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Abstract. The urbanization of territories and the increase in density of
urban development cause the necessity of introduction of improved
structural solutions into the construction practice. This is also connected
with both the erection of higher buildings with longer span structures and
the use of non-standard methods for the analysis of structures. The
introduction of modern structural patterns lessens considerably the weight
of structures, reduces the consumption of materials and cuts the
construction production costs. At the same time, the responsibility for the
construction projects enhances. A systematic control over the state of
structures including a quasi-continuous one, allows us to reveal the very
beginning of destructive processes and to take measures for their
liquidation. One of monitoring methods is the tachymetry survey of
positions of a number of adjusting marks fixed at the structural elements.
The non-reflection mode of operation of tachymetry survey allows lifting
the restrictions for the number of points under observations. The
combination of the afore-said factors determines the urgency of the use of
the tachymetry as a tool for monitoring the state of the construction
project.

The subject of the study: the subject of the present research work is
the methodology of selection of tachymetry spacing during the
deformation monitoring of a construction project. The tachymetry can be
carried out both in the mode of focusing on pre-established marks, and in
the non-reflection mode through the points on the structure. The
disadvantage of the first method is the need of installation of light-
reflecting marks, which is not always possible due to some technical and/or
aesthetic reasons and may lead to a significant increase in the cost of
monitoring. The disadvantage of the second method is a reduced accuracy
of the measurements. A wide incremental step may lead to the failure of
detection of deformation processes, a narrow step means a considerable
increase in the monitoring time and an unjustified rise in the cost of
monitoring.

Objectives: the purpose of this research work is the optimization of
tachymetry spacing, which will reveal all deviations of structural elements
from their permanent positions by a value exceeding the accuracy of
measurements.

Materials and methods: the initial material for the study included the
results of geodetic observations carried out at various construction projects,
in particular, the tachymetry results. The method of study includes the
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comparing of the limiting admissible curvature value to the minimum
deformation value measured with the tachymeter accuracy.

Results: a methodology is suggested for the selection of the tachymetry
survey step. On its basis, a formula for the determination of a step value is
offered that takes into account the geometry of the structure, the strain
capacity of the material and the accuracy of the survey.

Conclusions: the obtained results allow us to optimize the number of the
observation points during the tachymetry survey and to ensure the
detection of all destructive effects associated with structural geometry
changes at the construction project. The descriptions of the methodology
are recommended for their application in the development of geodetic
monitoring programmes.

1. Introduction

During the maintenance process of construction projects, their structural elements are
subject to various effects causing the changes in their forms. These changes are directly
connected with the geometry of structural elements (their thickness values), the elasticity
modulus of the material and the mechanical stress values in the elements. The monitoring
of the state of a construction project as a system of observations over the parameters of its
constituents carried out with a given periodicity allows us to reveal timely the destructive
processes and to take measures for their liquidation. Thus, the safety of the further
maintenance of the construction project may be provided for.

2. Methods

The geodetic monitoring is one of the most effective methods of monitoring of structural
elements and structures. As a rule, the observations concern the relative displacements of
measuring marks fixed at the structures under observation. The disadvantages of these
observations are a limited number of measuring marks and the impossibility of
determination of structure deformations before the start of the observation.

The use of a greater number of measuring marks is not always possible because of
aesthetic or technical considerations. The 3-coordinates tachymetry survey (carried out in a
non-reflection operation mode) does not require the installation of stationary measuring
marks. The evaluation of deformations before the observation period may be performed
through the mathematical processing of data with the consideration of the hypothesis
concerning the initial form of the surface under study. This work includes the consideration
of quantitative and qualitative characteristics of initial data for such a processing.

Any structure is subject to some deformations under the influence of design or non-
design loads. Through the deformation values, the applied loads may be evaluated, and the
possible further use of the structure may be assessed. The problem is to choose the
optimum number of measuring marks for the survey allowing the determination of all
possible structure deformations.

In 1933, V.A. Kotel’nikov formulated the theorem: if an analog signal does not contain
any frequencies higher than f.., in its spectrum, then it is possible to restore ideally exact
this signal through the discrete readings taken with a frequency higher than 2f,.. If we
determine the highest possible static structure deformations, we determine the survey
frequency as well. In the Kotel’nikov’s theorem, the frequency is determined through the
signal amplitude as a function of time. In our case, the frequency is a function of the
deformation values depending on the length or the surface of the structural element under
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observation. The problem is to determine the minimum extent of the deformed area which
we are able to register.

3. Results

For the solution of the afore-stated problem, we introduced the assumption that the
deformation of a structural element in its cross-section normal to its initial surface may be
described by an arc of the circle with the radius R. Denote A the minimum deformation
value which we are able to determine using some geodetic measurements. It is seen from
Fig.1 (assuming A <<R) that

L=+2RA; @

The value of A is determined by the accuracy of measurements, while the value of R is
characterized by the physical properties of the structural element. Assuming, as the first
approximation, the isotropy and the uniformity of the element under study, we can use the
well-known formula for the calculation of the curvature radius [38]:

1/R=M/EJ o)

where M — bending moment, £ — elasticity modulus of the material, J —moment of inertia of
the cross-section.

