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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:

pu=L(u)+aq, L)
where U(X, t) is the desired displacement;
pis the density of system elements;
g 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) L(u)=-Elu v is for the task on bending rods;
c) L(u)= —D(64u 1 ox* + 20%u /6x26y2 +otu /ay4) is for tasks of plate bending;

Let the external harmonic load p(t) = Po Sin (6¢) acts on the system, then the equation of motion will
look like (2):

Jle T.K.Y., Jlanun B.B., Bpartamos A.A.
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L(u)+ pO%u+P, =0. @)

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):

0, (0= a,U, (%) @
k=1

where N is the number of considered modes;
ax 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 Po. The exact static displacement is determined by solving the differential equilibrium equation (4):

L(u)+PR, =0. 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):

un,st (X) = Zka k (X) )
k=1

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):

U(X)ZUN (X)+[uex,st(x)_uN,st(X):" (6)
where UN(X) is the solution of a dynamic task by the formula (3);

Uex st (x) is the exact solution of the static task by the formula (4);
UN st (x) is an approximate solution of the static problem by the formula (5).

Thus, the difference [Uex,st (x)—uN st (x)], 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.

p(r)= Bysin(61)

uy ()
I:He& st (%) 1y o hﬁ

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):

Le, T.Q.T, Lalin, V.V., Bratashov, A.A.
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u(t) =ug A (0), (7)

here Ust is the static deflection of the beam at the location of the point mass from the statically applied force
Po; A(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 fin case of
forced damped oscillations can be found using formula (8):

2\? 2
(1_0) ip2 00 ®)
@

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) = Po sin (6¢), where a very small value of the angular frequency is

specified. From formula (8), f — 1 as & — 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
12x10x14 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 20x20, 35x40, 50x50 cm x cm (Figure 3). The harmonic dynamic

load p(t) = R, sin(6t) is applied at node 15 in the X direction. The amplitude of the force Po is assumed to

be 100 T, the angular frequency was set in two variants: € = 8 rad/s and &, = 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 yin = 0.09.

26
(il 58
60 -— 28

25

61
[57 5 P

i 50

6 [ H——— w8 |

4 A w gas M g
A e | .
74 4P 65 4
] w i K" Sy
Jo i B2 — 3 £ |,
1 — ¥ F
2 n - %
e g T
- 38 _72 73

-— 10 2 8
—~L 2 4 '

34

lg i |36

""'X N57
4

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.

Jle T.K.Y., Jlanun B.B., Bpartamos A.A.
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Table 1. Dynamic frame calculation.

0 =8 radls 0 =13 rad/s
Number of the mode

U2, mm U2s, mm Ms7, T-m U2, mm U2s, mm Ms7, 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 Po. 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 @ = 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 Uzs, mm Ms7, 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.

. 6 =8 rad/s 6 =13 rad/s
No. Solution
U2, mm | Uzs, mm | Ms7, Tm | U2, mm | Uzs, mm | Ms7, Tm

(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| —45.033 | -125.812 | -105.935 | -50.774 | 157.366 | —120.128
(8) mode with N = 5

(9) |Dynamic exact solution -45.373 | —126.005 | —-106.619 | -51.763 | 156.874 | —122.090

Le, T.Q.T, Lalin, V.V., Bratashov, A.A.
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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: A is absolute error; ¢ is relative error.

Table 4. Comparison of results between different methods.

Difference 6 = 8 radls 6 =13 rad/s
b Type
etween Uz, mm Uzs, mm Ms7, T-m U2, mm Uzs, mm Ms7, T-m
A —0.340 -0.193 -0.684 -0.989 —0.492 -1.962
(8) and (9)
E % 0.75 0.15 0.64 1.91 0.31 1.61
A 3.648 7.473 6.900 4.297 7.772 8.178
(1) and (9)
&% 8.04 5.93 6.47 8.30 4.95 6.70
A -3.536 0.625 -9.022 -3.564 0.645 -9.090
(2) and (9)
&% 7.79 0.50 8.46 6.89 0.41 7.45
A -3.918 0.230 -9.668 -3.969 0.227 -9.787
(3) and (9)
&% 8.64 0.18 9.07 7.67 0.14 8.02
A -0.181 —-0.336 -1.387 -0.182 -0.332 -1.395
(4) and (9)
E % 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 4x5 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) = Posin(6t) is applied at node N68 in the Z direction. The amplitude of the forcing
force Po is assumed to be 100T, the angular frequencies were also set in two variants: &, = 110 rad/s and

0, =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 yin = 0.09.
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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.

0 =110 rad/s 6 = 150 rad/s
Number of modes
Uss, mm Mag, T-m/m Q71, T/m Uss, mm Mag, 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 T-m/m, the lateral force at the node N71 is 16.624 T-m/m.

The next step is also the static problem was solved by the dynamic method at the frequency of the
forcing force € = 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.

. 6 =110 rad/s 6 = 150 rad/s
No. Solution
Usg, mm |Mag, Tm/m| Q71, T/m | Ueg, mm |Mag, Tm/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

Dynamic solution with static
8) . . _ —63.386 41.756 -54.414 41.243 -18.840 41.398

accounting mode with N = 5
(9) |IDynamic 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: A is the absolute error; ¢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 Type 0 = 110 rad/s 6 = 150 rad/s
between Usg, mm Mag, T-m/m Q71, T/m Usg, mm Mag, T-m/m Q71, T/m
A -0.034 -0.061 -0.012 0.097 0.360 0.214
(8) and (9)
E % 0.05 0.15% 0.02 0.23 1.88 0.52
A 1.610 -3.896 -1.694 1.556 -3.643 -1.669
(1) and (9)
E % 2.54 9.34 3.11 3.76 18.97 4.05
A 0.768 -1.970 3.713 0.739 -1.820 3.650
(2) and (9)
E % 1.21 % 4,72 6.83 1.79 9.48 8.86
A 0.469 -0.719 —-2.065 0.451 —-0.659 —-2.002
(3) and (9)
E % 0.74 1.72 3.80 1.09 3.43 4.86
A 0.124 0.032 0.308 0.119 0.029 0.301
(4) and (9)
E % 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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CTaTndeckmin yyeT BbICLLUNX MOf, KonebaHum
B 3aJa4yax OMHAMUKN KOHCTPYKLNI
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KnioueBble cnoBa: AMHaMuKa COOPYXEHWUIN, CnekTparnbHbli MeTon, Moabl kornebaHui, Bbiclumne opMbl,
CTaTUYECKUI YyYeT, NPOCTPaHCTBEHHbIE KOHCTPYKLUK

