36ipHUK HayKkoBHX nmpanb. ['any3eBe MalIuHOOy1yBaHHS, OyTiBHUIITBO
Academic journal. Industrial Machine Building, Civil Engineering

http://journals.nupp.edu.ua/znp
https://doi.org/10.26906/znp.2022.58.2859

UDC 624.016:624.159.2:624.042.62

The constructive nonlinearity of a self-stressing
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Constructive nonlinearity during building structures' calculation takes into account the change in the free body diagram of their
operation. One of the cases of structurally nonlinear work of steel-reinforced concrete overlapping structures is possible uneven
deformation of building transverse frame adjacent columns basis. In the course of setting research objectives, was formulated
eight conditions of structurally nonlinear operation of steel-reinforced-concrete overlapping beams, distinguished by uneven
subsidence of the building's transverse frame outermost or middle columns and rigid or hinged junctions connecting the over-
lapping beams to the columns. Also, for each of the mentioned combinations of column subsidence and types of beam-to-
column connection nodes, the effect of installing braces under the main overlapping beams, deformed by their weight, was
investigated. The calculation of two or more nonlinear systems with specified boundary conditions is performed using numer-
ical methods of finite element modelling, implemented in the Software Package Femap 2020.2 with NX Nastran
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BpaxyBaHHSI 3MiHH PO3paxyHKOBHUX CXEM POOOTH CTale3asli300eTOHHUX KOHCTPYKIIH mif gac iX eKCIUTyaranii npH 3MiHiI Ha-
BaHTA)KCHHS Ha HUX J03BOJISIE BUSBIATH (DaKTHUHI PE3epBH HECYYOi 37aTHOCTI Ta 3a0e3redyBaTi KOHCTPYKTHBHY Oe3leKy
OyniBuni. 3MiHy po3paxyHKOBOI cxeMH poOOTH OyAiBEIbHUX KOHCTPYKILIiH cepe/] HPOKOTro Kojla po3B’sI3KiB 3a/1a4 B HEMiHITHI i
MOCTAHOBLII BPAXOBYE KOHCTPYKTUBHA HEMiHiiHICTh. OTHUM i3 BUIIAJKIB KOHCTPYKTHBHO HENIHIMHOT pOOOTH eKCITyaTOBaHUX
CTase3ai300eTOHHUX KOHCTPYKIi# NEPEKPUTTsI € MOXKIIUBI HepiBHOMIpHI JedopMaliii OCHOB CYyMiXXHHUX KOJIOH MOTEPeYHOT
pamu Oyxisini. Leii Bumasok Moxe BUHHKATH PU HEepiBHOMiIpHOMY ((pparMeHTanbHOMY) KOPUCHOMY HaBaHTa)KEHHI Ha mepe-
KpPHUTTA 0araTornoBepXOBUX BHPOOHMUMX OymiBenb i, SIK HACIIJOK, PI3HUX ONOPHHUX PEaKIlii, 0 MepelaloThest 3 Oanok
MIEPEKPHUTTIB Ha KOJIOHY 1 faii Ha (yHJaMEHT Ta OCHOBY. Y XOJIi IIOCTAaHOBKH 3aJ1a4 JOCIIHKEHb ChopMyIbOBaHO BiCIM YMOB
KOHCTPYKTHBHO HEJIHIHOI poOoTH 0aslok cTane3anizo0eTOHHOTO MEPeKPUTTS, IO BiIPIi3HAINCS HepiBHOMIpHUM HpOCiTaH-
HSIM KpailHboi Y¥ cepeHbOi KOJIOH MOoIepedHoi paMu OyIiBiIi Ta )KOPCTKUMH YH IIAPHIPHUMH By3JIaMH NPUMHKaHHS Oaok
HEePEKPUTTS 10 KOJOH. Takox Uisi KOXKHOT 13 3a3HaUeHUX KOMOiHaLiil MPOCiJaHb KOJIOH Ta THUIIIB BY3JIiB MPUMHKAHHS 0al0K
[0 KOJIOH JOCHI/KCHO BIUIMB BCTAHOBJICHHS MiAKOCIB MiJ Ae(OpMOBaHi BiJ BIACHOI BAark rOJIOBHI OajKd MEPEKPHUTTS.
I'pannyHi 3HaueHHs Aedopmariit ocHoB npuitnsaTi 3 Tabmuwi A.1 JIBH B.2.1-10:2018. Po3paxyHok ABo- Ta Oinblie HeMiHIHHIX
CHCTEM i3 3aJaHUMU IPaHUYHUMH YMOBaMH BHKOHaHI 3a JOMOMOI'OI0 YHCEIbHUX METO/IIB CKiHUCHHO-EJIEMEHTHOTO MOJIEIIIO-
BaHHS, peaji30BaHUX B IMporpaMHoMy komiutekci Software Package Femap 2020.2 with NX Nastran. ITig uac aHamizy KoHc-
TPYKTHUBHO HEMiHIIHOT poOOTH CTale3aIi300€TOHHOTO MEPEKPHUTTS IIPH HEPIBHOMIPHHX IPOCITAHHIX OCHOB CyMDKHHX KOJIOH
BCTaHOBJICHO, 1110 HEBPAXyBaHHS 3a30pY MiX IiJIKOCAMH IIiICHIICHHS Ta CTAICBUMH OalKaMH [EPEKPUTTS, BIAIITOBAHUMH IO
PO3pi3Hiil cXeMi 3aBUINYIOTH PO3PAaXyHKOBI 3HAYECHHS 3TMHAIOYOrO0 MOMEHTY 10 56%, a Ipu Hepo3pi3Hiil cxemi Oalok —
10 54%. BinnoBinHO BeNMYMHY CTPUIM NPOTHHY TaKe HEBpaxXyBaHHA 3aBHILye y 2,14 pa3u npu po3pisHiil cxemi 6anok Ta 1o
38% npu Hepo3pi3Hiii cxemi

