0–5 min), the impact action due to the ultrasonic waves, the intense 
motions of particles, and the inter-particle collisions all cause the rupturing of bonds between dispersed-phase 
particles, this rupturing leading to a profound increase of free surface energy (by a factor in excess of 10) [6]. 
The molecular forces thus increased hamper the further rupturing of particles and aggregates. That is why the 
rate of dispersion decreases in value during further treatment of the suspension, and the particle aggregation 
process begins. It should be noted here that, due to coagulation, no restoration of the poly-dispersed system 
to its initial (pre-dispersion) state occurs since, as a rule, fragments of aggregates and coarse particles never 
restore into an entity by absorbing water and by forming, due to a higher specific surface energy, a solvate 
shell with a monolayer of heavily bonded water that will not allow the van der Waals forces to draw together 
the fine solid particles [14]. 
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Figure 2. Variation of the specific surface area of powders versus the duration of ultrasonic treatment.  

Thus, the ultrasonic treatment of aqueous suspensions is accompanied, first, by the disaggregation of initial 
particles and aggregates and, second, by the simultaneous formation of new aggregates. That is why the observed 
variations of specific surface area and optical density are defined by the variation of the fractional composition of 
dispersed phase. In all the powders, the behaviors exhibited by the fine (sized less than 1 μm) and coarse (sizes 
greater than 10 μm) particle fractions exhibit an oscillating character being a consequence of the simultaneously 
proceeding dispersion and coagulation processes. Since, as a rule, at short durations of ultrasonic treatment (less 
than 5 minutes) the amount of particles smaller than 1 μm in size increases, and the amount of particles greater 
than 10 μm in size, decreases in magnitude, then the dispersion process at those times prevails over the 
aggregation process. On the other hand, with increasing the duration of ultrasonic treatment, the amount of particles 
smaller in size than 1 μm decreases, and the amount of particles greater than 10 μm in size normally increases in 
magnitude, this finding being indicative of the prevalence of the coagulation process (Figure 4). 
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c d 

 
e 

Figure 3. Variation of the optical density of suspension versus the duration of ultrasonic treatment: 
a – ash; b – diopside; c – CaCO3; d – granulated blastfurnace slag; e – wollastonite. 
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Figure 4. The content of particles versus the duration of ultrasonic treatment:  
a – ash; b – diopside; c – CaCO3; d – granulated blastfurnace slag; e – wollastonite. 

Under identical conditions of the ultrasonic treatment, the amount of particles of the newly formed fraction 
sized less than 1 μm exerts a predominant action on the behavior of the specific surface area of particle, a parameter 
largely determining the activating capacity of the mineral additive (Figure 5). Since the latter regularity is exhibited 
by powders of various origins and particle morphologies, then the fraction of the particles sized less than 1 μm can 
be considered as a criterion of the efficiency of the ultrasonic dispersion and disaggregation of mineral additives, 
whose maximization will promote the enhancement of the reactivity of the mineral additive.  

The data in Figures 6–8 show that, along with the duration of supersonic treatment, the intensity of the 
ultrasonic action and the specific surface area (Si) of initial powders can be recognized as factors influencing 
the formation of the maximum amount (fraction) of the particles of the size fraction less than 1 μm in a 
suspension treated with ultrasound. 
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Figure 5. Contents of particles of various size fractions versus the specific surface area  

of powder for 1-minute duration of ultrasonic treatment. 

a) b)  

c)  d)   

e)   
Figure 6. Variation of the contents of particles of various size fractions at different durations and 
intensities of ultrasonic treatment: a – ash; b – diopside; c – CaCO3; d – granulated blastfurnace 

slag; e – wollastonite. 
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Figure 7. Dependence particle fraction content 
of less than 1 mm from the original surface area 

of  powders of different genesis and morphology. 

Figure 8. Variation of the content of particles 
of size fraction less than 1 μm in granulated 

blastfurnace slag powders of different specific 
surface areas.  

Ultrasonic dispersion and disaggregation can both be classed to the mechanical dynamic activation due 
to cavitation and due to the mutual friction of rapidly moving and colliding particles. Since the center of a 
collapsing cavitation bubble is normally situated at some distance from the surface of the solid particles, then, 
on the adoption of a value of 102–103 MPa [14] for the pressure produced by cavitation-bubble explosion, one 
can arrive at a conclusion that the stress applied to a powder particle will be two or three orders smaller than 
the theoretical strength of particle material as determined by the Griffith formula, 104 to 105 MPa [16]. That is 
why, in spite of the fact that, because of structural imperfections, the strength of real materials is much lower 
than its theoretical value, the energy of a cavitation micro-explosion will always be insufficient for the fracture 
of fine particles containing a low amount of defects. In this connection, we believe that the main process 
defining the variation of the granulometric composition is, first of all, the disaggregation of powder particles 
bonded together by autohesion forces and having much a lower strength in comparison with homogeneous 
particles. 

The effectiveness and kinetics of the fracture of particles and their aggregates under conditions of an 
ultrasonic treatment depends on the intensity of the shock wave and on the velocity of the acoustic flows 
generated in the medium during the micro-explosion of cavitation bubbles. Presently, two models for cavitation 
dispersion are known, the fracture of solid particles under the action of shock waves and that under the action 
of acoustic flows. According to the first model, high-intensity local shock waves ensuring the rise of 
temperature to 5000 K and the rise of pressure to 100 MPa are generated during micro-explosions of cavitation 
bubbles. Here, the pressure pulse exerts a most pronounced disturbing action on the particles floating on the 
surface of cavitation bubbles. That is why a necessary condition for the dispersion of particles in this model is 
a spherical shape of the gas bubbles at the time of collapsing. The latter is only possible when the diameter 
of such bubbles will substantially exceed the sizes of the particles and aggregates to be dispersed [14–15, 
19]. 

According to the second model, the dispersion process proceeds due to the collisions of the particles 
being accelerated, by the cavitation-induced micro-jets, to velocities reaching tens and hundreds meters per 
second. Previously, calculations performed for powder particles sized 0.1, 0.01, and 0.001 mm [19] have 
proved the kinetic energy to be sufficient for the fracture of the particles during the collisions; indeed, the 
generated stresses were in the range from 10 to 103 MPa, this values being comparable with the pressure 
102–103 MPa produced by a collapsing cavitation bubble. 

It should be noted here that the previously obtained data [14–16, 19] show that the cavitation action can 
simultaneously obey both models. However, depending on the size of dispersed-phase particles and the 
parameters of the ultrasonic treatment (amplitude and frequency), one of the two models will appear prevailing. 
For instance, coarser particles will be dispersed due to the cavitation-explosion-induced acoustic flows while 
the finer particles, due to the intense shock waves (since the pressure pulse due to these shock waves exerts 
a most pronounced disturbing action only when the dispersed-phase particles float on the surface of the 
cavitation bubble, the latter in turn being only possible when the sizes of such a bubble will be greater than 
the particle sizes [20]). In our opinion, an aggregate formed by particles smaller is size than the voids in such 
an aggregate can be considered as a version of the latter ultrasonic dispersion scheme. In the latter case, the 
gas-bubble size will be defined by the void size. Accordingly, the ultrasonic-field parameters must ensure 
cavitation explosions of gas bubbles contained in the voids of such aggregates. Thus, the intensity of the 
ultrasonic action is to be chosen considering the possibility of ensuring the cavitation of gas bubbles of radius 
Rbubble = Rvoid. 
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With due regard for the fact that the fraction of the particles smaller than 1 μm plays a determining role 
in the formation of dispersed-phase surface, the choice of the optimum duration of ultrasonic treatment can 
be made considering an estimate of the energy efficiency of the cavitation disaggregation of powders treated 
with ultrasound. This efficiency can be evaluated considering the value of the coefficient of the energy 
efficiency of cavitation dispersion (Ken.eff.), which can be determined from the formula 

. .
.
100 %,den eff

cav
E

EK =   

where Ed is the energy spent for increasing the specific surface area of the particles smaller than 1 μm during 
the time t;  

Ecav. is the energy consumed for the production of cavitation. 

The calculated curve of the energy efficiency factor versus the duration of ultrasonic treatment shown 
in Figure 9 indicates that the long-term action due to the cavitation leads to a decreased value of the energy 
efficiency factor. Most probably, the reduction of the efficiency of the ultrasonic treatment is due to the fact that 
the ultrasonic-curing process of aqueous suspensions is accompanied not only by the dispersion of initial 
powders and aggregates but, also, by the concomitant formation of new aggregates; on the other hand, 
according to the definition of the energy efficiency factor, the energy spent for coagulation will pertain to the 
losses. 

 
Figure 9. Energy efficiency factor versus the duration of ultrasonic treatment.  

Thus, at a relatively small difference between the contents of particles with sizes smaller than 1 μm, the 
most efficient treatment is the treatment with ultrasound lasting for 1–5 minutes, that is, for the period of the 
first half-wave of variation of the amount (fraction) of particles smaller than 1 μm in size.  

4. Conclusions 
The research results showed that, regardless of the genesis and morphology of the particles, by varying 

the duration of cavitation treatment in powders, it is possible to initiate both a dispersing and aggregating 
effect. In this regard, time optimization of the processing of powders by ultrasound according to the criterion 
of maximum disaggregation will increase the potential of such powders as additives to improve the properties 
of cement composites. 

1. Regardless of the time of ultrasonic treatment, the fraction of particles of the most active fraction (less 
than 1 micron) of wollastonite, chalk, ash, diopside powders, blast furnace granulated slag does not exceed 
25 %. Therefore, from the point of view of energy efficiency, it is more preferable to treat these powders with 
ultrasound within 1–5 minutes, that is, during the first half-wave of a change in the fraction of particles of the 
fraction <1 μm. 

2. The ultrasound processing time optimal for a particular powder will depend on the parameters 
determining the power (intensity) of the ultrasound effect: amplitude, frequency, and volume of the working 
chamber of the ultrasonic unit. 
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Аннотация. Использование высокодисперсных минеральных частиц различного генезиса и 
морфологии является перспективным направлением управления структурообразованием цементных 
композитов. Вместе с тем, использование таких добавок затруднено тем, что они, как правило, 
консолидированы в достаточно плотные агрегаты. Тонкое диспергирование и дезагрегация порошков 
возможно с помощью кавитационной обработки ультразвуком. Однако оптимальные условия такой 
обработки не могут быть установлены без проведения имитационных исследований. Целью 
исследования является определение факторов и условий ультразвукового воздействия, 
обеспечивающие эффективную дезагрегацию высокодисперсных порошков разного генезиса с 
различной морфологией частиц. Для проведения исследований использовались порошки диопсида, 
ДГШ, волластонита, золы ТЭЦ, карбоната кальция. Установлено, что процесс ультразвуковой 
обработки водных суспензий сопровождается не только разрушением исходных частиц и агрегатов, но 
и одновременным образованием новых агрегатов. Поэтому, имеющие место изменения удельной 
поверхности, оптической плотности в данном случае обусловлены изменением фракционного состава 
дисперсной фазы. Активирующую способность минеральной добавки оказывает фракция частиц 
размером менее 1 мкм, оказывающую ключевое влияние на изменение удельной поверхности 
порошка. В результате оценки энергетической эффективности кавитационной дезагрегации порошков 
в процессе их обработки ультразвуком показано, что энергетически более предпочтительным является 
обработка ультразвуком в пределах 1–5 мин, т. е. в период первой полуволны изменения доли частиц 
размером менее 1 мкм. 
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Abstract. The proposed organomineral additives are novel, eco- friendly components for polystyrene paints. 
A light brown-red loam was used as a filler for polystyrene paints. Rheological, technological and physico-
mechanical properties of paints and coatings based on them were studied by a series of standard tests. 
Characteristics of frost and water resistance, hiding power and holding capacity of polystyrene paint confirmed 
the creation of durable paints with high performance properties. Comprehensive studies have shown that the 
addition of organic additives in the composition of polystyrene paint increases the critical volume concentration 
of pigment 1.2 times, increases the degree of grinding paint, reduces dispersion time (2 times) and reduces 
the speed of shelter from 160 to 112 g / m2. Analysis of the results of experiments showed that the addition of 
organic additives contributes to increased resistance to external influences, as well as the strength of adhesion 
to the substrate by 22 %. Using the obtained results will allow you to create polystyrene paints with a low 
content of volatile compounds and increased crack resistance. 

1. Introduction 
Every year more and more stringent requirements are imposed on paints and coatings based on them 

in connection with the advent of new technologies in industry, construction and the formation of modern 
aesthetic tastes at the consumer. This applies to both the protective and decorative properties of coatings, 
which are determined by the physicochemical parameters of all components of the paintwork formulation. In 
recent years, the demand for high-quality products, characterized by increased durability and lower 
consumption per unit of the painted area, has increased [1–5]. At the beginning of 21-nd century, three factors 
had a significant influence on the main directions of development of the global paint industry. First, the 
tightening of environmental legislation on the content of volatile organic compounds (VOC) in paint and varnish 
products [6–10]. Secondly, it is the search for substitutes for traditional paints and varnishes, which use organic 
solvents as a basis (mainly solvents and white spirit, as well as drying oil) [11–16]. Thirdly – the economic 
factor acting in full force in connection with the tightening of environmental legislation. Its action led to a 
resurgence of interest in the use of powder paints [17–21]. Trends in the development of materials move in 
the direction of minimizing the solvent content in paint systems, while achieving professional quality that meets 
all environmental requirements. The advantages of such paints include, first of all, the possibility of their use 
at low temperatures, which can significantly increase the seasonality of the finishing works. This group of 
paints is characterized by the formation of a durable and well adhered to a variety of substrates protective film 
with high rates of frost resistance. 

Especially attractive for the use of polystyrene in the paint industry is the comparative cheapness of this 
polymer, which is associated with the availability of raw materials, simple manufacturing technology, valuable 
properties [22–26]. Despite the advantages of polystyrene, it is extremely limited in the paint industry. One of 
the reasons is its high brittleness temperature, which is 90 °C and is almost close to the glass transition 
temperature of the polymer. In this regard, the difference between the lower and upper boundaries of the 
temperature range of operation of the coatings is small, which can cause their cracking at low temperatures. 
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Nanomaterials (pigments, additives) are effective in all types of coatings (organic, water-dispersed, 
powder). In the case of polymer nanocomposites, nanoparticulate substances are introduced into the polymer 
matrix. The role of such substances can be performed by organoclays obtained by modifying montmorillonite 
clays with an organic additive. The chemical composition of clay causes the presence of inorganic cations on 
the surface of the plates, giving the surface high hydrophilicity and, accordingly, incompatibility with many 
polymer resins. For successful formation of a clay-polymer nanocomposite, an appropriate surface treatment 
should be carried out, reducing the polarity of the clay to make the clay «organophilic» [27–31]. Modified clay 
(organoclay) has several advantages over simple clay: organoclays are well dispersed in the polymer matrix 
and interact with the polymer chain. The addition of organoclay into the polymer matrix contributes to the 
improvement of the mechanical properties of polymers and thermal stability. This is achieved by combining 
the complex properties of organic (lightness, flexibility, plasticity) and inorganic (strength, heat resistance, 
chemical resistance) materials. 

According [32–39], the process of nanocomposite formation proceeds through a series of intermediate 
stages (Figure 1). 

 
Figure 1. The formation of different morphologies during the dispersion of fillers. 

At the first stage, the formation of a tactoid occurs – the polymer surrounds the agglomerates of the 
organoclay [40–46]. At the second stage (intercalation), the polymer penetrates into the interlayer space of 
the organic clay, as a result of which the layers expand to 2–3 nm [47–48]. At the third stage (partial 
exfoliation), partial separation and disorientation of the organic clay layers occurs [49]. At the last stage, 
peeling occurs [50]. 

As a scientific hypothesis, a provision has been adopted on the possibility of obtaining an organomineral 
additive of mixed-layer clay with a high content of montmorillonite. The purpose of this paper is to develop 
polystyrene paint compositions with a low content of volatile compounds, and coatings based on it, which have 
enhanced crack resistance. 

2. Methods 

2.1. Production of organomineral additive 

 In developing the organomineral additive, clay was used with a specific surface area of 478.3 m2/kg and 
an average particle size of 5.01 μm. The specific surface area of clay was determined using the PSH-9 device 
(Granat, Russia). 

The main characteristics and chemical composition of clay are listed in Tables 1 and 2. 

Table 1. The main characteristics of clay. 

Name of indicator Value of indicator 
Career humidity, % 20–24 
Plasticity coefficient 14.3 
Total shrinkage, % 5.1 

Hygroscopic moisture, % 3.31 
Particle size (% by volume): 

clayey 
sandy 
dusty 

 
11.9–15.8 

30–35 
49–59 

Table 2. The chemical composition of clay. 

