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Considered current issues of automatic monitoring of high-rise buildings. A review of currently implemented mon-
itoring methods is given. An analytical study of the effect of the ratio of the rigidity of the vertical and horizontal
structural elements of buildings of various structural systems on the deformation of the vertical axis of the building
was performed. The basis of the research is the solution of the differential equation of the elastic vertical axis of the
building. By finding the extrema of the deformation function of the vertical axis, critical points of control of its angles
of rotation are determined. As a result of the study, it was concluded that it is advisable to minimize the number of
control points, with limited control at certain critical points. The position of the control points dividing the vertical axis
of the building through 7 of its length at the corners of the perimeter of the floors has been determined. It is shown
that minimization is necessary due to difficulties in processing and analyzing big data (Big Data). As a result of the
traditional manual calculation with the accepted design methods, it was found that the box-barrel structural system
has the greatest deformations, the frame-link frame with the stiffness core has the smallest deformations, and outrig-
gers do not always allow to radically increase the building stiffness. Studies were conducted on computer models of
the same types of buildings, which confirmed this dependence. However, here the maximum rigidity was shown by
the cross-wall model. This testifies to the features of modeling buildings in various ways and confirms once again the
need to monitor not only high-rise buildings, but all non-standard ones. It is concluded that it is necessary to accu-
mulate data on the deformations of buildings using automatic monitoring methods. It is shown that information on the
technical condition of the building is complemented by information on the longitudinal deformations of vertical struc-
tures - columns, stiffness cores, measured by tensiometers on concrete, as well as dynamic stiffness, determined by
the natural oscillation frequency of accelerometers. The principle of sensor grouping and the need to use integrated,
integrated monitoring are shown.

Key words: sensor, monitoring, deformation, forces, rigidity, deflection, frequency, inclinometer, strain gage,
accelerometer

INTRODUCTION the center of the building, but affecting its rigidity, remain
uncovered.

In @ number of works it is noted that various constructive
solutions of high-rise building systems have common
mathematical dependencies that determine their defor-
mation[19] to [21], in particular, from wind static load [22]
to [24]. The ratio of the stiffness parameters of the verti-
cal and horizontal bearing elements also affects the op-
eration of the building as a whole [25] to [27]. It is known
that during operation with varying degrees of intensity,
the state of buildings changes: performance is limited
and the reliability of structures is reduced [28] to [30]. A
number of reasons lead to this: a change in the nature
of the conjugation between structures, a change in the

For high-rise buildings, the construction of which is car-
ried out throughout the world, a necessary requirement
during the operation is an automatic permanent moni-
toringof the technical condition [1] to [3]. However, there
is no complete methodology for creating and conducting
automatic monitoring [4] to [6]. On some objects, the full
scope of control of dynamic parameters is realized, the
continuous installation of accelerometers, the definition
of building deformations is minimized [7] to [9]. On other
objects, a chain of inclinometers is established - mea-
surement points are located along the entire vertical of
the building, but often the measurements of deforma-
tions are carried out only along its most rigid area - the hvsical properties of materials. and also a chanae in
core of rigidity [10] to [12]. As a result of the application of phy prop ' 9

a large number of sensors and the receipt of a significant shapes and sizes.

amount of data over time, the operation service faces VWhen monitoring high-rise buildings, techniques are
the problem of analyzing this volume [13] to [15]. This is  used based on the application of the main group of sen-
despite the fact that automatic monitoring is an expen-  SOrS - strain gauges, inclinometers and accelerometers
sive procedure [16] to [18]. However, areas remote from [31] to [33].
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With the help of accelerometers, which are often used in
high-rise buildings, they measure dynamic parameters,
observing which over time, one can obtain information
on the rigidity of the object as a whole [34] to [36]. As
many authors write, the registration of vibrations requires
a rather complex pre-processing on the structure model
[37] to [39]. A feature of dynamic (seismometric) tech-
niques is that the observation schemes can be quite sim-
ple (up to one point). In addition, they provide an oppor-
tunity to control not only the magnitudes of accelerations,
but also make it possible to judge the joint work of the
building and the foundation grounds and to identify pre-
viously unknown phenomena. Various forms of building
vibrations are shown in Fig. 1.