Kurouogi ciioBa: cranesasnizo0eToHHE HEPEKPUTTsI, HEPIBHOMIPHI Jedopmallii OCHOB, KOHCTPYKTHBHA HENIHIHHICTD
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Introduction

Considering the change in the calculation schemes of
steel-reinforced concrete structures work during their
construction and operation when the load on them
changes makes it possible to identify the actual reserves
of bearing capacity and ensure the structural safety of
the building [6]. Structural nonlinearity takes into ac-
count the change in the calculation scheme of building
structures work among a wide range of solutions to
problems in a nonlinear formulation [2]. One of the
cases of structurally nonlinear work of steel-reinforced
concrete overlapping structures is possible uneven de-
formation of building transverse frame adjacent col-
umns basis [14, 15]. This case can occur with an une-
ven (fragmentary) payload on the multi-story industrial
buildings overlapping and, as a result, various support
reactions transmitted from the overlapping beams to the
column and further to the foundations and basis [5].

Review of the research sources and publications

Structurally nonlinear problems are often encountered
during the calculation of building structures interacting
with the soil massif. The nonlinear system "structure -
soil massif" occurs due to possible violations of the con-
tact between the structure and the soil massif in the de-
formation process (especially for flexible structures) [3].
Nonlinear calculations performed during the analysis of
changes in the stress-strain state of the "deformed build-
ing - pile foundation - basis" system showed [13], that
the creation (as a strengthening works result) of the slab-
pile foundation largely removes the uneven nature of the
stress distribution and brings it closer to the design state.
In work [10], the behavior of the concrete structure of the
foundation with the basis considered. The performed
nonlinear analysis made it possible to record the change
in the concrete foundation stiffness after cracks for-
mation and simulate its destruction.

The described nonlinear problems can be solved per-
forming numerical analysis of finite element models
implemented using computer programs [9; 11]. A de-
tailed consideration of such finite element models cre-
ating features is presented in [1] using the example of
the "base — vibro-reinforced soil-cement pile" system.

Definition of unsolved aspects of the problem

In analyzed works a structurally nonlinear calculation
of building structures (foundations) that are in direct
contact with the basis performed. At the same time, no
attention paid to how the structurally nonlinear founda-
tions' work affects the supporting structures of building
frame located above.

