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The article is devoted to the regulation of the stress-strain state in the compressed elements of
steel frames under full operating load. It is proposed to perform reinforcement of such elements with
different end eccentricities of load application by rational regulation of the stress-strain state in the
reinforcement elements. It is shown that the use of SDS adjustment for frame racks increases their
bearing capacity and reduces defor mability and welds. The new proposed technology of SDSregulation and
possible congtr uctive decisions ar e offered. Numerical experiment revealed high efficiency of application of
the proposed solutions during the recongruction and reinforcement of the metal frame system. The
implementation of the proposed method of SDSregulation confirmed its effectiveness.
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Introduction

Measures for the reconstruction of enterprises often lead to an increase in operational loads on the
load-bearing structures of industrial buildings and structures in connection with the introduction of new
equipment, improvement of technological processes, etc. The increase in operating loads, in turn, is the
reason for the need to strengthen existing structures (Dinu et al., 2016; Lin et a., 2017).

Other reasons that necessitate the strengthening of structures are damage, arising during transportation,
in the process of production of works and operation, and sometimes errors in the design and manufacture
of structures (Bilsky et al., 2012; Vild et al., 2016).

The urgency of the work is due to the growing need for cost-effective and efficient ways to
strengthen building structures under load.

Reinforcement of load-bearing structures (in particular, steel frames) can be carried out with their
preliminary unloadingor under full operational load (Bilsky et al., 2012; DSTU, 2016). The latter in most
cases is more cost-effective, as it eiminates or minimizes the costs associated with stopping production
processes, dismantling equipment and reduces thetime of repairs. Thusit is usually necessary to strengthen not
al design asawhole and only its separate dements, most intense or defective (Crawford, 2014).

Analysisof basic research and publications

Among the methods developed and used in practice to reinforce structural elements by increasing
their cross-sectional area can be identified as follows,in which the use as reinforcement elements of
unstressed (ordinary) rods and rods with initial prestresses. Reinforcement by unstressed dements is
associated with significant disadvantages. The main ones are the need for partial unloading (from 20 to
40 %) of structures before their reinforcementand incomplete use of the strength of reinforcement
element(DSTU, 2016; CEN, Eurocode 3, 2009).
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At strengthening of such designs by prestressed elements in turn the control over the forces created
in them is necessary, ensuring the stability of the elements in the process of amplification, accounting for
tension losses when they are included in the work, etc. The disadvantages of this method should also
include the complexity of application as reinforcing elements of strip steel, the need to develop special,
non-traditional for this method of amplification schemes, the need to introduce additional parts such as
puffs, anchors, etc., which are not used in the further work of structures.

This probably explains the rare use of the latter method in the practice of amplification (Crawford, 2014).

Presentation of the main research material

Most of the disadvantages of the method of amplification of pre-stressed e ements can be eiminated by
rational redistribution (regulation) of the stress-deformed state (SDS) in reinforcement dements and
reinforced construction rods (Gogol, 2018; Ghannam et al., 2016; Hohol et al., 2021).

The essence and feature of this method is that,that to the reinforced rod by means of any connections on
one or from two parties unstressed eements of strengthening are connected,resting their ends either on the
reinforced rod itself, or on adjacent load-bearing structures. Then by means of spacer devices (for example,
mechanical or hydraulic jacks) in dements of strengthening the initial compressive force is created, resulting
in the unloading of the reinforced rod. By changing the amount of compressive force in the reinforcement
edements, you can achieve the following state, when the edge stresses in the reinforced rod and the gain
eements near the plane of ther contact are the same (Keykha & a., 2016; Gogol & a., 2018). Having
provided further reliable communication of eements of strengthening with the strengthened rod the further
work of such reinforced composite core can be considered as the only monoalithic.

a C

Fig. 1. a—general type of tests of frame racks with SDSadjustment in the process
of strengthening under load; b —type of destruction after reinforcement and additional 10ad;
¢ —regulation of the SDSin a rack by hydraulic jacks

The purpose of the study is to develop rational ways to strengthen the frame racks with tension
dements, experimental, numerical and field verification of ther effectiveness. To do this, you need to
experimentally test and test the technology of strengthening the racks with different end eccentricities

(Fig. 1).
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Testsin standard presses of compressed stedl rods, |oaded by longitudinal forces applied with finite
eccentricities of different signs and significant magnitudes cause certain difficulties (Lin e al., 2021;
Zhao et a., 2016; Xue et a., 2016). These difficulties are also connected with the fact that at one end of
the rack (in the plane of reinforcement) there is a compression zone, and at the other — a tension zone.
Therefore, tests of such cores were carried out not element by element in the press, and in pairs on a
power floor asa part of asingle-hinged frame (Fig. 1).

