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KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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THE IMPROVING OF THE ACCURACY OF ENGINEERING
AND GEODETIC WORKS IN THE CONSTRUCTION AND CONTROL
OF THE GEOMETRIC PARAMETERS OF HIGH-RISE BUILDINGS

Abstract. In the article, the authors had done a brief analysis of existing modern, traditional methods and tools
that allow to determine the planned coordinates of geodetic signs, located on the last tier of super-high engineering
structures, paid special attention to the disadvantages and concluded that it’s necessary to develop a method and
device for determining the geodetic coordinates on ultra-high engineering structures with high accuracy to provide
engineering and geodetic works during the construction and operation of high-rise structures.

In the article, the authors propose their method and device for determining the planar coordinates of the upper
geodetic sign of the line of vertical design on ultra-high engineering structures with high accuracy, which is based on
the method of the straight linear resection by the light distance meter. The result of the proposed method is the
enhancing of the accuracy of engineering and geodetic works during the construction and control of geometric
parameters of high-rise structures.

This method of distance measurements allows getting the enhancing of the accuracy of the engineering and
geodetic measurements by fixing the moment of occurrence of the double frequency with root mean square error
(RMSE) above 0.5 mm, thus eliminating the need to measure the phase difference between direct and reflected
pulses. A particular advantage of the proposed method is that the accuracy of the measurements depends on the
comparison of the radiated f'and double f; frequencies, which makes the measurement precision.

Key words: geodetic monitoring, vertical design, light distance meter, planned coordinates, construction of
high-rise structures.

Review. During construction and often during the operation period of the high-rise engineering
structures, the task to determine the planned coordinates of the geodesic sign, which is located on the top
(roof) of the high-rise structure arises.

Let’s consider briefly the advantages and disadvantages of the well-known methods of determining
and transmitting the planned coordinates vertically. The method of constructing the vertical by mechanical
plumb-line is the simplest, however, for the geodetic maintenance of the construction of multistore high-
rise structures, this method cannot be used due to the low accuracy (1:1000 under favourable measurement
conditions) of coordinate transmission [1].

There is a method of determining the coordinates of the upper geodetic sign (UGZ) by constructing
two collimation planes with the sight axes of the total station located on the construction site [2], in which
the intersection of the collimation planes forms a vertical line through which the planned coordinates are
transmitting from the lower geodetic mark (LGM) top sign. Insufficient accuracy is associated with the
unacceptable error (for this measurement >+10 of angular seconds) of cylindrical instrument levels, which
gives a vertical error of ~ 20 mm at a building height of 100 m.
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More accurate is the method of optical or laser vertical design, which provides an accuracy of
1-2 mm for a building height of about 100 m [2].

At the same time, the requirements for the root mean square error of vertical design devices for high-
rise structures exceeding 100 m are g, = 0.5 mm + 1 - H [3], where H < 0,01 - H;¢ (H|( is the height of
the engineering structure) that are representing a serious technical problem of vertical design.

For the most part, during geodetic monitoring of engineering structures, considerable attention is paid
to determining the deformations of the foundation part of the structure by traditional geodetic methods and
devices [1,2], but recently at the time of full automation cases of using non-traditional optoelectronic
photosystems to determine deformations of not only the fundamental part of the structure, but the structure
as a whole [4,5] and the territory as a whole [6].

Formulation of the problem. It follows from the above that it’s necessary to develop a method and a
device for determining the planned coordinates of the upper geodetic sign-on ultra-high engineering
structures with high accuracy.

The purpose of the article. The determination of the planned coordinates of the upper geodetic sign
of the vertical line on ultra-high engineering structures with high accuracy.

Presentation of the basic material. The authors created a method for determining the planned
coordinates of the upper geodetic sign of the line of vertical design on ultra-high engineering structures
[7]. It is based on the method of the straight linear resection by the light distance meter. To do this, the
geodetic anchor of the central points of the light distance meter and the lower geodetic sign in the
engineering structure in plan and by the height with the required accuracy is doing. Light distance meters
are oriented to optical reflectors, which are mounted on the upper geodetic sign of the engineering
structure and, changing the frequency of the pulse emitter, fix the distances from the light distance meters
to the reflectors of the upper geodetic sign on the building at the time of occurrence in the channels of the
light-distance meters’ receivers of the dual-frequency radiation, calculating these distances for each of the
light distance meters by the formula:

Van
S = ?’ (1)
where V is the speed of light propagation in the atmosphere; 1 - is the frequency of light pulses; » - an odd
number of periods of double-pulse f, = 2f radiation frequency; the number n is determined by the
approximate value of the S’ distance on a large-scale plan taking into account the angle of inclination of
the light distance meters’ beam and rounded to an integer odd number:
4S1f

n=—-=, 2

14

at the same time, taking into account the data of the geodetic anchorage of the light distance meters, the
coordinates of the upper geodetic sign x and y in the coordinate system of the engineering structure are
determined by the values of the directional angles of the directions "lower geodetic sign - centre of the
rangefinder" for at least two directions [7].

The method of determining the planned coordinates of the upper geodetic sign is implemented as
follows [7].

In figure 1 it is shown a diagram of the location of geodetic signs of light distance meters.

2

LY Figure 1 —
The scheme of location of geodetic signs
of light distance metres
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The diagram (figure 1) indicates: 1 - lower geodetic vertical sign (LGS); 2 - upper geodetic vertical
sign (UGS); 3, 5 - light distance metres; 4, 6 - geodetic signs.

Places for the installation of light distance metres are choosing at some distance from the controlled
structure, paying attention to a sufficiently sharp angle of incidence of the light distance metres and direct
visibility, equip land-based geodetic signs and stable bases for light distance metres in centres’ projections
and do the high-precision geodetic reference in horizontal and vertical projections of the mentioned
geodetic signs and the lower geodetic sign of the controlled vertical relative to the construction coordinate
system.

The method of determining the planned coordinates of the upper geodetic sign of the vertical line on
ultra-high engineering structures is implemented using a light distance metre device [5]. Thus, the authors
proposed two options for determining the coordinates of the upper geodetic sign in the absence of rocking
of the structure and the case of the rocking of the structure.

The block diagram of the light distance metre device (figure 2) contains [7]:

1 — the block of controlling and processing of the information;

2 — the block of the high-frequency generator;

3 — the block of modulation of the frequency;

4 —the block of radiation of light pulses;

5 — the reflector;

6 — the optical and electronic receiver;

7 — the mixer of frequencies of direct and reflected light pulses;

8 — the block of separation and comparison of the mixed frequency and the radiation frequency;

9 — the block of indication;

10 — the block of recording and storage of the information.

172
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Figure 2 — Block diagram of the light distance metre device

All blocks, except block 5, are installed in the body of the light distance metre’s channel. In Fig. 2 the
electrical connections are indicated by solid lines and the optical connections by the dashed lines.

Consider the procedure in two ways:

1. In the absence of rocking of the structure.

2. When the structure is rocking.

The light distance meter works as follows. Block 1 activate other units of the device and sends the
command to block 2, which generates a frequency fof the radiation. Block 2 through block 3 sends the
frequency to block 4; block 4 emits pulses of the light signals which are coming to the reflector 5. The
reflected light pulses reflected from the reflector come to block 6, where the pulsed light signals are
converted to electric with the main frequency f of the reflected pulses and are transmitted to the block 7;

at the same time, the block 7 receives electrical signals from block 3 with the fundamental radiation
frequency f (direct pulses). During the changing of the frequency in block 3 the interval of the time

between direct and reflected signals changes. At the moment when this time interval will be T = g, where
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T is the period of frequency, in the mixer 7 the double frequency f; = 2f appears, which goes from block
7 to block 8. In block 8, the frequency is divided into two. Also block 8 receives from block 3 the current

radiation frequency f, which is compared with the frequency f;‘q. At the moment of the coincidence of these

frequencies, the signal of the presence of the equality of frequencies f = %g from block 8 comes to block

1. Into block 1 also comes from block 2 values of the current frequency at the time of the coincidence. The
number # is determined by the approximate value of the distance on a large scale (2).
In the end, determine the distance from the device to the reflector just for the moment of the

coincidence of frequencies f = f?g according to the formula (1) is determining.