Problem statement

The purpose of the work is to study the constructively
nonlinear work of self-stressed steel-reinforced con-
crete overlapping steel beams with uneven defor-
mations of the building frame adjacent columns’ foun-
dations. For a graphic justification of the purpose of the
work, it is first necessary to formulate the conditions of
structurally nonlinear work of steel-reinforced concrete
overlapping beams by depicting the change in the cal-

culation scheme of their work and then model these cal-
culation schemes by creating their finite element mod-
els in the software complex.

Basic material and results

A general description of the building's architectural
and structural solutions. Figure 1 schematically shows
a cross-section of the analyzed three-span three-story
industrial building. The building has a steel load-bear-
ing frame of frame-ligature type. The spans of the
building are equal to 6 m. Steel columns and beams of
the building frame are made of rolled I-beams. Inter-
floor overlapping consists of a monolithic reinforced
concrete slab 120 mm thick, arranged on the construc-
tion site on a fixed formwork of profiled flooring. Steel
beams of the building frame serve as overlapping load-
bearing structures.
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Figure 1 — Schematic cross-section
of a three-span three-story building

During the installation of a monolithic steel-rein-
forced concrete overlapping, measures provided for its
self-stressing [8; 12]. These measures included either
the installation of temporary stands under the overlap-
ping steel beams during the concreting of the mono-
lithic overlapping shelf or the installation of braces un-
der the steel beams deformed by the self-weight of the
steel-reinforced concrete overlapping. The last speci-
fied measure of overlapping self-stressing causes struc-
turally nonlinear work of overlapping steel beams,
which will be taken into account below when drawing
up the boundary conditions of their work.

The conditions of structurally nonlinear work of
steel-reinforced concrete overlapping steel beams for-
mulation. We will write down the specified conditions
for cases of uneven subsidence of the extreme or mid-
dle columns of the building transverse frame and rigid
or hinged junctions of beams to columns. Also, for each
of indicated combinations of column subsidence and
types of nodes connecting beams to columns, we will
investigate the effect of installing braces under the main
overlapping beams deformed by their weight to in-
crease its bearing capacity.
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Let's depict a three-span scheme of beams according
to the accepted cross-section of the building in Fig-
ure 1. With the hinged scheme of connecting the over-
lapping beams to the columns prior to the installation
of braces under the beams, the uneven columns subsid-
ence will not affect the change in internal forces in the
overlapping beams, since the latter work according to
the one-span split scheme (see the second scheme of
conditions 1 and 2). After the arrangement of braces to

Loads

strengthen the overlapping beams and increase the pay-
load, the beams will work according to two or three
span schemes, respectively, for the extreme or middle
spans with one support shifted (see the third scheme of
conditions 1 and 2). In this case, uneven deformations
of adjacent columns bases will affect both the change
in the calculation scheme of the beams work and the
change in the internal forces in it.

Free body diagrams of hinged beams to columns
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With rigid junctions connecting beams to columns,
the beams will work according to an inseparable multi-
span scheme. Uneven column subsidence will affect the
stressed-deformed state of the beams in any case (with-
out and with reinforcement braces). However, in the
case of installed reinforcement braces, the beam will
have a greater number of spans with reduced length,
which will likely reduce the calculated values of inter-
nal forces in the beams. For the specified conditions,
the stages of overlapping steel beams work when the
load increases depicted by the systems of boundary
conditions 3 and 4. In these conditions, the extreme
supports should be considered yieldingly stiff, since for

the accuracy of the calculations it is necessary to con-
sider the actual bending stiffness of the columns.

Table 1 provides a complete list of the accepted num-
bering of the performed calculations considering the
uneven subsidence of adjacent columns. The evenly
distributed load applied to the beams is equal to the sum
of the overlapping structures' weight and the payload.