AHHOTauus. PacyéT CTpouTenbHbIX KOHCTPYKLMIA Ha OUMHAMUYECKNE BO3OEWNCTBUSI OObIYHO BbIMOSHSETCS MO
MeToay pasnoXeHusi No cobCTBeHHbIM popmam konebaHun. OgHako, npobnema COCTOMT B TOM, YTO Takowm
MeToA AaeT TOYHOEe peLleHre AUHAMUYeCcKon 3afayumn npy noriHoMm y4éte Bcero cnektpa mogn. bonee Toro, npu
pelleHMn NpakTUYEeCKMX 3adavy C WCMNONb30BaHWEM MPOrpaMMHBLIX KOMMMEKCOB OMHAMUYECKME pacyeTbl
BbIMOSHAKTCA NPUBNMKEHHO C YYETOM OrPaHUYEHHOro KONM4ecTBa NMepBbiX COBCTBEHHbIX POpM KorebaHui.
Bknag B AMHaMM4YeCKyo peakuuio COOPYKEHUSI HEYYTEHHbIX BbICLLMX (hOPM KorebaHui, Kak NpaBuIio, HUKaK He
oueHunBaeTcs. PesynbTaTbl MOKa3biBalOT, YTO, MOrPELIHOCTb TAKOro peLleHust AMHAMUYECKOW 3adadun MOXeT
okasaTbCsl 3HaunTenbHoW. CrnepgoBaTenbHO, HacTosiwasi paboTa nocesileHa crnocoby cTaTU4ecKkoro y4veTa
BbICLUMX oOpM konebaHuin B 3agadax AMHaMUKM CTPOUTENbHbLIX KOHCTPYKLUMIA. [puBegeHo onncaHme OCHOBHbIX
NONIOXKEHNA MeToda, AaHbl MPUMEPbLI ero peanusauuu NMpu pacdyeTe NPOCTPaHCTBEHHbLIX KOHCTPYKUMA MoA
OEVCTBMEM BHELLUHEN rapMOHUYeckon Harpy3kM. C MNOMOLLbI pac4eTHOro nporpamMmMHOrO  KoMMfekca
onpegeneHsl NepemeLLeHns y3roB M BHYTPEHHME YCUIUSA B 3reMeHTax pacCcMaTpuBaeMbiX KOHCTPYKLIMM.
3agaBannch pasnuuHbie NapameTpbl AMHAMUYECKOro BO3AEWCTBUS M YMCMO YYMTbIBAEMbIX MO KonebaHum.
MpuHATBLIN MeTon, CTaTMYECKOro yyeTa BbiCLUMX opM konebaHum TpebyeT pelleHus O4HOW AMHAMUYECKOW
3aJayv 1 ABYyX BCNOMOraTerbHbIX CTaTMdeckmx 3afgad. BaxHbimM 06CTOATENLCTBOM Noaxona sABMAsieTcs 10, YTO
OfHa M3 cTaTU4yeckux 3ajad AomkHa ObiTb peleHa MEeTOAOM pasfoXeHus no cobCTBEHHbIM dhopmam
konebaHwi. MNpeanaraembli B cTaTbe NOAXOA NO3BOSSIET 3HAYNTENBHO CHU3UTL BbIYUCIIUTENbHbLIE 3aTpaThl Ha
ONHAMUYECKMI pacy€T B CPaBHEHUM C KIACCUYECKUM MOAXOAO0M. ATOT pesynbTaT MOXeT UMeTb Oonblioe
3HaYeHune Npu peLleHnn 3agay Ha CroXHble AMHaMUYeckne BO3OenCcTBMS 1 ANt HEOAHOPOAHbIX MO XXECTKOCTU
KOHCTPYKLINIA.

NurepaTtypa

1. TycHuHa B.M., EmenbsiHoB [J.A., CeiicMOCTONKOCTb hacafHOW CUCTEMbI C OBMULIOBKON KOMMNO3UTHLIMK naHensiMu // UHxeHepHo-
cTpouTenbHbIn xXypHan. 2018. Ne 4(80). C. 62-72.

2. KapnoB A.C. PacuyeT cobcTBeHHbIX YacToT M popM KonebaHuii OMOPHBIX U MPONETHBIX KOHCTPYKUMIA aBTOMOOWIbHBIX dCTakaj,
[OnekTpoHHbIn pecypc]. Cuctem. TpebosaHusi: AdobeAcrobatReader. URL: https://naukovedenie.ru/PDF/19KO514.pdf (nata
obpaiyeHus: 08.03.2019).

3. WupgenkuH A.B., Ymkos C.B., llectakoBa E.B., AHToHOk A.A., EBTiokOB C.A., Kynarui H.W., Kapnos B.B., MNonuupiHckuid .M.
[dnHamMuyeckas yCTOMYMBOCTb peLleTyaTort (hepMbl MOCTa C Y4ETOM MECTHbIX konebaHui // VHXeHepHO-CTPOUTENbHbBIN XypHar.
2017. Ne 8(76). C. 266—-278. DOI: 10.18720/MCE.76.23

4. WeaHoB A.1O., YepHoropckuii C.A., Bnacos M.I1. OnTumMm3aums KOHCTPYKTUMBHBIX PELLUEHUI CENCMOCTOMKOrO NPOEKTMPOBaHWSA Mo
3KOHOMMYeCKoMy kputeputo // NHxeHepHo-cTpouTenbHbIv xxypHan. 2018. Ne 4(80). C. 138-150.

5. Martelli A., Forny M. Seismic isolation: present application and perspectives // International Workshop On Base Isolated High-rise
Buildings. Yerevan, Armenia: 2006. Pp. 1-26.

6. Li S., Zuo Zh., Zhai Ch., Xie L. Comparison of static pushover and dynamic analyses using RC building shaking table experiment //
Engineering Structures. 2017. No. 136. Pp. 430-440.

7. Mazza F. Seismic demand of base-isolated irregular structures subjected to pulse-type earthquakes // Soil Dynamics and Earthquake
Engineering. 2018. No. 108. Pp. 111-129.

8. Momtaz A.A., Abdollahian M.A., Farshidianfar A. Study of wind-induced vibrations in tall buildings with tuned mass dampers taking into
account vortices effects [BnekTpoHHbI pecypc]. Cuctem. TpeboBaHus: AdobeAcrobatReader. URL:
https://link.springer.com/content/pdf/10.1007 %2Fs40091-017-0174-9.pdf (naTta obpalueHus: 08.03.2019).

9. Mohamad A., Poursha M. A non-adaptive displacementbased pushover procedure for the nonlinear static analysis of tall building
frames // Engineering Structures. 2016. No. 126. Pp. 586-597.

10. Mrdak I., Rakog&evié M., Zugié L., Usmanov R., Murgul V., Vatin N. Analysis of the influence of dynamic properties of structures on
seismic response according to montenegrin and european regulations // Applied Mechanics and Materials. 2014. Vol. 633-634.
Pp. 1069-1076.

Jle T.K.Y., Jlanun B.B., Bpartamos A.A.


http://engstroy.spbstu.ru/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.
29.

30.
31.
32.
33.
34.
35.

36.

37.

38.

39.

40.

41.
42.

43.

Magazine of Civil Engineering, 88(4), 2019
Chintanapakdee C., Chopra A.K. Evaluation of Modal Pushover Analysis Using Generic Frames // Earthquake Engineering and
Structural Dynamics. 2003. Vol. 32. Pp. 417-442.

Krawinkler H., Seneviranta G.D.P.K. Pros and cons of a pushover analysis of seismic performance evaluation // Engineering
Structures. 1998. No. 20(4). Pp. 452-464.

Khodzhaev D., Abdikarimov R., Vatin N. Nonlinear oscillations of a viscoelastic cylindrical panel with concentrated masses
[OnekTpoHHbIN pecypc]. Cuctem. Tpebosanus: AdobeAcrobatReader. URL: https://www.matec-conferences.org/articles/matecc
onf/pdf/2018/104/matecconf_eece2018 01001.pdf (naTta obpaiueHus: 08.03.2019).

Abdikarimov R., Khodzhaev D., Vatin N. To Calculation of Rectangular Plates on Periodic Oscillations [OnekTpoHHbI pecypc].
Cuctem. TpeboBaHus: AdobeAcrobatReader. URL: https://www.matec-conferences.org/articles/matecconf/pdf/2018/104/mate
cconf_eece2018_01003.pdf (nata obpaiyeHus: 08.03.2019).

Chopra A.K., Goel R.K. A modal pushover analysis procedure for estimating seismic demand of buildings // Earthquake Engineering
and Structural Dynamics. 2002. No. 31. Pp. 561-582.

Oenncos I.B., Jlannn B.B. O cnnowHom cnektpe konebaHuin 6anoyHbiX 3MEeMEHTOB KOHCTPYKUUM MPU BbICOKOYACTOTHbIX
BO3aencTBusax // HxeHepHo-cTpouTenbHbin xypHan. 2012. Ne 1(27). C. 91-97.

Cokonoe B.A., CtpaxoB [.A., CuHsikoB J1.H. PacyeT coopyxeHuii GalleHHOro Tuna Ha AuHaMUYecKue BO3OEUCTBUS C yYETOM
NoAaTNMBOCTU CBaWHOIO oyHAaMeHTa 1 ocHoBaHus // IHxeHepHo-cTpouTenbHbIn xxypHan. 2013. Ne 4(39). C. 46-50.

