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One of the most powerful modern methods of calculating complex building structures is the finite element method in the
form of a displacement method for discrete systems, which involves the creation of a finite element model, that is, splitting
the structure into separate elements within each of which the functions of displacements and stresses are known. On the
basis of the displacement method and the methods of iterations and half-division, an algorithm for stability calculation of
the first kind equilibrium form of compressed reinforced concrete columns with hinged fixing at the ends, considering the
stiffness changing has been developed. The use of the above methods enables to determine the minimum critical load or
stress at the first bifurcation and their stability loss corresponding form. The use of matrix forms contributes to simplification
of high order stability loss equation. This approach enables to obtain the form of stability loss that corresponds to the critical
load.
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12,3 TlonTaBchbKuii HALIOHANLHUI TeXHIYHMI yHiBepcuTeT iMeni FOpis Konaparioka
4 Asep0OalixaHChKUH yHIBEPCHTET apXiTEKTypH i OyNiBHULTBA
*Anpeca i muctyBanHs E-mail: shbm@ukr.net

OpHUM 3 HAHOLTBII TOTYXKHUX CyYaCHUX METOJIB PO3paxyHKy CKIIaJHUX OyHiBEIbHUX KOHCTPYKIill € METOJ| CKIHIEHHHUX elle-
MEHTIB B (popMi METOy HepeMillieHb I JUCKPETHUX CHCTEM, SKHil Iependadae CTBOPEHHS CKIHYEHHO-eJIEeMEHTHOT MOJIedi,
TOOTO PO3OMTTS KOHCTPYKIII HA OKpEMi CJIEMEHTH Yy MeKaX KOXHOTO 3 SIKUX BiIOMi (yHKIII IepeMilleHb Ta Halpy>KeHb.
Mertoz CKiHUCHHHX €JIEMEHTIB TaKoXK Iepeadadae popMyBaHHs Ta PO3B’I3yBaHHS CHCTEMH JIIHIHHUX aireOpaiyHuX piBHSIHD
MOPSIIOK K0T 00YMOBJICHHH KiJIbKICTIO HEBITOMHUX BY3JIOBUX MepeMiriieHb. Po3po06ieHo aaropuT™ po3paxyHKy CTiHKOCTI mep-
oro poay GopMu piBHOBark CTUCHYTHX 3a1i300€ TOHHHUX KOJIOH 3 LIAPHIPHUM 3aKPIIUICHHSIM Ha KiHIIX, 3 ypaXyBaHHIM 3MiHH
JKOPCTKOCTI, HA OCHOBI METO/Iy MepeMillieHb Pa3oM 3 METOAaMH iTepalliif i MTOBUHHOTO [iNieHHs. BUKOpUCTaHHS BUILIECOTHCAHNX
METO[IB J03BOJISIE BU3HAUYUTH MiHIMaJIbHE KPUTHYHE HABAaHTA)KCHHs ab0 HAIpY)KEHHs NpH nepurii Gipypkauii Ta ix BTpaTH
CTiKOCTI BiOBiAHOT hopMu. Bukopucranus MaTpuIHKIX GOPM CIIpHUsiE CIIPOLIEHHIO PIBHSHHS BTPAT CTIHIKOCTI BUCOKOTO MO-
psanky. Takuii migxin 1o3Boisie oTpuMaTy GopMy BTPAT CTIHKOCTI, IO BiANOBIIa€ KpUTHIHOMY HaBaHTaXeHHI0. OmrcaHi BUIIE
0COOJIMBOCTI PO3PaxyHKy TaKMX KOHCTPYKLiH OOYMOBIIIOIOTH HEOOXiJHICTH Yy BUKOPHCTaHHI moTyxHOcTed cydacHux IIK,
II0 y CBOIO Uepry NoTpedye aBTOMaTH3aMii po3paxyHKOBHX IIPOLECIB y BUIIISI 3aKIHIEHUX MIPOTrPAaMHHUX KOMIUICKCIB Ta CHC-
tem. Ha 6a3i kadenpu OyziBenbHOI Ta TeopeTyHol MexaHiku [1o1TaBChKOro HaliOHATBHOTO TEXHIYHOTO YHIBEPCUTETY iMEHi
IOpis Konpparioka Oyinu po3po6ieHi mporpaMHi yTHIITH, SIKi peasti3yloTh B3a€MOIIOB’ sI3aHi 3a/1a4i OL[iHIOBaHHS MillHOCTi Ta
HaIIHHOCTI OyaiBeIbHIX KOHCTPYKIiH Ta 1X €IeMEHTIB.