Limit values of deformations of the bases of adjacent
columns in the industrial multi-story building with a
steel frame and monolithic reinforced concrete overlap-
ping according to Table A.1 of Appendix A of the State
Standards B.2.1-10:2018 [4] are equal to
(As), = 0.005-L = 0.005-6000 = 30 mm.
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Free body diagrams of rigidly beams to columns with
Loads K
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Table 1 — Numbering of the performed calculations considering
the structurally nonlinear work of the steel-reinforced concrete overlapping beams
with uneven subsidence of adjacent columns foundations

Settlement of one column in the three-span calculation scheme (see Fig. 1):
The type of . with reinforcement of the main floor beams by installing braces
nodes con- without — -
necting beams strengthening | without consider- considering the deformed state of the main beams —
t0 columns the main over- | ine the deformed setting the initial gap between the braces and beams,
lapping beams | ¢ ta%e of the beams which is equal to the deflections of the steel beams
due to the overlapping weight
settlement of the middle column by As =30 mm
hinged Cc2.1 C22.1 C222
rigid D.2.1 D.2.2.1 D.2.2.2
settlement of the extreme column by As = 30 mm
hinged E2.1 E.2.2.1 E2.22
rigid F.2.1 F.2.2.1 F.2.2.2
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Description of the numerical method used for solving
nonlinear systems. Calculation of two or more nonlin-
ear systems with given boundary conditions (1) ... (4)
is a more difficult task compared to solving equations
in a linear formulation. In this case, it is necessary to
consider the deformed state of the beams to "timely"
switch to the next calculation scheme of their operation.
It also leads to the rejection of the forces' independence
principle. It is necessary to use special methods of find-
ing and analyzing solutions, which are specific to the
solution of constructively nonlinear problems. As a
rule, it is not possible to obtain an analytical solution to
the problem under such described initial conditions.
Therefore, the calculations were performed using the

Creation of a finite element model

Vv

( Linear calculation of the finite element model )

according to the first calculation scheme
. J

N2

(Adjustment of the finite element model based on|

the results of linear calculation
\ J

v

(- . : : : N
Nonlinear finite element calculation according to

the second calculation scheme
\ J

v

Analysis of the obtained results

numerical method of finite element modeling, realized
in Software Package Femap 2020.2 with NX Nastran
(was used Trial Version Siemens Digital Industries
Software  with a personal activation code
2827301401535961). This method uses the procedure
of successive approximations based on the linearization
of nonlinear equations. That is, the search for a solution
to two or more nonlinear equations is carried out by
solving a recurrent sequence (a certain number in a
given sequence) of linear equations. The enlarged algo-
rithm for creating and analyzing finite element calcula-
tion models in the Software Package Femap 2020.2,
considering structural nonlinearity, is shown in Fig-
ure 2.

-
Setting of initial data: geometry, stiffness parameters

~
of

rods, boundary conditions, external loads

-
Obtaining the parameters of the stress-strain state of

structures before strengthening
J

\

Setting finite elements of strengthening and finite )
elements that take into account structural nonlinearity

(gaps, subsidence, etc.) J

(In the calculation process, a new calculation scheme is )

.

generated at each iteration, which takes into account
the new connections of this iteration

r

J
Analysis of the inclusion of elements in the work at )
each iteration; obtaining the parameters of the stress-

strain state of structures after strengthening

Figure 2 — Enlarged algorithm for creating and analysing finite element calculation models
in the Software Package Femap 2020.2, considering structural nonlinearity

The basis of the nonlinear calculation apparatus of the
used finite element modeling software complex is the
step-iterative Newton-Raphson method. When solving
problems by this method, at each step of the calculation,
an iterative correction is determined based on the devi-
ation of nodal internal forces with an adjustment of the
linearized stiffness matrix at each iteration. At the same
time, in the settings of the calculation characteristics, it
is possible to set both the desired number of steps (iter-
ations) and the desired accuracy of the solution. The
basic equation of the calculation apparatus of this
method has the form:

[K () Jfu} = {7}

where [K (u)] — the stiffness matrix, which is recalcu-

)

lated at each step, taking into account physical, geo-
metric and structural nonlinearities;

{u} — matrix of nodal movements;

{F} — matrix of nodal internal forces.