CyxotepyH M.B., BapbiwHukoB C.O., Kubiw T.IM., A6aukapumoB P.A. CobcTBeHHble KonebaHusi NpsMOYrofibHOW MNAacTUHbI,
3aLLeMIeHHON Mo ABYM CMEXHbIM Kpasim // IHxeHepHo-cTpouTenbHbIn xypHan. 2018. Ne 6(82). C. 81-94.

TanuH A.lI'. Heknaccuueckoe gemndmpoBanne B cucteme «OcHoBaHne-CoopyxeHe» 1 BONpoC O MPUMEHUMOCTU CMEKTparnbHOro
mMeToaa pacyeTa ycunuii // CericmocTolikoe cTpouTenbcTBo. besonacHocTb coopyxeHuin. 2016. Ne 4. C. 44-49.

Fajfar P. A Nonlinear Analysis Method for Performance Based Seismic Design // Earthquake Spectra. 2000. vol. 16. Pp. 573-592.

Akulenko L.D. High-frequency natural oscillations of mechanical systems. Journal of Applied Mathematics and Mechanics. 2000. Vol.
64. No. 5. Pp. 783-796.

Nguyen A. H., Chintanapakdee C. and Hayashikawa T. Assessment of current nonlinear static procedures for seismic evaluation of
BRBF buildings // Journal of Constructional Steel Research. 2010. No 66. Pp. 1118-1127.

Poursha M., Khoshnoudian F., Moghadam A. The extended consecutive modal pushover procedure for estimating the seismic
demands of two-way unsymmetric-plan tall buildings under influence of two horizontal components of ground motions // Soil Dynamics
and Earthquake Engineering. 2014. No. 63. Pp. 162-173.

Soleimani S., Aziminejad A., Moghadam A. Approximate two-component incremental dynamic analysis using a bidirectional energy-
based pushover procedure // Engineering Structures. 2018. No. 157. Pp. 86-95.

BapkoB 10.A., bectyxeBa A.C. ®opMbl COBCTBEHHbIX KonebaHun 6eTOHHOM NMOTUHBLI C Y4ETOM YNpPYyrux CBOWCTB OCHOBaHus //
HayuHo-TexHunyeckmin BecTHuK MNoBormkbs. 2013. Ne 6. C. 130-132.

Ceprees O.A., Kucenes B.I'., Cepreesa C.A. OnTvmanbHOe NPOEeKTUpOBaHUE paM C y4ETOM OrPaHUYEHNI MO MPOYHOCTU M KPATHBLIM
YacToTam cobCTBEHHbIX konebaHui // NHxeHepHo-cTpouTenbHbI xypHan. 2016. Ne 1(61). C. 74-81.

Rust W. Non-Linear Finite Element Analysis in Structural Mechanics. Springer, 2015. 367 p.
Sergio Oller. Non-linear Dynamics of Structures. Springer, 2014. 203 p.

TanuH A.T. CoBpemMeHHble HopMaTVBHbIE NOAXOAbI K pacHeTy OTBETCTBEHHbIX COOPY)XEHUI HA CENCMUYecKne Bo3aencTaus: HayuHoe
n3panune. M.: Mspatenscteo ACB, 2018. 518 c.

Datta T.K. Seismic Analysis of Structures. john Wiley & Sons (Asia) pte Itd, 2010. 464 p.

Pintoa P.E., Giannini R., Franchin P. Seismic reliability analysis of structures. pavia, Italy : iUSS press, 2004. 370 p.
Higashino M., Okamoto Sh. Response Control and Seismic Isolation of Buildings. New York: Taylor & Francis, 2006. 484 p.
Sucuoglu H., Akkar S. Basic Earthquake Engineering. From Seismology to Analysis and Design. New York City, 2014. 288 p.
Josep M. Font-Llagunes. Multibody Dynamics. Computational Methods and Applications. New York City, 2016. 321 p.

Henuncos I".B. K Bonpocy o nokanusauuv konebaHuii B CTpoMTeNbHbIX KOHCTPYKUMAX // IHXeHepHO-CTponTenbHbIN xypHan. 2012, Ne
5(31). C. 60-64.

Bup6paep A.H., CazoHoBa HO.B. Bknag BbiCLIMX MOA B AMHAMUYECKUN OTKIMK KOHCTPYKLUIA HA BbICOKOYACTOTHbIE BO3AeUCTBUS //
CrtpouTtenbHas MexaHuka u pacdet coopyxxeHun. 2009. Ne 6(227). C. 22-27.

TanuH A.T. Peanusauus «koHUEeNUuM 0CTaTOMHOMO YNieHa» B pacyeTax COOPYXXEHUN Ha CeMcMUYeckne Bo3gencTBns MogasnbHbIM 1
crekTpanbHbiM MeTogamu // CericmocTorikoe cTpouTenbCcTBo. besonacHocTe coopyxeHuin. 2014. Ne 4. C. 32-35.

Bauesa O.[., Omutpres C.H. YyeT BbicLLMX TOHOB kornebaHuii Npy BbIMUCIIEHUN YYBCTBUTENBHOCTU COBCTBEHHBIX (DOPM KonebaHui K
BapuauysM napaMmeTpoB MeXaHN4YeCKON cucTeMbl // VIHXeHepHbIN XXypHan: Hayka n uiHoauum. 2018. Ne 7(79). C. 3-23.

Banakupes H0.I. OcobeHHOCTN BbIAENEeHNs KBa3MCTaTUYECKUX COCTaBIAKLMX NPU aHann3e AUHaMUYECKOro HarpyXXeHus ynpyrmx
KOHCTpyKumi // KocmoHaBTuka n Paketoctpoenue. 2014. Ne 2(76). C. 34-40.

INnxopen A.W., Cnagopos B.B. HekoTopble 0COGEHHOCTM CXOAMMOCTN METOAA PasfoXeHUs MO TOHaM KonebaHuin NpUMEHUTENBHO K
KOHTWHYarnbHbIM U KOHEYHO-3MeMeHTHbIM Moaensam // KocMoHaBTuka n paketoctpoeHue. 2013. Ne 2(71). C. 20-27.

3enkga C.A. CoynapeHnue ynpyrux ten. Clb: U3g-so C.-lMeTepb. yH-Ta. 1997. 316¢.

Seismic Evaluation and Retrofit of Concrete Buildings. Vol. 1: ATC-40 Report. — Applied Technology Council. Redwood City,
California. 1996. 334 p.

Chopra A.K. Dynamic of structures. Theory and Applications to Earthquake Engineering. New Jersey: Prentice-Hall, 2006. 794 p.

KoHmakmHbie OaHHbIe:

Tbl Kyare YynHe Jle, +7(952)2311578; an. nouma: quangtrungl690@gmail.com
Briadumup Brnadumuposuy JflanuH, +7(921)3199878; an. nouma: vllalin@yandex.ru
Anekceli AnekcaHOposuy4 bpamawos, +7(981)8451950; an. nouma: aleks.kuskus@mail.ru

© Le T.Q.T, Lalin, V.V., Bratashov, A.A., 2019

Le, T.Q.T, Lalin, V.V., Bratashov, A.A.



Magazine of Civil Engineering. 2019. 88(4). Pp. 14-24
W HKeHePHO-CTPOHTENbHBIN :KypHad. 2019. Ne 4(88). C. 14-24

;”:\ég.n

R . . . : .

FER Magazine of Civil Engineering ISSN

r gy 2071-0305
Topjt s

DRy s _

!f*"ﬂy_';{{“.‘»_ b journal homepage: http://engstroy.spbstu.ru/

DOI: 10.18720/MCE.88.2

Factors affecting the ultrasonic disaggregation of powders

S.A. Shakhov*, E.V. Rogova
Siberian Transport University, Novosibirsk, Russia
* E-mail: sashakhov@mail.ru

Keywords: ultrasonic, cavitation, ultrafine additive, disaggregation, grinding, cement, construction

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 um 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 ym 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 agueous 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 ym, 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 ym.

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 (A = 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 cm?/g),
b — granulated blastfurnace slag (Ssp = 4186 cm?/g), ¢ — diopside (Ssp = 1840 cm?/g),
d — wollastonite (Ssp = 5226 cm?/g), e — calcium carbonate CaCOs (Ssp = 2327 cm?/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].