6 racks made of 2 angles 63x5 and connected in three frames with a height of 3.5 m and a run of
1.5 mweretested (Fig. 2). At the bottom of the rack was rigidly fastened with rods to the power floor.

At the top, each rack was rigidly connected to the frame crossbar, which consisted of two parts
connected by a hinge in the middle (Fig. 2).

Loading of racks was carried out by means of a hydraulic jack through system of drafts, which
were attached to the power floor in the middle of the length of the crossbar, ie at the location of the hinge.
Thus artificially obtained two eccentrically compressed racks, loaded with longitudinal forces applied
with different sign of the final eccentricities. The stability of the frame from the plane was provided by
struts, which were hinged to the racks. The gain elements from the channel Ne 10 were tensioned with the
help of hydraulic jacks (Fig. 2).
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Fig. 2. The scheme of tests of frame racks with adjustment of the 7B/ in the course
of strengthening under loading: a —the general scheme;
b —reinforced rack; ¢ — reinforcement element

Three single-hinged frames were tested. In the first, the reinforcement of the racks was performed
with the adjustment of SDS mechanically using a 10-ton jack. In the second racks were reinforced
without SDS adjustment, by simple welding of elements. In the third, monolithic racks were used in the
frames, the cross-sectional area of which was similar to the total area of the main rod and the
reinforcement e ement.

The procedure for amplification and the sequence of the SDS regulation process is similar to the
above. After adjusting the SDS was performed by welding the key seams of the reinforcement element
with the main rod with a step of 40 radii of inertia of the cross section of the reinforcement €ement.
During the test, measurements of deflections were performed at 14 points of the frame struts, as well as
deformations in the sections where these points were located.
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According to the test results, the deflections of the frame posts are constructed (Fig. 3), as wdl as
moving the cross sections of the rack in the process of regulating SDS.

As can be seen from the graph, when reinforcing the racks with SDS adjustment, their deformability is
less compared to the racks reinforced without SDS adjustment. Reduced (slightly) deformability of racks
with SDS adjustment compared to monolithic can be explained by the influence of deflection, obtained by
welding. The bearing capacity of the racks strengthened with adjustment of the SDS is less by 4 % in
comparison with monalithic racksand more by 18 % compared to reinforced racks without adjustment.

Experiments have confirmed that the proposed method of SDS adjustment for frame racks allows
not only to change the magnitude of the regulating force along the main rod, but also its sign. The use of
SDS adjustment for frame rods increases their load-bearing capacity and reduces deformability and weld
deformations. In general, tests of frame racks confirmed the possibility of reinforcement under full load,
without prior unloadingand the ability to adjust the SDS in compressed elements with different end
eccentricities of the load application.

To ensure rational design solutions for strengthening and reconstruction of complex many times
statically indeterminate systems, appropriate methods have been developed to determine the parameters
of SDS regulation, based on a combination of optimization methods and variant design. In this case, using
an iterative algorithm to study the dependence of metal consumption on the number of pre-stressed excess
connections determine the optimal distribution of forcesand additional metal with all possible amounts of
pre-stressed excess connections.
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Fig. 3. Experimental graphs of deflections of frame racks reinforced under load

Then for each such distribution determine the cost of adjusting the effort in the extra ligaments and
the cost “in fact” of the reinforcement elements. It is assumed that the smallest total value of these costs
corresponds to arational number of pre-stressed excess connections.

A numerical study of the effectiveness of the developed techniques during the design of the
reconstruction and reinforcement of the operated multi-element metal intermediate frame of the main
building of the chemical factory with degree of redundancy equal to 23 is executed. The need to
strengthen the structures arose as a result of a promising change in the technological process. In order to
identify the possibility of strengthening the frame only by adjusting the SDS in all the extra links, the
problem of maximizing the bearing capacity of the frame (OptCAD program) was solved.

As a result of SDS regulation, the external load parameter increased from 0.75 to 0.918, which,
however, indicates the need to change the design scheme of the structure or strengthen the existing elements.
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Therefore, the minimum consumption of sted for frame reinforcement was determined by increasing
the cross sections of existing elements. Analysis of the results showed that reducing the number of pre-
stressed excess connections from 23 to 14 leads to a slight increase in the cost of additional metal (less
than 1 %). The number of ties 14 corresponds to the maximum paossible number of them, provided that
the tensioning devices are placed only on the crossbars of the frame.

