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Pospobneni mamemamuuna Mooe ma anzopumm npo-
CMOP06020 PO3paAxXyHKY KoMOiIHOBaHUX cmane3anizobe-
MOHHUX WNPEHZETbHUX CUCHEM 00360I0Mb BUIHAUAMU
napamempu HanpysceHo-0epopmosanozo cmany 6 ene-
Menmax xoncmpyruii. /losedeno, wo ompumana mamema-
MUMHA MOOETb 3A006IILHIE MPLOM ZPYNAM YMOB: PIBHOBA-
2u; cymicrocmi depopmauiii, saxi noe’asyomo depopmauii i
nepemiwientst; QPisuuHuUM ymoeam, AKi noe’sa3yrono 3Ycu-
23 1 0epopmauii. 3ae0sxu po3podaenii memoouui npose-
Oeni meopemuuti Ppo3PAXYHKU 3i 6CMAHOBIEHHA PeATbHUX
diazpam <32UHATLHUL MOMEHM—NPOUH>, <NO3008HCHS
CUNA—NPOUH> 8 3ANEHCHOCMI 610 GENUMUHU | MICUS NPU-
KAA0anHs 306HIWUHbO20 Hasanmascennsi. B ompumani
pieHocmi, axi eusnauaromv Koeiyienmu npu HeeidOMUx
cucmemu iNitIHUX anzedpaiMnux piensans, 6x00amv napa-
Mempu monooeii ma HopcmKicmHi XapaKxmepucmuxu ejie-
Menmie xoncmpyxuii. Lle 0ano moscaugicmo 6 pamxax po3-
pobaenozo anzopummy 6ecmu NOWYK MIHIMYMY ULIbOGOT
Qynxuii pienonanpysicenozo cmany 6 eJlemMeHmax nPocmo-
P0O60i KOHCMPYKUT.

Teopemunno docnidxceno miynicmov ma depopmamus-
HICMb WNpeHzebHUX CMANe3anizo0emoHHux KoHCmpyK-
Uil Ha cCuMempuuHi ma HecuMempuyHi HABAHMANCEHHS 3
epaxyeannam nocmaoiunoi pooomu cucmemu. Illnsaxom
imepayiiinozo NOWYKY MIHIMYMY Uinb080i (PYHKUIi pis-
HOHANPYICEHO20 CMAHY 6 Nepepi3ax eieMeHmis npocmo-
PO6Oi KOHCMPYKUIT 6CMAHOBAEHO ZHUNCEHHS HOPMATILHUX
HANPYHCeHs Y NOPIBHAHHI 3 KOHCMPYKUIAMU THULO20 MUNY.
Ompumani pesyaomamu 00360JUNU 3ANPOEKMYEAMU
peanvii 6yoieenvri koncmpyxuii. Taxum uunom, € niocma-
68U cMeEepOCcYsamu npo npaxmuuHe 3HAMEHHs. PO3POGIEHOT
Mamemamuunoi MoOeni ma anzopummy, AKi 6UKOPUCMAHI
npu npoexmyeanti HOBUX i NEPEPAXYHKY ICHYIOUMUX KOMDI-
HOBANUX CMALE3ATIZ00eMOHHUX WNPEH2ETLHUX CUCTEM

Kniouosi cnosa: xombinosamni cucmemu, pieHanHHsA
Hepospusnocmi Oedopmauii, Miynicmo, Oedpopmamue-
Hicmb, cmane3anizobemon, wnpenzes
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1. Introduction

Contemporary construction industry no longer has the
necessity to manufacture modular structures of the same
type. More widely applied are the light structures for
overlapping or covering different spans, whose wide range
includes the non-uniform ones. In the design of large-span
load-bearing overlapping structures the use of beams is in-
effective. The application of frames or other structures has
some major disadvantages: labor-intensive production, total
height, and so on. Along with the application of already test-
ed iron-concrete structures, engineers create and implement
into construction the new structural shapes and structures
that are characterized by low material consumption. These
include the steel-reinforced concrete structures that com-
bine the best properties of the steel and reinforced-concrete
structures. The structures of this type, given their spatial
work, possess a significantly lower weight and differ from the
steel ones by a lower consumption of metal.