Shakhov, S.A., Rogova, E.V.



WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019

24
21

20
-?E-I 15 4 mSsp fwithout ultrasound)
S 4g4 88 4.2 8.2 7 «Sgp (=1 min)
& AN 25 £ 88957 S5p =10 min)

54 28 3.3 18 3.3

o | l B - ,

ash slag Caco3l diopszide wollastonite

Figure 2. Variation of the specific surface area of powders versus the duration of ultrasonic treatment.

Thus, the ultrasonic treatment of agqueous 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 ym) and coarse (sizes
greater than 10 ym) 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 ym in size increases, and the amount of particles greater
than 10 ym 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 ym decreases, and the amount of particles greater than 10 ym in size normally increases in
magnitude, this finding being indicative of the prevalence of the coagulation process (Figure 4).
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Figure 3. Variation of the optical density of suspension versus the duration of ultrasonic treatment:
a—ash; b —diopside; ¢ — CaCOs; 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; ¢ — CaCOs; 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 um 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 um 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 ym in a

suspension treated with ultrasound.

Shakhov, S.A., Rogova, E.V.



Percentage of particles less
than 1 mkm in size

30
wi
v
v w 25
i
s 52
= C
E P
G E 78
5 £ W0
b 5
8 c 00 I1
= m D
%5
C =0 =1
o
| 400 W power
a)
7 65
= 6
w5
2 2, 36
==
3 E3
5 ¢
8=z
% " 0808
. N
=0 =1
400 W power
c)
e)

18
16
14
12
10

WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019

0 5000

89

257
10
5 E'%t
2 42 1
=5 =10 =15
G000 W power
6.6
3.8
0.3 0.4 03p2
]
t=5 t=10 t=15
600 W power
10
5 9
=
2 8
Ty’
T W 6
£ £
5 7
B E 4
LA
B 3
=4
g 2 1313
:
0
=0

10000

d)

W 400W power

b)

15000

Percentage of particles less than

1 mkm in size

Percentage of particles less than

16

12

10

6.3

| 56 70
48 I
=1 =5

600 W power

1 mkm in size

20000 25000

S, anflg

Figure 5. Contents of particles of various size fractions versus the specific surface area
of powder for 1-minute duration of ultrasonic treatment.

16

14

12

[y
[=]

=]

=0 t

400 W power

186
49

24
04 04 I
-—

=0 t=1

B 400 W power

48
&1
15] I
1l »
=10 =15

76
6.3
6 4.9
42

4

24

15
2 0404 I
o -
=1 =5 =10 =

42
=5 =10 t=

141
128

15
600 W power

141
128

6.3

15

600 W power

Figure 6. Variation of the contents of particles of various size fractions at different durations and
intensities of ultrasonic treatment: a — ash; b — diopside; ¢ — CaCOs; d — granulated blastfurnace
slag; e —wollastonite.

IITaxoB C.A., Porosa E.B.



Magazine of Civil Engineering, 88(4), 2019

Percentage of particles B no ultrasound Percentage of particles
less than 1 niknz in size @ ultrasonic treatment 1 min (400 W) less thanl% rmkm in size
] y=0.0034x - 4. 6062
2—
124 14 R=0.8227
104 124
u
5. 10-
8
6
64
4
° y=- 00002 +0.9926 4 =
2+ R=4281 x
L 2+
0 T T T T T T T T T T T 1 T T T T T T T T 1
1500 2000 2500 3000 3500 4000 4500 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Shnitial, c’/gy Shnitial, oNTf/g
Figure 7. Dependence particle fraction content Figure 8. Variation of the content of particles

of less than 1 mm from the original surface area of size fraction less than 1 ym in granulated
of powders of different genesis and morphology. 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 102-10° 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, 10* 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

Roubble = Rvoid.
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With due regard for the fact that the fraction of the particles smaller than 1 ym 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

Keneft. = E%zcav 100 %

where Eq is the energy spent for increasing the specific surface area of the particles smaller than 1 um 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.

Energy efficiency factor
10+

84

0 T T T T T T T T
0 5 10 15 20 .
t, mn.

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 ym, 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 ym 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 pm.

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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CDaKTOpr, BITMAKOLWLMNE Ha YIbTPa3BYKOBYHO Ae3arperaunio nopoLUKoB
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Cubupckuli eocydapcmeeHHbIlU yHUsepcumem rymel coobweHusi, 2. Hosocubupck, Poccusi
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KnioueBble cnoBa: ynbTpasBykoOBOW, KkaBuTauusi, YynbTpagucnepcHas pobaBka, [Aesarperauus,
n3MenbyeHne, LeMEHT, CTPOUTENbCTBO

AHHoTaumA. Vcnonb3oBaHve BbICOKOAUCMEPCHBIX MUWHEpPAnbHbIX 4YacTuL, pPasfIMYHOrO reHesuca W
MOpONorMM ABMSETCS NEPCNEKTMBHLIM HanpaBreHneM yrnpaBreHusi CTPYKTypoobpa3oBaHMEM LEMEHTHbIX
KOMNo3uToB. BmecTe c Tem, Mcnonb3oBaHue Takmx [0OaBOK 3aTpyAHEHO TEM, YTO OHW, Kak MpaBuUIIo,
KOHCONMAMPOBaHbLI B JOCTATOYHO MNMOTHbIE arperatbl. TOHKOE AUCNeprnpoBaHue u aesarperauus nopoLLKoB
BO3MOXHO C NMOMOLLBI KaBUTaLMOHHON 0BpaboTku ynbTpassBykoM. OfHaKo onTUMarnbHble YCNOBUS Takou
0bpaboTkm He MoryT ObiTb YyCTaHOBMeHbl 6e3 npoBedeHUs WMUTAUMOHHBLIX WccrneaoBaHun. Llenbio
uccnepoBaHus gBnsieTcs  onpegeneHne  akTopoB UM YCMOBUM  YNbTPas3BYKOBOrO  BO3OENCTBUS,
obecneunBatoime 3PPEKTUBHYIO [e3arperauuio BbICOKOAMCNEPCHBIX MOPOLLUKOB pas3HOro reHesuca ¢
pasnu4yHon mopdponornen yactuy. [ns npoBegeHns MCCNegoBaHMI UCMOMNb30BaNUCh NOPOLLKMA Avoncuaa,
Orll, sonnactonuta, 3omnbl TOL, kapboHaTa Kanbuus. YCTaHOBIEHO, YTO MpOLECC YNbTpa3ByKOBOMW
06paboTKM BOAHbIX CYCNEH3MIN COMPOBOXAAETCH HE TONBbKO paspyLLeHeM UCXOOHbIX YacTuL, 1 arperaToB, HO
N OOHOBPEMEHHbIM 0Opa3oBaHMEM HOBbIX arperaTtoB. [103TOMy, UMelOLMEe MECTO U3MEHEHUS yOeNbHON
MOBEPXHOCTU, ONTUYECKOW NMIOTHOCTU B JAHHOM Cryqae 00ycrnoBrieHbl u3aMeHeHneM pakLMOHHOro cocTaBa
avncrnepcHon hasbl. AKTUBMPYIOLLYIO CMOCOOHOCTb MuHepanbHon [o6aBku okasbiBaeT pakuus yacTul
pasmepom MeHee 1 MKM, OKa3bIiBalOLLYH KINHOYEBOE BMWUSIHUE HA W3MEHEHMEe YOAenbHOW MOBEPXHOCTMU
nopoLuka. B pesynbtaTte oLeHK/ aHepreTnyeckon 3deEKTMBHOCTU KaBUTALMOHHONW Ae3arperauum nopoLLKoB
B npoLiecce nx obpaboTkM ynbTpasBykoM MOKa3aHo, YTO 3HeEpreTndeckn bonee npegnovTUTENbHbIM SABMASIETCS
obpaboTka ynbTpassykom B npegenax 1-5 MuH, T. €. B nepuog, NepBor NoyBOSIHbI UBMEHEHMS JONN YacTuLy
pasmepom MeHee 1 MKM.
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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, itis 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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compounds. Magazine of Civil Engineering. 2019. 88(4). Pp. 25-41. DOI: 10.18720/MCE.88.3.