The amplitude-frequency characteristics (AFC), mani-
fested during the operation of the building, are influenced
by the rigidity of the construction of a complex cross sec-
tion of the building in plan, the types of elements joints.
When the properties of concrete change, with the forma-
tion and development of cracks, a change occurs in the
frequency of vibration shapes in vertical elements [40].

In connection with the foregoing, the task of rational
placement of sensors and the principle of analyzing their
data is very relevant and requires a series of studies.
Mathematical methods for analyzing the stress-strain
state of high-rise buildings, taking into account the pat-
terns of operation of carrier systems, allow us to solve
the urgent question of reducing the number of sensors
needed to monitor high-rise buildings.

The purpose of this work is to justify the rational place-
ment of sensor groups in high-rise buildings based on
the differential functions of the vertical axis.

The task of research is to solve the differential equation
of the elastic axis of the building with different stiffness
ratios of vertical and horizontal structural elements with
finding characteristic extremes corresponding to chang-
es in the axis curvature, as well as determining zones

Figure 1:Forms of vibrations of the building

of possible reduction in stiffness recorded by dynamic
characteristics.

METHODS

From the analysis of the extrema of the deformation
function of the vertical axis of the building [41], [42] while
maintaining the horizontal plane of the floors [43], the
main characteristic monitoring points necessary to min-
imize the number of sensors in high-rise buildings are
determined.

The stiffness of the elements and the compliance of the
mates determines the distribution of internal forces in the
main bearing elements, as well as their redistribution un-
der external influences and loads (Fig. 2). These param-
eters depend on their stress-strain state, characteristics
of the materials used, operating conditions [44], [45].

Due to the compliance of numerous seams, the rigidity
of the overlapping discs and the coating is significantly
reduced compared with the solid monolithic overlap [46,
47, 48]. This reduction is allowed to take into account by
introducing a lower value of the initial modulus of elastic-
ity of concrete with a constant ratio between the moduli
of shear and elasticity equal for precast ceilings with a
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Figure 2: Distribution of deformations and efforts at the height of the building.
Plots of longitudinal forces (N), bending moments (M), transverse forces (Q), deflection (v) of the coupled system

with ratios of the reduced stiffness characteristics between the individual vertical elements
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quality seal of joints in the range of 0.15-0.25.

A change in the compliance of overlapping disks leads
to a change in their effect on the redistribution of forces
between vertical subsystems. The harder the disk and its
mates with vertical elements, the smaller the difference
in horizontal displacements it allows, and with absolutely
hard disks all points of vertical structures in the level of
floors would have the same horizontal displacements.

Deformations depend on the ratio of the stiffness of the
vertical and horizontal elements of the frame (Fig. 3). De-
pendencies are presented in graphical form in the liter-
ature on the theory of deformation of high-rise buildings
[37], [38], where the characteristic points of fracture are
found through % of the height of the building.

In a building, floors are shear connections, possessing
real stiffness, depending on the design. They prevent
the free bending of the vertical stiffeners. In this con-
nection, the strain line of the vertical stiffeners becomes
S-shaped, i.e. has two curvatures in the plane, in space,
respectively, four. In Fig. 4 shows the operation of the
shear connections, depending on their design.

The basic formulas for defining the deflections obtained
by P.F Drozdov [41].

Horizontal movement (deflection) in any section of the
bearing system or structure in the adopted coordinate
system:

" n-B, .
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Figure 3: Distribution of deformations over the height of
the building, depending on the stiffness of the vertical
elements. A - stiffness characteristic
of vertical diaphragm elements (core), with a value less
than 1 - more rigid vertical elements,
more than 6 - more flexible

LN - =

where - where the number of simply connected doubly
connected structures; H - building height; g - single wind
load; B, - flexural stiffness; B,, - stiffness for one vertical
design; Y B - total stiffness of columns (walls) and hard-
ness cores; X- characteristic break point; (I - conditional
value equal to 0.3; V, (x) — deflection in the section x
of the bearing system or structure with absolutely rigid
jumpers or bolts, equal to the load distributed according
to the trapezium law:
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Figure 4: Scheme of the shear connections
a - swivel (extremely theoretical), b - real (with intermediate rigidity), ¢ - detail of the bond deformation (overlap);
1 - pillars (diaphragms, stiffening cores), 2 - connections (overlap) 3 - bending moments,
4 - transverse forces Qi transmitted to stiffeners
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B - conditional value equal to:

p=Lats 3)
L

where E, - the modulus of elasticity of the vertical el-

ement (core stiffness); F, - sectional area of a vertical

element (hardness core); E, - the modulus of elasticity of

a vertical element (columns or walls); F, - sectional area

of a vertical element (columns or walls);
A - conditional value equal to:

kB,

1= (4)
SZ B
where s - conditional value equal to:
hl’
§=—" (5)
12B,b

H'q |20 5.a+15 5-x'(a-1)

where h - floor height; /- jumper length; b - lintel width;
k - conditional value equal to:

__1+B ©)
b(E,F,)

M, — bending moment with a trapezoidal horizontal load
diagram:

(a+2)-q-H2 (7)
" 6
Find the first derivative of the deflection line and equate

it to zero:

To determine the characteristic points, high-rise build-
ings were installed with a different structural system [49],
[50], in which the coordinates of the extremes were de-
termined from formulas (8) [51], [52].

B, -n

V(x)zlzo-Bu' H H 0
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Building 1 with a frame-coupled frame, with a monolithic reinforced concrete core stiffness (height 118.75 m; 26
floors). Location: Moscow, Prospekt Vernadskogo, p. 10 (Fig. 5). Projected building. Sensors are located on floors 1,
6,12, 18, 23.

Figure 5: Settlement model of a building with a frame-coupled frame
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Building 2 with a cross-wall structural system (height 136.81 m; 44 floors). Location: Moscow region, Krasnogorsk,
Pavshino (Fig. 6). Sensors are located on floors 1, 11, 22, 33, 44.
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Figure 6: Settlement model of a building with a cross-wall system

Building 3 box-stem structural system with outrigger floors (height 103.5 m; 23 floors). Projected building(Fig. 7).
Sensors are located on floors 1, 6, 12, 18, 23.
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Figure 7: Settlement model of a building with a box-and-barrel system
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Building 4 shell structural system with outrigger floors

RESULTS AND DISCUSSION

(height 100 m, 25 floors). Projected building (Fig. 8).

Sensors are located on floors 1, 6th 12, 18, 25.

As a result of the calculation, control points located
through V4 of the building height are determined.

Figure 8:The design scheme of the building
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and floor plan

According to the formulas presented in the works of P.F.
Drozdov [41], [42] made a manual calculation of horizon-
tal displacements in the overlap levels, and also obtained
the calculated models of the finite element method in the
software complexes of Lira SAPR and SCAD. Deforma-
tions of buildings are shown in Fig. 9, and the results of
the calculation of horizontal displacements — in Table. 1.
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Figure 9: Deformations of buildings of various structural
systems from wind static load according to
the calculation results

Table 1: The results of the calculation of the horizontal displacements of the structure

Frame-bond frame Cross-wall system Box-stem system Shell system
(1) (2) (3) 4)
Section| ¥H | v, | YOR v, | v, | v, | v, | v, | v,
mmanual P mmanual | mcomputer| mmanual | mcomputer| mmanual | mcomputer
. er calcula- . . . . . .
calculation tion calculation | calculation | calculation | calculation | calculation| calculation
0 0 0.01246 0.03 0.1363 0.004 0.3236 0.044 0.25 0.017
1 14 | 0.008494 0.02 0.1052 0.003 0.2494 0.034 0.181 0.011
2 12 | 0.004695 0.02 0.0721 0.002 0.1700 0.021 0.125 0.006
3 34 | 0.001613 0.01 0.0227 0.0007 0.08353 0.009 0.065 0.002
4 1 0 0 0 0 0 0 0 0
654 Istrazivanja i projektovanja za privredu ISSN 1451-4117
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Figure 10: Comparison of the graphs of deflections of floor slabs

When comparing the deflections, the vertical axes of
buildings at the level of floors in manual and computer
calculations of displacement differ, according to some
schemes, up to 6 times (Fig. 10). In this case, computer
models were built according to traditional methods - with-
out finite, variable connections, stiffness between floors
and vertical structures. In the theory of P.F. Drozdova
laid down a decrease in the rigidity of the bonds during
operation. In any case, the deformations depend on the
ratio of the rigidity of the vertical and horizontal elements
of the frame. A computer calculation also shows several
extremes along the height of the building when the slope
of the tangent to the bend line changes. According to the
results of computer simulation, it has been determined
that the deformation line of a building vertically is non-lin-
ear, which corresponds to the general theory of calculat-
ing high-rise buildings with a bond-type frame.

