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AHorauis. Tematuky cTaTTi IPUCBSYEHO BUPINIEHHIO aKTYAJIbHOTO MUTAHHS — MOKJIMBOCTI TIPOTHO30BAHO-
TO BUPIBHIOBAHHS €KCIIyaTOBAHUX KOHCTPYKIIiN 3a ZI0TIOMOTOIO 3BapiOBAHHS. 3MiHA 3aJUIIKOBOTO HAIIPY-
JKEHOTO CTaHy KOHCTPYKINH MicJs HAIUTaBIEHHS 3BapHUX IMBIB MPOTHO3YETHCS PO3PAXYHKOBUM IIJISIXOM.
[Tpm ominmi Hampy keHO-1e(DOPMOBAHOTO CTaHY MiJICUJIEHNX €JeMEHTIB MPUIMAIOThCs 3aralbHOIPUIHATI
TiTOTe3W — JOMYIIeHHs PO He3HAUHUI BIUIUB IONIepevHNX Aedopmariii i rimoTesa mrockux mepepisis. Ex-
CriepUMeHTAJIbHI JOCAIKEeHHST POOOTH TiICUIEHUX T1i/{ HABAHTaKEHHSIM €JIeMEHTIB J03BOJIUIM BCTAaHOBU-
TH, 110 BIZIXUJIEHHSI BiJ JiHIHHOrO 3aK0HY posnoiay AedopmMariii MarOTh Miclle B 30HaX, 10 Ge3M0cepeIHbOo
MPUMUKAOTH 10 3BAaPHUX IIBiB. MaJjia MPOTSKHICTh BKa3aHWX 30H B MOPiBHAHHI 3 pO3MipaMu TepepisiB
NI03BOJISIIOTH 3aCTOCOBYBATHU TilOTE3U ILIOCKUX TIEPepi3iB B MPaKTUYHUX pozpaxyHkax. OcobauBicTio pos-
PaxyHKIB IiJICHJIEHUX €JIEMEHTIB € HeOOXIIHICTh MOZIE/IFOBAHHSI TEXHOJIOTII TiICUIEHHS], OCKIJIbKY BOHA iCTOT-
HO BIUIMBAE HAa POOOTY MiJACUJIEHNX KOHCTPYKIiN. YucenbHi pospaxyHKU JO3BOJSIOTH OTPUMYBATH PO3B'si-
30K KOHKPETHHX 3aj[ay TiJTbKU IPH 33JaHNX HapaMeTpaxX CHCTeMH, i1 MOYaTKOBUX i TPAHMYHNX YMOBax i
MEBHIN TEXHOJIOTIi BUKOHAHHST POGIT.

Koiro4oBi ciioBa: ekcrutyaTallisi KOHCTPYKIIH, 3aTUIIKOBUI MTPOTHH, BUPiBHIOBAHHS 32 JOTIOMOTOIO
3BapIOBAHH:I, IPOTHO3YBAHHS 3aJMIIKOBOTO HAIPYKEHOTO CTAHY, TEXHOJIOTIS.
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A]-[]-[OTa].lPISI. TemaTuka crarbu MocBsiiieHa peHIeHUIO0 aKTyaJIbHOI'O BOIIpOCAa — BO3MOYKHOCTU IIPOTHO3UPY-
€MOI'0 BbIpaBHUBAHUA 3KCIUIYaTUPYEMbIX KOHCprKHI/Iﬁ C IIOMOIIbIO CBAapPKH. M3meHeHune ocTaTOYHOTO Ha-
IIPAXKEHHOI'0 COCTOAHUA KOHCprKHI/Iﬁ TIocJie HallJlaBKU CBapHbIX IIBOB IIPOTHO3UPYETCA PACHETHDBIM ITYy-
TEM. HpI/I OIllEHKe HaHpSDKeHHO'Zle(bOpMI/IpOBaHHOI‘O COCTOAHUSA YyCUJIEHHBIX 3JIEMEHTOB IPUHUMAIOTCS 00-
mEenpruHATbIE TUTIOTE3bl — JONYUIEHUE O MaJIOCTU BJAWUAHUSA ITOINIEPEYHBIX I[erOpMaIII/Iﬁ " TUIioTe3a IJIOCKUX
ceyeHuH. BKCHepI/IMeHTaJII)HI)Ie nccJjae/10BanuAd pa6OTbI YCUJIEHHBIX 110/1 Harpysr{oﬁ JJIEMEHTOB IO3BOJIMJIN
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YCTaHOBUTD, YTO OTKJIOHEHUS OT JMHEHHOTO 3aKOHA pacHpeseseHus AedopMaluii UMeIT MecTo B 30HAX,
HEMIOCPe/ICTBEHHO IPUMBIKAIONINX K CBAapPHBIM IIBaM. Majast MpOTSsKeHHOCTh YKa3aHHBIX 30H 110 CpaBHe-
HUIO C pa3MepaMM CeYeHUi MO3BOJISIeT MPUMEHSTh IMIIOTe3bl MIJIOCKUX CeuyeHHH B MPAKTHYECKUX pacdyeTax.
Oc06eHHOCTBIO PACUETOB YCUJIEHHBIX JIEMEHTOB SIBJISETCS HEOOXOAUMOCTDh MOJEIMPOBAHMS TEXHOJIOTUN
YCHUJICHUS], TOCKOJIbKY OHA OKa3bIBA€T CYIIECTBEHHOE BJIMsIHUE Ha PabOTy yCUIMBAEMbBIX KOHCTPYKIMN. Yuic-
JIeHHBIe PacyeThl TMO3BOJISIOT MOTy4YaTh PelleHNs KOHKPEeTHBIX 3a/au TOJBKO NPHU 33JaHHBIX ITapaMeTpax
CHICTEMBI, €€ HAYATBHBIX U TPAHUYIHBIX YCJAOBHUSIX U OMPENETEHHON TEXHOJIOTUN BBHITIOMHEHMS PAOOT.

