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Abstract. The paper deals with some aspects of modelling the structures’ behaviour: the ‘engineering
nonlinearity’ method; determining stresses on the basis of nonlinear dependences ‘stress-strain’. The
‘engineering nonlinearity’ method enables you to indirectly consider physical nonlinearity while computing
by the standard method. The ‘engineering nonlinearity’ method enables you to consider physically
nonlinear behavior of reinforced concrete section by iteration and step-type method. The method makes it
possible to determine the stiffness parameters of the section. These parameters may be reduced because of
the crack propagation, plastic strain in concrete and reinforcement. Concept of the method is described.
Suggested method ‘engineering nonlinearity’ enables the user to consider stiffness distribution more
accurately. This method is almost similar to standard methods of linear analysis, that is, it is possible to
carry out analysis on all types of loads, compose DCF and DCL, analyse reinforcement. Comparison study
for peculiar features of ‘Engineering nonlinearity’ method is performed. Analysis results for the test
problem (based on engineering nonlinearity) are provided. Analysis results for the test problem shows some
redistribution of forces and convergence of results obtained in ‘engineering nonlinearity’ method and in
analysis with account of physical nonlinearity. This approach makes it possible to use the ‘engineering
nonlinearity’ method for computing and modelling the erection process, analysis of panel buildings
(platform joints), etc. The ‘Cross-section Design Toolkit’ module supports nonlinear analysis for a certain
set of forces. The proposed methods for modelling and analysis of structures with account of their life cycle
enable us to find out dangerous tendencies at the design, erection and further maintenance stage of the
structure and to prevent the possible destruction both for separate structural elements and the object as a
whole.

Keywords: physical nonlinearity, engineering nonlinearity, life cycle, design model, computer
modelling

Introduction. New methods of mathematical physics (for solving problems
of dynamics, stability, physical and geometric nonlinearity) were developed due
to unlimited capabilities for computer models on the basis of FEM. For example,
solving physically nonlinear problems within the limits of the active load
(regardless of a number of simplified hypotheses) provides the engineer with
much more information for estimating the stress-strain state compared with
design models based on elastic-linear assumptions.

We can suppose that the independent role of design models in linearly elastic
statement will subsequently be rapidly decreasing and they will be given an
auxiliary role to solve nonlinear problems on the basis of linearization methods.

A great contribution to the general theory of numerical analysis methods,
including the creation and development of finite element method, methods of
nonlinear analysis of structure was made by V.A.Bazhenov[l, 3],
Yu.V. Veryuzhsky,  A.S. Gorodetsky, V.L. Gulyaev, V.N. Kislooky [2],
A.V. Perelmuter, A.S. Sakharov [2], V.. Slivker, V.K. Tsykhanovsky and others.
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Many works have been devoted to the methods of solving nonlinear problems
in structural mechanics [1-3, 5].

To approximate design models generated at the design stage to the actual
conditions of their maintenance, it is necessary to consider the change in the
stress-strain state at each stage of the life cycle of the building object [6].
Development of methods of computer modelling is of high importance. These
methods are directed to maximize the use of load-bearing capacity of structures
while reducing the material consumption and ensuring structural safety.

Along with the standard approaches for determining the stress-strain state of
the structure (fixed load — design model — stress-strain state), the modelling of
structures’ behaviour becomes more important. Behaviour of structures is
examined in various situations with account of various features and factors.

Let us consider some aspects of modelling behaviour of structures.

1. Concept of the method ‘engineering nonlinearity’. The method makes it
possible to determine the stiffness parameters of the section. These parameters
may be reduced because of the crack propagation, plastic strain in concrete and
reinforcement. Creep, cracks and other specific features of reinforced concrete
cause a change in the stiffness parameters of elements at the early stages of
loading, including the maintenance stage. This causes redistribution of forces,
significant increase in displacements compared with linearly elastic analysis.
Account of these factors is regulated by normative documents. Thus, in the
normative documentation of some countries it is pointed out that in practical
calculations it is possible to take into account lowered stiffness values — for
tensioned elements, use a reduction factor of 0.3, for compressed ones - 0.6.
However, in reality there are no elements only bent or compressed. As a rule, the
elements are eccentrically compressed or eccentrically tensioned. In [4] it is
suggested to take into account the reduced stiffness by the method of integral
moduli of elasticity. The method introduces single modulus of elasticity for the
whole section. Bondarenko indicates that normal stresses vary along the height
of the element. Nonlinearity of the strain of material predetermines the difference
in the moduli of elasticity at points with different stresses.