CaO SiO2 Al2O3 Fe2O3 MgO SO3 LOI 
3.24 65.50 9.54 7.72 0.76 0.06 11.40 

As an organic component, several additives were used: sulfanol, Melflux 1641F (BASF, Germany), 
Melment F15G (BASF, Germany), as well as additives OP-4 and OP-10 (Himbyt, Russia), which are products 
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of processing a mixture of mono- and dialkylphenols with ethylene oxide and used as wetting and emulsifying 
surfactants 

The plasticizer concentration was determined by changing the surface tension of the plasticizer solution, 
which was determined by the drip method and was calculated by the formula (1): 

,s
s

п

п
   (1) 

where σs is a surface tension of the solvent; 

ns is amount of solvent droplets in 1 ml;  

n is number of drops of the solution in 1 ml. 

To reduce the time for the manufacture of organomineral additive, it was proposed to prepare the 
organoclay in a solvent, which was later used to prepare paint formulations. 

To determine the amount of surfactant adsorption on the clay surface under the condition σ = const, clay 
was added to the resulting solution; the solution was mixed and settled for 10 minutes. The time required for the 
complete adsorption of the OP-4 and OP-10 additives on the clay was determined by the kinetics of changes in 
the surface tension of the solution. After clay deposition, the surface tension was again checked. 

2.2. Design of polystyrene varnishes 

For the preparation of polystyrene varnishes were used coal solvent (Severstal, Russia) and oil solvent 
(Neft, Russia), with equal density of 860 kg/m3. High impact polystyrene (Salavatnefteorsintez, Russia) was 
also used. Titanium dioxide, ocher, iron oxide, chromium oxide were used as pigments. Colored sand (Nizhne-
Ablyazovskoye deposit, Russia), Omyacarb (Vapenna, Czech Republic), microdolomite (Dolomit, Russia) 
were used as fillers. Telaz (Avtokoninvest, Russia) was used as a wetting agent. It is an amino acid of 
vegetable oils, visually a viscous flowing brown liquid, with an amine value of at least 30 mg; is introduced 
before the dispersion process in the calculation of 5 g per 1 kg of paint. 

2.3. Evaluation of the rheological, technological and physicomechanical properties 
of paint materials and coatings based on them 

Conditional viscosity of paint and varnish compositions was determined using a VZ-4 viscometer 
(Zapadpribor, Russia). The method is based on determining the duration of the expiration (in seconds) of 100 
ml of polymer solution through a nozzle with a diameter of 4 mm. The dynamic viscosity of the compositions 
was also determined using a VZ-4 viscometer. The method is based on the fact that two liquids whose 
densities 1 and 2, with dynamic viscosity 1 and 2, of one volume flow under the action of gravity through 
the same tube in time t1 and t2. This process is described by an equation that follows from the Poiseuille law 
for laminar fluid flow through capillaries, and has the form: 

2 2 2

1 1 1

,
t
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 (2) 

where 2 is the dynamic viscosity of the test solution, Pa · s;  

1 is dynamic viscosity of water, Pa · s;  

t2 is time of leakage of the test solution, s;  

t1 is time of outflow of water, s;  

2 is density of the test solution, g/cm3;  

1 is water density, g/cm3. 

The value of the dynamic viscosity of the studied finishing composition was calculated on the basis of 
equation (2), according to the formula (3): 
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The determination of spreadability was carried out according to the follow procedure. Paint with a 
working viscosity is applied to a metal plate measuring 20 × 40 cm and quickly (no more than 2–3 minutes) 
distributed by longitudinal and transverse movements of the brush over the entire surface. Then the brush 
sharply conducts a deep stroke in the middle of the plate from one edge to the other and mark the time when 
the brush strokes disappear and the surface becomes completely flat. Depending on the time required for the 
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«filling» of the paint, there are three estimates: 1 – satisfactory (no later than 10 minutes); 2 – slow (10–15 
minutes); 3 – unsatisfactory (more than 15 minutes). 

The mass fraction of non-volatile substances NV, %, was determined as follows. A paint material was 
poured into a flat-bottomed metal cup of size 70×110 mm, weighed and evenly distributed along the bottom. 
Then the paint was dried in a drying oven to constant weight. The mass fraction of non-volatile substances 
was determined by the formula (4): 

 
 

2 0

1 0

100,
m m
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m m


 


 (4) 

where m2 is a mass of the cup with the dried residue, g;  

m0 is a mass of an empty cup, g;  

m1 is a mass of the test specimen cup, g. 

The surface roughness Ra of the coatings was measured using a portable device profilograph TR100 
(Time, China), which is based on the principle of feeling the surface of the coating with a diamond needle with 
a small radius of curvature and the transformation of needle vibrations into voltage changes proportional to 
these fluctuations. 

To assess the adhesion strength, the method of tearing stamp was used (normal tear). The method 
consists in measuring the force required to detach the coating from the concrete surface with the help of a 
glued metal stamp of a cylindrical shape with a diameter of 18 mm. The separation force was measured using 
a dynamometer. Epoxy glue was used to glue the dies to the coating. The adhesion strength of the paint with 
the substrate Radh was determined by the formula (5): 

,adh
РR
F

  (5) 

where P is a force of detach, N; 

F is contact area of the stamp with the paint coating, m2. 

The tensile strength (cohesive strength) was determined on a tensile testing machine IR 5057-50 
(Avtomatika, Russia). The method is based on the tensile test specimen size of 0.7 × 10 × 50 mm to rupture 
at a deformation rate of 1 mm/min. Specimens of the films were fixed in the clamps of the tensile machine so 
that its longitudinal axis was located in the direction of tension, and the applied forces acted uniformly over the 
entire cross section of the specimen. The tests were carried out at air temperature t = 20 ± 2°C and relative 

air humidity φ = 64 %. 

The calculation of tensile strength was carried out according to the results of testing six specimens of 
each composition. The tensile strength σt for each specimen was calculated by the formula (6): 

,ti
t

Oi

F

S
   (6) 

where Fti is tensile load at the moment of rupture, N;  

S0i is a initial cross-sectional area of the specimen, m2. 

The elastic modulus was calculated according to the stress-strain diagram (Figure 2) using the tangent 
of the angle of inclination to the abscissa axis of the tangent (Z), conducted to the initial straight section of the 
diagram.  

The elastic modulus for each specimen Ei was calculated by the formula (7): 

10 .0i
i

iL





 


 (7) 

where i   is the tensile strength at the moment of detach of the tangent from the stress-strain diagram, MPa;  

Li is relative elongation at break, %. 
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Figure 2. The stress-strain diagram. 

The method of measuring internal stresses was as follows. On the disc of aluminum foil with a diameter 
of 120 mm and a thickness of 0.01 mm applied colorful compositions. A strain gauge with a 50 mm base was 
glued on the free side of the disk, the readings of which were recorded with an automatic strain gauge based 
on a digital strain gauge bridge. The value of the stress was determined by the formula (8): 

1 2
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    (8) 

where 1 is Poisson's ratio of paint;  

h1 and h2 are the thickness of the substrate and the paint coating, m;  

E2 is elastic modulus of the substrate, MPa;  

ε is relative deformation of the substrate. 

The milling degree was determined by the depth of the Klin device (Grindometer, Russia) groove (in μm) 

corresponding to the border of a significant amount of individual particles and aggregates of pigments and 
fillers visible on the surface of the layer of the test material or border the beginning of strokes from them. 

The vapor permeability of the coatings was determined using a method based on determining the 
amount of water vapor that passed through 1 cm2 of the free-film surface over a period of time at a temperature 
of 20±2 C. On the sides of the glass, in which 100 % relative humidity was created, was placed gauze 
(3 layers) with dried paint, smeared on the edges with paraffin. Periodically the glass was weighed until such 
time as the weight of the glass with the film did not become constant. The relative humidity of the air in the 
room was determined using a psychrometer and was 66 %. The coefficient of vapor permeability was 
calculated by the formula (10): 

 1 2

,Р
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 (10) 

here P is the total amount of water vapor passed through the film, corresponding to the increase in film mass 
during the test, mg;  

σ is film thickness, m;  

S is film area, m2;  

τ is test duration, h;  

e1 is water vapor elasticity, Pa (at φ = 100 %);  

e2 is water vapor elasticity, Pa (at φ = 66 %). 

Resistance to vapor permeability, m2 · h · Pa/mg, was determined by the formula: 

,vR 


  (11) 

here δ is the film thickness, m;  

μ is the estimated coefficient of vapor permeability of the material, mg/(m · h · Pa). 
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The covering power of the paint film was determined as follows. On a pre-weighted glass plate with a 
size of 200×200 mm put a colorful composition. Then a chessboard was put under the glass plate with the 
applied paint and with scattered reflected daylight it was observed whether the black and white squares of the 
chessboard been seen. Covering power (g/m2) was determined by the amount of paint (in g), followed by 
coloring the surface of 1 m2. 

The holding capacity of the paint was determined using filter paper. On a filter paper placed on the glass 
(to avoid additional moisture absorption by the base under the paper), a drop of paint was applied. After  
2–3 minutes, the diameter of the drop dd and the diameter of the wet spot around the drop ds were measured. 
The holding capacity of paints was expressed in percent and was determined by the ratio of the diameter of a 
drop of paint to the diameter of the print of the solvent dd/ds · 100 %. 

The water resistance properties of paint and varnish films were evaluated by the change in the quality 
of the appearance of the coatings under the action of water. Cement-sand specimens on one side were painted 
with paint, and on the sides they were treated with paraffin and placed in water. Two hours after removal from 
the water and air drying, the coatings were inspected and the appearance of white opaque spots, rashes, 
bubbles, wrinkles, and exfoliation was evaluated. The protective properties of polystyrene coatings were also 
evaluated by the rate of water penetration through the coating. On painted cement samples were installed 
flasks with water, treated with clay on the edges. At intervals of time, the amount of water that passed through 
the coating was measured, and the rate of moisture penetration was plotted against time. 

Tests for frost resistance coatings were held in the following mode. Specimens of the cement-sand 
mortar stained with the proposed composition after saturation in water were placed in a freezer with a 
temperature of –15 C and kept for 4 hours, after which they were placed in water with a temperature of  
18–20 C for four hours (one cycle). 

2.4. Determination of particle size distribution and sedimentation of clay 

The determination of the granulometric composition of clays is based on the ability of clay particles 
to swell in water and at different rates of falling of particles in water depending on their size (sediometry, or 
sedimentation rate). Sedimentation analysis is based on observations of the sedimentation rate of particles 
of the dispersed phase under the action of either gravity or centrifugal force (for systems in which the 
dispersed phase settles very slowly). The studied powder weighing 1 g was placed in a cylinder with a clean 
dispersion medium, then stirred evenly by a glass rod with a rubber disk attached at the bottom. Stirring 
was carried out for 3–5 minutes only in the vertical direction. When mixing, they made sure that no large 
lumps were left and no air bubbles were formed, as a result of too intensive mixing. After the suspension 
was thoroughly mixed, the cup was quickly lowered into it to accumulate sediment and hung on the balance 
arm at height H from the surface of the suspension. Further, sequential measurements were  made of the 
weight of the precipitate during the sedimentation of the suspension using torsion weights device at the 
following time intervals: 1; 1.5; 2; 2.5; 4; 5; 7.5; 15; 25; 40 (time was taken in minutes).  

2.5. Microscope image  

The microstructure of clay was examined by polarizing microscope MIN-8 (Scopica, Russia). The 
microscope is designed to study transparent objects in transmitted ordinary or polarized light with conoscopic 
and orthoscopic rays. 

When using the illuminator on a microscope, studies of opaque objects in reflected polarized and 
ordinary light were made. 

3. Results and Discussion 

3.1. Characterization of organomineral additive 

It has been established (Figure 3) that with an increase in the concentration of plasticizers, the value of 
the surface tension decreases to a certain value.  

When the concentration of sulfanol and Melment F15G is more than 0.2 %, OP-4 additives – 0.3 %, 
Melflux 1641F is higher than 0.05 %, stabilization of surface tension values is observed. Thus, the surface 
tension of a solution with additives at their optimum content is: with sulfanol σ = 29.1, OP-4 σ = 30.1, Melment 
F15G σ = 64.7, Melflux 1641 F σ = 60.2. Consequently, sulfanol and OP-4 additives have a more plasticizing 
effect in water. 

It is established that the value of adsorption of the OP-4 and OP-10 additives on the clay is 0.38 mg/cm2 
and 0.17 mg/cm2, respectively (Figure 4).  
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Figure 3. The dependence of the surface tension on the concentration of the additive in water. 

 
Fig. 4. Dependence of surface tension on concentration additives in the solvent (1, 2)  

and adsorption time (3, 4): 1, 3 – OP-4; 2, 4 – OP-10. 

The subsequent formulation of a solution of polystyrene varnish took into account the amount of the 
additive adsorbed on the clay. 

It has been proposed 2-stage addition of colored filler in the paint composition: 

– preliminary mixing of a part of the solvent, OP-4 additives and part of the filler (production of 
organoclay); 

– the subsequent addition of the remaining amount of varnish (solvent and polystyrene) and filler, 
followed by stirring. 

The step-by-step addition of the filler in the mixture with the addition of OP-4 ensures that, at the first 
stage, in solution of the solvent, the organomineral additive due to the adsorption of the surfactant additives 
on the surface of clay particles which contained in the colored filler. 

The results of the research indicate that the modified clay has a more finely dispersed structure 
compared to natural clay (Figure 5). 

     
Figure 5. Images of natural (a) and modified (b) clay. 
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Were developed 2 methods of introducing organoclay in the composition of the paint. In the first method, 
the technology for preparing a solution with organoclay was as follows. In the solvent, which is used in the 
preparation of varnish, was introduced additive OP-4. In the resulting solution was added clay in an amount 
of 2 % by weight of polystyrene. In the second method of lacquer preparation, organoclay obtained in dry form 
was introduced into the polystyrene melt, which was then used to prepare the lacquer. It has been established 
that the method of introducing organoclay into the paint leads to a change in the physicotechnical properties 
of films based on polystyrene varnish. The strength of polystyrene films with organoclay is higher than the 
controls by 40–45 % with the first method of preparing varnish and 11 % with the second method of introducing 
organoclay. Due to the high physicotechnical properties, the first method of introducing organoclay into the 
paint composition was used in the future. 

3.2. Determination of the optimal polymer and pigments concentration 

In the course of determining the optimal polymer content by changing the viscosity of the polystyrene 
solution, depending on its concentration in the solvent, it was revealed that the critical concentration of the 
polystyrene solution in the solvent is 15 %. For further research, the concentration of polystyrene in the solution 
was 10–15 %. 

During the determination of the volume content of pigment in paintwork formulations prepared on the 
basis of a 10 % solution of polystyrene in solvent, it was found that with the addition of organomineral additives, 
the values of the critical volume concentration of pigment (COCP) increase compared with the control 
compositions regardless of the type of pigment (Table 3).  

Table 3. The values of the critical volume concentration of pigments. 

Composition COCP 
TO2

 Ocher Iron minium Chromium oxide 
control 0.081 0.068 0.083 0.054 

with OP-4 0.085 0.071 0.088 0.060 
with organoclay, modified OP-4 0.091 0.076 0.093 0.063 

with OP-10 0.087 0.072 0.090 0.061 
with organoclay, modified OP-10 0.095 0.076 0.096 0.078 

At the optimal content of organomineral additives modified by OP-4 and OP-10, an increase in the 
values of COCP is observed. So, the values of COCP are equal at a control composition of 0.081, for 
compositions with organoclay – 0.091 and 0.095, which is 12.3 and 17.3 %, respectively. 

The optimal degree of filling of polymer composites, calculated on the basis of structural and topological 
parameters. The results of calculating the consumption of pigments are listed in Table 4. 

Table 4. The results of calculations of the consumption of pigments and filler, depending on the 

topological parameters. 

Pigments and filler 

Specific 
surface 

area, Ssp, 
m2/kg 

Average 
particle 
size, da, 

μm 

Bulk 
densityb, 

kg/m3  

True 
densityt, 

kg/m3  

Volume 
of pigment 

particles, V, 
units of volume 

Volume 
of monolithic 

pigment particles, 
Vm, units of volume 

The volume of 
the film forming 

solution, Vf, 
units of volume 

TiO2, R-2 brand 467.92 3.20 650 4000 0.340 0.054 0.946 
TiO2, CR-02 brand 2053.03 0.73 757 4000 0.040 0.008 0.992 

Ocher 1128.83 1.83 730 2900 0.182 0.046 0.954 
Iron minium 750.53 2.04 1072 3900 0.209 0.057 0.943 

Chromium oxide 1012.64 1.13 882 5210 0.089 0.015 0.985 
Colored sand 114.40 21.00 1309 2660 0.883 0.435 0.565 

3.3. Effect of organoclay to pigment dispersibility 

Modification of clay with the addition of OP-4 leads to a significant increase in its dispersion due to the 
loosening effect on the structure of layered aluminosilicate, which helps in the process of dispersing in the 
manufacture of paint to obtain a higher degree of milling at lower energy costs (Figure 6). 