On the graphic interpretations of the course of the
used step-iterative Newton-Raphson calculation
method, automatically built by the calculation block of
the program, a nonlinear increase in the load on steel
beams during the settlement of individual columns and
the inclusion of reinforcement braces in the work of the
transverse frame traced.

Calculation results. Figures 3 and 4 show diagrams
of bending moments along the length of steel reinforced
beams of a steel-reinforced concrete overlapping with
uneven subsidence of the middle or extreme columns
and hinged or rigid junctions of the overlapping beams
to the columns. In Tables 2 and 3, for ease of compari-
son, all the calculations results, considering structural
nonlinearity, for the various analyzed settlement
schemes of adjacent columns are collected (maximum
values of internal forces - bending moment - in the ex-
treme and middle spans, including over the supports,
and deflection arrows in the extreme and medium
spans).
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Free body diagram beam without strengthening
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Figure 3 — The results of constructively nonlinear calculation of hinged beams
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Bending moment diagram, kNm:
— without considering the deformed state of the beams (calculation case D.2.2.1)
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Figure 4 — The results of constructively nonlinear calculation of rigidly fixed beams
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Table 2 — Maximum internal forces and deflections of steel-reinforced concrete
overlapping beams cross-sections af the hinged nodes of beams to columns

Bending moment M, kNm Maximum deflection, mm
Calculation case (see extreme span middle span .
adopted numbering) above the above the | extreme span middle
spaft brace span brace span
Settlement of the middle column by As = 30 mm
C.2.1 179 97 176 94 35,2 34,8
C.2.2.1 159 63 63 22 33,5 23,3
C222 178 96 98 67 32,0 23,2
Comparison of changes in internal forces and deflections
a type of comparison the ratio of the analyzed factors
Aca22/c21 0,99 0,99 0,56 0,71 0,91 0,67
Aca22/c221 1,12 1,52 1,56 3,05 0,96 1,00
Settlement of the extreme column by As = 30 mm
D.2.1 179 97 176 94 34,8 11,5
D.2.2.1 67 -178 44 -110 20,1 2,5
D.2.2.2 97 -61 95 -20 27,8 6,1
Comparison of changes in internal forces and deflections
a type of comparison the ratio of the analyzed factors
ADp222/D21 0,54 0,54 0,80 0,53
ADp222/D221 1,45 2,16 1,38 2,44

Table 3 — Maximum internal forces and deflections of steel-reinforced concrete
overlapping beams cross-sections at the rigid nodes of beams to columns

Bending moment M, kNm Maximum deflection, mm
Calculation case (see extreme span middle span .
adopted numbering) above the above the | extreme span middle
span brace span brace spatt
Settlement of the middle column by As = 30 mm
E.2.1 113 92 87 69 31,5 26,8
E2.2.1 117 73 84 68 31,5 22,4
E.2.2.2 152 147 129 129 29,8 22,6
Comparison of changes in internal forces and deflections
a type of comparison the ratio of the analyzed factors
AE222/E21 1,35 1,60 1,48 1,87 0,95 0,84
AE222/E22.1 1,30 2,01 1,54 1,90 0,95 1,01
Settlement of the extreme column by As = 30 mm
F.2.1 84 88 55 67 25,0 3,6
F.2.2.1 73 125 38 91 24,5 2,1
F222 79 145 52 99 20,5 2,9
Comparison of changes in internal forces and deflections
a type of comparison the ratio of the analyzed factors
AF222/F21 0,94 1,65 0,95 1,48 0,82 0,81
AF222/F221 1,08 1,16 1,37 1,09 0,84 1,38

Conclusions

During the analysis of structurally nonlinear work  bending moment up to 56%, and continuous beams —
of a reinforced concrete overlapping with uneven up to 54%. Accordingly, this disregard increases
subsidence of the foundations of adjacent columns, it  the value of the maximum deflection by 2.14 times
was established that the failure to consider the gap inthe case of a hinged single-span beam and up to 38%
between the braces and the overlapping hinged single-  in the case of continuous beams.
span beams overestimates the calculated values of the
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