In recent years, the calculation of rod systems has in-
creasingly employed a deformation model (fibresectionmod-
el). It is universal, it accounts for the physical nonlinearity
and can be used in order to estimate the arbitrary cross
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sections of rod elements made from different materials (steel,
concrete, etc.) for any combination of loads and could be
implemented at a personal computer.

The relevance of our research is emphasized by the
need to devise a procedure and to develop an algorithm for
calculating the spatial work of steel-reinforced concrete
structures.

2. Literature review and problem statement

An analysis of the development of structural shape of
load-bearing building structures [1] reveals that one of the
promising directions for further evolution is the application
of spatial combined steel-reinforced-concrete truss systems
[2]. Underlying these structures are the rigid elements (ri-
gidity beams), strengthened by truss metallic bongs.

Combined steel-reinforced-concrete truss structures
represent complex spatial elements. Calculations are typi-
cally performed by separating spatial structures into a series
of flat systems.

The work of the structures’ elements under conditions
of the non-uniaxial stressed state defines the deformative




properties of the load bearing capacity of the elements as
well. Requirements for the consideration of physical non-
linearity of metallic and steel-reinforced-concrete elements
are stated in the standards and normative documents [3 5],
instructions, and recommendations. However, taking these
requirements into consideration in the practice of design is
difficult. Insufficient development of relevant methods and
calculation programs may result in the use of conventional
methods of estimation to produce the incorrect assessment of
the work of a structure in general, as well as to making irra-
tional design decisions. Therefore, the spatial model is one of
the promising directions for improving the theory of calcu-
lation of the combined steel-reinforced-concrete structures.

In order to assess the stressed-strained state of structur-
al systems of the truss type, additional theoretical [4] and
experimental research is required into the effect of both stat-
ic and dynamic loads [5]. At the same time, there is a need
to improve the estimation models that assess the reliability
[6] and optimization of parameters of the truss systems. De-
termining the areas of rational application necessitates the
combination of design, fabrication, installation, and opera-
tion of such structural elements [7]. The emergence of new
calculation methods has led to the development of structural
solutions for combined structures due to the creation of new,
more advanced, geometrical shapes, the application of im-
proved profiles and materials, the design of new techniques
for the artificial regulation of efforts.

Advances in computer engineering at the end of last
century contributed to the emergence of scientific schools
that implemented the automated methods for calculating
building structures [8, 9], etc.

However, a significant drawback of the above methods
for the calculation of steel-reinforced-concrete truss systems
is the impossibility to select the optimum cross-sections of
structures in the process of estimation both at the elastic
and elastic-plastic stages (during formation of cracks in a
concrete slab).

The devised procedure for the calculation of spatial
cross-ribbed reinforced concrete systems taking into con-
sideration their physical nonlinearity [10] makes it possible
to construct a mathematical model at the design stage and
to perform further numerical experiments for the reinforced
concrete structures whose axes are in the XOY plane.

Employment of the basic theoretical provisions (a com-
bination in the mathematical model of the equations of
deformation continuity and the equations of statics) enabled
their application when constructing a mathematical model of
the spatial steel-reinforced-concrete truss structures whose
elements operate in the spatial XOYZ coordinate system [11].

3. The aim and objectives of the study

The aim of this work is to build a mathematical model
and to develop an algorithm for the spatial calculation
of combined steel-reinforced-concrete truss systems. This
would make it possible to study the character of the ele-
ments’ operation and to find the reserve of their carrying
capacity.

To achieve the set aim, the following tasks have been
solved:

—to conduct, based on the devised procedures for cal-
culating the cross-ribbed reinforced-concrete [10] and com-
bined metallic truss systems [11], a numerical study into

determining the efforts and vertical displacements in spatial
combined steel-reinforced-concrete truss systems;

— to examine theoretically the strength and deformabili-
ty of the combined steel-reinforced-concrete truss structures
in terms of symmetrical and asymmetrical loads;

—to propose and design the steel-reinforced-concrete
truss systems applying the iterative search for a minimum
of the objective function of the equally-stressed state in the
elements of a spatial structure;

—to establish, based on an analysis of theoretical re-
search, the reserve of the carrying capacity of structures
and to devise recommendations for the calculation, design,
and application of combined steel-reinforced-concrete truss
structures.

4. Materials and methods to study the spatial steel-
reinforced-concrete combined systems

In order to calculate the complex spatial statically-inde-
terminate combined truss systems (Fig. 1), we shall use the
mixed method of construction mechanics.