Jloranuna B.1., [TeryxoBa H.A., ®emtok P.C., Tumoxun P.A. TlonuctuponbHas Kpacka ¢ MOHMKEHHBIM COJIEPKaHUEM
neryunx coenunenuit // mxeHepHO-cTpouTenbHbIi xypHai. 2019. Ne 4(88). C. 25-41. DOI: 10.18720/MCE.88.3.

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)

25


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://engstroy.spbstu.ru/

UnsxeHepHo-cTponTenbHbIN xypHai, Ne 4(88), 2019

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).
. 5B

s

clay polymer
L s

e —
= gﬁ%‘t@@ =%

a) MCli_Oid b) intercalation c) organoclay
formation stratification

|
A\

g

|

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 uym. 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 11.9-15.8
sandy 30-35
dusty 49-59
Table 2. The chemical composition of clay.
CaO SiO2 Al2O3 Fe20s MgO SOs 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):

Ly (1)

o =0.—
Sn

where o5 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 ¢ = 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/m?3. 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 p1 and o2, with dynamic viscosity 771 and 772, of one volume flow under the action of gravity through
the same tube in time 11 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:
1 _%py
-2, 2)
T bW/
where 172 is the dynamic viscosity of the test solution, Pa - s;
m1 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;

Pz is density of the test solution, g/cm?;

1 is water density, g/cm?.

The value of the dynamic viscosity of the studied finishing composition was calculated on the basis of
equation (2), according to the formula (3):

Lo,
= - —_— 3
= @)

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 x 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 70x110 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):

(my —mp)
where My is a mass of the cup with the dried residue, g;
Mo is a mass of an empty cup, g;
M1 is a mass of the test specimen cup, g.

The surface roughness Rj 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):
_P
Ragn = = ®)
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 x 10 x 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 ¢ = 64 %.

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

Oy = i, (6)
Soi
where Fij is tensile load at the moment of rupture, N;
Soi 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):
E. =—-.100. @)

where O'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):

(l—/,h/,i)h2 B,z

o,=2

(8)

where p41 is Poisson's ratio of paint;
h1 and hz are the thickness of the substrate and the paint coating, m;
E> is elastic modulus of the substrate, MPa;

¢ is relative deformation of the substrate.

The milling degree was determined by the depth of the Klin device (Grindometer, Russia) groove (in um)
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 cm? of the free-film surface over a period of time at a temperature
of 2042 °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):
P-o

61—62)-S-T’

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

o is film thickness, m;

S is film area, m?;

T is test duration, h;

€1 is water vapor elasticity, Pa (at ¢ = 100 %);
€2 is water vapor elasticity, Pa (at ¢ = 66 %).

Resistance to vapor permeability, m2 - h - Pa/mg, was determined by the formula:
V= (11)
here ¢ is the film thickness, m;

M 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 200x200 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/m?) 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 dq 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 o = 29.1, OP-4 ¢ = 30.1, Melment
F15G o = 64.7, Melflux 1641 F ¢ = 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/cm?
and 0.17 mg/cm?, respectively (Figure 4).
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Figure 3. The dependence of the surface tension on the concentration of the additive in water.
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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 solventis 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.

Specific | Average Bulk True Volume Volume The volume of
) ) surface particle _ _ of pigment of monolithic the film forming
Pigments and filler area, Ssp, | size, da, denS|ty,300, denS|tyéDt, particles, V, | pigment particles, | sojution, V5,

m2/kg um kg/m kg/m® | nits of volume | Vim, units of volume| 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 ym was obtained after
15 minutes of dispersion, and in a control composition (without organoclay), a degree of milling, equal to
25 um, 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 ym 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/m?, 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, Sis 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).
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Figure 6. The dependence of the milling degree Figure 7. Kinetics of solvent removal
on the duration of dispersion: 1 — control from polystyrene paintwork: 1 — control
(without additives); 2 —with organoclay; (without additive); 2 —with organoclay;
3 —with organobentonite. 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 = 2042 °C and relative air humidity ¢ = 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 ¢ = 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
00 = 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 Breaking Elastic Elastic Plastic Relative
organoclay Composition strength modulus | deformati-ons , deformations
introduction ob, MPa E, MPa c deformations & &
Control 5.24 750 0.56/0.14 3.37/0.86 3.93/1
Organic clay
. based on 9.62 950 0.79/0.28 2.01/0.72 2.80/1
First method
OP-4
Organic clay
based on 8.62 810 0.90/0.23 3.10/0.77 4.001
OP-10
Organic clay
Second method based on 5.91 850 0.65/0.24 2.05/0.76 2.70/1
OP-4

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 ¢ = 0.79 % and the second method of

addition € = 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 ym, and the surface roughness of the coatings based on
the composition with organic clay are Ra = 0.4-0.6 ym.

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 ym was 54.8 % for the composition without filler and 56.0 % for the composition in which part
of the pigment was replaced with microdolomite.

Itis 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 Ry =6.40:-105 and with organic clay Ry =8.50-10%. 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.

Composition of polystyrene paints (wt. %)
Components with organomineral additive

control | I I v
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 [ Il Il [\
Relative viscosity, s 15-20 25-30 25-30 25-30 140-160
Drying time at (20+2) °C, min, 7_9 10-12 9-12 8-10 1214
not more than
Milling degree, pm, not more 50 22 25 25 -
Resistance to static exposure
to water at (2042) °C, h, not less 48 72 48 48 24
Resistance to vapor permeability
Rv*105, m?h-Pa/mg 6.4 8.5 5.8 6.0 4.2
Adhesion strength, MPa 1.88 2.42 2.1 2.31 1.36
The nature of the surface
smooth textured

finishing layer

loss of luster up to loss of luster up to loss of gloss loss of luster up to
50 %, dis-coloration, | 5 %, color changeis | up to 20 %, 50 %, dis-coloration,
The quality of the external haziness, significant | barely noticeable, haze dis- haziness, significant
. dirt retention, cracks | is absent, grindingis | coloration, dirt retention, cracks
coating after 500 hours . . V.7
of moisturizing or §uﬁace meshes, barely_notlceablg, bronzmg, or _surface meshes,
visible to the naked | weathering, cracking, haze, dirt visible to the naked
eye, flaking, no bubbles and exfoliation| retention are eye, flaking, no
bubbles are absent in-significant bubbles (after 200 h)
Covering power, g/m? 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/m?2.

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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KnioueBble cnoBa: 34aHus; CTpOUTENbCTBO;, OpraHOMMHepalibHasaA pobaBka, NnoNnncTnporibHaa Kpacka,
rMnHa, neTy4vme opraHn4yeckme coeamnHeHuna

AHHoTauuA. lNpegnoxeHHble opraHoMuHeparnbHble J06aBKkM ABMASIOTCA HOBbIMU, 3KONOTMYECKM YUCTbIMM
KOMMOHEHTaM1 AN MONUCTMPONbHbIX Kpacok. B kayecTBe HanonHuTens AN NOAMCTUPOSNbHbLIX Kpacok
NCMNonb30Basncs Nerkuin CyrimHOK KOPMYHEBO-KPacHOro LBeTa. Peonornyeckme, TexHonorndeckne n pusmnko-
MEeXaHM4YecKkme CBOWCTBA JTAKOKPACOYHbIX MaTepuanoB WM MOKPbITUA Ha WX OCHOBE W3y4anucb Cepuen
CTaHAAPTHbIX UCMbITaHNA. XapaKTepuUCTUKU MOPO30- U BOAOCTOWMKOCTM, YKPbIBUCTOCTU U YAEpXMBatoLLen
CMOCOBHOCTM MOMNWCTUMPONBHOW Kpackun MOATBEPAUNIN CO34aHuMe [ONTOBEYHbIX KPaCOK C  BbICOKMMM
aKCnnyaTauMOHHbIMM  cBOWCTBaMW.  KomnnekcHble  uccrnegoBaHus  nokasanu, 4TO  BBeAdeHue
opraHoMuHepanbHon Ao06aBkM B COCTaB MOMMCTUPOSIbHOW KPAcKM yBenuunmBaeT KPUTUYECKYI0 OOBbeMHYIo
KOHUEeHTpaumio nurmeHTa B 1,2 pasa, yBenuyMBaeT CTeMneHb M3MENbYeHUst Kpacku, yMeHbluaeT Bpems
avcneprupoBaHus (B 2 pasa) M yMeHbLUaeT CKOpoCTb YKpbITMs co 160 go 112 r/m2. AHanus pesynbTaToB
3KCMEepUMEHTOB JoKasarn YTo BBeJeHWe opraHnyecknx 4obaBok cnocobCTBYET NOBbILEHWIO YCTOMYMBOCTU K
BHELIHUM BO3QENCTBMAM, a Takke NPOYHOCTM cCuenneHus ¢ noanoxkon Ha 22 %. KWcnonbsoBaHue
MOMyYeHHbIX pe3ynbTaToB MO3BONUT CO34aBaTb MOMMCTUPOSbHBIE KPACKM C MOHMXKEHHbIM COAepXKaHuem
NeTyunx coeAuHEHN 1 NOBbILUEHHON TPELMHOCTONKOCTbIO.
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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
guestion. 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