It has been established that in paints with organoclay, a milling degree of 23 μm was obtained after 

15 minutes of dispersion, and in a control composition (without organoclay), a degree of milling, equal to 
25 μm, after 30 minutes. For comparison, Russian organobentonite was introduced into the composition of 

polystyrene paint. In the composition with organobentonite, a milling degree of 25 μm was obtained after 

20 minutes of dispersion. 

The addition of the organomineral additive leads to a decrease in the hiding power of the paint from 160 
to 112 g/m2, which is an indirect confirmation of the greater dispersion of the paint. 
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An additional confirmation of the finely dispersed structure is the experimental data obtained by us on 
the saturation of the color of the coatings. To describe the color, the HSB color model was used (H is a color 
tone, S is a saturation, B is a brightness). It is shown that the use of organomineral additive leads to an increase 
in color saturation from 0.875 to 0.906, i.e. by 3.4 % (while maintaining the values of H and B). Compared with 
the experimental data of other researchers [2, 8, 10], the shown increase in color saturation is a definite 
advantage. 

3.4. Study of the kinetics of curing coatings 

Solvent volatility is one of its most important characteristics. From the speed with which the solvent will 
evaporate from the surface of the paint film, such characteristics as lightness of feathering the paint, spreading, 
drying time from «dust» and «full drying», crack resistance, tensile strength depend. The study of the kinetics 
of solvent evaporation was carried out on paint formulations based on 10 % solutions of polystyrene (Figure 7). 

  

Figure 6. The dependence of the milling degree 
on the duration of dispersion: 1 – control 
(without additives); 2 – with organoclay;  

3 – with organobentonite. 

Figure 7. Kinetics of solvent removal 
from polystyrene paintwork: 1 – control  
(without additive); 2 – with organoclay;  

3 – with organobentonite. 

It has been established that at the first stage of coating formation an intensive evaporation of the solvent 
is observed, leading to a sharp decrease in the weight of the polymer coating. The addition of organomineral 
additives and organobentonite leads to a slow rate of evaporation of the solvent. In connection with this, the 
content of volatile compounds decreases in the coloration zone, which makes it possible to increase 
environmental safety during paint work. In the first 6 minutes of curing the polymer coating, the loss of solvent 
was 30.56 % for the control composition (without the additive), 18.65 % and 20.12 % for coatings with 
organobentonite and organic clay, respectively. The content of non-volatile substances of polystyrene paint 
based on 10 % varnish after 80 minutes of curing is 20 % for the control composition, and 34 % for the 
composition with organoclay. When using colored sand, the dry residue is 74 %. 

It was established that the drying time of coatings to degree 3 on a glass substrate for a control 
composition is 18 minutes, for compositions with organoclay – 36 minutes; on the cement-sand substrate at 
the control composition 7 minutes, for compositions with organoclay – 10 minutes. At a negative temperature 
(T = –10±2 C) of the cement-sand substrate and a positive paint temperature (T = 20±2 C), the drying time 
of coatings based on the control and modified compositions remains almost unchanged. The use of colored 
filler paint in the formulation leads to a significant increase in the drying time of the coatings. 

The slowed down rate of drying of coatings based on modified polystyrene paint leads to a change in 
its stress state during the curing process. The study of internal stresses in the process of curing the coatings 
was carried out on paint-and-lacquer compositions with an optimal pigment content (titanium dioxide) at air 
temperature T = 20±2 C and relative air humidity φ = 60–65 %. It was established that the growth of internal 
stresses occurs within 15 minutes, while the evaporation of the solvent was for coatings without additives – 
72.22 %, with organoclay – 53.13 %, with organobentonite – 51.43 %. The maximum values of internal 
stresses are typical for coatings based on control compositions and were σ = 0.05 MPa, with organoclay – 
0.016 MPa, with organobentonite – 0.041 MPa. Stress relaxation is observed after 26–30 minutes. The 
residual values of the internal stresses in the coatings on the basis of the control composition were 
σo = 0.006 MPa, on the basis of the composition with organoclay – 0.005 MPa, on the basis of the composition 
with organobentonite – 0.013 MPa. Compared to experimental studies of internal stresses obtained by other 
researchers [36, 43, 48], it decrease of an average of 25–30 % is noted. 
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3.5. Physical and mechanical properties of varnish films 

To study the patterns of change in the deformative properties of coatings based on modified polystyrene 
paint, free films based on 10 % polystyrene varnish were examined (Table 5). 

Table 5. Physical and mechanical properties of varnish films. 

Method of 
organoclay 
introduction 

Composition 
Breaking 
strength 
b, MPa 

Elastic 
modulus  
E, MPa 

Elastic 
deformati-ons 

 

Plastic 
deformations p 

Relative 
deformations 

r 

First method 
 

Control 5.24 750 0.56/0.14 3.37/0.86 3.93/1 
Organic clay 

based on 
OP-4 

9.62 950 0.79/0.28 2.01/0.72 2.80/1 

Organic clay 
based on  

OP-10 
8.62 810 0.90/0.23 3.10/0.77 4.00/1 

Second method 
Organic clay 

based on  
OP-4 

5.91 850 0.65/0.24 2.05/0.76 2.70/1 

Note. Above the line, the values of film deformations are given in %, and below the line, the fractions of elastic 
deformation in the total deformation. 

An increase in the elastic deformations of the specimens of films prepared on the basis of compositions 
using organic clay has been established. Thus, in the control specimens, the elastic deformations amounted 
to 0.56 %, in the films based on compositions with an organomineral additive modified by OP-4, the elastic 
deformations increased and amounted to the first method of addition ε = 0.79 % and the second method of 
addition ε = 0.65 %. 

It is shown that with the addition of the organomineral additive polystyrene films have higher values of 
elastic modulus. In the first method of introducing organoclay, the elastic modulus of the specimens is 

E = 950 MPa, in the second method of preparing varnish, the elastic modulus E = 850 MPa, while in the 
control one E = 750 MPa. The addition of organoclay modified with the addition of OP-10 also leads to an 
increase in the elastic modulus E = 810 MPa. 

The reduction of internal stresses in the coatings based on the modified paint and the increase in its 
cohesive strength contribute to the improvement of their crack resistance. Crack resistance was evaluated by 
the coefficient of crack resistance, which was determined as the ratio of the internal stresses of the coatings 
to the tensile strength of the films. It was revealed that the use of organic additives in the formulation of 
polystyrene paint leads to an increase in crack resistance by 2 times compared with the control composition 
(without additives). 

Addition to the formulation of polystyrene paint organomineral additives reduces the time of flowing 
property from 10 to 3–4 minutes, increasing the holding capacity by 13 %, which contributes to a better 
applicability of paint on cement surfaces and improve the quality of the appearance of coatings, which were 
evaluated, as well as in terms of surface roughness. It is revealed that the surface roughness of the coating 
based on the control composition is Ra = 0.74–1.2 μm, and the surface roughness of the coatings based on 
the composition with organic clay are Ra = 0.4–0.6 μm. 

The addition of organic additives leads to an increase in adhesion strength by 22 %. The adhesive strength 
of the control specimen was 1.88 MPa, and with organoclay – 2.42 MPa. Replacing 5 % of the titanium dioxide 
pigment with Omyacarb fillers and microdolomite leads to a decrease in the adhesion strength of the coatings to 
the substrate by 4.5 and 12 % compared with the composition without filler. It was studied the effect of the 
addition of organomineral additives on the water resistance of coatings, which was determined by the kinetics of 
moisture penetration through the coating, as well as by the change in the quality of the appearance of the coatings 
after 24 hours in water. It was established that the presence of organoclay in the formulation of paint helps to 
reduce the rate of penetration of moisture. The maximum speed of moisture penetration through the coating is 
after 72 hours for formulations with organogline of 0.0057 mg/h, and for the control composition (without 
organoclay) – 0.0125 mg/h. The maximum moisture penetration rate is characteristic of coatings based on paint 
with a filler, which characterizes a more porous structure of the coating. This is confirmed by the results of 
studying the porosity of paint coatings. It was revealed that the replacement of 5 % titanium dioxide by 
microdolomite leads to an increase in large pores of the coating. The relative total porosity with an equivalent 
radius of 50 to 99 μm was 54.8 % for the composition without filler and 56.0 % for the composition in which part 
of the pigment was replaced with microdolomite. 

It is shown that the coatings based on the control composition (without organoclay) have a color change, 
appearance of stains, rash on 20 % of the surface after 288 hours in water, while the coating on the basis of 
the composition with an organomineral additive changes color without showing surface defects occurred only 
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after 512 hours of testing. The addition of fillers in the formulation of the paint composition contributed to a 
certain decrease in the waterproof properties of the coatings. Discoloration, the appearance of spots and 
rashes on the surface of the coatings appeared only after 360 hours of testing (for formulations with 
microdolomite) and 312 hours (for formulations with Omyacarb). 

The presence of organic additives in the formulation of polystyrene paint leads to a change in the 
hydrophysical properties of coatings. 

The resistance to vapor permeability of the control composition (without an organomineral supplement) 
was Rv = 6.40∙105, and with organic clay Rv = 8.50∙105. The resistance to vapor permeation of polymer 
coatings based on paints filled with microdolomite and Omyacarb are almost 1.5 times lower than the 
resistance to vapor permeation of polymer films based on paints without filler. 

Addition to the formulation of paint organic supplement leads to an increase in the frost resistance of 
coatings. Coatings based on the control composition collapsed after 112 cycles of alternate freezing and 
thawing. Coatings based on the composition with organoclay after 160 cycles collapsed. 

Based on comprehensive studies, an optimal formulation of polystyrene paint with an organomineral 
additive based on clays from local quarries has been developed. Table 6 shows the formulation of polystyrene 
paints with a rational content of pigment and filler. 

Table 6. Formulations of polystyrene paints. 

Components 
Composition of polystyrene paints (wt. %) 

control with organomineral additive 
I II III IV 

Polystyrene 7.9 7.8 7.8 7.8 4.5 
Solvent 70.7 70.4 70.4 70.4 25.8 
Pigment 20.9 21.3 20.23 20.23 – 
Color sand – – – – 68.94 
Microdolomite – – 1.07 – – 
Omyacarb – – – 1.07 – 
Clay – 0.2 0.2 0.2 0.09 
Additive OP-4 – 0.3 0.3 0.3 0.17 
Telaz 0.5 – – – 0.5 

Table 7 shows the comparative characteristics of polystyrene paints of the control composition (without 
additives) and composition with organoclay. 

Table 7. Exploitational properties of polystyrene paints and coatings based on them. 

Indicator Control I II III IV 
Relative viscosity, s 15–20 25–30 25–30 25–30 140–160 

Drying time at (20±2) ºC, min, 
not more than 7–9 10–12 9–12 8–10 12–14 

Milling degree, µm, not more 50 22 25 25 - 
Resistance to static exposure 
to water at (20±2) ºC, h, not less 48 72 48 48 24 

Resistance to vapor permeability 
Rv·10–5, m2∙h∙Pa/mg 6.4 8.5 5.8 6.0 4.2 

Adhesion strength, MPa 1.88 2.42 2.11 2.31 1.36 
The nature of the surface 

finishing layer smooth textured 

The quality of the external 
coating after 500 hours 

of moisturizing 

loss of luster up to 
50 %, dis-coloration, 
haziness, significant 
dirt retention, cracks 
or surface meshes, 
visible to the naked 

eye, flaking, no 
bubbles 

loss of luster up to 
5 %, color change is 

barely noticeable, haze 
is absent, grinding is 

barely noticeable, 
weathering, cracking, 

bubbles and exfoliation 
are absent 

loss of gloss 
up to 20 %, 

dis-
coloration, 
bronzing, 
haze, dirt 

retention are 
in-significant 

IV.7 

loss of luster up to 
50 %, dis-coloration, 
haziness, significant 
dirt retention, cracks 
or surface meshes, 
visible to the naked 

eye, flaking, no 
bubbles (after 200 h) 

Covering power, g/m2  160 112 142 110 – 
Frost resistance, cycles 112 160 138 132 18 

Thus, the use of colored filler in the formulation of polystyrene paints gives the surface of coatings 
textured character, expands the decorative range of finishes. 

4. Conclusion  
A novel organomineral additive for the polystyrol paint with reduced contents of were prepared and 

characterized to determine its volatile compounds characteristics. Based on the results of various tests, the 
following conclusions were drawn: 
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1. The composition and technology of producing an organomineral additive designed for polystyrene 
paints as a structuring and dispersing additive, which is a mixed-layer clay with an adsorbed surfactant – the 
product of the interaction of alkylphenols with OP-4 ethylene oxide, has been developed. It is established that 
the value of the adsorption of the OP-4 additive on the clay is 0.00038. Methods for the addition of 
organomineral additives in the formulation of polystyrene paint are proposed. 

2. The use of colored sand as a filler in polystyrene paints, which is a mixture of quartz sand and clay 
(up to 11 %) and has a red-brown color, is substantiated. It is proved that, on the basis of the specified filler, 
it is possible to obtain a solution of an organomineral additive by adsorbing an OP-4 additive on the surface 
of the clay particles contained in the colored filler. Based on the results of complex studies, it has been found 
that the addition of the organomineral additive into a polystyrene paint formulation increases the critical 
pigment volume concentration by a factor of 1.2, increases the degree of paint milling, reduces dispersion time 
(by 2 times), and decreases the hiding rate from 160 to 112 g/m2. 

3. The composition of polystyrene paint with a low content of volatile compounds, designed for exterior 
and interior decoration of building products and structures. It was revealed that the modified polystyrene paints 
have the best filling, increased by 13 % retention capacity (relative to the solvent). Coatings based on the 
developed polystyrene paint have improved crack resistance and appearance qualities. The main protective 
properties of coatings based on modified polystyrene paint are determined. It is shown that the addition of 
organic additives contributes to increased resistance to external influences, as well as the strength of adhesion 
to the substrate by 22 %. 

4. The regularities of the influence of the organomineral additive on the technological properties of 
polystyrene paint and varnish compositions, which consist in increasing the drying time of coatings on the 
cement-sand substrate by 30 %, are established. Drying time at a low temperature for compounds with 
organoclay increases by 12.5 %. The regularities of the influence of the organomineral additive on the strength, 
deformative properties of coatings are established, namely, the addition of the organomineral additive in the 
polystyrene paint formulation leads to an increase in cohesive strength of 1.6–1.8 times, the elastic modulus 
1.2 times, the proportion of elastic deformation 2 times and reduce the proportion of plastic deformation in the 
total deformation of the coatings. The regularities of changes in internal stresses in coatings based on 
polystyrene paint are established. It has been shown that the addition of the paint of an organomineral additive 
into the formulation leads to a decrease in internal stresses by a factor of 2. 
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Аннотация. Предложенные органоминеральные добавки являются новыми, экологически чистыми 

компонентами для полистирольных красок. В качестве наполнителя для полистирольных красок 

использовался легкий суглинок коричнево-красного цвета. Реологические, технологические и физико-
механические свойства лакокрасочных материалов и покрытий на их основе изучались серией 

стандартных испытаний. Характеристики морозо- и водостойкости, укрывистости и удерживающей 

способности полистирольной краски подтвердили создание долговечных красок с высокими 

эксплуатационными свойствами. Комплексные исследования показали, что введение 

органоминеральной добавки в состав полистирольной краски увеличивает критическую объемную 

концентрацию пигмента в 1,2 раза, увеличивает степень измельчения краски, уменьшает время 

диспергирования (в 2 раза) и уменьшает скорость укрытия со 160 до 112 г/м2. Анализ результатов 

экспериментов доказал что введение органических добавок способствует повышению устойчивости к 

внешним воздействиям, а также прочности сцепления с подложкой на 22 %. Использование 

полученных результатов позволит создавать полистирольные краски с пониженным содержанием 

летучих соединений и повышенной трещиностойкостью. 
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Abstract. Correct determination and consideration of wind loads are primary importance in the design of 
unique architectural objects such as high-rise buildings, sport arenas, airports, large-span bridges. One of the 
most accurate ways to determine wind loads is to carry out model tests in specialized wind tunnels. Nowadays, 
during wind tests much attention is paid to the correct modeling of natural wind properties. In present work 
comparison of the most popular approaches for turbulence length scale determination is presented. One of 
the purposes of this study is to compare the main aerodynamic characteristics of the simple cube model 
obtained in uniform flow and during ABL modeling. This paper provides a brief overview of the method for ABL 
modelling in test section of the Landscape wind tunnel and contains experimental data on mean flow velocity 
distribution, turbulence intensity, dimensionless spectral density and integral scale of turbulence. The 
comparison of experimental data obtained for cube model in various wind tunnels revealed the influence of 
ABL on geometry and intensity of separation zones at the cube sides, and, as consequence, the influence of 
the same on integral and local aerodynamic characteristics of the object. On the basis of the obtained 
experimental data, it was concluded that the intensity of the separation zones has significant influence on the 
total aerodynamic loads, which is usually not taken into account in the framework of applied calculations. The 
difference in numerical values of aerodynamic characteristics was up to 30 %. 