Fig. 1. Combined steel-reinforced-concrete truss structure
(intermediate slab at the industrial complex “Business Center
Pidzamche”, B. Khmelnitsky Street, 176, Lviv, Ukraine):

a — at the stage of fabrication; b — physical appearance of
the combined steel-reinforced-concrete truss structure

Consider the spatial statically indeterminate combined
steel-reinforced-concrete truss structure (SRTS), shown in
Fig. 2, loaded with evenly distributed load ¢.

Such a structure is considered to be optimal on condi-
tion that its constituent elements possess elastic and rigid
characteristics that are sufficient to ensure the carrying



capacity both of the individual elements and the structure
in general. We accept that the system is a linearly-deformed
one, which is why, in order to determine efforts and displace-
ments within it, it is advisable to apply the principle of force

independence.

cross sections: at the intersections of rods from the cross-
ribbed system [11]. The estimation scheme of such a struc-
ture will take the form shown in Fig. 3-5.

The estimation scheme of the structure, when introduc-

ing the imaginary hinges to the upper belt, is modeled as

Fig. 2. Discrete physical model of the combined steel-reinforced-concrete

truss structure

The  steel-reinforced-concrete
structure is composed of longitudi-
nal metallic statically-indeterminate
combined structures that are com-
bined into a joint spatial work by us-
ing a monolithic reinforced concrete
slab the size of Lxb. The combined
slab-beam system is replaced with a
simplified discrete physical model in
the form of a statically-indeterminate
system [10]. Elements of a given struc-
ture represent the geometrical axes
of steel-reinforced concrete rigidity
beams and metallic trusses, whose ri-
gidity in a static scheme meets their
actual rigidity (Fig. 2).

We shall conditionally split SRTS
into n=k main longitudinal beams
and m= transverse beams. It should
be noted that the main longitudinal
beams n=1, 3, ..., k—2, k are the com-
bined steel-reinforced-concrete struc-
tures. Elements of the system are com-
posed of a steel rolled rigidity beam,
steel elements of the truss suspension,
as well as a reinforced concrete slab
with a width of by. Parameters for the
monolithic reinforced concrete slab
are derived in accordance with re-
quirements from [3-5].

Main longitudinal beams n=2, 4,...,
k-3, k—1 are the elements of the rein-
forced concrete slab with a width of
bfi=Lai—byi (Fig. 2).

To solve the system, we shall use
a procedure for the introduction of
imaginary hinges for characteristic

a frame, in which in the upper belt the main
efforts are the unknown bending moments,
transverse and longitudinal forces; in the bot-
tom part of the frame, there are longitudinal
efforts only (Fig. 3).

The result of SRTS deformations under
load is a change in the position of elastic axes of
rod elements. The proposed procedure is based
on replacing the actual elastic bent axis of the
beam with a fake one by introducing the imag-
inary hinges and by simultaneously applying
bending moments at the characteristic points.
In the actual beam, these points are matched
by the places of application of external forces
or the cross sections of a change in the rigidity
characteristics. It is assumed that the simul-
taneous introduction of imaginary hinges and
the corresponding bending moments does not
alter the position of the actual elastic axis.
Thus, the elastic bent axis is described as the
axis with 7n=0,..., i number of intermediate
hinges, which, due to the deformation, were
displaced along the vertical direction, respec-
tively, by the magnitude of y,, (n=0,..., ).
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Fig. 3. Estimation scheme of SRTS along the Ox direction:
a — general estimation scheme; b — selected fragment of the scheme



In order to derive a system of linear algebraic equations
of static equilibrium, we shall employ methods for separating
or cutting the nodes for the frame, as well as the equations
of deformation continuity, which are recorded for each char-
acteristic node.

Thus, we obtain a spatial cross-ribbed structure, which
is composed:

a) along the longitudinal direction OX, of the steel-rein-
forced-concrete and reinforced-concrete elements;

b) along the transverse direction OY, of m= rein-
forced-concrete elements.

The load on the slab is considered to be a nodal one,
where Pi=q*[i*l,m. The estimation scheme of SRTS is
formed by introducing imaginary hinges along the length of
the longitudinal and transverse beams. The places of instal-
lation of the imaginary hinges give rise to bending moments
M, and M,, as well as the elastic reactions Ry, Ry,. The load
P; changes the position of neutral axes f;=/(x), /i=(y). The
magnitude of deflection of nodes along the length of the
beams is f, a6o f,, respectively. Note that at the intersection
of beams at nodes the deflections are the same fy;=fi.

