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The article is related to the field of geodetic and engineering construction monitoring of building
structures in the form of rod systems. It investigates the measurement accuracy of the compression
deformation of the rod. As an example, there is considered a vertical rectilinear rod of high flexibility,
loaded with a longitudinal axial force. There is explained the accuracy with which it is necessary to
measure the displacement of the rod end during the deformation. There is laid out the calculation of
the maximum stress deviation based on the stability and flexibility of the rod.
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1. Relevance of the topic

In the structural mechanics, many loadbearing structures of buildings and
constructions are considered in the form of rod systems consisting of vertical,
horizontal or inclined straight and curvilinear rods interconnected in nodes.
The main purpose of the rods is to perceive axial load and bending moment.
For example, the rod system is a frame of a high-rise building, bridge design,
columns and farms of industrial buildings, towers, watchtowers, etc.

Science of calculation and manufacturing technologies allow to create
modern building constructions that can work reliably in certain external
conditions under certain external influences. Countermeasure to environment
changes and to external influences on the elements is provided by material,
size, reserve of strength, stiffness and stability. With increasing of the adverse
changes, this may be insufficient. In order to take measures up to time and
prevent impending destructions, it is necessary to know which real stress-strain
states the structures are in, and if they are far from critical loads and stresses.
Conclusion can be done only on the basis of full-scale measurements.
Accordingly, geodesic, geotechnical and engineering monitoring are conducted
to do this [1].

© Tsaev O.P., Annenkov A.O., Demianenko R.A., Chulanov P.O.



ISSN2410-2547 417
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 109

2. Formulation of the problem

The objective of this article is to show by means of the example of an vertical
elastic rod of high flexibility subjected to longitudinal compressive loads, the
degree of responsibility and the accuracy needed to conduct geodesic monitoring
of building constructions, from the point of view of their stiffness.

3. Analysis of researches and publications

This article discusses the accuracy of measuring the deformation of the
compression of the elastic rod, which is a part of the geometrical stable
construction. The source [2] estimates the peculiarity of the work of
geometrical stability systems statically determinate and statically indeterminate
ones for organizing geodesic monitoring of loadbearing structures of buildings.
There are defined the tasks of geodesic monitoring of various types of
constructions. There are shown the dependences of the a priori calculation of
the accuracy on the type of structures, carried out in the monitoring
preparation. In the source [4], there was developed the principle of the
fundamental calculation of a priori measuring accuracy of the stretching
element deformation of the building construction in the form of a vertical rod.
In the source [3] there was carried out the calculation of the RMSE
measurement (root mean square error) of the deformation of the rod stretching
according to parameters depending on the material and on the stresses arising
in it under load. There was demonstrated the possibility of measuring the
stretching deformation with accuracy obtained from the calculation.

4. Presentation of preliminary material

To ensure reliability, elements of building constructions (EBC) are
calculated for strength, stiffness and stability. When calculating stability, it is
assumed that the maximum load on the element will not exceed the
permissible load, which is determined by the critical load and the stability
coefficient [6]. However, if the external load begins to come close to the
critical values, the construction elements may lose their stability with all the
consequences resulting from here. Stability is the ability of the element to
preserve the specified spatial position and the form of equilibrium under
external influences.

Load-bearing EBCs are made of steel of various grades, concrete and other
materials. For engineering calculations (including those related to our
competence), it is necessary to know the mechanical characteristics of the
materials used. They are determined experimentally by testing standard
samples for tension, compression, bending and torsion [7]. For example,
compression tests of short samples are carried out on special machines
(presses) that record the magnitude of the compressive force and the
magnitude of the absolute shortening of the sample with the help of sensors.
The oscilloscope plots the relationship between the applied force F and the
absolute deformation AI. For practical use, a compression diagram is designed
by plotting stresses o and relative deformations L along the coordinate axes.

The compression diagram of plastic materials, for example, low-carbon
steel, is similar to the load-elongation diagram that we described in work [4].
At the stage of elastic deformations, the graph lines practically coincide and
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have the same proportionality and elasticity limits, up to the flow stress. The
differences begin in the area close to the flow point, but this is already the
beginning of large permanent (plastic) deformations, which quickly lead to
distructure. The compression diagram of a short rod made of ST3 mild steel is
shown in Fig. 1(c).