Tensioning devices can be installed on crosshars in places with insignificant bending moments,
arising from the action of operating loads during SDS regulation. A study of the dependence of the
minimum consumption of steel on the number of pre-stressed excess ties showed thatthat reducing the
number of such connections from 14 to 8 has little effect on the consumption of steel when reinforcing
theframe (seeFig. 4, a).
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Fig. 4. Dependence on the number of N pre-stressed excess connections.
a — the minimum consumption of steel to strengthen the frame; b —the cost of “ in fact” :
1 —additional elements of reinforcement; 2 — regulation of DSin redundant ties;
3 —thetotal cost “in fact” of structural reinforcement

For the practical implementation of SDS regulation in the extra ties of the frame developed
removable tensioning devices, which differ in the maximum force perceived by the stops of the device.
One of thetension devicesis showninFig. 5.
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Fig. 5. The scheme of the mounted tensioning device: 1 —an I-beam element
of the operated design; 2 — removable stops, 3 —traverse; 4 — jacks,
5 —removable pads; 6 — hinged finger
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Taking into account the size of the Tension device and the technology of SDS regulation for the
selected sequence of pre-stressed, the load-bearing capacity of a frame at all stages of existence of a
design in the course of strengthening is checked. Application of the technique of optimal design of
reconstruction and reinforcement of metal structures by the criterion of cost “in fact”, based on a
combination of the method of optimal and variant design, showed that the minimum cost “in fact” is
achieved by adjusting the effort in 4-5 extra connections (Fig. 4, b).

In this case, the cost “in fact” is reduced by half, and the cost of metal reinforcement by 3.3 times.

The efficiency of reinforcement with SDS regulation was also confirmed during the reinforcement
of the load-bearing structures of PJSC “Podilsky Cement” in the city of Kamyanets-Podilsky LLC
“Balko”.

In 2013, in the process of inspection of the supporting structures of the telpher of the construction
of araw material mill with a capacity of 165 tons was found, that the supporting load-bearing struts made
of pipes on which beams with monorails of the telpher movement are installed have received significant
lateral deflections (bends) in the horizontal plane.

The reason for such deflections were inaccuracies in the installation of structures and significantly
inflated flexibility of the racks themselves, about 150. These racks were reinforced by reducing their free
length in one plane and increasing the rigidity of the rack in another plane, increasing their cross section
by installing two additional €ements of pipes with a diameter of 102 mm (Fig. 6).

To reduce deflection and stresses in the supporting beams and deflections of the racks themselves,
in the process of amplification were created regulatory efforts in additional — amplifying dements: —80 kN in
the ement set on the eccentric side of the force and 10 kN in the dement on the opposite side. Adjustment
was carried out by the initial bending of the reinforcing elements and tightening them to the design
position with horizontal rods. In the design position, after strengthening the rack received a cross section
of considerable rigidity (Fig. 6). Reinforcement work was performed in the same year and currently the
structures are in operation and arein normal condition.
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Fig. 6. General view of structures after reinforcement under load

Conclusions

A new method of SDS regulation in compressed elements with different finite eccentricities of load
application is proposed.

It has been experimentally confirmed that hat the proposed method of SDS adjustment for frame
racks allows not only to change the magnitude of the regulating force along the main rod, but also its sign.

The use of SDS adjustment for frame racks increases their load-bearing capacity and reduces
deformability and welds.
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The technology of SDS regulation and possible constructive decisions of removable tensioning
devices for introduction of bending moments in superfluous ligaments of frame systems are offered.

A method for selecting rational prestressed excess connections in many times statically
indeterminate structures has been developed, based on a combination of optimal and variant design
methods.

High efficiency of application of the offered decisions for designing of reconstruction and
strengthening of the considered metal frame system with a high degree of static uncertainty is revealed. In
this case, the cost “in fact” is reduced by half, and the cost of metal reinforcement — 3.3 times.