1. Introduction 
According to Russian and foreign regulatory documents on the design of structures [1], wind load is to 

be determined with allowance for the specifics of atmospheric boundary layer (ABL). This requirement has to 
do with significant influence of ABL on aerodynamic characteristics of high-rise buildings and structures. Full-
scale characteristics of ABL for each type of locality are known and specified in numerous design regulatory 
documents and meteorological reference guides and handbooks.  

In the 50s of the last century, researchers began to pay attention to the study and modeling of ABL in wind 
tunnels, due to the fact that the designed at that time buildings began to show increased sensitivity to the wind’s 
effects, which required to take into account the wind loads acting on the structures more accurately [2]. For a 
detailed account of wind loads, it was necessary to change experimental approach of studies of models of 
structures in a uniform flow and proceed to conducting experimental studies in wind tunnels that allow the 
characteristics of the atmospheric boundary layer to be reproduced. Despite this, research in wind tunnels, 
creating a uniform air flow, is still very popular in modern practice due to both the high prevalence of such 
experimental stands, and their great development. That’s why it is important to understand how the experimental 
data obtained in laboratories differs from the information about real objects. 

The task to determine the simulation criteria in wind tunnel tests of buildings and structures is not easy 
question. For example, it is impossible to perform tests with Reynolds number equals to the nature one. 
Besides, during wind tunnel tests it is important not only to simulate air-structure interactions but also 
atmospheric boundary layer properties. One of the main criteria for modeling ABL properties in this case is the 
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Jensen number [3], which allows to estimate the necessary length of the test section for the natural growth of 
the boundary layer with the necessary characteristics. In accordance with this criterion, the minimum length 
of the test section can be estimated as 15–20 meters. In special-purpose wind tunnels with shorter test section, 
ABL modeling is based not only on natural boundary layer build-up along the length of test section wherein 
the additional large-scale obstacles and discrete roughness elements. The correctness of modeled ABL 
characteristics (mean wind velocity profile, vertical variation in turbulence intensity, energy characteristics of 
the flow, integral scale of turbulence) is to be ensured by proper selection of test section geometry, the 
geometry and number of obstacles. A seemingly simple method of ABL representation offers significant 
diversity in practical implementation [4, 5]. 

Determination of wind effects on modern buildings during wind tunnel tests can be difficult due to the 
complex geometry of the structure or not trivial properties of surrounding territory, for example in high-density 
cities. In case of low-rise buildings there are some challenges that are less evident with large buildings [8]. These 
challenges are connected with fundamental questions of simulation of ABL properties and can be formulated in 
simplify form as: what part of the turbulent spectrum should be simulated? High-frequency part corresponds to 
turbulence intensity changing with height, while low-frequency part corresponds to integral length scale changing 
with height. It should be noted that it is much harder to simulate changing of turbulence length scale than 
turbulence intensity. For the other hand changing of turbulence length scale with height in test section should 
correlate with well-known dependencies. Simplification of models geometry can be effective method for 
investigation of fundamental air-structure interaction. Besides information about pressure distribution on sides of 
the cube for example is commonly used in a lot of practical applications. 

Modeling of interaction between air flow and bluff body is one of the basic tasks of wind tunnel tests. 
The main sources of information about properties of model of cube are [6–12]. In [9] comparison of pressure 
distributions on the sides of cube for uniform flow and ABL flow is presented. This data set is commonly used 
for validation of computational model and verification of experimental data obtained in wind tunnels. However 
information about full aerodynamic loads in this work is absent. In [10] the major attempt of results comparison 
of different laboratories is described. It should be noted that conditions of wind tests were not be the same but 
still data about pressure distribution in characteristic points on the surfaces of the model is in a good 
agreement. Works [8, 11] must be mentioned in this list due to performed experiments with natural-sized model 
– Silsoe cube. Nowadays data about pressure distribution on the surfaces of Silsoe cube is very popular due 
to the fact that wind tests using full-scale model provide possibilities of more accurate comparison. On the 
other hand, the number of papers where data about pressure distribution in high range of cube orientation is 
presented is limited. Such data were published in [12] but the height of test section in wind tunnel was not 
large enough to perform correct modeling. 

The primary objectives of this study are as follows: 

1. To compare the main aerodynamic characteristics (coefficients Cx, Cy, Cp) of cube model obtained 
in uniform flow and during ABL modeling, 

2. To verify the main ABL parameters modeled in Landscape wind tunnel of the Krylov State Research 
Centre (Figure 1). 

2. Methods 
Experimental studies were carried out in two wind tunnels of the Krylov State Research Centre: large 

wind tunnel generating uniform stationary velocity profile (case I in Figure 2a), and Landscape wind tunnel 
(LWT) making it possible to simulate vertical distribution of the main ABL parameters (case II in Figure 2a)  

Large wind tunnel of the Krylov Centre is a subsonic closed-circuit tunnel with open test section (length 
5 m, width 4 m, height 2.5 m). Maximum flow velocity in test section is up to 100 m/s. 

Landscape wind tunnel of the Krylov Centre is a two-level subsonic wind tunnel wherein the return flow 
channel is fitted with 7 impellers generating air flow at speeds up to 15 m/s. Test section (length 18 m, width 
11 m, height 2.3 m) constitutes the first level in its entirety. Large-scale obstacles and different-scale discrete 
roughness elements are used to model ABL characteristics (as described in [5]). 

 
Figure 1. Scheme of the Landscape wind tunnel. 
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The main ABL parameters were determined in LWT using single-wire anemometer, velocity values were 
registered at sampling rate of 5 kHz, and measurement time at each point was equal to 900 seconds. This set 
of parameters made it possible not only to describe average processes, but also to obtain data on velocity 
fluctuations at measurement points with high level of accuracy. 

In order to compare aerodynamic parameters of the cube obtained for different types of wind flow, a 
400 mm cube model (Silsoe cube model [8]) was manufactured. Total aerodynamic loads on the cube were 
determined using load cell mounted at the base of the cube. Cell’s axes system is shown in Figure 2b. For the 
purpose of pressure measurement, 87 perforations were bored in the cube as shown in Figure 2c (corresponds 
to [11]). The perforations were connected to pressure scanner by means of tube transfer system. In the course 
of experiment, pressure was measured during 30 seconds at 100 Hz within the range of angles from 0° to 
180° where zero angle corresponds to normal flow incident on the face side of the cube. Thirty perforations 
were placed on one of the quadrant of the top side that made it possible to obtain data on pressure field at 
different angles of incident flow. The length of the tubes was chosen according to criteria of influence 
minimization on experimental data. Considering the dimensions of test sections of wind tunnels and cube size 
under study, flow chocking did not exceed 1 %. Reynolds number, calculated using side height and flow 
velocity at cube height, for both cases was equal to Re = 2.1×105. 

3. Results and Discussion 
3.1. Mean flow characteristics 

The analysis of experimental data obtained for the purpose of modeling of ABL characteristics in LWT test 
section was performed using the following approach. Mean velocity was determined by the following ratio 

1 ,i
i

U un= ∑  (1) 

where n is number of measured points;  

ui is instantaneous velocity at i-th point of time. Mean square deviation and turbulence level were 
calculated using the formulae respectively. 

( )2
,u iu U= −σ  (2) 

100.UIt
U

= ⋅
σ

 (3) 

Measurement algorithm is described in detail in the following study [14]. Vertical variation in 
dimensionless mean velocity profile is shown in Figure 3,a. 

 

 

Figure 2. Cube model a) flow boundary 
conditions; b) model-linked coordinate system; 
c) pressure measurement points at cube surface. 

Figure 3. Changing of the main properties of the flow  
with test section height a) mean velocity;  

b) turbulence intensity. 
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The cube height was chosen as a reference height zref = H = 0.4 m, and the velocity at that height was 
chosen as a reference velocity Uref. Exponential law for vertical variation in mean velocity specific for “0” type 
of locality pursuant to [1] is also plotted in the figure. Vertical variation in turbulence intensity as well as 
respective ratio from [1] are shown in Figure 3, b. It can be concluded that selected configuration of large-
scale obstacles and discrete roughness makes it possible to reproduce main characteristics of full-scale wind 
for specified type of locality with sufficient accuracy. 

3.2. Turbulence length scales in LWT 
The questions of scale open up the whole area of physical simulation [3]. The basis of theories often 

includes considerations about dimensionless criteria: Strouhal, Reynolds, Froude, Jensen etc. In ABL wind 
tunnels not only dimensionless criteria is important but also mean and actual properties of the modeled flow, 
such as turbulence length scale.  

The description of algorithms to determine turbulence scales is available in numerous well-known 
studies, e.g. [13, 14]. In present study, the scales were determined using autocorrelation coefficient (4) and 
Karman spectrum (5). In this case, it was assumed that Taylor hypothesis is true for the entire height of wind 
tunnel test section. 
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where 
2σ
SfS ⋅

=  is dimensionless spectral density, 

U
Lff

U
x⋅

=  is dimensionless frequency. Formula (5) can only be used on the assumption that all 

spectral densities of signals at different heights coincide in dimensionless form. Dimensionless spectral 
densities at different heights within the LWT test section are shown in Figure 4. In can be seen that they match 
well both in high-frequency band (“-5/3” law) and low-frequency band (position of maximum). 

Turbulence scales determined using the abovementioned methods are given in Figure 5. As it is shown 
in the figure, these methods give similar results, so both of them can be used to obtain reliable data on flow 
parameters. 

  
Figure 4. Dimensionless spectral density 

at different heights. 
Figure 5. Changing of LxU  

and its acceptable 15 % variation range. 
Vertical variation in longitudinal integral turbulence scale in full-scale conditions can be described using 

the formula proposed in [15]  

( )0.35 0.063
025 ,U

xL z d z −= ⋅ −  (6) 

where d is zero place displacement in law-of-the-wall velocity,  

z0 is roughness length parameter in law-of-the-wall. Full description of all parameters can be easily 
found in [14]. 
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The procedure for scale determination using formula (6) is suggested in [13]. Vertical variation in 
longitudinal integral turbulence scale in LWT test section as well as the range to cover the determined scales 
in accordance with formula (6) and requirements set forth in [15], are indicated in Figure 5. The results given 
therein imply the possibility to model longitudinal integral turbulence scale in LWT test section.  

As outlined above and previously discussed in numerous well-known studies, e.g. [11], in order to 
determine mean wind loads on buildings and structures, it is sufficient to model mean velocity profile, 
turbulence intensity and high-frequency part of energy spectrum since these are parameters which are the 
most influential on obtained results. In case of study of aeroelastic oscillations simulations of turbulence length 
scales and Reynolds stresses have to be included in addition to parameters noted above. 

3.3. Aerodynamic forces 
High frequency load cells were used to record the values of aerodynamic forces and moments. The 

values measured in model-fixed coordinate system were non-dimensionalized using ratio (7). If it is necessary 
to change from object-fixed coordinate system to flow-fixed coordinate system (Cflow

x; Cflow
y), simple rotation 

matrix can be used. 

,
, 2 ,

2

x y
x y

F
C

V S
=
ρ

 (7) 

where Fx, y is aerodynamic force, acting in respective direction, N;  

ρ is air density, in experimental conditions it was equal to 1.225 kg/m3;  

S is cube side area, m2;  

V is incident flow velocity, m/s. 

The experiment was performed for those incident flow velocities wherein the aerodynamic 
characteristics do not vary with Re number. Aerodynamic coefficients Cx and Cy at two different flow velocities 
within the angular range from 0° to 180° are shown in Figure 6. It can be seen that Cy distribution is symmetrical 
about the angle of 90°, maximum values of coefficients coincide and occur at angles spaced 90° apart, that 
fully corresponds to the airflow physics. There was also discovered a non-monotonic variation in Cx coefficient 
in the vicinity of angle of 80° as well as similar non monotonic variation in Cy distribution at 10° and 170°, 
associated with separation zones occurring at the cube sides [16]. It is well known that for square prism flow 
patterns can be classified into two types, perfect separation type where angles of attack is less than ~14° and 
reattachment type where angle of attack is larger than ~14°. Aerodynamic coefficients change drastically at 
this point, i.e. mean drag coefficient becomes minimum and magnitude of the lift coefficient reaches maximum 
[17, 18].  

Dependencies for aerodynamic coefficients, obtained in both cases are qualitatively similar while 
quantitative difference between them can be up to 30 % as it has already been shown in other studies [19]. In 
some cases, such wind load overstating is acceptable; however, in a number of designs, this kind of “margin” 
may result in unjustified strength/mass/material consumption overrating.  

It should be noted that transition from aerodynamic coefficients to dimensional aerodynamic force is to 
be made using dependency (7) in strict compliance with selected area S and height wherein the velocity V is 
determined, both in full-scale and experimental conditions. 

 
Figure 6. Distribution of aerodynamic coefficients  

a) coefficient Cx; b) coefficient Cy. 
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3.4. Mean wind loads 
The main outcome of aerodynamic tests at the design stage is determination of mean, fluctuating and 

peak aerodynamic wind loads (following by [1]), acting on the facades of building and structures. In accordance 
with regulatory documents (e.g. [1]), wind loads can be determined using aerodynamic coefficients 
represented by dimensionless pressure coefficients.  

For this purpose, during the experimental studies in LWT, instantaneous pressure values are measured 
at the points on the surface of object model. Values of sampling rate and measurement time are selected for 
each object individually depending on density of surrounding buildings (if any), the geometry of the object itself 
and other factors. Typical values of sampling rate exceed 100 Hz, minimum measurement time is 30 seconds.  

Measurement data on instantaneous pressure at the points on the surface of object model at different 
angles of incident airflow make it possible to use mathematical tools of statistics theory in order to determine 
the required parameters. However, this paper deals only with mean pressure distribution on the surface of the 
cube under study. 

In general engineering problems pressure coefficient is understood as a sum of coefficients for external 
and internal pressure acting on the surface element. In case of experimental studies in wind tunnel, internal 
pressure is usually not determined due to the difficulties associated therewith, so from this point on Cp will be 
used as external pressure coefficient determined as follows 

1

,
j

j
p

pN
С q=

∑
 

(8) 

where N is amount of data, obtained within measurement time$  

pj is pressure measured at each point of time, Pa;  

q is mean dynamic pressure at the cube height measured at 3H distance from its lateral side, Pa. All 
results are presented against dimensionless coordinate d/H, where d is distance from the point with “0” index 
as shown in explanatory figures and in Figure 2c. 

Mean pressure coefficient distribution along symmetry lines at zero angle α obtained in both cases is 
shown in Figure 7. Figure also contains data presented in well-known studies [8–10]. As it can be seen, 
pressure coefficient along the front side for uniform flow remains almost constant. Pressure coefficient 
Cp = −0.4 at the top side for this case remains almost constant as well. Influence of the top side of the cube 
on pressure distribution in both cases starts at distance 0.75∙H from floor – pressure coefficient become 
smaller than 1 in uniform flow (Figure 7,a). In case of nonuniform incident flow profile, pressure coefficient 
distribution along the face side is not constant and correlates well with experimental data obtained in other 
studies and with full-scale measurement results, including local minimum on the face side at distance 0.25∙H 
from floor. In addition it should be noted that there is significant difference in pressure distribution between 
two cases along the top, left and right sides, associated with influence of gradient flow on geometry and 
intensity of separation zone. According to Figure 7.b there is a symmetry in pressure coefficient distribution 
along intervals 1→2 and 3→4 and even for back side of the cube in both cases. 

 
Figure 7. Pressure coefficient distribution along symmetry lines 

a) vertical; b) horizontal. 
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Mean pressure coefficient distribution along symmetry lines at different angles α, obtained in both cases, 
is shown at Figures 8 and 9. There is no big difference in pressure distribution between all presented angles 
on the back side in uniform flow (Figure 8,a). Size of the separation zone on the top side in case I is much 
smaller than in case II. It should be taken into account, for example during snow drift simulation where sizes 
of separation zones play significant role. 

 
Figure 8. Pressure coefficient distribution along vertical symmetry line for different angles 

a) case I; b) case II. 

 
Figure 9. Pressure coefficient distribution along horizontal symmetry line for different angles 

a) case I; b) case II. 

4. Conclusion 
Nowadays, correct determination and consideration of wind loads are of primary importance in the 

design of unique architectural objects such as high-rise buildings, sport arenas, airports, large-span bridges. 
Moreover, correct modelling of ABL parameters in test section of wind tunnel is quite challenging, since it 
requires simultaneous representation of mean velocity profile of full-scale wind, vertical variation in its 
turbulence intensity, energy characteristics and turbulence integral scale.  