To determine the coordinates of the upper geodetic sign of the structure in conditions of wind sway
on the upper floors, the proposed method is implemented within the schemes shown in figure 1 and 2. At
the same time, into a light distance metre device the low-frequency modulation of the main high-
frequency modulation of the light pulse radiation is putting, and it’s performing by block 3 on the
command of block 1 (figure 2). Low-frequency modulation allows with a small amplitude of the rocking
of the upper geodetic sign and with the rocking of the main frequency fin small limits, leaving an known
number 7 to be constant, to obtain a sufficient number of points of double current frequency f; = 2f and
the moments of its appearance to graphic of deviation of the upper geodetic sign from the vertical in axis
X and Y. Visualization of such a graphic makes it possible to do vertical control in dynamics.

The work of the light distance metre is doing mainly according to the scheme shown in figure 2 and
differs from the mentioned above version of the work in that it turn on the low-frequency modulation in
block 3 fy and block 4 radiates pulses of signals from block 3 from which signals are received in block 7
(communication "block 2 - block 4" and "block 2 - block 7" in this case does not work). Otherwise, all the
blocks work according to the scheme in figure 2.

The distances are determined by the formula (1) at a constant value 7, only the frequency is changing.
With the known value of the number n (which can be determined in advance, for example, when the
engineering structure is in the state of calm), in advance, the values of deviations AS; are calculating for
the points of the trajectory of the upper geodetic sign, in which there is a double frequency f;, appears.

. . Af; .
That is, from formula (1) it turns out that, AS; = %Si, so, defining moments t; on the occurrence of
L

double frequency f;, using the data AS;, Af; and ¢; build a graphic that shows the dynamics of the rocking
of the upper geodetic sign and the moment of finding the upper geodetic sign on the vertical.

When the location of the light distance metre rays near the planes of the structure XOZ and YOZ,
Ax;,. and Ay; . will accordingly be equal to Ax; .. = K;AS; and Ay; .. = K,AS;,, where K is the
coefficient that considers the angle of inclination of the light distance metre beam.

To evaluate the accuracy of the determining the distance S, we differentiate (1) the variables f; and V,
considering the number of wavelengths and, passing to the RMSE , we get

2 2
n 14 ) 1 2
mg=—,—=| my +|— | my .
) (ng '

As it is known from the literature, the error of a single measurement of the distance of the phase light
distance metre is determining by the [8]:

2 2 2
my %
= 2 e | s L | | md, e mE
s \/ [j [f drf) o0 T

where % and % are relative errors due to inaccurate determination of the speed of light propagation in

the atmosphere and the inaccurate measurement of the radiation frequency; m,is the phase measurement
error; my, is the error of calibration of the light distance meter.

In the process of measuring the distance by the light distance meter, which is proposed by the authors
of this article, the phase measurement operation is excluded, it remains:
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2 2
mg = [s2(Z2)" + 2 (%) +m2. 3)

g

Thus, the composition of the errors, which depends on the measured distance, will be as follows:
1) % = 107% + 1077, At short distances to 1-1,5 km % = 1km- 1076 = 1mm;

2) 28 — 1076 + 1077, At short distances to 1-1,5 km% = 1km- 1075 = 1mm.

fg [
Substitute the obtained values in (3) with the proviso that distances S = 1-1.5 km, we obtain
2 mr N2
— 2 (M 2 ﬁ —
ms—\/S (U)+s(fd) = 1.5 mm. (4)

Errors m, and m;, are the errors of the centring of the light distance meter and the reflector
installation, for the high-precision measurements should be taken tolerances for at least 0.1 mm. The error
of calibration m,,; will be 0.2 mm.

Considering the components of the error we get:

m= /m? +m? = /0,12 4+ 0,22 = 0.22 mm. (5)

Considering (4) and (5), we obtain the general formula of the RMSE distance measurement for the
pulse-frequency light distance metre proposed by the authors of this article:

mg =(0.22+1.5-s-10'6) mm .

Thus, during the usage of the impulse-frequency light distance metre suggested by the authors, during
the measurement of short distances for engineering and geodetic work (up to 1-1.5 km), the accuracy of
the measurements will mainly be affected by the errors m., m;,, Meq;.

The conclusion. Therefore, this method of light-distance metre measurements allows obtaining an
increase in the accuracy of engineering and geodetic measurements by fixing the moment of occurrence of
the double frequency with RMSE above 0.5 mm, thus eliminating the need to measure the phase
difference between direct and reflected pulses. A particular advantage of the proposed method is that the
accuracy of the measurements depends on the comparison of the radiated f and double f; frequencies,
which makes the measurement precision.