Kiouesble coBa: 5KCILIyaTalnsl KOHCTPYKIINE, OCTATOYHBIN MPoru6, BEIpaBHUBAHIE CBAPKOH,
TIPOTHO3UPOBAHNE OCTaTOYHOTO HANPAXKEHHOTO COCTOSHMSA, TEXHOJIOTHA.
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Abstract. Subject matter of article is solution of actual problem which is possibility of alignment of structures
in operation by welding. Change of residual stress state of structure after overlaying of welding joints is
predicted by calculations. In process of evaluation of reinforced elements deflected mode are accepted standard
hypotheses such as smallness of lateral deformations influence assumption and flat sections hypothesis.
Experimental research of work of elements reinforced under load helped to define that deviations from
linear law of deformations distribution are found in zones which are directly adjacent to welding joints.
Small length of mentioned zones in comparison with section dimensions allows usage of flat section hypotheses
in practical calculations. Special feature of reinforced elements calculations is need for modeling reinforcement
technology because it significantly influences on reinforced structures work. Numerical calculations help to
receive solutions for particular tasks only by specified parameters of system, initial and limit conditions of
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system and particular work execution technology.

Keywords: operation of structures, residual deflection, alignment by welding, prediction of residual

stress state, technology.

Introduction. Statement of problem

Work of reinforced structures is very complicated
and depends on variety of constructional and
technological factors. In process of development
of reinforced structures calculation methods it
stipulates necessity to neglect set of secondary
factors and introduction of simplifying
preconditions [1].

Choice of bar structures reinforcement scheme
is multivariant task. Taking into account modern
level of calculation methods and structures design
development and also variety of possible schemes
and reinforcement methods, development of
general approach to optimization problems seems
to be task of the future. Solution of optimization

problems becomes complicated with the fact that
main criteria of reinforcement optimality usually
is not material saving or decrease of reinforcement
work complex cost, but providing of its most
significant manufacturability. Manufacturability
means not ease of work execution, but possibility
of work execution without production shutdown
in minimal terms with aim of decrease of economic
losses of enterprise in process of reconstruction [1].

Reinforcement by splicing of section is
reasonable for relatively smooth elements.
Ensuring of reinforced element firm adherence to
structure which is being reinforced with further
welding helps to provide further safe performance
of composite section and, inversely, welding of
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element to bent structure can reduce to zero whole
reinforcement effect.

Considering all above mentioned it is assumed
that we talk about structure reinforcement
calculation according to specified scheme with
parameters given in advance and with known
effects on it. Particularly, presence of residual stress
state provided by welding and other methods of
local thermal effects (for example welding
alignment) will enable increase or decrease of
bearing ability and therefore also increase or
decrease of structure service life (source).