This paper contains the results for resolving the following tasks: 

1. To compare the main aerodynamic characteristics (coefficients Cx, Cy, Cp) of cube model obtained 
in uniform flow and during ABL modeling,  

2. To verify the main ABL parameters modelled in Landscape wind tunnel of the Krylov State Research 
Centre. 

Large-scale obstacles and discrete roughness were used to create ABL in LWT test section; this made 
it possible to reproduce mean velocity profile, varying in accordance with exponential law, and turbulence 
intensity of longitudinal velocity. Spectral densities obtained using Welch spectrogram demonstrate that high-
frequency portion of energy spectra, which has an utmost importance in determining flow influence on the 
modeled objects, are predicted correctly. The data about integral turbulence scale presented herein [20] and 
obtained using two of the most frequently implemented approaches demonstrate the possibility for this 
parameter to be modeled in wide test section of wind tunnel. 
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In order to estimate the influence of ABL on main aerodynamic parameters, the model of cube was 
tested in two wind tunnels with and without ABL being considered. Experimental data obtained in the course 
of present investigation regarding air flow influence on cube model in ABL, correlate well with the results 
obtained by other researches in earlier studies. Comparison of experimental data revealed significant influence 
of ABL on geometry and intensity of separation zones at cube sides and, as consequence, the influence of 
the same on integral (Cx, Cy) and local Cp aerodynamic characteristics of the object. The difference in 
numerical values of aerodynamic characteristics was up to 30 %. 

Based on experimental results discussed herein the following may be concluded: 

1. experimental data on mean flow velocity distribution, turbulence intensity, dimensionless spectral 
density and integral scale of turbulence are in good agreement with existing dependencies and previous 
studies; 

2. pressure distribution on the surfaces of cube model, obtained during the experiment in LWT, correlate 
well with existing full-scale measurement data and the results of experimental studies performed using similar 
test facilities; 

3. the main ABL characteristics can be modeled correctly in LWT test section using the method for flow 
non uniformity generation described in this paper; 

4. correct ABL modelling used to determine aerodynamic parameters of structures makes it possible to 
eliminate unreasonable wind load margins. 
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фасады 

Аннотация. Правильное определение и учет ветровых нагрузок имеют первостепенное значение при 
проектировании уникальных архитектурных объектов, таких как высотные здания, спортивные арены, 
аэропорты, большепролетные мосты. Одним из наиболее точных способов определения ветровых 
нагрузок считается проведение модельных испытаний в специализированных аэродинамических 
трубах. В последние десятилетия подход к моделированию воздействия воздушного потока на 
статические сооружения претерпел значительные изменения – в настоящее время все большое 
внимание уделяется корректному моделированию особенностей натурного ветра. При этом важно 
понимать, какое именно значение на результат эксперимента оказывает учет или не учет параметров 
ветра. В работе представлено сравнение наиболее популярных методов определения масштабов 
турбулентности – с использованием корреляционной функции и соотношения Кармана. Также целью 
данного исследования является сравнение основных аэродинамических характеристик 
(коэффициенты Cx, Cy, Cp) модели простого куба, полученных в однородном потоке и во время 
моделирования атмосферного пограничного слоя (АПС). В статье представлен краткий обзор метода 
моделирования АПС в рабочей части Ландшафтной аэродинамической трубы, а также 
экспериментальные данные о распределении средней скорости потока, интенсивности 
турбулентности, безразмерной спектральной плотности. Сравнение экспериментальных данных, 
полученных для модели куба в различных аэродинамических трубах, выявило влияние АПС на 
характеристики зон отрыва на сторонах куба и, как следствие, влияние на интегральные (Cx, Cy) и 
локальные (Cp) аэродинамические характеристики объекта. На основе полученных 
экспериментальных данных сделан вывод о существенном влиянии интенсивности отрывных зон на 
суммарные аэродинамические нагрузки, что обычно не учитывается в рамках практического расчета. 
В частности, показано, что учет особенностей градиентного потока приводит к снижению 
определяемых коэффициентов на 30 %. 
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Abstract. In order to explore the influence of external environmental factors, the initial width of cracks and the 
placement of glass fiber tubes on the repairing effect of self-repairing concrete, glass fiber tubes are built in 
self-repairing concrete specimens, Self-repair test using repair adhesive. The repair rate α is characterized by 
the ratio of the initial crack width l to the time t used for repair completion, and the effects of the above three 
factors on the repair rate were analyzed. The results show that at –15~30 °C, the repair rate increases with 
the increase of temperature; at 0~30 °C, the growth rate of repair rate is obviously less than the growth rate 
of –15~0 °C. When the temperature is below 0 °C, the temperature plays a leading role in the improvement of 
the repair rate; The repair rate increases first and then decreases with the increase of the initial crack width. 
When the crack width is from 0.4to 0.6mm, the repair rate increases significantly faster than the crack width 
from 0.6to 1.0mm. The rate of repair of the crack width from 1.0 to 1.5 mm is significantly higher than that of 
the crack width from 1.5 mm to 2.0 mm. And when the initial crack width is about 1.0 mm, the repair rate 
reaches the highest level. When the initial crack width and the repair temperature are between –15 and 30 °C, 
the repair rate of the glass fiber tube is slightly better than that of the diamond when the inverted trapezoid is 
placed. The initial width of the crack has the greatest influence on the repair rate. Followed by temperature 
conditions and placement of fiberglass tubes. The corresponding factor levels at the maximum repair rate are 
1.0mm, 30 °C and inverted trapezoids. 

1. Introduction 
Cement concrete pavement can adapt to the requirements of large-scale transportation, high speed, 

large traffic flow, etc., which are necessary for the development of transportation, and has many advantages 
such as high strength, good stability, long service life and low maintenance costs, etc. A non-homogeneous 
brittle material can easily generate microcracks inside the component under the influence of the surrounding 
environment. If these micro-cracks cannot be repaired in time, these irregular and inconsistent micro-cracks 
will further develop under the influence of external factors. Macroscopic cracks that will greatly reduce the 
durability and safety of cement pavements [1, 2]. Therefore, how to prevent cracks on cement pavement is 
crucial. At present, the commonly used crack repair methods include surface repair method, grouting caulking 
plugging method, structural reinforcement method, concrete replacement method, electrochemical protection 
method and other passive repair methods, while bionic self-healing method is an active repair method, which 
can be timely repair concrete cracks and restore their compactness and mechanical properties [3,4]. 
At present, the self-healing method to repair concrete cracks, that is, self-repairing concrete is still in the 
primary stage of intelligent concrete [5, 6]. Many scholars have carried out various attempts and researches 
on self-repairing concrete technology. Victor Li [7] and other fibers and quartz sand were incorporated into the 
fiber-reinforced cementitious composite material to achieve control of crack dispersion. The maximum 
distance between the cracks was 0.3 cm, and the average spacing was only 60 μm. Carolyn Dry [8] selected 
a acetal polymer solution as a repairing agent, and the mechanical properties of the repaired test piece were 
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improved and improved. Michelle Pelletier [9] used the reaction product of Ca(OH)2 and Na2SiO3 to fill the 
cracks and achieve the purpose of repairing cracks. However, the research on the influencing factors of crack 
repair ability is limited to the internal factors such as repair materials and mix ratio. However, there are few 
studies on external factors such as temperature and load. Therefore, in order to achieve the best crack healing 
effect, the internal factors affecting the repair rate will be affected. It is necessary to conduct research in 
combination with external factors [10,11]. Self-repairing concrete with built-in fiberglass tube is a kind of self-
repairing concrete. The reason why it can repair the crack is the combination of the initial width of the crack, 
the number and position of the fiberglass tube, the type of adhesive, and the external environment. In order to 
explore how each factor affects the self-repairing effect, the initial width of the crack, the placement of the 
fiberglass tube and the external environment (temperature) are selected as variables. The repair rate α is 
characterized by the ratio of the initial crack width l to the time t used for repair completion. The research was 
made in order to explore the influence of external environmental factors, the initial width of cracks and the 
placement of glass fiber tubes on the repairing effect of self-repairing concrete [12].  

2. Methods 
2.1. Repair materials and their carriers 

The performance of the repair material is critical to the repair rate. The advantage of the adhesive is 
high bonding strength and good fluidity [13–16]. Select resin-based end isocyanate-based polyether-type 
single-liquid polyurethane as an adhesive, such as No. 717 adhesive produced by Great Wall manufacturers. 
The structural characteristics make it have the characteristics of normal temperature curing, temperature 
resistance, oil resistance, acid and alkali resistance. Therefore, test selected it as a repair material. 

It is important to repair the effect of repairing the number of carriers and whether the mechanical 
properties of the repair carrier and the concrete matrix match. Since the coefficient of linear expansion of glass 
and concrete is very close, when the temperature changes, the glass and concrete will not break the bond 
between them due to the relative temperature deformation; and the glass is composed of various oxides, the 
calculation shows that the compressive strength is generally 500–2000 MPa, which is much higher than the 
compressive strength of concrete, which avoids the problem that the glass tube is broken before the concrete 
due to the load [17, 18]; in addition, the tensile strength of the glass is usually around 1/15 of compressive 
strength, in order to crack the glass tube while the specimen is cracked, a suitable glass tube size was 
calculated [19, 20]. In summary, the carrier used in this paper is an insulating glass fiber tube with a length of 
25 cm, an inner diameter of 5 mm and a wall thickness of 0.5 mm. 

2.2. Matrix materials and their mix ratio 
The repaired fiber with a length of 25 cm, an inner diameter of 5 mm and a wall thickness of 0.5 mm 

was used for the test. The test substrate is a concrete anti-folding test piece with a size of 
400 mm×100 mm×100 mm, and the tension zone is provided with 2 √ 8 fixtures. The cement is 42.5 grade 
ordinary portland cement; the fineness modulus of sand is 2.7; the gravel is 5–20 mm continuous gradation; 
the apparent density of concrete is 2406 kg/m3; the water is tap water; the admixture is naphthalene efficient 
water reducing agent (FDN-C), water-to-binder ratio is 0.41. The concrete mix ratio is shown in Table 1. 

Table 1. Concrete mix ratio. 
Cement（kg/m3） Sand（kg/m3） Gravel（kg/m3） Water（kg/m3） Water Reducer（kg/m3） 

440 712 1068 180 6.6 

2.3. Factors affecting repair capacity and evaluation indicators 
Self-repairing concrete with built-in fiberglass tube is a kind of self-repairing concrete. The reason why 

it can repair the crack is the combination of the initial width of the crack, the number and position of the 
fiberglass tube, the type of adhesive, and the external environment. The factors affecting the repair rate can 
be generally divided into internal and external factors. The internal factors mainly include the content of various 
minerals (such as the amount of fly ash and silica fume), mix ratio, repair materials, repair carriers, etc. The 
external factors mainly include repair time, repair environment, initial crack width, external load, etc. Through 
the comparison of many internal and external factors, the initial crack size, the position of the glass fiber tube 
and the external environment (temperature) were taken as the influencing factors, and the internal and external 
factors were combined to study. 

2.4. Influencingfactors 
The initial width of the crack has a great influence on the repair rate. Studies have shown that self-

repairing concrete can only repair micro-cracks within a certain width range, but does not explain the effect of 
the initial crack size on the repair rate and repair time of the repaired specimens. Therefore, it is very important 
to study the effect of the initial crack width on the repair rate. In order to make the initial crack have the same 
characteristics as the actual crack, referring to the crack prefabrication method in the existing research, the 
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crack is obtained by applying a specific load to the test piece. The test shows that when the applied load is 
respectively 50, 55, 60, 65, 70 % of the failure load, the corresponding main crack width observed by the  
PTS-C10 intelligent crack width observer is about 0.4mm, 0.6 mm, 1.0 mm, 1.5 mm and 2.0 mm.  
The PTS-C10 intelligent crack width observer is shown in Figure 1. The reading view of the crack width is 
shown in Figure 2, the unit in Figure 2 is mm, the maximum range is 2 mm, and the minimum scale is 0.02 mm. 

  
Figure 1. PTS-C10 intelligent crack 

width observer. 
Figure 2. Crack width observation 

reading viewport. 
The position of the fiberglass tube has a significant impact on the repair capacity. The hollow glass 

tube is added inside the test piece, and the flexural strength of the test piece will inevitably decrease. The 
test shows that the bending strength caused by placing four glass tubes is significantly lower than that when 
six pieces are placed. The placement is in the form of diamond and trapezoidal, where the reduction was 
the smallest compared with other placement methods, and the flexural strength decreased respectively by 
5.7 % and 6.1 %, which was much lower than the lowest flexural strength recovery rate of 38.4 % in the 
test. In addition, the setting position is too low, the adhesive cannot repair the crack above the set position, 
the setting position is too high, and the adhesive capacity may not be enough to flow to the bottom of the 
crack. Therefore, it is important to properly set the position of the fiberglass tube. Studies have shown that 
the cracks are mainly produced in the longitudinal middle position of the test piece, and the development 
trend from bottom to top appears, so the position of the fiberglass tube in the test is selected in the middle 
to the lower position. In summary, the glass fiber tube is placed in the test in the form of a diamond and an 
inverted trapezoid as shown in Figure 3, the unit of measurement in Figure 3 is mm. 

 
 (a) (b) 

Figure 3. How to place the glass fiber tube in the test piece:(a) the glass tube is placed 
in a diamond shape (b) the glass tube is placed in an invertedtrapezoid. 

The external environmental conditions are one of the important factors affecting the self-repairing effect 
of cracks. China has a vast territory and a large difference in environmental conditions. In order to understand 
the repair rate of cracks under different environmental conditions, five different self-healing conditions are 
selected to represent the environmental conditions in different regions of China. The test data obtained can 
provides theoretical guidance on appropriate environmental conditions or areas for self-repairing concrete. In 
addition, for cement concrete pavement, at a certain moment, the road surface temperature is affected by 
three basic heat transfer modes of radiation, convection and heat conduction. It can be seen that the 
temperature of the road panel changes continuously with the temperature of the air. And cement concrete 
pavement as a pavement structure with specific thickness, the temperature along the thickness direction is 
also a certain regularity and constantly changing. The prediction model of temperature field of various cement 
pavement panels shows that the 22 cm thick cement road panel is taken as an example. The temperature of 
the pavement surface is nearly 15 °C higher than the temperature at the bottom of the pavement. At the same 
pavement depth, the highest temperature and the lowest temperature in the same day differ by about 20 °C. 
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Therefore, in order to make the temperature conditions of the test conditions coincide with the actual middle 
panel temperature conditions, it is very important to choose the temperature conditions reasonably. The 
meteorological statistics show that the temperature in Harbin is generally rising from February to June, and 
the humidity is decreasing. Based on the analysis of temperature and humidity data of various months in 
Harbin in recent years, and considering the environmental conditions must to a certain extent represent the 
average temperature conditions in various regions of China as well as the temperature conditions at different 
panel thicknesses in different seasons in Harbin. Finally, five environmental conditions as shown in Table 2 
were selected. 

Table 2. Crack self-healing environmental conditions. 
Environmental 

condition number 
Corresponding monthly average 

temperature (°C) Description of environmental conditions in the test 

1 –15 Outdoor environmental conditions in Harbin in February 
2 0 Outdoor environmental conditions in Harbin in March 
3 10 Outdoor environmental conditions in Harbin in April 
4 20 Outdoor environmental conditions in Harbin from May to June 
5 30 30 °C constanttemperatureoven 

2.5. Evaluationindicators 
Through the monitoring of the cracks during the repair of each test piece, it can be found that the repair 

of the crack mainly occurs in the first two days, that is, with the repair carrier breaks, the adhesive flows out 
from the flow and flows to the crack generating portion, and then gradually solidifies, and finally the crack Was 
fixed. Therefore, the crack monitoring results of the first two days of repair rate are the basis for calculation. 
The calculation formula of the time α used for the repair rate is as shown in Equation 1. 

1,tα =  (1) 

where α is repair rate (mm/d); 

l is initial crack width (mm); 

t is the time taken to complete the crack repair (d). 

3. Results and Discussion 
3.1. Preparation of test pieces 

The filling and sealing of the adhesive in the glass fiber tube is carried out as follows: First, the end of 
the glass fiber tube is closed. Use GLUE GUN GT-10 hot melt glue gun to inject about 3 mm hot melt adhesive 
into the glass tube to seal one end of the glass tube. The operation is as shown in Figure 4. The glass tube 
sealed with hot melt adhesive is shown in Figure 5; After the molten rubber is solidified, the port sealed with 
hot melt adhesive is applied with epoxy resin AB glue to double seal; Secondly, the adhesive is injected into 
the glass fiber tube. Since the end of the glass fiber tube is closed, it is difficult to apply the adhesive. The 
infusion method of the adhesive in this test follows the lifting duct method used for pouring concrete in the 
bored pile, that is as shown in Figure 6. The syringe shown is used in conjunction with the sheared medical 
infusion belt for injection, so that the injection of the infusion belt can speed up the injection speed while 
avoiding the appearance of the air column. Finally, the other end of the glass fiber tube filled with the adhesive 
is closed. The sealing method is the same as the first step. The steel and the glass fiber tube filled with the 
adhesive can be placed in the corresponding position when pouring the concrete. The pouring process of the 
test piece is shown in Figure 7. 

  
Figure 4. GLUE GUN GT-10 hot melt glue gun. Figure 5. Hot melt glue closed glass tube. 
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Figure 6. Adhesive syringe. Figure 7. Preparation of test piece. 