According to the obtained data, the graphs of oscillations of the upper geodetic sign relative to the
vertical in the directions of the axes X, Z of the engineering structure are constructed and they are used to
control the verticality during the construction and installation of technological equipment. Equally useful
will be the device and method to perform geodetic deformation control during the operation of
engineering high-rise structures.

Thus, the method of light-distance metre measurements proposed by the authors allows doing the
determination of the vertical with high accuracy in conditions of the oscillations of ultra-high engineering
structures.
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HOBBIEHUE TOYHOCTU MHKEHEPHO-TEOJAE3UYECKHUX PABOT IIPA BO3BEJIEHUN
N KOHTPOJIE TEOMETPUYECKHUX TAPAMETPOB BBICOTHBIX COOPYKEHUU

AHHOTanusi. B cTartee aBTOpPHI BBINOJHWIN CXKATBIH aHAIHM3 CYLIECTBYIOIINX COBPEMEHHBIX TPaJWUIMOHHBIX
METOJIOB U YCTPOMCTB, MO3BOJISAIOIINX ONPENENIATh INITAHOBBIE KOOPANHATHI I€OAE3NIECKUX 3HAKOB, Pa3MEILCHHBIX Ha
TIOCTIETHEM SIPYCE CBEPXBBICOKHX MHXKEHEPHBIX COOPY>KEHHH, 0COOEHHOE BHUMAHHUE yEININ HEIOCTATKAM CYILECTBYIO-
mux crnoco6oB. OOIIEn3BeCTHRIE CITOCOOBI, @ IMEHHO CIIOCO0 MOCTPOCHUST BEPTHKAIN C MIOMOIINBI0O MEXaHUIECKOTO
oTBeca, HECMOTpPsI Ha TO, YTO SIBJISIETCS HauOoJee MPOCTHIM B HCIIOJIb30BAHUHM — HE 00ECHeurBaeT HEOOXOANMYIO
TOYHOCTh IIPU CTPOUTEIHCTBE MHOTOITAKHBIX BBICOTHBIX COOPY)KEHHMH, NpenesbHas TOYHOCTh 3TOro crocoda
coctaimsier 1:1000 mpum ycioBuM OJaronpUsATHBIX YCIOBHHA HM3MEPEHHI; CIEeIyIonMi Ccroco0 onpeeseHus
KOOpJMHAT BEPXHEr0 TI'eO0JE3MYECKOr0 3HaKa IPH MOMOLIM HOCTPOSHMS JABYX KOJUIMMALMOHHBIX IIOCKOCTEH
BU3UPHBIMH OCSIMH OINTHKO-3JIEKTPOHHOT'O TaxeOMEeTpa aHAJIOTMYHO He obecrieunBaeT TpeOyeMOH TOYHOCTH, NpU
BbICOTE coopykeHHUs 100 M ommOKa 1Mo BepTHKAIN COCTaBIsAeT ~+20 MM; HanOoee TOYHBIH U3 U3BECTHBIX CITOCOOOB
Ha CErOHSIIHUN JEHb SIBISETCS CIIOCOO ONTHYECKOTO WM JAa3€PHOTO BEPTHUKAIBHOTO NMPOEKTHPOBAHUS, KOTOPBIH
obecrieynBaeT TOYHOCTH 1-2 MM AJIsT BBICOTHI COOpysKeHHs mpuomm3utensHo 100 M, HO, KaKk MBI TIOHUMAaeM, 3TOH
TOYHOCTH TaKK€ HEJOCTATOYHO. ABTOpPBI, NPOAHAIN3UPOBAB M3BECTHBIE CHOCOOBI OIPEAETIECHUS IUIAHOBBIX
KOOPJMHAT T€0JIe3UIECKUX 3HAKOB, PA3MEIICHHBIX Ha MIOCIEIHEM SIPyCE CBEPXBBICOKHX WH)KCHEPHBIX COOPYKEHHH,
HNPUIIIA K BBIBOJY, YTO HEOOXOOMMO pPa3paboTaTh CIoco0 M YCTPOWCTBO ONPENENCHUS NIAHOBBIX KOOPAMHAT
BEPXHEro I'e0/Ie3NYECKOro 3HaKa Ha CBEPXBBICOKMX HMH)XEHEPHBIX COOPYXKEHHUSX C IMOBBIILICHHOW TOYHOCTBIO IS
obecreuyeHus HWHXCHCPHO-TCOACIUICCKUX pa60T BO BpEMs CTPOUTEJILCTBA U DKCIUTyaTallu BBICOTHBIX MHKCHCPHBIX
COOpYKEHUH.