The implementation of the proposed method of SDS regulation when strengthening the frame racks
confirmed its eff ectiveness.
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M. B. I'oroas, M. B. Koris, I. JI. [Tenemxo, . II. Cunopax
Harrionanshuit yHiBepcuret “JIbBiBChbKa HOMITEXHIKA”
kadenpa OyaiBeTbHOrO BUPOOHHIITBA

PEI'YJIIOBAHHSA HAIIPYKEHO-AE®@OPMOBAHOI'O CTAHY
B CTUCHYTHUX EJIEMEHTAX CTAJIEBUX KAPKACIB

O I'ozons M. B., Komie M. B., Ilerewxo 1. ., Cuoopax /1. I1., 2021

PosrnstHyTO peryiroBaHHs HampyxkeHo-aedopmoBanoro crany (HJAC) B cTHCHYTHX eneMeHTax
CTaJICBUX KapKaciB MiJi TIOBHMM EKCILTyaTallifHMM HaBaHTA)KEHHSIM. 3alpOITOHOBAHO BUKOHYBATH ITiICHIICHHS
TaKuX €JIEMEHTIB 3 PI3HMMH KIHIIEBUMH EKCIIEHTPHCHTETAMH TPHKIAJaHHS HABAHTOKCHHS PpalliOHATBHIM
pETYIIOBaHHAM HaIpPYXEeHO-1e()OPMOBAHOIO CTAaHY B €JIEMEHTax MiJCHIICHHS 1 MiJICHICHUX CTPHKHAX
KOHCTPYKIIii. EXclieprMeHTaIbHO MiATBEPHKEHO, 10 3amponoHoBanuii criocid perymoanns HJIC mis pamuux
CTIHOK J1a€ 3MOT'Y HE TUIBKU 3MIHIOBATH BEIIMUMHU PETyJIIOBAIBLHOTO 3YCHIUIS B3J0BK OCHOBHOTO CTEpXKHS,
asne 1 Horo 3Hak. Hecyda 3nmaTHicTs cTiiiok, mincunennx 3 peryiatoBanusim HJIC menmma Ha 4 % mopiBHSHO 3 MOHO-
JITHUMH CTilfikamu 1 Oibina Ha 18 % nopiBHAHO 3 cTiifikamu miacuiIeHuME Oe3 peryaroBaHHs .

INokazaHo, mo BukopuctanHs peryitroBands HIAC mist paMHUX CTIHOK MiIBUINYE X HECYdy 3/aTHICTh
i 3MeHIye neOpMaTHBHICTH Ta 3BapHi Aedopmailii. BusHaueHO MiHIMalIbHY BUTPATy CTalli Ha ITiJCHICHHS
pamu 3a 30UTbIIEHHS Iepepi3iB HasBHUX eneMeHTiB. [y mpaktuuHoi peamizauii perymoBanus HJIC y
3aliBUX B's3X paMH Po3poOJIeHO 3HIMHI Hamlpy)KyBajlbHI MPHUCTPOI. 3alPOMIOHOBAHO TEXHOJOTIIO PETYIIFOBaHHS
H/IC i MOXIHMBI KOHCTPYKTHBHI DIillleHHS 3HIMHHMX HAINpy)KyBAIBHUX TPUCTPOIB ISl BBEACHHS 3TMHAIBHHX
MOMEHTIB y 3aiiBi B'si31 paMHUX cHUCTeM. UMCIIOBUM €KCIIEpUMEHTOM BHSBJICHO BHUCOKY €EKTHUBHICTH 3aCTOCY-
BaHHS 3alpOIIOHOBAHUX DIllIeHb VISl MPOEKTYBAHHS PEKOHCTPYKILIT Ta IiJCHICHHS PO3IIISIHYTOI METaneBoi
paMHOi cHUCTeMH 3 BEJIMKUM CTYIEHEM CTaTH4HOI HeBH3HA4eHOCTi. Bapricte “B mimi” 3HIWKYyeThCs BIBIUi, a
BUTpaTH MeTally Ha miacwieHHs — B 3,3 pa3a. BHKoOHaHe BIPOBA/DKEHHs 3alpPONOHOBAHOTO CIIOCO0Y
perymoBanns HJ[C 3a mificuiieHHs1 paMHUX CTIHOK HiATBEPANIO HOTO e()eKTHBHICTB.

Konrouosi ciioBa: pekoHcTpykis, cTiiiky, perynoanns I1/[B, mincuiiennsi, Hanpy»xeHo-1edopMo-
BaHU# CTaH, Hecy4a 3AATHICTb, CTIHKH 3 Pi3HUMH EKCLHEHTPUCUTETAMH, eKCIePMMEHTAIBHI Ta YHCJI0Bi
JOCJTIiT>KEHHS1, BIPOBA/IIKEHHS.
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