Line 0-1 shows that the relative compressive strains are directly
proportional to the normal stresses arising in the sections of the element due to
the application of compressive stress. At the stage of 0-1 elastic deformations
according to Hooke's law L = o/E. At stage 1-2, the deformations are still
elastic, but already nonlinear. Beyond the elastic limit (point 2), the stage of
permanent deformations begins, passing into the stage of material flow [6].

A short sample is a rod with the ratio of length to diameter less than 5. Short
rods are rods with low flexibility [9]. They fail to operate mainly due to loss of
strength, and not loss of stability. However, for many elements of modern
structures, the length significantly exceeds the size of the cross-section. Such
elements are considered to be relatively long and thin.
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Fig. 1. Stability of the rod: (a) a vertical rod loaded with an axial compressive stress;
(b) bifurcation of the equilibrium state of the rod; (c) diagram of the compression of the rod; (d)
critical stress diagram

The behavior of long elements under the influence of an axial compressive
stress turns out to be fundamentally different from that of short ones. The
experience demonstrates that the rod, under the influence of an axial
compressive load not exceeding the permissible design values, retains its
original form of equilibrium and stability. At the same time, it works in the
area of elastic compression deformations. An example is a vertical fixed rod,
which has a rectilinear form of equilibrium, loaded with an axial stress, which
maintains its stability (Fig. 1(a)).

When the increase of the load reaches some specific values, then it comes to
a state of the element when the form of equilibrium becomes unstable, i.e. at
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any moment, with a slight external influence, it (the form of equilibrium) can
turn from rectilinear into curvilinear one. This is followed by large
displacements, permanent deformations and finally destruction. There are
some possible cases of the element, having lost stability, turning into the mode
of sustained oscillations. A danger of loss of stability is meant by its sudden
beginning, almost immediately beyond the elastic limit, when the strength of
the material is far from being exhausted [8].

There is no need to prove the importance of monitoring when a construction
with similar structures is settled, for example, in the zone of development of
negative natural and anthropogenic processes. As a result, the load on some
elements may increase to critical values due to uneven horizontal and vertical
displacement and inclination of the structure, including vibrations, etc. The
degree and nature of the development of dangerous exogenous and
endogenous processes and their influence on a given spatial position of the
structure is determined by the results of geotechnical and geodetic monitoring
[1]. At the same time, the complex of engineering and technical measurements
should demonstrate, with the necessary completeness, reliability and accuracy
of the value, the nature and dynamics of changes in the external load on the
elements of the structure, the change in internal forces and stresses in them, the
development of deformations (changes in the size and shape of equilibrium).

5. Presentation of the main material

Initially, with the completion of construction, the structure of the
construction, all bearing elements, and the entire construction as a whole, must
be in a state of elastic equilibrium, which is considered initial at the time tn.
The prevailing conditions, external loads, equilibrium of forces and moments
of forces, determine their initial stress-strain state (SSS)n and spatial position
(shape, dimensions, internal forces and stresses, degree of deformation, etc.),
which must meet the calculated values.

During the use of a building, almost every element of the building structure
is exposed to the disturbing influences of forces which are external to it,
striving lose its initial state of equilibrium. If the disturbing influences are
temporary, and the deformations are elastic, then the element returns to the
initial state of equilibrium and (SSS)n. If there was a redistribution of the force
influence for example as a result of uneven settlement, uneven horizontal
displacement, roll, bending or other factors, then the stress-strain state of the
elements will change, and at the time tk ,they will be in a new state - (SSS)k.

Let us consider a single element of the building construction - a vertical
metal rod operating to compression, which length significantly exceeds its
transverse dimensions (long rod). Let’s assume that there is provided in
advance a constant monitoring of the deformation and its stress-strain state
during the installation and subsequent operation. Therefore, at the first stage,
the stage of manufacturing, the ends of the rod are fixed with deformation
marks and the length 1 between them is measured with the RMSE ml (root
mean square error). At the second stage - the stage of installation (the stage of
the initial loading of the rod), the rod was placed in the designed vertical
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position (z1 = [1-2; z2 = 0) and fixed on a perfectly solid non-deformable
foundation (Fig. 1(a)).