This is in good agreement with the general theory the
bond of frameworks with the core of rigidity. With this stiff-
ness ratio of the vertical and horizontal frame elements,
the characteristic fracture points are located through V4
of the building height, with extreme stiffness ratios (stiffer
overlaps), these points may shift slightly lower.

A number of papers [7] to [9] discuss the required num-
ber of sensors and the principle of their installation in
high-rise buildings [10] to [12]. In many buildings [13],
[14], inclinometers were installed according to the “on
each floor” principle [33], [40]. In an article devoted to
the three-spline mathematical processing of the results
of measurements of tilt angles to derive the function of
the deformation line of the vertical of a building, the re-
duction in the number of sensors twice is analyzed [7].
It is noted that after the mathematical processing of the
function remains unchanged. In the variant of inclinome-
ters proposed by us, the principle of differentiation of the
vertical strain line by extremes is used, which leads to
the same principle of continuity. Consequently, the num-
ber of sensor groups can be reduced to the number of
extremum points.

Istrazivanja i projektovanja za privredu ISSN 1451-4117
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Most authors pay attention to the placement of sensors
vertically, but does not always pay attention to the defor-
mation of buildings around the vertical axis and the con-
trol of stiffness on the shear of floors.In [40], correlation
relations between the angles of inclination of columns
between floors and within one floor are considered. The
article [8] describes the measurement of the inclination
of sensors on inclinometers installed only on the top
floor of a building in Istanbul. Describes the method of
processing the signal from the sensors in time with the
exception of random noise. Articles [9] and [10] speak
about the need for an integral approach to monitoring
the position of points of a building in space. GPS sensor
readings should be adjusted by inclinometers and read-
ings of anemometers for wind load should be taken into
account. However, the number of inclinometers in the ar-
ticle is out of the question.

Interesting is the article [11], which explores alternative
ways of measuring the deformations of buildings using
video cameras and algorithms for processing a shifting
image.

On some sites, an unreasonable number of sensors, ac-
celerometers on each floor or often located and inclinom-
eters only on the foundation plate and at the top of the
building are sold [12], [13].

The paper [36] presents a method for evaluating the de-
sign with accelerometers using the example of a high-
rise building in Dalian, which states that the distribution
of accelerometers should be based on the vibration char-
acteristics of the structure and analysis of the theoretical
model.

The article [14] speaks about the need to study the de-
formations of buildings, including flexural and torsional.

High-rise buildings are constantly in motion. Buildings
experience inevitable oscillatory movements under the
influence of wind and seismic loads, which are dynamic.

Operational control of the technical condition of the build-
ing is carried out at its own frequency of oscillation and
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acceleration of control points from dynamic loads deter-
mined during normal operation of the object in the entire
controlled frequency range, including higher frequencies.
Accelerometers are placed evenly along the height of
the building. In the case of the use of computer systems
based on the finite element method to determine the os-
cillation frequencies of the bearing systems of buildings
should take the natural frequency corresponding to the
form of vibrations closest to the form of displacement of
the building from the static load (maximum amplitude de-
viations). Operational control of the state is carried out
by the frequency of natural oscillations of several higher
forms.

Additional information on the state of a high-rise building
is provided by strain gauge, which is based on the deter-
mination of stresses and strains. Strain gauge allows you
to trace the process of redistribution of effort in the verti-
cal bearing elements as a result of uneven precipitation
of the building, bending from the wind.

The most useful information about the deformations of
buildings can be obtained using inclinometers. They pro-
vide information about the deformations of a high-rise
building in space.

In all the objects under consideration, the principle of
placing inclinometers in terms of the building “center -
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building corners” is implemented. In this case, the cor-
relation of the angles of inclination of the columns with
the maximum values is well traced. The inclination of all
columns can occur in one direction, which means the to-
tal roll of the building, in two directions - deformations in
space, and twisting around the axis of the building. It is
necessary to compare the deformations of the extreme
columns with the deformations of the center of the build-
ing (stiffening core). In the future, this comparison should
be implemented programmatically in the SMIC system.