These features of behaviour of reinforced concrete are taken into account
more precisely by the step-type method [5]. Analysis of structure with account of
physical nonlinearity (that is regulated by normative documents in the strict
mathematical sense of this process when used in general engineering
calculations) has a number of factors that are not acceptable in the case of
general calculations of complex structural systems:

- such analysis may be carried out only for one load and it cannot be used in
DCF or DCL;

- defining input data is time-consuming process;

- excessive resources due to multiple solution of linearized equations, it
causes considerable increase in analysis time for complex structural systems.

These factors cause creation and development of the ‘Engineering
Nonlinearity’ method. On the one hand, this method indirectly takes into account
the reduced stiffness due to physical nonlinearity; on the other hand, it allows the
engineer to use the standard analysis method [5, 6, 7].

The concept of the method is as follows.
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Analysis of structures with account of engineering nonlinearity allows us to
determine how the forces are redistributed in the elements, how displacements
are increased and many other features of the structure’s behavior that cannot be
determined with linear elastic calculation. In fact, the ‘Engineering nonlinearity’
method makes it possible to differentially reduce the stiffness parameters of
sections of reinforced concrete elements [7, 8, 9].

In LIRA-SAPR 2018, two variants of the ‘Engineering nonlinearity’ method
have been developed. In the first variant (‘Engineering nonlinearity 1°), it is
proposed to define reduced stiffnesses on the basis of the iterative method of
analysis with the selection of reinforcement during this process. In the second
variant (‘Engineering nonlinearity 2”), reduced stiffness is determined by the step-
type method with further defining of reinforcement. On the one hand, the
‘Engineering nonlinearity 2’ method allows you to take into account the physically
nonlinear behaviour of the reinforced concrete section, on the other hand - to carry
out analysis according to the standard procedure with account of DCF and DCL.

Analysis by ‘Engineering Nonlinearity’ method consists of two main stages.
At the first stage, the static analysis of structure is carried out in characteristic
load case (or combination of loads) that, by engineer’s opinion, will have a
significant effect on the stiffness of structure: crack development, plastic strain
in concrete [7]. At the second stage, based on the analysis results, the stiffness
values are modified according to the stress-strain state of each section and the
standard analysis is carried out for the structure in which the elements have
stiffness parameters determined at the first stage. Standard analysis includes
linear-elastic analysis for the entire set of loads (dead weight, live load,
earthquake, etc.), composing of DCF or DCL, analysis for sections of RC and
steel elements, and design.

2. Stiffness parameters of bar section. Arbitrary section of bar is presented in
Figure 1. Two moments M, and M, as well as axial force N act on the section.

Moments act relative to principal axes of the section x and y. Axial force is applied
at the point C — intersection between geometric axis of the bar and plane of the
section. It is necessary to determine stiffness parameters of the section that
correspond to secant moduli of elasticity of concrete and reinforcement.

To determine the stress-strain state, it is necessary to find out location of the
neutral axis. This location is described with two values y., B and the curvature

of the section & (see Fig.1): y. — displacement of the neutral axis;  — rotation

angle of the neutral axis; £ — curvature of the section.
The problem is solved by numerical method. In iteration process three

unknowns y,, 3, &, are determined; they are computed from three equations of
equilibrium:

Yz=0,YM,=0, M, =0,
ZZ: iAF/'ﬁ'Gjﬁ(ycﬂﬁﬂé)—i_ifiacia(ycaB7§)+N:Oa
Jj=1 i=1

ZMXZZAFM'G_/H (yc 5B9§)yj (yc 7B9§)+2f1“a6[a (yc 9B7‘t:)y[a (yc ,B,§)+MX+N€X=0,
j=

=l
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Stiffness parameters
EsF, Egzl., E I, are