Solovev, S.Yu., Khrapunov, E.F. Modeling of the mean wind loads on structures. Magazine of Civil Engineering.
2019. 88(4). Pp. 42-51. DOI: 10.18720/MCE.88.4.

ConoseeB C.1O., Xpanyno E.®. MonenupoBaHue cpeJHUX BETPOBBIX HArpy3o0K Ha coopyxenus // VHxeHepHO-
cTpouTesbHbI KypHai. 2019. Ne 4(88). C. 42-51. DOI: 10.18720/MCE.88.4.

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)

42


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://engstroy.spbstu.ru/

WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019

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 | in Figure 2a), and Landscape wind tunnel
(LWT) making it possible to simulate vertical distribution of the main ABL parameters (case Il 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]).
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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 = 2.1x105.

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

U=12u, (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.

o, =y(u-U), @
O,

It =—=.100. 3
0 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.
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Figure 2. Cube model a) flow boundary Figure 3. Changing of the main properties of the flow
conditions; b) model-linked coordinate system:; with test section height a) mean velocity;
C) pressure measurement points at cube surface. 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 Urer. 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.

— Ru(t)ui(t+7)
u
LY =0 .j#dr, @)
0 i
_ 4.-f
3= - ©)
[1+707-F2]
- f.S. . :
where S = S Is dimensionless spectral density,
o
- fL0 _
f=—= 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.
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Figure 4. Dimensionless spectral density Figure 5. Changing of LxY
at different heights. 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]

LY =25.(z—d)** 7,70, (6)

where d is zero place displacement in law-of-the-wall velocity,
Zo 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 (Cﬂo""x; Cﬂowy), simple rotation
matrix can be used.

G, =y

X,y 2 (7)
pVTS

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

L is air density, in experimental conditions it was equal to 1.225 kg/m3;
S is cube side area, mz;

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
guantitative 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.
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Figure 6. Distribution of aerodynamic coefficients
a) coefficient Cyx; b) coefficient Cy.

Solovev, S.Yu., Khrapunov, E.F.
46



WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019
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

fze

Cp ,

q

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

(8)

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

g 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 a 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.

1.0 T(X‘F:( y x case [ | . —Cp x case ]
' 5 ® case// F x XX x @ case //
“./’)N — Silsoe 6m [8] 0.8 LLT ¥ — Silsoe 6m [8]
0.5 V% P~
- 0.4+ [10]
0.0 : - d/H
O'O 1 | 1 | 1 | 1 |
i - 1 7 Taeesed 4
-0‘5 B —0.4 B xlexx. Mx X XXX
1.0} 0.8 b ‘
-1.5- 7 e .
a b

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 a, 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 | is much
smaller than in case Il. It should be taken into account, for example during snow drift simulation where sizes
of separation zones play significant role.
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Figure 8. Pressure coefficient distribution along vertical symmetry line for different angles
a) case |; b) case Il
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Figure 9. Pressure coefficient distribution along horizontal symmetry line for different angles
a) case |; b) case ll.

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.

Solovev, S.Yu., Khrapunov, E.F.
48



WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019

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 experimentin 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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Mo,u,enmpOBaHme CpeaHNX BETPOBbIX HArpy3oK Ha COOpYyXeHUA
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Knroyeenble crioea: aspoanHaMmmnyeckasi cuna Ha 3gaHus, aTMoCepHbI MOrpaHnYHbIN CRoK, BeTpoBas
Harpyska, msmyeckoe MmogenvpoBaHue, kyd Cunco, aspoguHammyeckas Tpyba, KoadduuneHT gaBneHns,

hacagpl

AHHoTaums. NpaBunbHOE onNpeaeneHne 1 yd4eT BETPOBbIX HArpy3oK MMET NepBOCTENEHHOE 3HaYeHne npu
NMPOEKTUPOBAaHNN YHUKANbHbIX apXUTEKTYPHbIX OO BEKTOB, TakUX Kak BbICOTHbIE 34aHUsi, CMOPTUBHbIE apeHbI,
asponopTbl, 6onblienponeTHble MocTbl. OgHUM U3 Hamboree TOYHbIX CMOCOOOB OnpeaerneHnsi BETPOBbIX
Harpy3ok cYMTaeTcsi NpOBEeAEHUE MOLESIbHbIX WCMbITAHUA B CNeuManvM3npoBaHHbIX a3poaMHAMUYECKMX
Tpybax. B nocnegHve pecsatunetvs nogoxod K MOAENMPOBaHUIO BO3LENCTBMS BO3AYLIHOrO MOTOKA Ha
CTaTUYeCKMEe COOpYXEeHUs npeTeprnen 3HauYuTenbHble M3MEHEHUS — B HacTosdwee Bpemsi Bce OonbLioe
BHUMaHWNE YAENSEeTCH KOPPEKTHOMY MOAENMPOBaHUI0 OCOBEHHOCTEN HaTypHOro BeTpa. lMpu 3TOM BaXHO
NMOHUMAaTb, KaKoe MMEHHO 3HAYEHUE Ha pe3ynbTaT IKCMEPUMEHTA OKa3biBaeT YYET UIN HE y4eT NapameTpoB
BeTpa. B paboTe npeacrtaBneHo cpaBHeHMe Hauboree MonynspHbIX METOOOB OnpeaeneHuss macwTabos
TYpOYNEeHTHOCTU — C NCMONb30BaHNEM KOPPENSALMOHHOM (PYHKUMM 1 cooTHoweHust KapmaHa. Takke uernbto
OaHHOTO  MCCNedoBaHMS  SIBMSIETCS  CPaBHEHME  OCHOBHBIX — a3pOAMHAMUYECKMX  XapaKTepUCTUK
(koacppuumerTsl CX, Cy, Cp) momenu npocToro ky6a, MOsyYeHHbIX B OAHOPOLHOM MOTOKE UM BO BpeMms
MoZenMpoBaHns atmocdepHoro norpaHuyHoro cnos (ArC). B ctatbe npeacraBneH kpatkun o63op metoga
mogenupoBaHus AlNC B pabodenn wyactn JlaHowadTHOM aspoguMHamMuMyeckon TpyObl, a Takke
3KCMepvMeHTanbHble JaHHble O  pacnpejeneHun cpegHer  CKOPOCTUM  MOTOKa, WMHTEHCUMBHOCTM
TypOyneHTHOCTM, Ge3pa3MepHON ChneKTpanbHOM nNoTHOCTU. CpaBHEHWE JKCMEepUMEHTAarbHbIX AaHHbIX,
NnonyyYeHHbIX Ans Mogenu kyba B pasnuuyHbIX aspoavHamMudeckux Tpybax, BbissBuno BnvsiHne AlNC Ha
XapaKTEPUCTVKM 30H OTPbIBA Ha CTOpOHax kyba U, kak crneacTeve, BnusiHue Ha uHTerpasnbHble (CX, Cy) un

nokanbHble  (Cp)  aspogmHamudyeckne  xapakTepucTvku  obbekta. Ha  ocHOoBe  MOSy4YeHHbIX
3KCMepMMeHTanbHbIX AaHHbIX CAeNnaH BbIBOA O CYLIECTBEHHOM BIIMSIHUM MHTEHCMBHOCTU OTPbIBHbLIX 30H Ha
CyMMapHble aspoanHaMn4eckue Harpysku, YTo 0ObIMHO He YYUTLIBAETCH B paMKax MpakTU4ecKoro pacyera.
B uyactHOCTW, noka3aHO, 4YTO y4yeT OCODBEHHOCTEeW T[PagMeHTHOro MOoTOoKa MPMBOAUT K CHWXKEHMIO
onpegensemMbix koadduuneHToB Ha 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 a is characterized by
the ratio of the initial crack width | 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 um. Carolyn Dry [8] selected
a acetal polymer solution as a repairing agent, and the mechanical properties of the repaired test piece were

Zhao, Q., Cheng, P., Wei, Y., Wang, J. Factors effecting the recovery process of self-repairing concrete. Magazine of
Civil Engineering. 2019. 88(4). Pp. 52-59. DOI: 10.18720/MCE.88.5.