3.2. Test technology route 
In order to make the environmental conditions in the crack repair as consistent as possible in the actual 

environmental conditions, the test was carried out in five separate times, and 12 test pieces were prepared 
each time, 10 of which were test groups and 2 were control groups. Different degrees of load were applied to 
the test specimens to cause micro-cracks, and the test specimens were subjected to standard flexural strength 
tests. That is, when the environmental condition is 30 °C constant temperature oven, a total of 12 test pieces 
are required, wherein the glass fiber tube is placed in the test piece in a diamond shape, and the inverted test 
piece is 6 pieces each. Setting the destructive load of specimens placed in the diamond shape and inverted 
trapezoidal shape to be PA1 and PB1 in the standard flexural test, respectively, and the pre-applied loads of 
the other 10 specimens are 50 % PA1, 55 % PA1, 60 % PA1, 65 % PA1, 70 % PA1 and 50 % PB1, 55 % PB1, 60 % 
PB1, 65 % PB1, 70 % PB1 respectively. The initial cracks of the test pieces under the other four environmental 
conditions are prefabricated in the same way.  

3.3. Analysis of test results 
3.3.1. External environmental impact 

In order to explore how the repair environment (temperature, humidity) affects the repair rate, the 
placement of the fiberglass tubes is diamond-shaped, inverted trapezoidal, Under the condition of the initial 
crack width is 0.4mm, 0.6mm, 1.0mm, 1.5mm, 2.0mm, the test pieces repaired in different repair environments 
are monitored and analyzed, and the relationship between the repair rate and temperature conditions is shown 
in Figure 8,9, the temperature unit is °C. 

  
Figure 8. Change of repair rate with temperature 
when the glass fiber tube is placed in a diamond 

shape. 

Figure 9. The change of repair rate 
with temperature when the glass fiber tube 

is placed in inverted trapezoid. 
It can be seen from Figure 8 and 9 that no matter whether the glass fiber tube is placed in a diamond 

shape or an inverted trapezoidal shape, the repair rate increases with the increase of temperature in a certain 
temperature range, and the repair rate increases as the temperature increases. The speed gradually 
decreases. This shows that the change of temperature condition has a great influence on the repair rate. In a 
certain temperature range, the higher the temperature, the faster the repair rate is. 
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The above phenomenon occurs because the solidification of the selected adhesive is affected by 
various factors such as environmental conditions and the shape of the bonding surface etc. With the increase 
of temperature in the environmental conditions, the selected adhesive filled in the crack can be solidified 
earlier, and the reinforced concrete is re-established. Forming a solid whole, which in turn allows the crack to 
be repaired quickly, so the repair rate is higher. The rate of repair rate in each temperature range above 0 °C 
is significantly less than the growth rate of -15 °C to 0 °C. Due to a certain extent, when the temperature is 
below 0 °C, the temperature plays a leading role in the improvement of the repair rate. The temperature 
increases and the repair rate increases rapidly; When the temperature is above 0 °C, temperature is not the 
dominant factor affecting the repair rate. 

3.3.2. Impact of initial crack width 
In order to investigate how the initial crack width affects the repair rate, 50, 55, 60, 65 and 70 %, of the 

failure load of the control specimens are applied respectively under the conditions of the placement of the 
glass fiber tubes in the shape of diamonds and inverted trapezoids. Andthe corresponding initial crack widths 
are respectively 0.4, 0.6, 1.0, 1.5, 2.0mm. The relationship between the repair rate and the initial crack width 
is shown in Figures 10 and 11 after two days of repair under different curing conditions (temperature, humidity). 

  
Figure 10. Repair rate as a function 

of initial crack width (diamond). 
Figure 11. Repair rate as a function 

of initial crack width (inverted trapezoid). 

It can be seen from Figures 10 and 11 that no matter whether the glass fiber tube is placed in a 
diamond shape or an inverted trapezoid, the repair rate increases first and then decreases with the increase 
of the initial crack width, and when the initial crack width is about 1.0 mm, the repair rate reached the highest 
level. Regardless of whether the glass fiber tube is placed in a diamond shape or a trapezoidal shape, the 
growth rate of the repair rate when the crack width is from 0.4 mm to 0.6 mm is significantly lower than that 
of the crack width from 0.6 mm to 1.0 mm; and the crack width is from 1.0 mm to the rate of repair rate at 
1.5 mm is significantly higher than the rate at which the crack width decreases from 1.5 mm to 2.0 mm. 

The occurrence of the above phenomenon is the result of the interaction of the fluidity of the adhesive 
and the capacity of the adhesive in the carrier. Because the fluidity of the adhesive is affected by the crack 
size, when the temperature conditions are the same, the fluidity of the adhesive increases with the increase 
of the crack width, so when the pre-cut crack width is less than 1.0 mm, the volume of the repair adhesive 
capacity is relatively larger and the fluidity is lower, so it can not flow to the crack better, and the repair rate is 
lower. As the crack width increases, the fluidity of the adhesive increases, and it can be quickly flowed to the 
interface of the crack at the crack to repair it. As the crack width is further increased, the adhesive capacity in 
the repair carrier is received. The limitation of the adhesive is that the viscosity increases and the fluidity 
increases, and the faster flow to the lower end of the crack, and the upper crack cannot be repaired, so the 
repair rate is greatly reduced. It can be seen that when the initial crack width is about 1.0 mm, the repair rate 
of the crack is the highest, and at this time, the capacity of the repair material in the repair carrier and the 
fluidity of the repair material in the crack are matched. 

3.3.3. Influence of glass fiber tube placement 
In order to explore how the placement of the glass fiber tube affects the repair rate, under the conditions 

of the initial crack width and the same curing conditions (temperature, humidity), the glass fiber tube is placed 
in a variable, placement includes diamonds and inverted trapezoids. The relationship between the repair rate 
and the initial crack width is shown in Figure 12. 
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(a) (b) (c)  

 

  
(d) (e) 

Figure 12. Change in repair rate as the fiberglass tube is placed:a) Initial crack width is 0.4mm;  
b) Initial crack width is 0.6mm; c) Initial crack width is 1.0 mm; d) Initial crack width is 1.5 mm; 

e) Initial crack width is 2.0mm. 
It can be seen from Figure12 that when the initial crack width and the temperature condition of the repair 

are given, the repair rate of the glass fiber tube placed in the inverted trapezoid is slightly better than that of 
the diamond. When the glass fiber tube is trapezoidal, the glass fiber tube is arranged at the lower part. When 
the test piece is subjected to an external action, the lower part first generates a crack, and the adhesive which 
flows out after the lower glass tube is broken can be better. Repair the lower crack, and the position of the 
glass tube is diamond-shaped, the lower part of the adhesive flows out, the amount of adhesive required for 
the lower crack can not be guaranteed, and the smaller the crack, the worse the fluidity, part of the adhesive 
solidifies gradually during the flow and the fluidity is reduced, so the crack cannot be repaired quickly. 

According to the comparison with the existing research results, it can be concluded: The change of 
temperature condition has a great influence on the repair rate. In a certain temperature range, the higher the 
temperature, the faster the repair rate is. The repair rate increases firstly and then decreases with the increase 
of the initial crack width, and the repair rate reaches the highest level when the initial crack width is about 
1.0 mm. When the initial crack width and the temperature condition of the repair are given, the repair rate of 
the glass fiber tube is slightly better than that of the diamond when the inverted trapezoid is placed. The initial 
width of the crack has the greatest influence on the repair rate, followed by the temperature condition and the 
placement of the fiberglass tube. The corresponding factor levels at the maximum repair rate are 1.0 mm, 
30 °C and inverted trapezoids. 

4. Conclusion 
(1) At –15~30 °C, the repair rate increases with the increase of temperature; at 0~30 °C, the growth 

rate of repair rate is significantly lower than the growth rate of –15~0 °C. When the temperature is below 0 °C, 
the temperature plays a leading role in improving the repair rate. When the temperature rises, the repair rate 
increases rapidly; when the temperature is higher than 0 °C, the temperature is not the main factor affecting 
the repair rate. The above studies have important reference value for temperature-affected repair rate.  

(2) When the crack width is 0.4 mm to 0.6 mm, the repair rate is significantly faster than the crack 
width of 0.6 mm to 1.0 mm. The repair rate of the crack width from 1.0 mm to 1.5 mm is significantly higher 
than the crack width of 1.5 mm to 2.0 mm. When the initial crack width is about 1.0 mm, the repair rate 
reaches the highest level. The study shows that as the initial crack width increases, the repair rate increases 
first and then decreases, which is important for the effect of the initial crack width on the repair rate. 
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(3) This study shows us that when the initial crack width and repair temperature is -15~30 °C, the repair 
rate of the glass fiber tube is slightly better than that of the diamond when the inverted trapezoid is placed. It 
is very valuable to study the effect of the location of the repair material on the repair effect. 

(4) The initial width of the crack in this study had the greatest impact on the repair rate, followed by the 
temperature conditions and the placement of the fiberglass tube. The corresponding factor level under the 
maximum repair rate is 1.0mm, 30 °C and inverted trapezoid, which is of great significance for the study of the 
repair effect under the same conditions. 
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Abstract. Cracks can be quite critical for the safety of architectural structures so their investigation is crucial. 
Excessive crack opening in reinforced concrete structures leads to corrosion of the reinforcement, which 
significantly reduces their serviceability. An extraordinary problem on the width of crack opening was 
considered for RC (reinforced concrete) elements under the affects of bending and torsion. Its solution was 
proposed on the basis of RC theory involving the hypotheses of fracture mechanics. The initial hypotheses 
about the formation and disclosure of spatial cracks for multilayer RC structures were formulated. These 
proposals allowed assessing the resistance of concrete in tension and the distance between the cracks, as 
well as the width of its disclosure. Hence, specific features of a double-cantilever element adjacent to spatial 
cracks were investigated with both mathematical calculations and experimental studies. The results 
demonstrated that developed new technique can be used for estimating the width of the spatial cracks for RC 
elements under the affects of bending and torsion. 

1. Introduction 
Excessive crack opening in reinforced concrete structures leads to corrosion of the reinforcement, which 

significantly reduces their serviceability. In addition, the resulting cracks significantly reduce the stiffness of 
reinforced concrete structures [1–8]. Nevertheless, despite the obvious and urgent need, a calculation model 
for a satisfactory assessment of the width of crack opening in reinforced concrete has not yet been developed 
[9–22], it is not very significant for the experiment and in some cases reaches more than 100%. Thus, this task 
is extraordinary. In this case, parameters, such as the distance between the cracks and resistance of the 
concrete in tension between the cracks, currently are not amenable to theoretical description. So the first of 
them changes discretely as the load increases, an extraordinary change of the second clearly requires the 
opening of some unknown up to the present time to a wide range of domestic and foreign researchers of the 
effect arising in the process of resistance to reinforced concrete. 

The processes of the development and opening of cracks in elements of reinforced concrete structures 
are a rather complicated phenomenon, for the phenomenological description of which it is necessary to involve 
a number of hypotheses about the joint work of two materials. Its analysis becomes more complicated by the 
fact that the main hypothesis of the mechanics of a solid deformable body (the continuity hypothesis) is not 
applicable here – the integrity is broken with the formation of macro cracks. The use of simplified approaches 
is also impossible here, since the inaccuracy allowed in this case exceeds the value of the characteristic асrc, 
measured in experiments using a microscope. 

The problem is further complicated by the fact that along with regular cracks in reinforced concrete there 
are discrete cracks with different criteria for their formation and development [2, 4, 18–21]. Here, the main role is 
played by the concentration of deformations in places of abrupt changes in geometric dimensions, zones of 
concentration of force and deformation loading, inter-media concentration. However, to this day, a technique for 
modeling discrete cracks, including the use of modern computer systems known in the world, has not been 
developed. Therefore, to date, the task has not been satisfactorily solved. 
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2. Methods 
In order to fill the existing gap in reinforced concrete, the following is the essence of the proposed 

method for calculating the crack opening width taking into account the effect of discontinuity, incompatibility of 
deformations of concrete and reinforcement in conditions of complex torsional resistance with bending. At the 
same time, it was experimentally revealed that the crack has a complex profile, and not a triangular one, as it 
happens in the kinematic scheme of deformation. The laws of crack formation have been studied (it has been 
established that there are several of these levels, not just one, as is customary in the theory of V.I. Murashev). 
introduced a new classification of basic spatial cracks. 

It should be noted that the designated research occurs Dilemm 1-alignment values experienced and 
theoretical parameters. It is important to emphasize the fact that in the development of methods and testing, 
as a rule, the installation of electrical strain gauges is performed before loading the reinforced concrete 
structure. In this case, already at the initial loading steps, the formed cracks intersect most of the installed 
electrical strain gauges and, thus, destroy them. With the advent of the relatively new glue «Cyacrine», the 
installation of electrical strain gauges can be performed after the formation of macrocracks, in which case it 
work until the stage of destruction. In this case, the possibility of their installation directly on the banks of the 
crack appears. The «trap» scheme is also new, which allows to obtain of information about the deformed state 
of concrete in the vicinity of the crack tip [5–9]. 

To be fair, it should be noted that, as applied to integral parameters, for example, deflections, the theory 
of reinforced concrete using the model of averaged section gives quite satisfactory results when comparing 
experimental and theoretical values. However, considering such a differential parameter as the width of crack 
opening, this is not observed, the differences can reach 400 % or more. 

At first glance, it would seem, everything is clear and simple – the width of the acrc crack opening 
determines the difference between the deformations of reinforcement and concrete in the area between the 
cracks: 

 , ,( ) .crc S m bt m crc S S crca l lε ε ε ψ= − ⋅ ≈ ⋅ ⋅  (1) 

However, the parameters included in this formula lcrc (the distance between the cracks) and ψs (the 
factor of accounting for the work of stretched concrete between the cracks) turned out to be very problematic 
in their experimental determination. 

When solving the designated problem occurs Dilemm 2: either to re-develop the mechanics of reinforced 
concrete, which will take more than one decade, or rely on the existing provisions of fracture mechanics, which 
has been developing for a whole century and is studying the stress-strain state in the vicinity of cracks. It is 
clear that the second way is much more logical. here fore, today, the main focus of scientific research by the 
authors was to develop two-console elements of fracture mechanics in relation to reinforced concrete, 
including a crack, so that later using them to build models of reinforced concrete deformation based on 
hypotheses and fine tools of fracture mechanics. 

Discovery of the discontinuity effect [5-9] allowed to reach a completely different level of development 
of two-console elements for reinforced concrete [2, 4, 6, 7]. The laws of crack formation were studied (it was 
established that there are several of these levels, and not one, as is customary in the theory of V.I. Murashev 
[6]). It was established experimentally that the crack has a complex profile, and not a triangular one, as it 
happens in the kinematic deformation scheme; studied the patterns of deformation in the layers adjacent to 
the seam between the concrete. 

Continuing these studies [1, 4–6], we will proceed from the functional of fracture mechanics, which 
relates the rate of energy ζbu release during the formation of new specific surfaces of a spatial crack in the 
pre-fracture zone: 

 ( )
0

.limbu
A

W V dW dV
A dA dAδ

δ δζ δ→

−= = −  (2) 

where δV is decrease in the potential energy of the body during crack propagation by a small increment δA; 

δW is additional work done on the body as the crack advances by a small increment δA.  

At the same time, the reduction of the potential energy of the body during crack propagation and the 
additional work accomplished in this case can be expressed through the flexibility of the crack faces by cutting out 
the double-cantilever element (DCE) including the crack. This approach allows preserving the physical meaning 
of the dependencies obtained, unlike using the Gursa function with complex numbers [3, 4, 6, 7]. 
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Below are the main provisions on the development of a universal double-cantilever element, suitable also 
for solving the problem of resistance of reinforced concrete structures in torsion with bending. 

First, if the DCE is allocated for a long double-cantilever element (completely including the entire crack), 
the crack length is determined from the condition of fracture mechanics: 

 0.bu

crc

d
dh
ζ

=  (3) 

For a short DCE, the length is known structural considerations (it stands out at half the length of the zone 

adjacent to the crack located between the working reinforcing bars. In this case, the condition 0=
∂
∂

crc

bu

h
ζ   

(of which is the length of the crack) is replaced by the condition for finding the projection of the spatial crack 
C, using Lagrange function and multipliers λ1 for many variables. Then, from the condition of extremum of a 

function of several variables ( )1,2 , ,1 2 1 2 3 4 5 6 7, , , , , , , , , , , , , ,, ,sw B s b s I bF f q x x Cσ σ σ σ λ λ λ λ λ λ λ=    and 

the equalities resulting from it to zero of the corresponding partial derivatives:  
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the projection of the spatial crack C is found and the region of the cutted DCE is specified. 

Secondly, the efforts in the sections, passing at a distance t and Δb for a double-cantilever element from a 
crack, it is necessary to associate with the desired parameters of the mode of deformation of the reinforced 
concrete element. 

Thirdly, we should not forget about the virtual movements of the dedicated DCE consoles when the neutral 
axis of the reinforced concrete element is rotated and the angles of rotation of the working reinforcing bar caused 
by arcing, i.e., the clamping of the consoles on both sides of the DCE may not be completely rigid in some cases. 