X2 O\

determined according to
diagrams oc—¢ for concrete
and reinforcement.  For
concrete, only compressed
part of  concrete is
considered  with  secant
modulus of elasticity that is
variable along the section.
For every rebar, appropriate
modulus of elasticity is used

Gj

Fig. 1. Stress-strain state of the bar section

n m
EoﬁF = 2 Ecel{/’ﬁAF/ﬁ + zEceKiafia’
j=1 i=1

n m
— 2 2
Eoﬁlx - 2 ECEI{_/6AFj5yj(7 + zEcekiafiayia’
j=1 i=1

n m
— 2 2
Eoﬁly - 2 Ecek_/ﬁAFjﬁxjﬁ + zEcekiaf;‘axia'
j=1 i=1

Here AFj;, f;,, — elementary zones to which section of concrete and areas of

separate rebars are divided, » — number of zones in concrete, m — number of
rebars, E E secant moduli of elasticity for concrete and

cexjo ° cekia
reinforcement, they are determined according to diagrams c—e (see Fig. 1),
Xigs ¥jg» Xia» Vi — distance from the gravity centre of the j-th zone of concrete

and the i-th zone of rebar up to principal axes; location of principal axes ( y., B)

is determined during iteration analysis.

For concrete, only compressed part of concrete is considered with secant
modulus of elasticity that is variable along the section. For every rebar,
appropriate modulus of elasticity is used.

Stiffness matrix for the bar that has secant stiffness parameters variable along
the length is also generated by numerical method (every bar is considered as a
super-element).

This approach makes it possible to use the ‘Engineering nonlinearity 2’
method for analysis and modelling the erection process, analysis of panel
buildings (platform joints), etc. In modelling the erection process, it is possible to
specify characteristic load cases at stages. In a certain sense, ‘engineering
nonlinearity 2’ transfers ideas of modelling the loading history (step-type
method) to the analysis according to the standard type with account of physical
nonlinearity.
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Table 1 compares the features of the method for both variants.

Table 1

Comparison study for peculiar features of ‘Engineering nonlinearity’ method

Parameters

Engineering nonlinearity

Engineering nonlinearity 2

Characteristic load
case

Arbitrary load cases are inclu-
ded according to the views of
users as to their characteristic
influence on the change (reduc-
tion) in stiffhess of the element

Only long-term loads are
included, further they will be
included in the DCF and DCL

Methods for Iteration Step-type

determining of reduced

stiffhess

Reinforcement Determined during iteration | Defined

analysis on characteristic load

Computing forces Analysis is carried out for all | Analysis is carried out only on

(analysis by standard load cases according to secant | temporary load cases according

type) moduli with further composing | to tangent moduli that corres-

DCF, DCL pond to the last step of the

step-type analysis on characte-
ristic load case. Results of this
analysis as well as analysis
results on characteristic load
case are included into DCF and
DCL

Account of physical Not available Available

nonlinearity during

erection

Account of nonlinear Not available Available

behaviour of platform

joints (large panel

buildings)

3. Test example

Below there are analysis results for the test problem on the basis of engineering
nonlinearity (Fig. 2). The load is ¢ = 8 #rm is accepted as the ‘characteristic load
case’, temporary load is assumed to be 2 #/rm. Table 2 shows the analysis results for
the frame with account of differentiated distribution of stiffnesses by different

methods.
b d C
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Fig. 2. Design model of the structure
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Table 2
Analysis results of test example
Static analysis Dynamic analysis
Values for parameters of Moment | Moment Disol
stress-strain state I‘Illoig1cr’detr m b{?r’dir Iﬁiﬁfgf Ferrfcq;l Period
Type of analysis 2 a d’
yp ys node b’, | node ‘d’, nOd;:nd, o, Hz T, sec
tm tm
Linear-elastic analysis with
initial stiffnesses -15.5 34 -3.95 1.56 0.64
Linear-elastic analysis with
stiffhesses that are
recommended in SP 52-103- -20.9 30.8 -9.39 1.09 0.91
2007
Linear-elastic analysis with
stiffhesses obtained in the
mode ‘Engineering -15,7 33,7 -5,02 1.65 0,61
Nonlinearity 1’
Nonlinear analysis with
stiffnesses in the mode -16,5 32,9 -5,99 1,32 0,76
‘Engineering Nonlinearity 2’
Physical nonlinearity -16,5 32,9 -6,07

Conclusions: By analysis results, we can draw the following conclusions:

- there is no significant redistribution of forces, it is explained by a small working
load, though there is a tendency to redistribution - the smaller moment at node b
increases, and the larger one at node d decreases;

- account of physical nonlinearity on displacements is more significant. It is
possible to take the analysis by the step-type method (the ‘physical nonlinearity’ line)
as the standard here.