KunrouoBi cioBa: ¢opma piBHOBAry, CTHCHYTI 3a1i300€TOHHI KOJIOHH, IPOrPaMHUIT KOMIUIEKC, PIBHSHHS BTPAaTH CTIHKOCTI.
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Introduction

There are various methods for calculating the stability
of the equilibrium form of discrete systems, due to the
large volume of computations associated with the solu-
tion of the analytical condition for the equilibrium sta-
bility loss. The solution of the analytical condition for
the compressed discrete systems equilibrium stability
loss, which has high orders, and the stability loss form
critical load definition, are very important problems to
be solved.

The algorithm for calculation of equilibrium stability
loss form of compressed discrete systems of the first
kind by the displacement method in combination with
the methods of iterations and bisection with examples
is given in [6]. It is implemented in the software pack-
age "Persist" for a PC in Windows OS.

To solve engineering tasks this computer program is
implemented in a modern compiler, contains several
subroutines that are combined and presented in the
form of the same software complex.

Review of research sources and publications

The solution of the problem of calculating the analyt-
ical condition for the compressed discrete systems
equilibrium stability loss, which has high orders, and
the determination of the corresponding stability loss
form critical load, generated a large number of methods
by many mathematicians (Krylov, Laverier,
Danilevsky, Jacobi (iterations) etc.).

Definition of unsolved aspects of the problem

When calculating the first kind equilibrium stability
form of compressed reinforced concrete columns with
hinged fixing at the ends, considering the stiffness
changing (damage to the column sections) provided
that the initial modulus of elasticity is constant; it is as-
sumed the necessity of solving the stability loss equa-
tion which is non-linear transcendental and, as it is
known, does not have an analytical solution [1 — 4,
7 — 12]. In addition, these equation elements are com-
plex mathematical dependencies, which contain Zhu-
kovsky functions in their composition, which also
greatly complicates the equation solution.

The purpose of the work is to develop an algorithm
and software for the PC in Windows OS, which enables
students and engineers to automate calculations of sta-
bility of equilibrium forms of compressed discrete sys-
tems.

In recent years, the software complex "Persist" has
been tested and successfully implemented in the train-
ing of specialists for the building industry [5, 6].

Problem statement

The calculation of the compressed discrete system on
the stability of the equilibrium form actually reduces to
the solution of the difficultly described nonlinear tran-
scendental equation, which is the equation of stability
loss. The difficulty lies in the absence of analytical so-
lution of such equation due to the presence of complex
functions of Zhukovsky, which have transcendental
functions in their structure. Such solution can be per-
formed only with the use of numerical methods. This

problem of calculating the analytical condition for
compressed discrete systems equilibrium stability loss,
as well as the determination of the critical load of the
stability form, is proposed to be solved by displace-
ment, iteration and bisection methods, which enables to
significantly simplify calculations.

Basic material and results

It has been obtained stability loss equation of the
equilibrium form of reinforced concrete columns with
hinged fixing at the ends considering stiffness changing
due to the displacement’s method in expanded form
provided that compression and stretch deformations are
ignored [5, 6, 13].

Output data:

h1:m1l;hzzmzl;h3:m3l;h4:m4l;

E = const #0 ;

i :(b;_Jjj(j:ﬁ)'

It has been calculated: the value of the minimum crit-
ical longitudinal force N™™ at stability loss of the first

kind equilibrium form considering damages on any col-
umn sections (Figure 1).