Wxao L., Yen I1., Beii 10., Ban 1. ®aktopsl, BIUAIONIKE HA TPOLECC BOCCTAHOBJICHUSI CAMOBOCCTAHABIMBAIOLIETOCS
6etona // mxeHepHO-cTpouTenbHbIN xKypHai. 2019. Ne 4(88). C. 52-59. DOI: 10.18720/MCE.88.5.

This open access article is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/)

52


https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://engstroy.spbstu.ru/

WmxeHepHo-cTpouTenbHbINA xypHai, Ne 4(88), 2019

improved and improved. Michelle Pelletier [9] used the reaction product of Ca(OH)2 and NazSiOs 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 a is

characterized by the ratio of the initial crack width | 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 mmx100 mmx100 mm, and the tension zone is provided with 2 v 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/m?) Sand (kg/m?®) Gravel (kg/m?) Water (kg/m®) Water Reducer (kg/m?)
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 unitin Figure 2 is mm, the maximum range is 2 mm, and the minimum scale is 0.02 mm.
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r
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Figure 1. PTS-C10 intelligent crack Figure 2. Crack width observation
width observer. 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.

Glass fiber tube
with built-in

Glass fiber tube
with built-in

/— adhesive

| adhesive
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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.

Env_lfonmental Corresponding montholy average Description of environmental conditions in the test
condition number temperature (°C)
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 a used for the repair rate is as shown in Equation 1.

a:f! (1)

where a is repair rate (mm/d);
| 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.

il
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 % Pai1, 55 % Pa1, 60 % Pai1, 65 % Pa1, 70 % Pa1 and 50 % Peg1, 55 % Ps1, 60 %
Ps1, 65 % Ps1, 70 % Ps1 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.
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Figure 8. Change of repair rate with temperature Figure 9. The change of repair rate
when the glass fiber tube is placed in a diamond with temperature when the glass fiber tube
shape. 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).
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Figure 10. Repair rate as a function Figure 11. Repair rate as a function
of initial crack width (diamond). 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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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 Figurel2 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 acrc,
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.. 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:

Aere = (5s,m _gbt,m) : Icrc R EsYs 'Ich' 1)

However, the parameters included in this formula I, (the distance between the cracks) and s (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.l. 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 (bu release during the formation of new specific surfaces of a spatial crack in the
pre-fracture zone:

Sou =M )

6A—0

(éW—éV):dW_d_V
oA dA dA’

where 0V is decrease in the potential energy of the body during crack propagation by a small increment 0A4;

oW is additional work done on the body as the crack advances by a small increment 0A4.

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:

d by
2 0, (3)
dhCI‘C
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 % =
oh

crc
(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 A1 for many variables. Then, from the condition of extremum of a
function of several variables F;, = f(qSW,XB,GS,X 01,051,001, Cor Ay Aoy Agy Ays As, g, A7, ), and

the equalities resulting from it to zero of the corresponding partial derivatives:

218% 128(02 —I—ﬂ, 6¢m _0
0%

ax1 m 00X

of %1 8(02 Pm _

o TAa, T, Tt gy, =0 4
of op, 0P, 0P,

PN +/118X +4, o +o+ A, £ 0

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 Ab 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, (47,
P1, P2, 0, Mcon), the functional of fracture mechanics (2) takes the form:

n P2 5(: SP
bu Z

-CP— | (®)

1,
3 TISA

i=1

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 A7 arising in the immediate vicinity of the crack with the length of its
development here through the concrete constant (hy.

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 here is known, the parameters X1 = AT,
X2 = Pptg, ..., 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:

o 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 o—¢, respectively;

¢ the formation of spatial cracks occurs after the main deformations of the elongation of concrete reach
their limiting values é&ntu; 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 #;

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

¢ the connection between the adhesion stress 7 and relative conditional mutual displacement of the two

concrete £q,b and concrete and reinforcement &g(X) is taken in the form: 7(X)= G(4)eg(X), where G(1) —
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;

e 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;

e 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 (V) = & () =& (), 6)

where &s(y) and ent(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:

O]
Sg(y)=[esw+ AT__Jue D ]e‘By— i @)

EswAw - v Ep - Dj;-B Dj;-B

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

crc ZT'

Variables Dij, B, B”, B4, entering into formulas (7) and (8), are functions of boundary deformations of

concrete elongation, parameters that take into account the effect of concrete discontinuity (47, Phtc),
geometric characteristics and characteristics of reinforcement and concrete adhesion [4];

| 8)

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

Icrc,i < 77|crc,i—1' (9)
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where # — the ratio of the distances between the cracks when it is divided at the subsequent level. Having the
parameters gg(Y) and ent(Yy) it is easy to write the parameter &s(y).
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Figure 1. Diagrams of concrete deformations &nt(y), reinforce &s(y)

and their relative mutual displacements &(y) in the area between
spatial cracks in reinforced concrete structures in torsion with bending

Integration &s(Yy) within the distance between the cracks lcrc allows to obtain the value of the coefficient
of the work of the stretched concrete s by the formula:

. 2-K-B;, .[1—e_B'(O'5I°'°_t*)J+ 2 (gs L AT _K'B3j'(0’5|crc_t*)+
&s Mo B &5 lere EsAs (10)
0Q-K

2‘88 'ES 'As +AT .
(C,‘S 'Icrc‘B't*

&g 'Icrc'ES AS
Thereafter, in accordance with the sixth prerequisite, the task, by definition acrc, is reduced to

finding the relative mutual displacements &g(y) of reinforcement and concrete in different areas between
cracks:

(0,5l —t.) + t..

te Mlere lere —t
8y =2[ e (y)dy + [ e,(Ndy+ [ 2,(y)dy. (11)
0 te

Mlere

After integration and algebraic transformations, we obtain:

k
Ay =- ! :
(k, —1)C,” -G,

(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:

2-0,0163-100- o _(1_6—0,5161).10
) 100-Rg :

21, (13)

Here the values os 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 Ypr1 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:

_ ypr,l
rdep — ¢
p fR

k (24)

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

ypr,l

a k

a

crc,

cretot — st 2 (15)

r,dep

Here acre,sis 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 AT, P,

P> , 0, M, . 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 AT arising in the immediate vicinity of a crack with the length of its
development through a concrete constant £, .

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 here.

Secondly, the efforts in sections that pass at a distance of t u Ab 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

F,=f (qSW,XB,O'S, X,04,0%1,0p1,Coy. A Ay Ags Ay, 252 A6, A7,...), 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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KnioueBble crnoBa: xenesobeToHHble KOHCTPYKUUWN, NPOCTPAHCTBEHHbIE TpeLlUHbl, KpyYyeHne C n3rndom,
OBYXKOHCOJTIbHasa Mmogesib, conpoTuBiieHne pactaHyToro 6eToHa.