In contrast to the cross-ribbed structures that are in
the horizontal XOY plane, SRTS whose elements are in

different planes is exposed in the cross sections to longi-
tudinal efforts N;.

The sum of all longitudinal efforts in the steel-rein-
forced-concrete part TN; equals the sum of longitudinal
efforts that occur in the elements of the suspension.

To solve the system, it is necessary to construct a math-
ematical model. We shall conditionally divide the cross-
ribbed system into separate nodes and panels (sections)
between them (Fig. 5).

Mathematical model of the structure takes the form:

— of the equations of static that reflect the balance of the
individually selected node;

—of the equations of deformation continuity, which
reflect the equality of the bending nodal moments along
the corresponding direction and vertical displacements.

The canonical equation used is the equation of i-th ef-
forts, which, for the elastic-sagging support s, s in the direc-
tion of the OX axis, taking into consideration the joint action
of bending moments, as well as longitudinal and transverse
forces, takes the following form:

Sxe—Z,/Xxe-Z,erSxe-Lf Xxe-1,f+6xe,f Xxe,f+5xe+1,f Xxe+1,f +
+8xe+2,fXxe+2,f+ ...+:AefP=0. (1)
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Along direction of the OY axis, taking into consideration
the joint action of bending moments and transverse forces, it
takes the following form:

Bye-2.f Xye-2,/8ye-1,f Xye-1,/+
+8ye,f Xye,/TOyer1,f Xyer1,/+
6]/3+2)f Xl/€+2,f+“'+A€,f P=0. (2)

When calculating the coefficients and free terms in equa-
tions (1), (2), we considered the interaction of the elements
of bending moments, longitudinal and transverse forces,
in the cross sections. The coefficients for equations (1), (2)
were derived by multiplying the corresponding curves, for
example:
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Coefficients Sye+1, Oxe+2,fs 0¥ve+1,5 0¥vera,r are recorded in a

similar fashion, similar to coefficients 8ye-1 7, 8ye-2. 55 8*re-1,rand
&*e-2,1- A free term in the general form is expressed by formula:

A(,V/p — ZJ Xxe,fXxe,fP +3 Rxe,_[*Rxe,/P — Bfe,_[ + K?‘;H,/ +
Elxe,_/ EAxe.f Elxe,/ Elxe+1,_/

4 Cxe—1,foe—1,/ _ Cx,,yfRX‘,,yf 1 " 1 + Cxe+1,_/Rxe+1,_[ , (8)
l.k‘e,f lxe,f lxeﬂ,f l):e+1.f

where Rye-1, 5, Rye s Rye+1,7 denote the elastic reactions of sup-
portse—1,f, e,f, e+1,f, derived as a result of distribution of the
external load in a spatial rod model;

Bxe,fCD :Kre,fq):()

denote the fake reactions of supports e,/ 8 e,/ 1 e+1,/ at spans,
equal to zero given the nodal application of external effort P.

Equation (1) with respect to expressions (3) to (8) will
take the form:

— for the first truss structure:
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— for the second truss structure:
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Similarly recorded are the equations of the i-th efforts for
structures along the other direction.

Deflection in an elastic-sagging support at the uncut
structure along the OX direction in a general case is equal
to the total reaction of a given support, multiplied by the
coefficient of pliability c,,s:

Xxe%,f /er,/_

* _Xxe,/*(1/lx(),/+1/lxz+1,/)+ +Cx[),/*Rxe,f’
_+Xxe+1,/ /lxe+1,/

an

er,/ = sz,/

along the OY direction:
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— | _ * *
Zyevf - cyevf Xyaf (1/lye-f +1/lyeyf+1)+ +Cyeyf Ryeyf'

h+Xye,_f+1 / ly1,f+1

(12)

Expressions (11) and (12) reflect the same deflection at
node e, /. By equating the right sides of these expressions,
we obtain

Xxeftf /lx(z,/ -
Cxe,f * _Xxe,f *( 1/lxe,f+1/lxe+1,f)+ -
+Xxe+1,f /lxe+1,f
Xyei,/—i /lye,[ -
“Cpey * _th’v/ *( 1/1%/ +1/Z%/+1)+ +
+Xye,/+1 /l_yl,/+1
s Ry —Cps "R =05

is the equation that represents the static equilibrium of ef-
forts at node e, f/ with respect to the pliability of supports.