It has been accepted, i = io1, J = Jo1 and it has been
expressed all rigid stiffness on the bend of the column
sections due to these parameters and the first section
length A1 = m L.

EJOI 3

gy =———; Ip= ; (1
hy hy
iy = EJy; iy = EJs,

where
J01:J; J12:C2J; J23:C3J; Jaa = CaJ. (2)

The values of the coefficients of the rigid stiffness ra-
tio on bend, expressed through the first section rigid
stiffness, are equal to:

ot _+. i _ Cmy |
Ky =—7=1; Kyp=—"%=——; 3)
l 1 mz
by _ Cymy Iy _ Cymy
Ky =—= ; Kyy=—"=——
i ms i my

The rigid stiffness on each of the four sections bend
is expressed as:

Jo=J; in=Koi; in2=Kpni; “

i3=Kxi;, i3a=Ksi.
Considering the above expressions, the rigid stiffness
final value on the bend of each of the four sections is:

EJy; | _EJy |

iOl = y 5 Lp) m l 5 (5)
1 2
. EJys EJsy
I3=—"-", 34 = .
msl myl
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Thus, this approach enables to change the flexural
stiffness of each section of the column (see calculation
scheme, Figure 1) by varying the moments of inertia at
the corresponding axes, provided that the initial elastic
modulus remains constant.

Determination of the minimum critical force ( N, f,‘,’m )

is obtained using the displacement method expanded
form [5, 6, 9].

It is recorded the displacement method equilibrium
equation in accordance with the column calculation
scheme (Figure 1).

—
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o
~
~

N
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~

Figure 1 — The column calculation scheme

Displacement method equilibrium equations takes the
form (Figure 2).

Figure 2 — Calculation schemes
of the column nodes

Mg+M;, =0;
O1o—01p =0;
051 =03 =0;
My +M;, =0;
O3y =034 =0;

The same equations are recorded in a matrix form:

(6)

r-Z=0, (7

where r — stiffness matrix of column sections elements
(reactive forces in fictitious joints from unknown vec-

tor Z unit values)

1 N2 N3 Na Ns e
Hr Ty T3 Ty s I
31 I3 N33 Iy I35 I3g ' (8)
Tar Taa Taz Tas Tys Te

I'sy Tsp Ts3 Tsq Tss Isg

Tst T2 Te3 Tea Tes  Tes
According to the reciprocity of reactions theorem
r, =r, (i,k=1,6). Therefore, the stiffness matrix is rep-

resented only by the values of its upper triangle param-
eters.

N1 N2 N3 Na Ns e

Iyp Tz g s TIg

33 Iy I35 I3
r= . 9)
Taa  Tas5  Tae
Iss  TIse
766

Z — vector of the displacement method unknown
in accordance with the column calculation scheme
(Figure 1)

Z 1
Z, %)
7=151_1 (10)
Zy Dy
Zs ?s
Zg Ps

The system of equilibrium equations (6) is a system
of linear algebraic homogeneous equations that has the
following properties:

a) the system has a zero (trivial) solution (the physical
content of the vector Z =0, that is, the column main-
tains a straightforward form — there is no equilibrium
form stability loss);

b) the system has no zero solution if det(r) = D = 0.
In this case, there is a problem of eigenvalues, that is,
system (6) has many solution roots. Physical content:
vector Z =0 (there are angular and linear displace-
ments of the system nodes, indicating the appearance of
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anew deformation form — the longitudinal bending, i.e.,
the system loses the equilibrium form stability (the first
kind stability loss). Thus, det(r) there is an analytical
condition for the equilibrium stability loss (stability
loss equation), the solution of which is able to deter-
mine N™" with the methods of iterations and half-di-
vision.