AHHOTaums. PaccmoTpeHa HeopauvHapHas 3ajaya O LUMPUHE PacKpbiTUS TpeLuH B xene3obeToHe wu
NPeAnioXeHO ee pelleHne Ha COBPEMEHHOM YPOBHE 3BOMIOLMKM TeopuW xene3obeToHa C npusfiedyeHnem
rMnoTe3 MexaHukv paspywenusi. CchopmynmpoBaHbl paboune npeanocklku ANt NOCTPOEHUS METOAMKU
pacyeTa xene3obeToOHHbIX KOHCTPYKLUIA, B TOM YMCIIE COCTaBHbIX, MO 06pa3oBaHuWio, pa3BUTUIO U PACKPbITHIO
MPOCTPAHCTBEHHBIX TPeLMH (C BO3MOXHOCTBIO OLEHKN COMPOTMBIEHUSI pacTaHyToro 6eToHa 1 paccTosHust
Mexay TPeLUMHamu, LWNPUHBLI UX packpbiTust). Mpu 3TOM yuuTbiBaeTCS AOMONHUTENbHOE AedopMaLMOHHOe
BO3AEWCTBUE B TPELLUMHE U U3MEHEHME ee NPodUns, CBSI3aHHbIe C HapyLUEHWEM CNIIOWHOCTU MaTtepuana;
TaKKe yuuTblBaeTCsl AennaHauusa 6eToHa B CEYEHMU C TPELUMHOW B 3aBMCUMOCTM OT PacCCTOSHUS OT
MOBEPXHOCTN KOHTaKTa C apMaTypol OO0 MNOBEPXHOCTUM KOHCTpyKuun. OTKpbiTMe addpekTa HapyLueHus
CMNMOLUHOCTM NO3BOMNNIO BLIATU HA COBEPLLEHHO MHOWN YPOBEHb Pa3paboTKM ABYXKOHCOMbHBIX 3NeMEHTOB AN
xenesobetoHa. Tem He MeHee, 0 CErOAHSILLIHErO OHS METOAUKA MOAENUPOBaHWUS OUCKPETHbBIX TPELLWH, B
TOM 4uCre C UCMOMb30BaHWEM W3BECTHbIX B MMPE COBPEMEHHbIX BbIMUCIIUTENBbHBIX KOMIMIEKCOB He
pa3paboTaHa, 4YTO He [daeT BO3MOXHOCTU 3ddeKkTMBHOrO (6€3 MU3NUWHKMX 3anacoB) pacyeTa U
MPOEKTMPOBAHMUS KENe300€TOHHbIX KOHCTPYKUMA B YCMOBMUSX CMOXHOIO COMPOTUBIEHUS — KPYYEHUS C
n3rmbom c obecneyeHneM HeOBXOAMMOW XECTKOCTU W aHTUKOPPO3MOHHOM CTOMKOCTW. PaccMoTpeHbl
cneundmka U 0cobEeHHOCTU MOCTPOEHMUS [ABYXKOHCOSIbHOIO 3MIEMEHTa MEXaHWKM paspylleHusi B 30HaXx,
npunerawLwmMx K MNPOCTPAHCTBEHHbIM TpewuHam C yd4eToM 3dpdekta HapyLIeHUs CnSOLHOCTW.
[BYXKOHCOSbHbIA 3MEMEHT SIBMAETCA CBSA3YIOLWIMM 3BEHOM M CNYXWUT B KayecTBe TpaHC(OpMaLMOHHOro
aneMeHTa MeXOy 3aBWCUMMOCTSMU MEXaHWKUM paspylleHUsl U ypaBHEHUSIMUM Teopuu kenesobeToHa.
Pa3paboTtaHHasi MeToguka MO3BONSIET OLEHMBATb COMPOTUBIEHUSI XENe300ETOHHbIX KOHCTPYKUWUA B
YCMNOBMSAX Pa3fnnyHbIX CUMOBbIX U AethopMaLMOHHbIX BO3AENCTBUI, B TOM YMCIE NPU KPYYEHUN C U3TMGOM.
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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].

i(k gj+i k A +i(k g}tq = cﬁ (1)
axax ) T ay\ Yoy )T\ e )T T s

where t is the material temperature (°C);

kx, Ky, k; are the thermal conductivity coefficients of the material dependent on the temperature in the
directions X, Y and zZ, respectively; (W/m.°C);

(v 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);
p is the density concrete (kg/m3);
7 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].

t0y.2.0) ~E= 2N, 00y, 24 =[N ]t @

where Nj 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 (7) is the temperature at each point as a function of time.

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

J {;((k %) aﬁy(k %j ;(k %H jh[N t}ds -

—[hN;t,dS + [ aNdS — [GN gV +J.pC[N]Nide=O,
S s v v dr

3)

where h is the heat transfer coefficient(W/m2.°C);
V is volume of element (m3);
S is the boundary conditions on surface;
g is the heat flux (W/m3);

G is heat generation within an element (W).

We introduce the notation:

jN{aX(k %} a%(ky;t/j ;(k gj}dv [n[N]NdS .
[C]=[pc[N]N,dV, [ f]= [Nt dS - [aNdS + [GN,gV,

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:

1S ke = 1 ©

dr

Applying the method of Galerkin for t(7) = ti(7)Ni+tj(7)Njeach element, N. :1—Ai; N; = AL . At each
T T
step, the equation is solved for the time:

[—[%Jr@){t}m), +@{t}m +([2%1+[—E]]{t} e =) (6)

As a result, the solution of equation (6) we obtain the desired temperature field.
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To illustrate the process of simulation, a flowchart of the analysis process is shown in Figure 2.

\ 1. PRE - PROCESSING \

v

A. Definition parameters
(Analysis type; Element type; Reference temperature)

B. Material properties
(Conductivity; Specific heat; density)

C. Model geometry

D. Initialization temperature
Placing temperature
E. Boundayr condition
(Convection; Ambient temperatute)

2. SOLUTION
Submit load step for solution for the temperature

3. POST - PROCESSING
Examine result

End

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):

o =RxE(7)xaxAT, (7)

where ois 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;

« is coefficient of thermal expansion (1/°C);
E(7) is concrete elasticity modulus (MPa);
AT is temperature drop (°C).

The modulus of elasticity E(t) of concrete is depend on the age T, as described by equation (8) [21]:
E(r)=E,(1—e™"), (8)

where Eg is concrete elasticity modulus at 28 days age (N/mm?2);

a, b are determined by experiment, @ = 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 Concretex». 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);
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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).

It7)= 1+ o(t,7)

E(r) ®)

where J(t,7) is the creep compliance whose dimension (MPa™2);

o(t,7) is the coefficient of creep and is equal to the ratio of creep to elastic strain is shown in Figure 3.

V2777177 7T T T T

R S S S U U DO SV SO SNPUS PO SO SO SO SO
0 24 48 72 96 120144 168 192 216 240 264 288 312 336 360
Time (day)

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 AT 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].

_ K@)

L 10
o.(7) (10

ct

where l¢t IS cracking index;
fi(7) is tensile strength;
o1(7) is principal tensile stress.

If 1c¢<1 cracking may occur, and l«>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 6x8x3 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 The sand layer thickness

3 Concrete

- Foundation

b)

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

Table 1. Mix design of concrete.

. Materials for 1 m? of concrete
Ratio Water/ Additives
Concrete Cement Cement (kg) Sand (kg) Stone (kg) Water (1) (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].

t=K(l-e), (11)
where t is the adiabatic temperature rise at age 7 (°C);

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

« is the reaction factor (°C/h), o= 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/m?3) 1602 2400 1800
Convection coefficient (W/m?2.°C) 50 13.95 14.5
Modulus of elasticity (N/m?) 80x10° 3.52x1010 2x1010
Thermalexpansioncoefficient (1/°C) 1x10-5 1x10-5 1x10-5
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.
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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.
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MITAS/Civil
POST-FROCEZZOR

TEMFPERATUBE

STAGE:C3

HYDBATIOH
HY JTEP 7, B4.0-

Insulation thickness of sand (cm)

No 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.

Temperature difference, 0C

Figure 7. The relationship between the temperature difference
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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 R?= 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
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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.
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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 R?= 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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