B crarbe aBTOpHI mpeIaraloT COOCTBEHHBIE CIIOCOO M YCTPOMCTBO ONpE/ENEHHs IUIAHOBBIX KOOpPIHMHAT
BEPXHEr0 Te0JIE3NUECKOr0 3HaKa JIMHUM BEPTUKAIGHOIO NPOEKTUPOBAHMS HAa CBEPXBBICOKMX HH)KEHEPHBIX
COOPYXEHUSX C IMOBBIILICHHONH TOYHOCTBHIO, KOTOPBI OCHOBAaH Ha METOJIE NPSMOH JMHEHHON 3aCE€YKH CBETOAAIBHO-
MEPHBIMH M3MEPEHHUSMH, TIPH 3TOM BBINOJIHSAIOT I'€0IE3UUECKYI0 MIPUBSA3KY IIEHTPAIBHBIX TOYEK CBETOJAIBHOMEPOB
HIDKHETO T'€0/Ie3MUECKOT0 3HaKa B MHXEHEPHOM COOPY)KEHHH B IITAHE M IO BBICOTE C HEOOXOAMMOI TOYHOCTHIO,
CBETOAIFHOMEPH! OPUEHTUPYIOT Ha ONTHYECKHE OTPAXKATEINH, YCTAaHOBJICHHBIE HA BEPXHEM I'€0JIE3MUECKOM 3HAKE
MHXEHEPHOTO COOPY)KEHHUS U, U3MEHS Y9acTOTY M3JIyYeHHUs MUMILYJIBCOB, (PMKCHPYIOT PACCTOSHUS OT CBETOAIbHO-
MEPOB JI0 OTpaXKaTeNeH BEPXHEr0 I'e0Je3MUECKOr0 3HaKa, Pa3MELIEHHOTO Ha COOPYKEHUH, B MOMEHThI BO3ZHHUKHOBE-
HUA B KaHaJlaX MPUEMHHUKOB CBCTOJAJILHOMCPOB [lBOf/iHOﬁ YaCTOThI M3JIYUYCHUS, BBIYUCIIAA OTU PACCTOAHUA IJIA
KaX/10TO U3 CBETOJAIbHOMEPOB.

Pe3ynbpTaToM npeiosKeHHOro aBTOpaMH CIIOC00a SIBJISIETCS MTOBBIIIEHNE TOYHOCTH WH)KEHEPHO-T€0Je3MYECKUX
paboT 1pH BO3BEIECHUH U KOHTPOJIE TEOMETPUIECKUX ITAPAMETPOB BHICOTHBIX COOPYKEHHUH.

JaHHbIi croco® CBETOJaTbHOMEPHBIX W3MEPEHUI MO3BOJISICT HONYYUThH IOBBILICHHE TOYHOCTH HWH)KEHEPHO-
Te0/Ie3NYECKUX N3MEPEeHNH 3a cueT UKCalMi MOMEHTA HOSBICHHS JIBOHHOI YacTOTHI CO Cpe/iHeH KBaapaTHIeCKOn
omuOKkol He Xyxke +0,5 MM, IpH 3TOM HCKIIIOYAIOT HEOOXOJMMOCTh M3MEPEHHS Pa3HUNBI (a3 MEXIy MPSIMBIMH U
OTpaXCHHBIMH HUMITyJIbcaMi. OCOOEHHOE MPEHMYIIECTBO MPEATI0KEHHOTO aBTOPaMH CIoco0a COCTOHMT B TOM, YTO
TOYHOCTh M3MEPEHHM 3aBUCUT OT CPABHEHMSI M3JIy4aeMOM M JABOMHOM YacTOT, 4YTO AENAeT M3MEPEHMs NpeLu-
3HOHHBIMH.

KiroueBble c10Ba: reoe3MUeCKnii MOHUTOPHUHT, BEPTUKAIBHOE MPOCKTUPOBAHNE, CBETONAIBHOMED, ILIAHO-
BbI€ KOOPANHATHI, BO3BEICHUE BHICOTHBIX COOPYKEHUI.
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