Displacements at node d are increased 1.5 times in comparison with linear
analysis. The ‘Engineering nonlinearity’ method shows approximately the same
result (difference of 1.3%).
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bapabaw M.C.
JESKI ACIIEKTA MOJIEJIOBAHHS HEJTHIMHOI POBOTH 3AJII30BETOHY

VY cTarTi po3mISAAKThCS JEsKI acleKTH MOJICIIOBAHHS HENiHIWHOI poOOTH 3aii300eTOHHUX
KOHCTPYKIii, a came MeTon «lHkeHepHa HenmiHidHICTEY. Meron «lHXeHepHa HemiHIHHICTE»
JI03BOJISIE PO3TIAnaTH (Bi3MYHO HENiHIMHY ITOBENIHKY 3ali300€TOHHOrO Iepepily iTepariiHuM i
KPOKOBUM METOZOM. MeToJ 103BOJIsI€ BU3HAUUTH IapaMETPH 3HIDKCHOIO XKOPCTKOCTI Iepepisy, ska
BUHUKA€ dYepe3 YTBOPEHHsS TpIilWH, INIacTH4Hi JAedopmanii B OeroHi Ta apmarypi. Omucana
KOHIICTIIisl MeTOy. 3alpOonOHOBaHui MeTOA «[HXKEHEpHA HENIHIMHICTEY 103BOJISIE IHXKEHepy OLIbII
TOYHO OIiHIOBATH PO3IOJiN kopcTkocti. Lleif MeTox Maiike aHAJIOTIYHMN CTAaHZApPTHHM METOAAM
JHIHHOTO aHaNi3y, a caMe I03BOJIE IPOBOJHUTH aHAII3 3a BCIMa TUIIAMU HAaBaHTAXEHb, CKJIAJAaTH
PO3PaxXyHKOBI CHOJy9eHHS 3KCHIb Ta PO3PaxXyHKOBI CIONY4eHHS HaBaHTaXEHb, aHAI3yBaTH
3ycmin. IlpencraBieni pe3ynbTaTu aHaNi3y TecTOBOI 3aadi, SIKi IOKA3ylOTh MEBHHI IEpepO3MOALI
CHJI 1 30DKHICTH pe3yNbTaTiB, OTPHMAaHHX MeTonoM «lHXeHepHa HeNiHIHHICTEY i 3 ypaxyBaHHSIM
¢ismunoi HemiHiiiHOCTI. Meron «lmXKeHepHa HENIHIHHICTBY» MOXIJIHBO BHKOPHCTOBYBAaTH JUIL
0OYHMCIICHHS 1 MOJICIIIOBAHHS IIPOLIECY 3BEJCHHS, aHai3y IUIATGOPMHUX CTUKIB MTaHEIbHUX OYANHKIB
i Take iHmIe.

KaiwuoBi cioBa: (isnvHa HENiHIMHICTE, IH)KCHEpHA HENIHIWHICTb, KUTTEBUH LHKI, MOICIb
[IPOCKTYBAHHS, KOMIT'FOTEPHE MOJICITIOBAHHSI.