Compressed column equilibrium form stability loss
equation has the following general form

1 N2 Nh3 N4 Ns  He
Iy 13 T s TIg

33 I3g I3s ”36:() (11)

det(r)=D =
Taa  Tas T
Iss T
766

Equilibrium form stability loss equation (11) is a tran-
scendental equation, that has many solution roots. To
determine the smallest value of the critical load (critical
longitudinal force N, f:i“ ), numerical methods of itera-
tions and half-division are used.

In the equation (11), the compressive force N is an
unknown value and is expressed by Zhukovsky func-
tions (@, B,y,&,7,... ), which are expressed through the
parameter ¢, which in turn is expressed in longitudinal
force N terms.

By preliminary calculating the relationship between
the parameters # in the compressed column through the
base parameter f, it is determined the critical parame-
ters ¢ in each compressed element, and then their critical
longitudinal forces and critical load.

. (NP . (NI
e I 12
‘s [EI]/’ ‘s [ijj’ (12

2 EI £
O v ) B
’ ]2 J l J

In this case, the critical forces in each section of the
column should be the same. It is N™ for the column.

The equation (14) is calculated if the stiffness of the
system elements changes. To do this, it is needed to set
the appropriate correlation of the relationship parame-
ters: my, my, ms, mg and Cy, Ca, C3, Ca.

So, for the given calculation scheme of the column
(Figure 1), the relationship between the parameters ¢ of
each section is:

As the base parameter it is taken ¢ = #o1, then:
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=ty =t = MZ M 5 (15)
iy i
2
f=t, = Nh2= N-m; -1 (16)
K,-i C,-m-i
2
ly=4= Nh? = Nem ! 5 (17)
K, i C,-my-i
2
b=ty = [k [ Nomg ] (18)
K, -i C,omy-i
t
Q=f=L; (19)
b b _m 1 20
¢ t t m\G 20)
b tom [T )l
& t ot m\G @0
bt _m | L 22
A (22)
Thus,
ly=t; b, =0, 6 by =G5t b, =0, t . (23)

To determine N™ (calculation of the equation of sta-
bility loss of equilibrium form (4)) it is used the soft-
ware complex "Persist" specially developed by the au-
thors for the corresponding output data (m 5Cin ¢ ),
which algorithm is based on numerical methods of iter-
ations and half-division [5, 6]. The iteration method en-
ables to determine the subinterval with the minimum
value of the base critical parameter ¢, , and the half-
division method to specify its value to the predefined
accuracy.

At the same time, since everything was expressed due
to the basic rigid stiffness 7 and the length of the rod /,
the final value N™ should be multiplied by the rigid

stiffness i and divided by the length of the rod /.

It is considered a calculation example, when the stiff-
ness of all column elements is constant (Figure 1). In
this case, the source data are:

/
h1=h2=h3=h4=Z;E=const;too; 24)

J=Jy=Jp=Jy =Sy =iy =i, =hy =iy,
. 1
C=C=C=C=L m=m=m :m4:Z . (25)
The relation between the parameters t are written as:
o=ty =ly =l =1ly, (26)

i =¢,=¢=4,=1. (27)

The stability loss equation for such output data is:
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(28)
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To further calculating the column for the equilibrium
form stability we use the software complex "Persist"
(Figure 3—10).

Here is a step-by-step algorithm for entering input
data and necessary parameters for the software com-
plex "Persist":

1. It is entered the relation for the parameter ¢ :

[File Calculate Help

(k] < = & = £

New Open Save Calculate Print Settings Exit

Parameters t| Determinant | Root criterion | Results | Graph |

Number of compressed
rocls parameters

S
Edit
t ,V:E’NJ_! -N'N_[! > Next

Figure 3 — Recording correlations
for parameters ¢

2. It is entered the elements of the upper triangle of
equilibrium stability loss equation (28).
For example, it is entered an element 7;;. To do this, it
is necessary to select element 1.1, and press the "Build"
button:

“File Calculate Help
D @ (%] (] C) = £

New Open Save Calculate Print Settings Exit

Parameters t Determinant | Root criterion| Results | Graph |

11 @
3 2 1.1 (1.2 |1.3 1.4 |A Build
21 |22 |23 j24

31 32 33 34

< >
> Next

+ 1.0000 + 2.0000

Figure 4 — Entering values for an element r1;

At the next step, it is entered the expression value for
the element in the menu item "Determinant", the button
"Build". Similarly, it is introduced all other elements of
the upper triangle (28).