Main part

Special features of calculation of reinforced bar
systems are in the first place connected with
disturbance of «natural» character of their
deformation, especially at reinforcement under
load. In connection with this, main attention in
what follows will be paid to problems of definition
of deflected mode (DM) of reinforced systems in
process of reinforcement and further work [1].

In spite of simplification and idealisation of
design schemes, problems of reinforced structures
calculations remain difficult and in majority of
cases can be realized only with help of computer.
One of special features of such calculations is need
for modeling of reinforcement technology in some
cases because it significantly influences on
reinforced systems work. Numerical calculations
help to receive solutions for particular tasks only
by given parameters of system, its initial and limit
conditions and particular technology of work
production. In this point numerical modeling is
like full-scale experiment but with advantage of
differential evaluation of influence of one or
another factor (not group of factors) on work of
reinforced structure and its elements.

Special attention should be paid to presence of
residual stress state (RSS). Presence of welding
jointsand similar thermal effects causes occurrence
of residual stresses (RS) in metal structure
elements which influence on stability of separate
elements as well as on bearing ability and
deformability of structures in general. RS influence
on stability of compression members is ambiguous.
RS of tension on edges increase stability and
stresses of compression decrease it. Degree of this
influence depends on distribution of RS on section
and on rigidness of the latter.
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Existing design methods (in the first place
DBN V.2.6-163:2010 [2] and DBN V.2.3-14:2006
[3] do not take into account possibility of increase
or decrease of compression members bearing ability
after overlaying of welding joints on belts edges.

Theoretical research of RSS in welding
structures, history of their development and degree
of influence on bearing ability of welding
structures are considered in detail in works
[4-8 et al.].

Methods of defining DM of compression
reinforced members considering presence of RSS
and its influence on stability are developed by
following preconditions [1, 4—6 et al.].

1. Only longitudinal stresses ¢ are considered.
Lateral stresses o, and tangential t, are
assumed as zero.

2. Deformations are defined by flat sections
hypothesis.

3. Modulus of elasticity, modulus of shearing and
Poisson ratio of steel are constant in all
temperature range.

4. Dependence of steel yield point on temperature
is schematized by type shown on fig. 1. On this
fig.: T — heating temperature.

5. Material of elements (steel) is uniform elasto-
plastic material (fig. 2). On this figure:
£4=R,/E; conventional maximal elastic
deformation (R, E, — correspondingly design
resistance and elasticity modulus of steel).

6. Welded plates with thickness B are considered
to be long enough, temperature on plate
thickness is distributed uniformly [5, 6 et al.].

7. RS in consequence of rolling (in general case)
are neglected because of their relative smallness,
difficult and unpredictable orientation.

8. RSS (curves of residual stresses and
deformations) are assumed as idealized. Element
of double tee section is provisionally divided
into strips [5, 6 et al.]. RSS is defined in strip
welded butt-to-butt (beam belts at overlaying
of welded joints), and in strip with overlaying
welded roll on edges (web at overlaying of
welding joints and belt at thermal effects on
edges). RSS in belts and web at overlaying of
welding joints or other types of thermal effects
is shown on fig. 2.11, 2.12, 2.13 [6]. Strips are
heated by part of heat which is diverted to belts
and web in process of beam welding.
Distribution of deformations after cooling-
down is accepted as shown on fig. 7.8 [5].
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Figure 1. Dependence of steel yield point on
temperature [4, 5, 6].

9. Stability of IT type is studied (deformations and
buckling are growing from start of load
application).

10.1In case of non-repeated, alternating or cyclic
load deformation initially occurs in coordinate
system «M,—«,», unloading starts from point

p, and curvature x,,(k,,, .., kK,;) and
rigidity of design section in this point at
unloading is B,y =E,l,, where E I 4— is
<«elastic» rigidity of section. Deformation of
element is performed in new coordinate system
My =K,1» («My,=K, 5%, ..., «M,;—K,;») on
curve 2 (fig. 3); definition of sections rigidity
at unloading is analogous to definition of
sections rigidity at one-time loading [9, 10 et
al.], i e.