VK 539.3:004.94: 624.074
bapabaw M.C.
HEKOTOPBIE ACHHEKTBbI MOJAEJIUPOBAHUS HEJJUHEMHOM PABOTHI
KEJE3OBETOHA

B cratke paccMaTpUBAKOTCS HEKOTOPBIE ACHEKThl MOJCIMPOBAHUS HEIMHEWHOH paboThl
KENe300€TOHHBIX KOHCTPYKIMH, a HMMEHHO  Meron «MHXKeHepHas HEeNMHEHHOCTh». MeTon
«/HKeHepHasi HENMHEHHOCTh» MO3BOJISIET pPacCMaTpUBaTh (DM3UYECKH HEIMHEHHOE IOBEICHHE
KENe300€TOHHOT0 CEYCHUSI UTEPALIMOHHBIM M LIArOBBIM METOAOM. METOJ HO3BOJSET OIpPEACIUTh
rapaMeTpbl MOHIKEHHOM XECTKOCTH CEYEHHMs, KOTOpas BO3HHKACT M3-3a TPEIIMHOOOPa30BaHMUS,
IUIACTHYECKOM aedopmanuu B OeToHe u apmatype. OnucaHa KoHuenuus merozaa. IIpemiaraeMsrit
METOJ| «MHXCHEPHAs! HEJIMHEHHOCThY MO3BOJISIET HHKEHEPY 00Jiee TOUHO OLICHUBATh PacIipeeicHe
JKECTKOCTH. DTOT METOJ IOYTH aHAJOTMYCH CTAHJApTHBIM METOJaM JIMHEWHOro aHajim3a, T. €.
M03BOJISIET IPOBOANUTH aHAJM3 IO BCEM THIIaM Harpys3ok, cocraBisite PCY n PCH, anamusupoBaTh
yerwnmsi. ITpencraBieHbl pe3ylbTaThl aHalM3a TECTOBOH 3afadd (OCHOBAaHHOW Ha HWHXXEHEPHOU
HENIMHEHHOCTH), KOTOpBIE IOKa3bIBAIOT HEKOTOPOE Mepepaclpe/elieHne CHJI M CXOAUMOCTh
Pe3yJIbTaTOB, MOJYYEHHBIX MeTOnoM «VIH)KeHepHas HEIMHEWHOCTh» U C Y4eToM (U3MUYEcKOn
HenuHelHocTH. Meron «/HXKeHepHasi HeMMHEWHOCTh)» BO3MOXKHO HCIIONIB30BaTh JUISl BEIYUCIICHUS U
MOJIEIMPOBaHHS TIPOLiecca BO3BEACHHS, aHaN3a IMIIaT(HOPMEHHBIX CTHIKOB MAHEIbHBIX 3IaHUH U T.JI.

KaioueBble ciioBa: Gpusnueckas HENMHEHHOCT, MH)KCHEPHAS HEIMHEIHOCT, )KU3HCHHBIH UK,
MOJIEJb TIPOSKTUPOBAHUS, KOMIIBIOTEPHOE MOJICIIMPOBAHHUE.
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Ilpeocmasneno HO8I 00CHiOMNHCEHHA, NO8’A3AHI 3 GUKOHAHHAM PO3PAXVHKIE 3
VPaxy8auHam peanvHux eiacmugeocmeii mamepiany. binvwioro mipoio ye cmocyemucs
3a1i300eMony, AKUlL 8ice NPU eKCHIYamAayiliHuX HA8AHMAICEHHAX 8 36 A3KY 3 PO3GUIMKOM
mpiwun i naacmuunux — Oegpopmayiti  OemoHy  00YMOBMOE  3HAUHE  3HUIICCHMS
Jicopcmrocmeli enemenmie i 30inbuieHHs nepemiuyenb Y NOPIGHAHHI 3 PO3PAXYHKOM 6
JIHIUHIL ROCMAHOBYL.
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New researches connected with execution of calculations taking into account real
properties of a material are presented. To a greater extent, this relates to reinforced
concrete, which already at operational loads due to the development of cracks and plastic
deformations of concrete causes a significant reduction in the stiffness of the elements and
increase displacement compared with the calculation in linear formulation.

Tables 2. Fig. 2. Ref. 9.
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yuemom peanvHulX cgoucme mamepuana. B 6onvwieii cmenenu >mo  kacaemcs
Jicene306emona, KOmopulii yoice npu IKCNIYAMAYUOHHBIX HASPY3KAX @ CEA3U C pa3gUmuem
mpewun U niacmudeckux Oegopmayuii Oemona 00ycnOIUBAEI  3HAYUMENbHOE
CHUDICEHUe DJicecmKOCmell deMeHmo8 U ygeluyenue nepemewenuil no CpagHeHuio ¢
pacuemom 8 TUHeHOU NOCMAHOBKe.
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