The bending moment may be expressed through the mechanical stresses o, arising in the
structure and the section modulus W: M=cW in its turn, W=2J/t, where t — thickness of the
element under study. Also, o=Eg, where ¢ — relative deformation.

Substituting the expressions for M, W and ¢ into (2), we obtain:

R=t/2¢. (3)

Thus, a possible curvature radius value is calculated. Substituting this value into (1), we
obtain:

L :\ftA/S (4)

Thus, we have an expression for the determination of the maximum incremental step of
tachymetry survey, which allows us to reveal the bending value A of the structural element.

Fig. 1. Determination of the extent of a deformed area in a structural element.
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As the first approximation, we can consider the limiting relative deformation value for
construction materials to be equal to 1-10. The value of A cannot be less than the accuracy
of measurement taken equal to 2mm, i.e. A=2mm. The thickness of the wall from pre-
fabricated reinforced concrete is usually equal to 250mm. Substituting these approximate
values into (4), we obtain the measurement step value of 700mm.

Here the value of R (calculated from (1)) will be approximately equal to 120mm.
Considering the limiting tensile relative deformation to be equal to 1,5-10™ and the building
wall thickness to be not less than 750mm, we obtain the measurement step value of
3000mm and the curvature radius value of more than 2km.

The method has been applied in the process of inspection of a building with a variable
number of storeys. Fig. 2 presents the isometric lines drawn with the step value of 10mm
according to the initial survey points which are presented as well.

Using the afore-said formulas, we can determine the measurement step for a 3-
coordinates tachymetry survey allowing us to reveal the areas, which are potentially
dangerous for the structure under observation.

If the number of measurement points is sufficient for the determination of the functional
dependence of the deflection y on the x-coordinate, the curvature radius R may be obtained
through the formula

o))"

vl )

Considering the location of isometric lines in the area with the maximum deformation
gradient (central area in Fig.2), we can approximately calculate the surface curvature radius
value of about 35m.

Comparing the calculated values to the afore-said curvature radii, we note that the wall
curvature is inadmissible.

This fact may be connected with both the loading conditions and the initial surface
curvature at the moment of the building erection. Comparing the obtained curvature values
to the standard tolerance values for the moment of the building erection, we can come to a
conclusion concerning the present state of the building.

Fig. 2. Isometric lines for the end-face wall of a four-storey building with a superstructure.
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4. Discussion

The necessity of monitoring is noted in many published works, in particular, in [1-9]. The
monitoring systems for historic buildings are of particular importance [10]. There are
different methods and means of monitoring, e.g. the work [11] considers the monitoring of
engineering state of structural elements and notes the importance of measurement of forms
of natural oscillations for these elements. The systems of control over the engineering state
of structures are being developed on the basis of the monitoring systems [12] as well as of
the simulation of deformation processes [13].

Among different monitoring systems, we should note the geodetic monitoring, i.e. the
system observations over the structure deformations. The necessity and the prospects of
geodetic monitoring are mentioned in [14-16]. The factual disposition of structural
elements considerably influences their strength and stability [17]. A thorough review of
apparatus and methods of observations over the strains in structures is given in [18]. The
experimental studies of the methods of determination of control positions are described in
[19]. A space model of a structure considers the data obtained from the deformation
monitoring allowing the determination of the most vulnerable places [20-22]. We should
differentiate once-only, periodic and continuous observations over the deformations [23].
The experience of the use of automated deformation monitoring systems at the Olympic
structures has been presented in [24], that in a dense city development — in [25], that for
hydro-engineering structures — in [26] and that for historic buildings — in [27]. The
monitoring of linear strains is described in [28] and that of non-linear surfaces is stated in
[29]. The control over the strains may be carried out by different ways: laser scanning [30-
32] (which allows the determination of seismic loadings, according to [33]);
photogrammetry [34]; determination of drill-hole inclination and direction [35] and
tachymetry survey [36].

The systems of monitoring of engineering state (in accordance with [37]) are installed at
potentially dangerous, hazardous, complex and unique structures. In accordance with [38],
in case of a limited serviceability of buildings or structures, their further use is possible
with the monitoring of their engineering state.

5. Conclusions

The use of the afore-mentioned methodology provides for the achievement of the purpose
of the study: the optimization of the tachymetry survey step. Placing the geodetic marks
(in case of geodetic survey with measuring marks) or focusing the tachymeter axis of sight
on given points (in case of non-reflection operation mode), we will be able to determine all
possible deformations of the structures which do not cause their destruction. Thus, from one
hand, the cost of production of works decreases, and, from the other hand, the quality of the
works improves due to the exposure of all possible deformations of the structures.
Comparing the factual geometry of the structure to its design disposition, we are able to
draw a conclusion about the degree of external effects as well as about the state of the
structure at the moment of registration of measurements. A periodic tachymetry survey
allows us to reveal the dynamics of destructive processes and to take timely measures for
the prevention of development of hazardous situations.

To settle the question of the survey step once and for all, it is necessary to study the
accuracy of focusing the tachymeter for different operation modes including ones with
consideration of the quality of the surface under supervision, which may serve as a subject-
matter for further studies in the field.
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