Bz,i,j = Mz,i,j/KZ,i,j’ 1)
where B,;,, M,,;, k,;; — correspondingly
rigidity, bending moment and curving of i-th
section in coordinate system «M,,—«,,»
(«M,,—K,,», ..., «M,;—K,;»). Indexation in
expression (1): 2 — unloading curve; i —
unloading stage number; j — current values of
parameters (rigidity, moments, curving) on
i-th unloading stage. At further deformation
unloading curve 2 corresponds to curve 3 of
indirect loading.
Dependence «M-«x» in coordinate system
«M,; —x, ;» with precision enough for calculations
can be described by cubic equation or appro-
ximated by minimum quadrate method. Values of
bending moments are defined by common rules of
structural mechanics.
In case of non-repeated loading (fig. 3) after
unloading (reaching of points &, &g ,, ..., Ko; on
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Figure 2. Diagrams «8 — &> of steel [6]: 1 — idealized;
2 — unified.

axis of abscissa, for which M, =0), further loading

takes place on curve 4, and initial rigidity of design

section in this point at further loading is

B,.; =E.l 4 Curve 4 in future corresponds to

curve 1.

11. Fixation of element provides keeping of bending
flat form (bending-torsion form of loss of
stability is impossible). Possibility of bending-
torsion form of stability loss is evaluated
according to method recommended by norms
{formula (1.6.5) DBN V.2.6-163:2010 [2]}.

12. Deformation takes place in plain of smaller or
greater rigidity.

13.Deformations of longitudinal axis and
approaching of element ends under loading are
smaller in comparison with growth of bending.

14. Deformed state of sections is characterized by
curvature x.

15. Limit state of element is reached if:

Far_ ﬂ_/'; -"_J_ﬂih_z P, P, P;
7 4 XV T pa
2 ; /}#

tg y:B red

Y /0 g / ! "Xy
0] (%
-
3 9:’ 4" [fo2 |
|
d 2 b
1
"W, M,

Figure 3. Diagrams «M - x» at non-repeated,
alternating or cyclic load modes.
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— Maximum on state curve is reached (limit state
of 1 group), i.e. criteria is executed (fig. 4)

dg
i @

where @, — force action vector modulus;

f — characteristic movement of structure;

— Element section is destroyed (stability loss of
compression flange, web, or is reached maximal
deformation value in compression flange — limit
state of 1% group);

— Loss of form stability occurred which led to
difficulties of normal maintenance (limit state
of 2" group).

16. Occurrence of residual bending after unloading
is possible if element material passed into plastic
state. Alignment is possible by overlaying of idle
rolls on edges from side of convex facet (fig. 5).
Zones of residual tension stresses (RTS) can
be presented as external forces, values of which
change in process of further loading (schemes
of overlaying welding of rolls and distribution
of RS after overlaying welding for some forms
of sections are given on fig. 6).

Form of deflection curve after overlaying welding
can be described by expression of method of initial
parameters which were received on the basis of
approximation of deflection curve expression by
cubic spline (| 6] et al.). For this purpose length of
element L is divided into % zones and in each i-th
point of division is defined curvature «. Values of
predicted curvesy and turning angles ¢ are defined
by formulas:

i-1 L? .
Yi=Yi ¢ L'T"‘ on? [(3i-4 Yk +
i-1
-1-6-1_2:‘,2(i—j)-kj +k, 1+04(5,-9;); (€))
L i-1
Pi :¢1+%'(k1+2]§2kj +k;). (4)

In general case is considered overlaying welding
of idle rolls on length parts of aligned element.
Curvature of section can be defined by formula

(fig. 6):

(f) (f)
~ Oresicom ~ O res ten (5)

1 E-h ’

where & — distance between section points where

(f) ()
values of RS equals zero & o com» O res ten-
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Values of RS in section can be defined by known
methods, for example [6], considering asymmetry of
overlaying welding. Length of overlaying welding
zone L,,,, parameters of idle roll and other
technological parameters of process are established
by trial-and-error method, gradually changing them
for receiving predicted curve, value of which should
be equal to residual curve of element after unloading,

Conclusion

1. Residual curve can occur in compression
members of steel structures after unloading in
consequence of passing of material into plastic
state. It can be possible by overload of element,
changing conditions of load application,
decrease of lateral section area because of
corrosion etc.

2. Calculation method for parameters of steel
elements alignment by overlaying welding of
idle rolls on convex facets is offered.
Predictable alignment will help to exclude
residual curve of structure and ensure
elements work with smaller eccentricities of
load application.

3. Predictable alignment can be used also for
bendable elements except compression
members with small eccentricities.

f, mm

Figure 4. Diagram of system state.