Thus, the selection of DCE for reinforced concrete (which is transformational between the dependencies of 
fracture mechanics and the theory of reinforced concrete) is a very important, but not an easy task. It should be 
linked not only with the task of determining the stress-strain state of the cross section of a reinforced concrete 
element, but also with the task of distributing adhesion between reinforcement and concrete, since the appearance 
of a crack in a solid body can be viewed as a certain deformation effect, which is reflected in the adhesion 
characteristics of reinforcement and concrete in zones adjacent to the crack.  

3. Results and Discussion 
With respect to the double-cantilever element, which is under the influence of a number of efforts, (ΔT, 

P1, P2, q, Mcon), the functional of fracture mechanics (2) takes the form: 

 
2n

1
.1

3
i i i

bu i i
i

P C PC PA A
δ δζ δ δ=

 ⋅
= ⋅ − 

 
∑  (5) 

Displacements in any sections are determined by building mechanics methods. 

Performing term-by-term differentiation, after algebraic transformations, we obtain the dependence 
connecting the tangential force ΔT arising in the immediate vicinity of the crack with the length of its 
development hcrc through the concrete constant ζbu. 

Such a relationship allows us to find the tangential stresses in the zone directly adjacent to the crack. It is 
here, as shown by experimental and numerical studies, that a sharp perturbation of shear stresses occurs, 
accompanied by their abrupt increase and change of sign. At the same time, the sign and the normal stresses in 
the concrete change (from the tensile it turns into compressive), which is also confirmed experimentally [4, 7, 8].  
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In the case of using a short double-cantilever unit, when hcrc is known, the parameters X1 = ΔT, 
X2 = Pbt,c, … , Xn can be determined using conventional methods of structural mechanics [4, 7, 8]. 

A new classification of discrete basic spatial cracks in reinforced concrete structures (including 
compound ones) is given in [4]. It distinguishes between geometric, force (deformation), inter-media 
concentration for basic discrete cracks, and a method is proposed for finding adjacent cracks. Additionally, the 
cracks are divided into three types depending on the conditions of their formation and the intersection of the 
working reinforcement during their development. 

The method of calculating reinforced concrete composite structures for the formation, development and 
disclosure of spatial cracks (with the ability to estimate the resistance of stretched concrete between cracks, 
the width of their disclosure and the distance between them) is based on the following working premises: 

• for medium deformations of concrete and reinforcement, the hypothesis of flat sections is considered 
to be valid (in the case of a composite structure, within each of the rods included in the composite rod); stresses 
in concrete and reinforcement are determined using three- and bilinear bond diagrams σ–ε, respectively; 

• the formation of spatial cracks occurs after the main deformations of the elongation of concrete reach 
their limiting values εbt,u; in the process of loading several levels of crack formation are distinguished; the 
distance between the cracks of the next level is within the distance between the cracks of the previous level, 
dividing it through the parameter η; 

• introduced a classification of discrete basic spatial cracks in reinforced concrete (including composite) 
structures; 

• the connection between the adhesion stress τ and relative conditional mutual displacement of the two 
concrete εq,b and concrete and reinforcement εg(x) is taken in the form: τ(x)= G(λ)εg(x), where G(λ) – 
equivalent modulus of deformation of adhesion between concrete (or reinforcement and concrete) 

• additional deformation effect in the crack and change of its profile are considered, which are 
associated with the violation of material integrity; 

• crack opening is the accumulation of relative conditional mutual displacements of reinforcement and 
concrete in areas located on both sides of the crack, taking into account the features caused by the effect of 
discontinuity (Figure 1), – the upgraded Thomas hypothesis; 

• takes into account distortion of normals to the cross section of concrete element in a location with a 
crack depending on the distance from the contact surface with reinforcement to the surface of the structure. 

From Figure 1 it follows that the relative mutual displacements of reinforcement and concrete are 
determined from the dependence:  

 ( ) ( ) ( ),g s btε y ε y ε y= −  (6) 

where εs(y) and εbt(y) are relative deformations of reinforcement and relative deformations of concrete in 
section x, respectively.

  
Then, after differentiation, the solution of a nonhomogeneous differential equation of the first order is: 

 , B14 14

13 13
) .( bt c y

g sw
sw sw b b

D DTy eE A E D B D B
σ

ε ε ν
− ∆= + − − − ⋅ ⋅ 

 (7) 

The distance between the cracks lcrc is determined using the second prerequisite:  

 4 *2(ln ) .crc
B Btl B

−
=

−
  (8) 

Variables Di,j, B, B’, B’4, entering into formulas (7) and (8), are functions of boundary deformations of 
concrete elongation, parameters that take into account the effect of concrete discontinuity (ΔT, Pbt,c), 
geometric characteristics and characteristics of reinforcement and concrete adhesion [4]; 

The emergence of a new level of cracking corresponds to the fulfillment of inequality:  

, , 1,crc i crc il lη −≤   (9) 
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where η – the ratio of the distances between the cracks when it is divided at the subsequent level. Having the 
parameters εg(y) and εbt(y) it is easy to write the parameter εs(y). 

 

Figure 1. Diagrams of concrete deformations εbt(y), reinforce εs(y)  
and their relative mutual displacements εg(y) in the area between  

spatial cracks in reinforced concrete structures in torsion with bending 

Integration εs(y) within the distance between the cracks lcrc allows to obtain the value of the coefficient 
of the work of the stretched concrete ψs by the formula: 
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 (10)  

Thereafter, in accordance with the sixth prerequisite, the task, by definition acrc, is reduced to 
finding the relative mutual displacements εg(y) of reinforcement and concrete in different areas between 
cracks:  
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1 1
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crc crc
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l l tt
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t l
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⋅
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After integration and algebraic transformations, we obtain: 

 1
3 2

2 2 2( 1)
.k

k C C
λ = −

− −
 (12) 

When performing practical calculations, one should take into account distortion of normals to the cross 
section of concrete element depending on the distance of the reinforcement surface to the concrete surface. 
For this purpose, a cantilever design scheme is used to determine the movements of the crack faces, selected 
in the zone of the protective layer [6, 7]. Displacements in the zone of the protective layer ypr,1 are determined 
using the method of initial parameters. 

In turn, the processing of such data allows to obtain the following dependence:  

 
( )0,5162 0,0163 100 1 10

2 100 .
r

S
R

S

e
f R

σ − ⋅⋅ ⋅ ⋅ ⋅ − ⋅
=

⋅
 (13) 

Here the values σs and Rs are accepted in kN/cm2, and value fR in mm. 
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The ratio of the calculated displacement in the zone of the protective layer ypr,1 to the experimental 
displacements in the zone fR under consideration shows that if the value of the protective layer differs from 
the baseline (assumed to be equal to the diameter of the working reinforcement), then before accumulating a 
sufficient amount of experimental data and carrying out a comparative analysis, it is accepted to include the 
coefficient kr,dep: 

 pr,l
, .r dep

R

y
k f=   (14) 

Taking into account the noted, the width of the crack opening at the level of the protective layer will be 
found by the formula: 

 pr,l
,

,
2 .crc,tot crc S

r dep

y
a a k= + ⋅  (15) 

Here acrc,s is determined by the formulas obtained with the base value of the protective layer. 

The solution of an extraordinary problem of the width of crack opening in reinforced concrete at the 
modern level of evolution of the theory of reinforced concrete with the involvement of fracture mechanics 
hypotheses is proposed. Simplified dependences are constructed for the energy functional and the specifics 
and features of the construction of the double-cantilever element of fracture mechanics in the zones adjacent 
to spatial cracks are considered, taking into account the discontinuity effect. The dual console element is a 
link and serves as a transformational element between the dependencies of fracture mechanics and the 
equations of the theory of reinforced concrete. The developed method makes it possible to estimate the 
resistances of reinforced concrete structures under various force and deformation effects, including torsion 
with bending. 

4. Conclusions 
1. As a result of scientific research, it has been established that the main hypothesis of the mechanics of 

a solid deformable body (continuity hypothesis) is not applicable when evaluating the resistance of reinforced 
concrete structures – continuity is broken with the formation of macro-cracks. The use of simplified approaches 
is also impossible here, since the error allowed in this case exceeds the value of the most sought acrc, 
characteristic measured in experiments with a microscope. Therefore, to date, the task has not been satisfactorily 
solved. 

2. When conducting research, there are several designated priority dilemms, Dilemm 1-alignment 
values experienced and theoretical parameters. Dilemm 2: either to re-develop the mechanics of reinforced 
concrete, which will take more than one decade, or rely on the existing provisions of fracture mechanics, which 
has been developing for a whole century and is studying the stress-strain state in the vicinity of cracks. It is 
important to emphasize the fact that in the development of methods and testing, as a rule, the installation of 
electrical strain gauges is performed before loading the reinforced concrete structure. In this case, already at 
the initial loading steps, the formed cracks intersect most of the installed electrical strain gauges and, thus, 
destroy them. With the advent of the relatively new glue “Cyacrine”, the installation of electrical strain gauges 
can be performed after the formation of macrocracks, in which case it works until the stage of destruction. In 
this case, the possibility of their installation directly on the banks of the crack appears. The «trap» scheme is 
also new, which allows to obtain of information about the deformed state of concrete in the vicinity of the crack 
tip 

3. It has been established that, as applied to integral parameters for assessing the strength and 
deflection of reinforced concrete spatial structures, the use of the average section model yields quite 
satisfactory results when comparing experimental and theoretical values. However, considering such a 
differential parameter as the width of crack opening, this is not observed, the differences can reach 400 % 
or more. 

4. The discovery of the discontinuity effect allowed us to reach a completely different level of 
development of double-cantilever elements for reinforced concrete. It was experimentally revealed that the 
crack has a complex profile, and not a triangular one, as it happens in the kinematic deformation scheme. The 
laws of crack formation have been studied (it has been established that there are several levels, not one, as 
is customary in the theory of V.I. Murashev). 

5. It has been established that the decrease in the potential energy of the body during the crack 
propagation and the additional work accomplished in this case can be expressed in terms of the flexibility of 
the crack faces by cutting out the double-cantilever element (DCE), including the crack. In this case, 
displacements in any sections are determined by methods of structural mechanics. 
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This approach allows us to preserve the physical meaning of the dependencies obtained, in contrast to 
the use of the Goursat function with complex numbers. 

6. As applied to a cut-out double-cantilever element under the influence of a number of forces ,Τ∆  1P , 

2P  , q, conM , etc.), the functional of fracture mechanics takes on the form suitable for solving the problem of 
resistance of reinforced concrete structures under torsion with bending. A number of dependencies follow from it, 
including the connecting tangential force T∆  arising in the immediate vicinity of a crack with the length of its 
development through a concrete constant buζ . 

7. Isolation of DCE for reinforced concrete (which is transformational between the dependencies of 
fracture mechanics and the theory of reinforced concrete) is a very important but difficult task. 

First, it must be linked not only with the task of determining the stress-strain state of the cross section 
of a reinforced concrete element, but also with the task of distributing adhesion between the reinforcement 
and the concrete, since the appearance of a crack in a solid body can be viewed as a certain deformation 
effect affecting the features adhesion of reinforcement and concrete in areas adjacent to the crack. It is also 
important to determine the length of the crack hcrc. 

Secondly, the efforts in sections that pass at a distance of t и b∆  for the double-cantilever element from 
the crack must be associated with the desired parameters of the stress-strain state of the reinforced concrete 
element. 

Thirdly, we should not forget about the virtual movements of the dedicated DCE consoles when the 
neutral axis of the reinforced concrete element is rotated and the angles of rotation of the working reinforcing 
bar caused by arcing, i.e., the clamping of the consoles on both sides of the DCE may not be completely rigid 
in some cases. 

8. Finding the projection of a spatial crack C is advisable to perform using the Lagrange function and 
multipliers for many variables. Then, from the condition of extremum of a function of several variables 

( )1,2 , ,1 2 1 2 3 4 5 6 7, , , , , , , , , , , , , ,, ,sw B s b s I bF f q x x Cσ σ σ σ λ λ λ λ λ λ λ=    and the equalities resulting from it 

to zero of the corresponding partial derivatives, the projection of the spatial crack C is sought and the region 
of the cut DCE specified. 

9. The initial hypotheses to calculating reinforced concrete structures, including multilayer, to the 
formation, development and disclosure of spatial cracks are formulated. These proposals allow to assess the 
resistance of concrete in tension and the distance between the cracks, the width of its disclosure. This takes 
into account the additional deformation effect in the crack and the change in its profile associated with the 
violation of the material continuity. It also takes into account t distortion of normals to the cross section of 
concrete element in a location with a crack, that depends on the distance from the contact surface with the 
reinforcement to the external surface of the structure. 

10. A new classification of discrete basic spatial cracks in reinforced concrete structures (including 
composite ones) is introduced, in which geometric, force (deformation), inter-media concentrations for basic 
discrete cracks are distinguished and a technique is proposed for finding adjacent cracks; Additional cracks 
are divided into three types depending on the conditions of their formation and the intersection of the working 
reinforcement during their development. 

An extraordinary problem on the width of crack opening in reinforced concrete is considered and its 
solution is proposed at the modern level of evolution of reinforced concrete theory involving the hypotheses of 
fracture mechanics. Formulated are working prerequisites for building a methodology for calculating reinforced 
concrete structures, including compound ones, by education, development and disclosure of spatial cracks 
(with the possibility of estimating the resistance of concrete in tension and the distance between cracks, the 
width of their opening). This takes into account the additional deformation effect in the crack and the change 
in its profile associated with the violation of the integrity of the material; It also takes into account distortion of 
normals to the cross section of concrete element in a location with a crack, depending on the distance from 
the contact surface with the reinforcement to the surface of the structure. 

The discovery of the discontinuity effect made it possible to reach a completely different level of 
development of double-cantilever elements for reinforced concrete. Specific features and features of the 
construction of a double-cantilever element of fracture mechanics in the zones adjacent to spatial cracks with 
regard to the effect of discontinuity are considered. 

The dual console element is a link and serves as a transformational element between the dependencies 
of fracture mechanics and the equations of the theory of reinforced concrete. The developed method makes 
it possible to estimate the resistances of reinforced concrete structures under various force and deformation 
effects, including torsion with bending. 
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Неординарная задача о раскрытии трещин в железобетоне 
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Ключевые слова: железобетонные конструкции, пространственные трещины, кручение с изгибом, 
двухконсольная модель, сопротивление растянутого бетона. 

Аннотация. Рассмотрена неординарная задача о ширине раскрытия трещин в железобетоне и 
предложено ее решение на современном уровне эволюции теории железобетона с привлечением 
гипотез механики разрушения. Сформулированы рабочие предпосылки для построения методики 
расчета железобетонных конструкций, в том числе составных, по образованию, развитию и раскрытию 
пространственных трещин (с возможностью оценки сопротивления растянутого бетона и расстояния 
между трещинами, ширины их раскрытия). При этом учитывается дополнительное деформационное 
воздействие в трещине и изменение ее профиля, связанные с нарушением сплошности материала; 
также учитывается депланация бетона в сечении с трещиной в зависимости от расстояния от 
поверхности контакта с арматурой до поверхности конструкции. Открытие эффекта нарушения 
сплошности позволило выйти на совершенно иной уровень разработки двухконсольных элементов для 
железобетона. Тем не менее, до сегодняшнего дня методика моделирования дискретных трещин, в 
том числе с использованием известных в мире современных вычислительных комплексов не 
разработана, что не дает возможности эффективного (без излишних запасов) расчета и 
проектирования железобетонных конструкций в условиях сложного сопротивления – кручения с 
изгибом с обеспечением необходимой жесткости и антикоррозионной стойкости. Рассмотрены 
специфика и особенности построения двухконсольного элемента механики разрушения в зонах, 
прилегающих к пространственным трещинам с учетом эффекта нарушения сплошности. 
Двухконсольный элемент является связующим звеном и служит в качестве трансформационного 
элемента между зависимостями механики разрушения и уравнениями теории железобетона. 
Разработанная методика позволяет оценивать сопротивления железобетонных конструкций в 
условиях различных силовых и деформационных воздействий, в том числе при кручении с изгибом. 
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Abstract. The heat which is produced in the cement hydration is rather high in mass concrete structures like 
dams, pavements, piers. In fact, it takes a longer time to cool the inner of the mass than its surface. The main 
reason for this result is that having the temperature difference between the hot inner mass and its cooled 
surface. Such a gap like that is the cause of appearing a large number of cracks in the surface of the mass 
concrete at several days age. In this study, the application of using a sand-layer insulation to control mass 
concrete block cracks at an early age. Specifically, these processes are performed by the program Midas Civil 
2017 in cases: without sand-layer insulation, and with the application of using sand-layer insulation have 
thickness in range of 0–7 cm for heat preservation. In conclusion, the results in this study showed that when 
using an insulation thickness of 7 cm, it led to that the maximum temperature differences between the surface 
and the center of mass concrete block is lower than the limitation. The recommendations made as a result of 
this study is that sand-layer insulation should be used to prevent and limit cracks of the mass concrete block 
at an early age. 