We measured the coordinates of points 1 and 2 with accuracy mz =mzp=m;.
Without load, the rod has a zero stress-strain state, i.e. (SSS)0 (excluding its
own weight). This state of the bar corresponds to the zero point of the diagram,
when there is no load, no stresses and no deformations. Next, a vertical axial
load was applied to the rod (the direction of the force vector coincides with the
direction of the bar axis), which corresponds to the calculated values, and, on
the basis of which, it was calculated for strength, stiffness and stability. The
element has acquired elastic deformations, retaining its rectilinear form of
equilibrium. In this case, point 2 remained restrained, and point 1 shifted and
took position 1'. The coordinate of this point was measured (by the method of
engineering geodesy), then 4/ = z1 — z1' (4] can be also measured using a
strain indicator). Thereby, the rod became a part of the support rod system,
having obtained the initial stress-strain state, i.c. at the moment of time tn, it is
in a stable initial state of equilibrium: under the influence of the calculated
axial load, it retains its rectilinear shape, and the stresses in the sections are
notably less than the proportionality limit o,,. And this initial state is fixed by
means measuring the initial deformations and initial stresses.

The stresses start to increase if the load starts to increase, i.e. longitudinal
compressive force F. Deformations start to increase proportionally.

The accuracy with which it is necessary to measure the displacement of the
end of the rod during deformation is carried out in the source [4]. There was
developed a dependency:

/

" =3 hE [ (1)
from which it can be seen that the RMSE of the displacement measurement
depends on how to choose the extreme deviation of the stress in the sections of
the rod made of a certain material. Deviation &, is the limiting error to

determine the stresses in the rod, which we can afford, realizing that the
accuracy of measuring the displacements of deformation marks will not render
possible passing the known limit of elastic deformations. In this work, the
choice of &, is done basing on the stability and flexibility of the rod.

It all depends on the magnitude of the external force, and by growing it can
lead the rod into the so-called state of indifference. This force is called critical.
Being in indifferent state, when (F = F,,), two forms of equilibrium are
inherent in the rod: rectilinear and curvilinear (bifurcation of equilibrium
states) [6, 8]. If the magnitude of the force exceeds the critical value (for the
reasons mentioned above), then the equilibrium will become so unstable that
even a slight disturbance can cause the rod to bend (Fig. 1(b)). The errors can
be such factor, for example the errors in the relative position of the force
vector and an element of a building structure, manufacturing errors and others
[5]. The increase in the load and the approach of the element to an unstable
state must be "seen" by the monitoring system in order to somehow prevent
this and destruction. But the deformations in the elements of building
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structures are small, and the stresses corresponding to them are great, therefore
in the monitoring system there must be installed instruments of appropriate
high-precision measurements. One of these tools is a preliminary calculation of
the required measurement accuracy, which we consider.

The critical force corresponds to the critical stress, which depends on the
elastic properties of the material and on the flexibility of the rod [6; 8]:

2
o, =7;—2E, )
where A —rod flexibility parameter.

Each element of a building construction functioning in compression and
depending on its geometric and physical values has more or less flexibility.
Long rods are more flexible, short ones are less flexible. Accordingly, there is
the concept of medium flexibility. There is no clear physical boundary
between them, however, it is necessary to know quite definitely when the
critical stress occurs at a given flexibility of the rod and then basing on this
calculate the accuracy. Fig. 1(d) demonstrates the dependence [6, 8] of critical
stresses on the flexibility of the rod, which is known in the strength of
materials. The graph shows that if the critical stresses are higher than the
proportionality limit, while 4 <100, then the rods are considered to be of
medium or low flexibility. Medium rods are more stable elements than the
long ones, since the ratio of length and transverse dimensions is not so well
expressed. For this category of the rods, the critical stresses are between the
proportional limit and the flow stress. Short rods, i.e. rods with very little
flexibility, when compressed, are destroyed due to loss of strength, and for
them the critical stress will be the flow stress (for plastic materials).

If critical stresses arise in the load up to the proportionality limit (inclusive),
i.e. 0,0,y then the rods are considered to be of great flexibility. The
stability calculation for them is carried out under the condition of linear elastic
deformations. In our work, we consider just this kind of rods, since they are
sensitive to loss of stability. The graph shows that as the flexibility of the rod
increases (4>100), the level of critical stresses for it decreases, i.e. it can lose
stability even in the area of elastic deformations at stresses lower than ¢ prop.