Y

L weld

L

Figure 5. Scheme of overlaying welding of idle rolls in
process of alignment of element by welding.
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Figure 6. Schemes of overlaying welding of idle rolls and distribution of RS for different forms of sections: a) alignment
of element of double tee section when bending in major rigidity plane occurs; b) alignment of element of double tee
section when bending in smaller rigidity plane occurs; c¢) alignment of element of box section.
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GachKOTO JIEPKABHOTO TEXHIYHOTO YHIBEPCUTETY, UleH-KOPeCTIOHAeHT AKaemii OyaisHuiTea Yrpainu. Haykosi inte-
PECH: 3aJTMIITKOBI HAMIPY’KEHHST Ta IXHil BIUINB HA CTIHKICTh CTAT€BUX KOHCTPYKINH, HAMIHHICTh OyAiBETbHUX KOHCT-
PYKIIiH TIpM CUJIOBUX, MeOpMAIliifHUX I BUCOKOTEMIIepaTyPHUX BILINBAX.

Isanor Bopuc BanepiiioBuy — marictp GyAiBHUIITBA, iHKEHEP-AOCAIIHUK, acTiipaHT Kabeapu OyAiBeJbHUX KOHCT-
pyKIiit JIlyraHChKOTO HaIliOHAJIBHOTO arpapHOro yHiBepcuTeTy. HaykoBi iHTepecy: 3aIUIIKOBI HANPY>KeHHS Ta iXHIl
BIUINB Ha CTiHKiCTh CTAJTeBUX KOHCTPYKIIii.

TononnoB Anexcanap MBaHOBMY — JOKTOp TeXHWUYECKUX HAyK, mpodeccop, mpodeccop Kadeapbl CTPOUTEIbHBIX
KOHCTPYKIHit [[oH6acCKOTO TOCYIapCTBEHHOTO TEXHUIECKOTO YHUBEPCUTETA, ACHCTBUTETbHBIN WieH AKaIeMUH CTPO-
WUTENbCTBA YKPAWHbI, YWiEeH HAIMOHAJIBHOTO KOMHUTETA 110 TEOPETUYECKOW M MPUKIAZHON MexaHuke. HayuHble mHTe-
pEChbL: HeJIMHENHHAsT CTPOMTEIbHAS MEXaHMKA CTePsKHEH M IUIACTUH, OCTATOYHbIE HAIIPS)KEHUSI U MX BJIUSHUE HA yC-
TOWYMBOCTD CTAJIBHBIX KOHCTPYKIIUH, HA/IE)KHOCTh CTPOUTENBHBIX KOHCTPYKIIUI MPU CHJIOBBIX, Ae(HOPMAITOHHBIX
U BBICOKOTEMIIEPATYPHBIX BO3/EHCTBUSIX.

IIciox BHKTOp BacuibeBny — KaHNAaT TEXHUYCCKUX HAYK, JOLEHT, JOLEHT Kad)ez[pb[ CTPOUTEJIbHBIX KOHCprKHI/Iﬁ
ﬂOH6aCCKOFO TOCyAapCTBEHHOTO TEXHUYECKOTO YHUBEPCUTETA, YICH-KOPPECIIOHAECHT AKaI[eMI/II/I CTPOUTEJIbCTBA Yk-
PanHBbI. Haquble MHTEPECHL: OCTATOYHbIE HAIIPAKEHUA U UX BIMAHUE Ha ycTOﬁHHBOCTb CTaJIbHBIX KOHCprKHHﬁ, Ha-
AEKHOCTb CTPOUTEJIbHBIX KOHCprKHI/Iﬁ IIpHU CHUJIOBBIX, [[eq)OpMaLII/IOHHbIX 1 BBICOKOTEMIIEPATYPHBIX BOSZ[eﬁCTBHHX.

Neanos Bopuc BasepueBny — MarucTp CTPOUTETHCTBA, WHKEHEP-UCCIIE0BATEb, aCTUPAHT Kaheapbl CTPOUTEb-
HBIX KOHCTPYKIMH JlyraHCKOro HaIMOHAJIBHOTO arpapHOro yHuBepcuterta. HayuHble mHTepechl: OCcTaTOYHbIE Ha-
MPSDKEHNST ¥ UX BJIUSHIE Ha YCTOMYMUBOCTD CTAJBHBIX KOHCTPYKIIHIHA.
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