The determinant element expression builder

The determinant element expression

[+ 1.0000 (I‘Zc 20000 (l‘2

Add | Edit ‘ Delete | Insert ‘ Deleteall‘

v Finish E X

Cancel |

Figure 5 — Writing the expression
for the element ri;

Expression for an element 744

[ The determinant element expression builder

The determinant element expression

+ 16,0000 ?uf»azouou Uer

Add | Edit ‘ Delete ‘ Insert ] De[e(ealll

v Finish ‘ X cancel |

Figure 6 — Writing the expression
for the element res

3. It is chosen the desired accuracy for calculating the
root of the stability loss equation ty (the determinant
minimum value, 10#). Also, it is set the base parameter
initial value (0), and also basic parameter to changing
step to (0,1). If necessary, this step can be reduced.

| File  calculate Help

] < 2] i) =) = 3
New Open  Save Calculate Print  Settings Exit
Parameters t| Determinant Root criterion | Results | Graph |

Accuracy of root cetermination: (L]

Initial value of the base parameter: [0

Stop of changs of the base paramotor: 0.1

B Calculate

Figure 7 — Configuring accuracy for calculate
the stability loss equation root

4. In the menu bar, press the "Calculate" button and
go to the "Results" tab:

File Calculate Help

i} 4 2] ] =] =

New Open Save Calculate Print  Settings Exit

Parameters t| Determinant | Root criterion  Results | Graph |

078540 t12= 078540

t? i
N=—sEJ=
(3 3

Parameters Loss stability forms

Figure 8 — View of the calculation results

| Table of determinant values |

If necessary, activate the tab "Table of determinant
values", and it can be viewed step-by-step calculation
results by iteration and half-division methods:

| File calculate Help

o] @ 5] & & = £

New Open Save Calculate Print  Settings Exit

Parameters t | Determinant| Root criterion  Results | Graph |

to= 000000 D =8493465599939 A
to= 010000 D =82963899.17578

to= 020000 D =77183225.31592

to= 030000 D =67979786.83984

to= 040000 D =5597366518567

to= 050000 D =41981119.77979

to= 060000 D =2696513810776

to= 070000 D =11975264 36006

to= 075000 D = 482505982549

to= 077500 D =1393662 91981

to= 078750 D =-279150.44065

to= 078125 D =55347950020 v

“Parameters|  Loss stability forms | Table of values ||
Figure 9 — Table of determinant values

If necessary, by activating the "Graph" tab, it can be
viewed a step-by-step graphic representation of the sta-
bility loss equation solution (28):
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File Caiculate Heip

D 4 G i) & =

New Open Save Calculate Print Settings Exit

Parameters t| Determinant| Root criterion| Results  Graph |

Build

0 0.082 0.164 0246 0.328 0.41 0.492 0.573 0.655 0.737 0.819

Figure 10 — Graphical representation
of the stability loss equation solution

This N™ is equal to:

o _[(:ﬂ, Y -z} _(0,7854-4) i 31416

~.

ol ¢ ‘ ¢

It should be noted that the dimension of the critical
force depends on the given dimensions of the stiffening
on bend 7 and the rod length /.

Conclusions

The method of calculation and algorithm is devel-
oped, which are implemented in the software complex
"Persist". The program com-plex has been successfully
implemented in the educational process in the study of
the discipline "Structural Mechanics" at the educa-
tional-scientific Architecture and Civil Engineering In-
stitute of Poltava National Technical Yuri Kondratyuk
University. This software can be used by students and
engineer-designers for engineering calculations, in-
cluding calculating the first kind equilibrium form sta-
bility of compressed reinforced concrete columns with
hinged fixing at the ends, considering the stiffness
changing.
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