The critical stress corresponds to the bifurcation state of the rod, i.e.
transitional state between stable and unstable equilibrium. From a stable
equilibrium the rod passes into indifferent equilibrium and then into an
unstable equilibrium. Thus, it is possible to mark a certain state, a certain range
of values that precede the critical stress. On this basis, we find the limiting
deviation 6c. Let us set the stress interval, which width is

koo, 3)
where do = o, — ol; 6,— lower boundary of the interval; 0< £ <I.

Let us present the length of this interval as the limiting random deviation of
stresses, followed by the law of normal distribution. Then, substituting (3) into
formula (1), we obtain

4)

m_ =

i
—L _kéo.
z73hE °
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Let us consider an example for a 5 m long rod made of steel grade ST3. For
the steel ST3 the modulus of elasticity is £ =2,1-10%; proportionality limit
Oprop= 200 MPa; elastic limit ., = 210 MPa; flow stress o7, = 240 MPa. With
the parameter of rod flexibility A = 100, the critical stress will be at the point of
the proportionality limit. Let us take the interval dc = 10 MPa and k£ = 1 [3],
then m, = 0.06 mm.

6. Conclusions

Bearing rod structures of buildings and constructions operating in real
conditions differ from “ideal” by their being “distorted” in general by
manufacturing and installation errors, incomplete consideration of external
influences and other factors. The rod system has sufficient strength and
stiffness to resist it and in a deformed state under calculated external loads it
has a given form of equilibrium and a state of elastic equilibrium between
external and internal forces.

Elastic equilibrium for a given rod system is stable if the increase in the
external load does not exceed some limiting values for it and the deformations
remain elastic. That is, a structure that has initial deviations in size, geometry,
spatial position, which undergoes the increasing of load, leaves the state of
equilibrium, but tends to return to its original state.

If the external load reaches the critical values and the system becomes
unstable, then errors in the relative position of the system elements can
provoke a rapid development of residual deformations and a rapid change in
the initial form of equilibrium, up to the destruction of the load-bearing
elements.

It follows that special attention should be paid to the accuracy of geodetic
and installation works, because of:

- unreasoned errors in the position of elements can play a fatal role, putting
the system in an unstable state to destructive changes;

- unreasoned errors in measuring displacements with increasing
deformations and stresses will not allow to detect the approach of the system to
an unstable stress-strain state.

REFERENCES

1. Isaev A.P., Gulyaev YU.F., CHulanov P.A. Kompleksnyj monitoring inzhenernyh sooruzhenij
(Integrated monitoring of engineering structures). Mistobuduvannya ta teritorial'ne
planuvannya. 2020. Ne 74. S. 162-171.

2. Isaev A.P., Gulyaev YU.F., CHulanov P.A. Osobennosti geodezicheskogo monitoringa raznyh
stroitel'nyh konstrukcij. Mistobuduvannya ta teritorial'ne planuvannya (Features of geodetic
monitoring of various building structures). 2019. Ne 70. S. 230-240.

3. Isaev A.P., Gulyaev YU.F., Strilec V.S., CHulanov P.A. Ocenka monitoringa processa
deformacii i osadki pryamolinejnogo vertikal'nogo sterzhnya (Evaluation of Monitoring the
Deformation and Settlement of a Straight Vertical Structure). Inzhenerna geodeziya. 2019. Ne
67.8S.15-21.

4.  Isaev A.P., SHul'c R.V., Gulyaev YU.F., Strilec V.S. Principy izmereniya osadki staticheski
neopredelimyh konstrukeij (na primere pryamolinejnogo vertikal'nogo sterzhnya). (Principles
for measuring settlement of statically indeterminate structures (example of a vertical
structure)). Inzhenerna geodeziya. 2017. Ne 64. S. 55-66.



ISSN2410-2547 423
Omip MatepianiB i Teopis cropya/Strength of Materials and Theory of Structures. 2022. Ne 109

5. Isaev A.P. Vozdejstvie pogreshnostej polozhenij na sistemu dvuh vertikal'nyh sterzhnej
(Influence of position errors on the system of two vertical structures) / A.P.Isaev //
Mistobuduvannya ta teritorial'ne planuvannya. — Kiiv, 2013. — Vip. 48. — S. 190 — 195.