In the process of preparing the monitoring, it should be
borne in mind that the bulk of the strain is due to the
weight of the structures, and the strain sensors:incli-
nometers and strain gauges are installed after this ex-
posure. The prehistory of the deformations can be deter-
mined theoretically, with the need to estimate the level of
stresses in the vertical elements relative to the limiting
to account for the proportion of nonlinear deformations.

The minimum number of sensors is taken at critical mon-
itoring points from the principle of measuring deforma-
tions at the extremes of the deflection line of a building,
which characterizes the shape of the vertical axis of the
building depending on the ratio of the stiffnesses of the
system elements and their changes during operation.
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Figure 11: Location of inclinometers for frame-bond frame with
monolithic reinforced concrete core on 7, 13, 20, 26 floors
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Figure 14: Location of inclinometers for the shell structural system with outrigger floors on 6.12, 18, 25 floors

According to the calculations, the maximum tilt of the
temporary load was 379”. Maximum roll angle for high-
rise building 412”by Russian Construction Rules/Norms
SP 20.13330.2016. Similarly, according to EN 1990 with
the maximum possible deviation of the building from the
vertical L/500.

Based on this, inclinometers with a measuring range of +
720 "(angular seconds) - two-coordinate were taken. The
location of inclinometers is shown in fig. 11 — 14.

The values of the limiting relative deformations with a
prolonged load of Russian Construction Rules/Norms
SP 63.13330.2018 with a relative humidity of ambient
air of 40-75% under compression for heavy concrete is
0.0034. According to EN 1992 (Eurocode 2) under simi-
lar conditions - 0.0035. Under the action of design loads,
the relative deformations in the lower tiers of the columns
amounted to 1 for the building - 0.00227, in the stiffen-
ing core - 0.0003. For all buildings, these values did not
exceed the limit. Based on this, strain gauges with a
maximum measurement range of up to 3000 microstrain
(um/m) were adopted. The location of strain gauges is
shown in Fig. 15.

According to the results of computer simulation, the
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maximum natural vibration frequencies of all forms for all
buildings were: 1.38; 1.17; 1.25; 1.67 Hz. All of them are
within the limits of the first form of oscillations according
to Russian Construction Rules/Norms SP 20.13330.2016
for different wind regions. Taking into account additional
harmonics from oscillations of local elements, acceler-
ometers with a low level of the range, from 0.1 to 40 Hz,
were taken. The location of accelerometers is shown in
Fig. 16 - 19.

Particular attention when installing inclinometers should
be paid to the base plate. The plate receives part of the
deformations from the action of a constant load of the
own weight of the core of rigidity, which can lead to its
“concavity”, however, the sensors are installed after this
situation, the initial state must be taken into account
when determining the rotation angles from the temporary
load. If only the wind load is considered, the base plate
can “break away” from the base, then an adjustment
should be made to the inclinometer readings. In a phys-
ically existing building of this size, there is no separation
of the foundation from the base, since at the same time
the own weight of the building. However, it is necessary
to consider a one-sided change in the angle of rotation of
the base plate under the action of wind load.
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CONCLUSIONS

1.

For automatic (continuous) monitoring of high-rise
buildings, an integrated (integrated) method is rec-
ommended, which includes the measurement of ro-
tation angles, frequency and amplitude of vibrations,
deformations of vertical supporting structures.

From the general theory of calculating high-rise
buildings and computer design models, it follows that
SMIC sensors should be installed uniformly across
the building, covering the perimeter of the floors and
the entire height.

Measurements should be carried out on the contour
of floors on the floors every 1/4 of the height of the
building, as well as on the core of rigidity to control
the integrity of the floors and their connection to the
core of rigidity.

Accelerometers are recommended to be installed
on the same marks as inclinometers, on the core of
rigidity, in the center of the building, as a more rig-
id element that determines the overall rigidity of the
building.
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5.

It is recommended to install strain gauges in the low-
er tiers of vertical bearing elements, their readings
correlate with inclinometers.

t is necessary to develop computer programs that
trace the correlation between the readings of sensor
groups, which will more fully reveal the possibilities
of integral monitoring.
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