1. Introduction 
The increase in temperature during concrete hardening is due to the exothermic hydration reactions of 

water and cement. This is important for massive elements, in which conditions are close to adiabatic 
temperature can reach in range of 50÷90 °C has been described by ACI Committee [1–3]. The cause affecting 
the high-temperature rise and its non-uniform distribution between the surface and inside of thick slabs is low 
thermal conductivity of concrete, which slows down the natural cooling process. In the meantime, the 
shrinkage deformations are formed during the hydration of concrete as a result of a chemical reaction and the 
moisture exchange with the environment. According to published study, the result is on the surface of the 
concrete block in all the cracks [4–6]. 

There is a variety of methods and different prices to control the temperature of mass concrete such as 
low-heat materials, pre-cooling of concrete, posts-cooling of concrete. Each method has its advances depend 
on specific situations [7–9]. 

Surface heat preservation is an important measure for temperature control and cracks prevention. Many 
types of insulation materials are available in the world today, and insulation levels can be optimized to meet 
the required temperature differences in mass concrete. The selection of insulation material types and 
thicknesses are particularly important. So, based on that information can reduce the difference in temperature 
between the center and the surface of the concrete block by applying the insulation layer on the surface of the 
raft foundation, as can be seen in Figure 1. 
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Figure 1. Different types of insulation materials of the surface [10]. 

Thermal insulation is often used to warm the concrete surface and reduce the temperature difference, 
which in turn minimizes the thermal cracking ability. The surface insulation can significantly reduce the cooling 
rate while its effect on the maximum concrete temperature is not considered in most of the mass concrete 
pours. Insulation is inexpensive, but the result may be delayed due to by reducing the cooling rate, which can 
be costly. It is necessary to maintain the insulation for several weeks or longer because its surface could be 
cooled quickly and cracked when removing it too early. There are many types of insulation materials and its 
usage can be optimized to adapt to the requirement of temperature differences and maximize the cooling rate 
has been described by [11–12]. The small and medium-sized projects could also use straw bags and sand 
layers as insulation. The control of the thickness of the sand layer is conducted to determining the volume 
ratio on the sand was transported to the surface area of concrete blocks. However, with the structure has an 
inclined or vertical surface, the use of insulating sand layer is not effective, but in this situation could use 
polystyrene slab instead of sand insulation. The optimal time of putting or removing the sand layer on the block 
surfaces should be carefully considered based on the rate of strength development in concrete and the 
processing of heat of cement hydration. With high wind or heavy rain conditions, shielding methods must be 
taken to avoid sand erosion as well as undesirable sand thickness changes. Besides that, in order to collect 
of sand after use on the surface of the concrete is convenient should putting a layer of tarpaulin (or nylon) in 
advance, then spreading a sand layer on the tarpaulin. 

The goal of this paper is to study the application of using sand-layer insulation to control mass concrete 
block cracks at an early age by finite element method using Midas Civil software 2017. The results show that 
using sand-layer insulation can considerably reduce maximum tensile stress. 

2. Materials and methods 
The study of the temperature regime of massive concrete blocks has been devoted to a rather large 

number of works carried out using modern methods. In this paper, applications by an insulating layer of sand 
to control the cracks of massive concrete blocks at the age of early days by finite element method using the 
software Midas civil 2017. 

The solution to the temperature problem is based on the solution of the differential equation of the theory 
of heat conduction can be expressed as [13–16]. 

,x y z v
t t t tk k k q c

x x y y z z
ρ

τ
 ∂ ∂ ∂ ∂ ∂ ∂ ∂   + + + =    ∂ ∂ ∂ ∂ ∂ ∂ ∂    

 (1) 

where t is the material temperature (°C); 

kx, ky, kz are the thermal conductivity coefficients of the material dependent on the temperature in the 
directions x, y and z, respectively; (W/m.°C); 

qv is the amount of heat released by internal sources (for example, exothermic heating) to a given 
moment in time (W/m3); 

c is specific heat (kJ/kg.°C); 

ρ is the density concrete (kg/m3); 

τ  is time (day). 

Four types of boundary conditions are used to the solution of problems of heat transfer equation (1) as 
Dirichlet boundary conditions, Neumann boundary conditions, Robin boundary conditions, and Nonlinear, 
mixed boundary conditions [17]. 
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The solution of problems for determining the temperature regime and the thermally stressed state of 
concrete massive structures today often obtained using numerical methods (most often the finite element 
method (FEM)). The value of the temperature of a function at any point in the computational domain in the 
finite element method is expressed in terms of time and coordinates [18–19]. 

[ ]{ }
1

( , , , ) ( , , ) ( ) ,
=

≈ = =∑
n

i i
i

t x y z t N x y z t N tτ τ
 

(2) 

where Ni is the interpolation function of the shape of the finite element with respect to temperature and 
coordinates; 

n is the number of points in the final element; 

ti (τ) is the temperature at each point as a function of time. 

In accordance with the Galerkin method, equation (1) is described: 
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(3) 

where h is the heat transfer coefficient(W/m2.°C); 

V is volume of element (m3); 

S is the boundary conditions on surface; 

q is the heat flux (W/m3); 

G is heat generation within an element (W). 

We introduce the notation: 
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(4) 

where [K] is conductivity operator; 

[C] is capacity operator; 

[f] is heat load due to heat hydration.  

Then, by introducing equation (4) into equation (3), can be obtained equation (5) as: 

[ ] { } [ ]{ } { } ,+ =
d t

C K t f
dτ

 

(5) 

Applying the method of Galerkin for t(τ) = ti(τ)Ni+tj(τ)Nj each element, 1 ;= − =
∆ ∆i jN Nτ τ
τ τ

. At each 

step, the equation is solved for the time: 
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(6) 

As a result, the solution of equation (6) we obtain the desired temperature field. 

72



Инженерно-строительныйжурнал, № 4(88), 2019 

Нгуен Ч.Ч., Лыу С.Б. 

To illustrate the process of simulation, a flowchart of the analysis process is shown in Figure 2. 

 
Figure 2. Process analysis of temperature fields, stress in mass concrete block by FEM. 

According to the results of studies [20], the ratio between the thermal-stress and temperature in concrete 
mass is determined by equation (7): 

( ) ,= × × ×∆R E Tσ τ α

 
(7) 

where σ is thermal-stresses (MPa); 

R is restraint (0 <R< 1), the restraint coefficient which is dependent on the size of the concrete mass 
and the ratio of elastic module of concrete and foundation: R ∈ f(V; Ec/Ef) and can be calculated using the 
computer program Midas Civil; 

α is coefficient of thermal expansion (1/°C); 

E(τ) is concrete elasticity modulus (MPa);  

∆T is temperature drop (°C). 

The modulus of elasticity E(τ) of concrete is depend on the age τ, as described by equation (8) [21]: 

0( ) (1 ),−= −
baE E e ττ

 

(8) 

where E0 is concrete elasticity modulus at 28 days age (N/mm2); 

a, b are determined by experiment, a = 0.4; b = 0.34 [21]. 

Data for example, according to standards ACI 209.2R-08 “Guide for Modeling and Calculating 
Shrinkage and Creep in Hardened Concrete». A creep coefficient and an unrestrained shrinkage strain at any 
time depend on [22]:  

– Age of concrete when drying starts, usually taken as the age at the end of moist curing (days); 

– Age of concrete at loading (days); 

– Curing method; 

– Ambient relative humidity expressed as a decimal; 

– Volume-surface ratio or average thickness (m); 

Start
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– Concrete slump (m); 

– Fine aggregate percentage (%); 

– Cement content (kg/m3); 

– Air content of the concrete expressed in percent (%); and 

– Cement type. 

With the help of software Midas Civil to declare parameters needed to mention creep of concrete at 
early age days. The creep of mass concrete may be expressed by the following formula (9). 

1 ( , )( , ) ,
( )

+
=

tJ t
E
ϕ ττ
τ

 

(9) 

where J(t,τ) is the creep compliance whose dimension (MPa–1); 

ϕ(t,τ) is the coefficient of creep and is equal to the ratio of creep to elastic strain is shown in Figure 3. 

 

Figure 3. The coefficient of creep at different ages. 

Currently, there are many ways to assess the possibility of cracking of mass concrete at an early age. 
In Russia, in accordance with Russian Construction Norms SP 357.1325800.2017“Concrete hydraulic 
structures. Rules of works and acceptance of works” [23], the temperature difference at the center and the 
outer surface of concrete mass ΔТ is allowed no more than (20–25) °C. To describe in more detail the 
temperature regime of the concrete mass are established on the basis of calculations of temperature fields 
and the thermal stress state of the concrete mass during construction. 

Besides, when the calculated principal tensile stresses exceed the tensile strength of the concrete, cracking 
is likely to have occurred, which can be assessed by cracking index as described by equation (10) [24]. 

( ) ,
( )

= t
ct

t

fI τ
σ τ

 

(10) 

where Ict is cracking index; 

ft(τ) is tensile strength; 

σ1(τ) is principal tensile stress. 

If Ict≤1 cracking may occur, and Ict>1 no cracks were formed on the concrete surface. 

In this paper, numerical studies of the temperature regime of the mass concrete structure was a pier 
footing size 6×8×3 m that was placed in the summer weather conditions in Vietnam. There are made and 
studied the effect of sand layer thickness to control cracked concrete surface. The symmetry of the 
investigated array was used: a quarter of the concrete block was calculated. The dimensions and the 
breakdown of the calculation area into the final elements is shown in Figure 4. 

The ambient temperature significantly effects on the maximum temperature at the center of the concrete 
block during the hardening process. This a mass concrete is built with air temperatures are assumed constant 
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at 28.5 °C, soil temperature is assumed constant at 20 °C and temperature of placed concrete at 30 °C. The 
mix proportion is shown in Table 1 [25]. 

 
a) 

 
b) 

Figure 4. a-A bridge pier footing constructed in Vietnam; b – 3D model  
for temperature analysis with an insulation layer of sand, unit m. 

Table 1. Mix design of concrete. 

Concrete 
Ratio Water/ 

Cement 

Materials for 1 m3 of concrete 

Cement (kg) Sand (kg) Stone (kg) Water (l) Additives 
(super flexible) 

37.5 % 445 829 1007 167 (5.12)1.15 % 

 

The concrete adiabatic temperature is varied by introducing different cement contents. The adiabatic 
temperature is given by equation (11) [26]. 

(1 ),−= −t K e ατ

 

(11) 

where t is the adiabatic temperature rise at age τ (°C); 

K is the maximum amount of the adiabatic temperature rise from test (°C), K = 59.6 °C [26]; 

α is the reaction factor (°C/h), α = 1.113 [26]. 

Thermal insulators are meant to reduce the rate of heat transfer by conduction, convection, and 
radiation. The main purpose of surface insulation is not to restrict the temperature rise, but to regulate the rate 
of temperature drop in order to lower the stress differences due to steep temperature gradients between the 
concrete surface and the interior [27-28]. This research paper, a bridge pier footing was placed with 
surrounding surfaces covered by formwork, then inserted by sand around the foundation. Therefore, the 
authors tend to study the thermal behavior of massive concrete blocks with sand-layer insulation to control the 
cracks at the surface of massive concrete blocks at the age of early days. The properties of the material 
elements used in the analysis are presented in Table 2. 

Table 2. Material properties in temperature behavior analysis. 

Physicalcharacteristics Insulation (sand) Concrete Foundation 
Thermal conduction coefficient (W/(m.°C) 0.27 2.90 1.96 
Specific heat (kJ/kg.°C) 0.84 1.05 0.85 
Density (kg/m3) 1602 2400 1800 
Convection coefficient (W/m2.°C) 50 13.95 14.5 
Modulus of elasticity (N/m2) 80×106 3.52×1010 2×1010 
Thermalexpansioncoefficient (1/°C)  1×10–5 1×10–5 1×10–5 
Poisson’sratio 0.2 0.2 0.2 
Maximum heat of hydration of cement at 28 days (kJ/kg) – 320 – 

3. Results and Discussion 
The breakdown of the concrete block and the foundation of the array on the final elements of the three – 

dimensional model is shown in Figure 2. With the help of the computer program Midas Civil 2017, the maximum 
temperature in the mass concrete with insulation thickness in differences (0–7) cm as shown in Figure 5. 

Temperature distribution in the concrete mass with an insulation thickness of sand 7 cm is shown in 
Figure 6. 
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Results analysis: analyzing the results it can be noted that surface insulation by sand does not 
appreciably increase the maximum concrete temperature. The maximum temperature and temperature 
difference in the concrete with sand layers of different thickness are shown in Table 3. 

 
a – without the insulation layer 

 
b – insulation of sand 1 cm thick layer 

 
c – insulation of sand 2 cm thick layer 

 
d – insulation of sand 3 cm thick layer 

 
e – insulation of sand 4 cm thick layer 

 
f – insulation of sand 5 cm thick layer 

 
g – insulation of sand 6cm thick layer 

 
h – insulation of sand 7 cm thick layer 
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Figure 5. Temperature changes at the center (node 347) and at the surface (node 7)  
of massive concrete blocks. 

 

Figure 6. Temperature distribution in the concrete mass through 84 hours after laying. 

Table 3. The maximum temperature and temperature difference in the concrete. 

No Insulation thickness of sand (cm) 
0 1 2 3 4 5 6 7 

Maximum temperature, °C 85.55 85.75 85.86 85.91 86.05 86.15 86.20 86.27 
Temperature difference, °C 43.97 42.58 40.59 35.89 28.99 27.44 26.07 19.87 

Figure 7 shows that the performance of the concrete improves as the insulation of sand thickness 
increases. Because when increasing the insulation thickness (0 – 7) cm, the temperature gap is reduced. 

 
Figure 7. The relationship between the temperature difference  

and the thickness of the sand insulation. 
Surveying range of sand thickness from 0 to 7 cm show the relation among them, and the temperature 

difference in the concrete mass as a function is shown in Figure 7.The correlations from the linear regressions 
oftemperature difference vs the thickness of the sand insulation (y = –3.5x +46) R– value is R2= 95.75 %, 
respectively. Therefore, it has a very good relationship. 

It is worth noting that in the case of sand with a thickness of 7 cm the temperature difference between 
the inside and the surface not exceeds 20 °C. Besides, Figure 8 shows the stress development of the two 
feature points (at the center – node 347 and at the surface – node 7) with two cases: case 1 – without the 
insulation, case 2 – insulation of sand 7 cm in the concrete mass. 

Figure 8 shows that, in the case of the concrete mass without the insulation layer, at the node 7 of the 
investigated mass to 168 hours of hardening the concrete, the tensile principal stress value exceeds its 
permissible value, leading to the formation of cracks on the surface of the concrete mass. Whereas, In the 

77



   Magazine of Civil Engineering, 88(4), 2019 

Nguyen, C.T., Luu, X.B. 

case of a concrete mass with insulation of sand 7 cm, the tensile principal stress was less than the ultimate 
tensile principal strength of concrete, which avoids able in forming cracks. 

 
a – without the insulation layer 

 
b – insulation of sand 7 cm 

Figure 8. The principal stresses development of the two points (node 347 and node 7) 
in the concrete mass, 

a – without the insulation layer; b – insulation of sand 7 cm. 

4. Conclusions 
Based on the results of the study lead to the following conclusions: 

1. The program Midas Civil 2017 is quite an effective tool for calculating the temperature regime and 
the thermal stress of concrete structures during their construction. 

2. Although increasing the sand-layer insulation thickness, its effects on the maximum temperature 
differences between the surface and the center of the mass concrete block are not considerable. 

3. The thickness of the insulation is inversely proportional to the maximum temperature difference 
between the center and the surface of the mass concrete. The largest temperature gap is 43.97 °C in the case 
without insulation sand-layer, while those gaps for (0–7) cm insulation thickness are gradual decrease. In the 
case of sand-layer insulation have a thickness of 7 cm –the temperature gap is 19.87 °C. In addition, the 
relationship between the temperature differences and the thickness of the sand insulation is given by the 
formula y = –3.5x +46 with precision R2= 95.75 %. 

4. In case one the development of cracks may happen to the mass concrete block when the largest 
temperature gap is 43.97 °C and it exceeds the maximum allowable temperature difference which is 20 °C. 
By contrast, this phenomenon will not happen with the preservation of insulation have a thickness of 7 cm 
when the maximum temperature gap is lower than the limitation. As a result, this effective technique should 
be used to prevent cracks of the mass concrete block at an early age. 

5. And future work: It is necessary to study theory in combination with the experiment to accurately 
evaluate the effectiveness of using insulating sand layer, avoid cracking at the face in the concrete mass at 
the early age. In addition, it is possible to produce sand insulation in modules. Those modules are convenient 
not only for construction process but also for preservation and removal process, which is applied to solve a 
variety of problems, such as concrete block shape, rainy and windy weather conditions. 
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