6. Soprotivlenie materialov: uchebnik dlya vuzov (Strength of materials: textbook for high
schools)/ G.S. Pisarenko i dr.; pod red. G.S. Pisarenko. Kiev: Vishcha shkola, 1979. 696 s.

7. Mekhanicheskie ispytaniya. (Mechanical Tests) Laboratoriya mekhanicheskih ispytanij IPM.
URL:  http://www.materials.kiev.ua/departments/008/MechTest.files/page0003.htm  (data
zvernennya: 23.02. 2021).

8. Ustojchivost' szhatyh sterzhnej. (Stability  of  compressed rods) URL:
https://docplayer.ru/26800544-19-ustoychivost-szhatyh-sterzhney-osnovnye-ponyatiya-
ustoychivoe-i-neustoychivoe-ravnovesie.html (data zvernennya: 23.02. 2021).

9. GOST 25.503-97. Raschety i ispytaniya na prochnost'. Metody mekhanicheskih ispytanij
metallov. Metod ispytaniya na szhatie. (GOST 25.503-97. Strength calculations and tests)
[Dejstvuyushchij ot 1999-07-01]. Minsk: Mezhgosudarstvennyj sovet po standartizacii,
metrologii i sertifikacii, 1999. 24 pp.

Cmamms naoditwna 21.02.2022

Icaes O.I1., Annenkos A.O., [Jlem anenxo P.A., Yyranos I1.0.
MOHITOPHHI CTIMKOCTI ENTEMEHTIB BYIBEJIbHUX KOHCTPYKIIIA HA
MPUAKJAII BEPTUKAJIBHOI'O MPYKHbOI'O CTPUXKHS BEJTUKOI THYYKOCTI

CTaTTsl BIXHOCHTBCS [0 O0JACTI Ie0e3MYHOr0 Ta IHXKEHEPHO-OYIIBEIbHOIO MOHITOPHHIY
OyniBelbHUX KOHCTPYKLIH y BHIJIIAI CTPHIXKHEBHX CHUCTeM. JOCHIKYETbCS TOYHICTH BHMIpY
nedopMarii CTArHeHHs CTPKHSL. Y SKOCTI MPUKIALY PO3IJISHYTO BEPTHKAIBHUN HPSIMOTIHIHHU#H
CTPWIKCHb BEIMKOI THYYKOCTi, HaBAHTQ)XCHHH IOB3IOBXKHBOIO BEPTHKAIBHOI CHiIO. JloCBix
CBIIYNTPH, 10 CTPHIKEHb MiJ Ji€0 OCBOBOIO CTHCKAKOYOrO HABAHTAXKCHHS, LIO HE ICPEBHUILYE
JIOIyCTUMUX PO3PaxyHKOBHX 3HaueHb, 30epirae mo4yaTkoBy (opmy piBHOBaru Ta criiikicts. [Ipu
[[OMY BiH IPAIfOE€ Y paMKax MPYXKHUX AepopMaliiii cTucHeHHs. [Ipu 30i1blICHHI HABAHTAKCHHSI
10 KPUTHYHHX 3Ha4YEeHb HACTAE TAKHI CTaH eJIeMEHTa, KOu (opMa piBHOBArM CTa€ HECTIHKOIO, i B
OyIb-sIKHil MOMEHT IIPH HE3HA4Hiil CTOPOHHIN Aii a00 B pe3yabTaTi MOXUOOK MOJNOXKEHHS, BOHA
MOX€E 3 MPSMOJIHIHHOI IEepeTBOPUTUCS HA KPUBOIiHINHY. Lle CympoBOMKYETbCS BEIMKUMU
HEePEeMILICHHSIMH T 3aJIMIIKOBUMH JedopmartisiMu. PoGUTbCS HAroioc Ha BaXIMBOCTI
MOHITOPHHTY, KOJIH CIIOPY/UKCHHS 3 MOJIOHUMHI KOHCTPYKLIISIMU BUSIBILSIETHCS, HAIPUKIIAM, Y 30HI
PO3BUTKY HEraTUBHUX HPHPOJHUX Ta aHTPONOrCHHHUX IPOLECiB. B pe3ynbraTi HaBaHTaXKEHHS Ha
NesKi eJIeMEHTH MO)Ke 30UIBIIMTHCH 10 KPUTHYHHX 3HA4YCHb 3a PaxyHOK HEpPiBHOMIPHOTO
TOPU30HTAJIBHOTO Ta BEPTHKAIBHOIO 3CYBY Ta HAXWJIy CIOPYIH, Yy TOMY YHCIi BiOpawii ToIIo.
AKIICHTY€TBCSL yBara Ha TOMY, LIO KOMILJIGKC IH)KCHEPHO-TEXHIYHHMX BHMIDIOBAaHb ITIOBHHECH
[OKa3aTH 3 HEOOXIAHOK I[IOBHOTOK, IOCTOBIPHICTIO Ta TOYHICTIO BEJIMYMHH, XapakTep Ta
JIMHAMIKy 3MiH 30BHILIHBOrO HABAHTAXKCHHS HA €JIEMEHTH CHOPY/H, 3MiHY BHYTPIILIHIX 3yCHIIb Ta
HAaOpy)KeHb y HHUX, PO3BUTOK Jedopmaniii (3MiHa po3mipiB Ta (OpMH pPIBHOBArM).
OOIPYHTOBYETHCSI TOYHICTh, 3 SIKOIO HEOOXiJHO BHMIPIOBATH PyX KIHII CTPYOKHS MiA dac
nedopmarii. BuBeneHo 3anexHicTh, 3 KOl BUAHO, IO CepeiHs KBaJApaTHYHA MOXHOKAa BUMIpY
HepeMillleHHsT 3aJEKHUTh BiJ TOrO, SIKUM YHHOM OOpaHO TpaHHYHE BIAXWICHHS HANPyrd B
nepepizax CTPHXKHs 3 HEeBHOro Mmarepiany. OOIPyHTOBaHO PO3PaxyHOK IPAHUYHOIO BiIXHIICHHS
HAIPYTH, BUXOASIYH i3 CTIHKOCTI Ta THYYKOCTI CTPHIKHSL.

KurouoBi cioBa: BepTHKaJbHHII CTpIIKeHb, Aedopmanis, KPUTHYHA Hampyra, HecTiiika
piBHOBara, TOYHICTh BUMIPIOBaHb, [€OAC3HYHUI MOHITOPHUHT.

Isaev O.P., Annenkov A.O., Demianenko R.A., Chulanov P.O.
MONITORING OF THE ELEMENTS STABILITY OF BUILDING CONSTRUCTIONS
BY MEANS OF EXAMPLE OF VERTICAL ELASTIC ROD OF HIGH FLEXIBILITY

The article is related to the field of geodetic and engineering construction monitoring of
building structures in the form of rod systems. It investigates the measurement accuracy of the
compression deformation of the rod. As an example, there is considered a vertical rectilinear rod
of high flexibility, loaded with a longitudinal axial force. Experience demonstrates that the rod,
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under the influence of an axial compressive load not exceeding the permissible design values,
retains its original form of equilibrium and stability. At the same time, it works in the field of
elastic compression deformations. As the load increases to its critical values, there occurs a
particular state of the element when the form of equilibrium becomes unstable, and at any moment,
it can turn from a straight line into a curvilinear one with a slight external influence or as a result
of position errors. This is accompanied by large displacements and permanent deformations. The
importance of monitoring is noted when a building structure with similar constructions, for
example, is situated in the area of development of negative natural and anthropogenic processes.
As a result, the load on some elements may increase to critical values due to uneven horizontal and
vertical displacement and inclination of the structure, including vibrations, etc. Attention is
focused on the fact that the complex of engineering and technical measurements should show, with
the necessary completeness, reliability and accuracy of the value, the nature and dynamics of
changes in the external load on the elements of the building structure, changes in internal forces
and stresses in them, the development of deformations (changes in the size and shape of
equilibrium). There is explained the accuracy with which it is necessary to measure the
displacement of the rod end during the deformation. There was derived the dependence with the
help of which it is possible to see the root-mean-square error of the displacement measuring that
depends on the choice of the maximum stress deviation in the sections of the rod made of a certain
material. There is laid out the calculation of the maximum stress deviation based on the stability
and flexibility of the rod.

Keywords: vertical rod, deformation, critical stresses, unstable equilibrium, accuracy of
measurements, geodetic monitoring.
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