The equation of the static equilibrium of the node in
a cross-ribbed truss system, expressed through the nodal
bending moments, longitudinal and transverse forces, and
external load, will take the form:

* * *
X*d+..+X,,%d,, +X,*d, +

+Xn+1*dﬂvn+1+...+Xi*dl.yi+D"_, =0. (14)

The resulting equation is

Xi *81,1+~--+ Xn-i *Sn,n-1+Xn *8n,n+
FXn+1 %8 1+ FXF0; A =0

with the number of longitudinal rigidity beams f from 1 to 7.
The boundary conditions for equations (13), (14) will be the
following:

Xx(ezo),f:Xx(e:e+1),f:0y

Xye=1./~Xye,(j-m=0 (15)

Thus, the assigned mathematical model of a spatial
combined steel-reinforced-concrete truss structure satisfies
three groups of conditions:

— conditions for equilibrium;

— conditions for the compatibility of deformations, link-
ing deformations and displacements;

— physical conditions that bind efforts and deformations.

Solution to the finite systems of linear algebraic equa-
tions implies:

a) obtaining, through iterative search, a minimum of the
objective function of the equally-stressed state in the ele-
ments of a spatial combined steel-reinforced-concrete truss
system,;

b) obtaining the distribution of efforts due to the action
of external load, bending moments, longitudinal and trans-
verse forces, vertical displacements, and the parameters for
the stressed-strained state of the elements of a spatial com-
bined steel-reinforced-concrete truss structure under the
action of external nodal load;

c¢) obtaining the intensity of the load in the adopt-
ed scheme under specified parameters for the stressed-
strained state of all elements in a spatial combined steel-re-
inforced-concrete truss system.

5. Results of theoretical research into
a combined steel-reinforced-concrete truss structure

The resulting system of equations is sufficient for finding
the unknowns of bending moments, transverse and longi-
tudinal forces, and vertical displacements at each assigned
node of the combined structure.

According to the above given procedure, we performed
numerical simulation and calculation of the combined
steel-reinforced-concrete truss d structures. The results
obtained during calculation have been compared with ex-
perimental results, obtained during the experiment. In order
to compare the economic feasibility of using a combined
steel-reinforced-concrete truss structure, we calculated the
12-meter span structures. A step of main beams is 3 m, that
of the secondary ones is 1.5 m, a load of 10 kN/m?: a regular



metallic beam (variant 1), a metallic truss beam (variant IT), Under the action of the uniformly distributed load,
and a steel-reinforced-concrete SRTS (variant IIT) (Fig. 6).  the upper part of the cross section, according to the stress
Unfastening from the plane of the action of effort in the diagram, is exposed to efforts received by the upper shelf
upper belt are the secondary metallic beams and a concrete  of the H-beam and a reinforced concrete slab. The theoret-

spanning slab. Metal belts are made along the lower belt. ical study that we conducted has shown that underloads
at the intersections of the combined
q=30 kN steel-reinforced-concrete truss struc-
, ture, in comparison with metallic ones,
makes it possible to reduce the magni-
¢ 4000 e 4000 V 4000 y tude of rolling a rigidity beam by 25 %.
1500 500,1000 ,1000 500, 1500 1500 504,1000 1000 500, 1500 Since the slab is reinforced, it can
I 2 perceive the tensile efforts as well,
3000 1 6000 1 3000 - such as in the presence of consoles
12000 & or an uncut structure. However, that
- a=30 kN/m’ e A implies additional reinforcement. The
L s s A P . tot.al weight .of Ipctal in phc structure
T m (without taking into consideration the
N transverse beams: they are equal in all
L §| cases) is 630 kg.
_ - ” Experimental study was conducted
: 55 s p ESND A N regarding the} com‘bi.ned metall?c Sys-
- | —F tems, united in a joint work with the
- reinforced-concrete slab (Fig. 9, 10) [12].
I S Fig. 10. Graphs of dependence of
i S| stresses on the step-wise applied load
1',2,-' 3 '4 5 Pl PR AR . in the elements of the Inet.allic struc-
—1- - - — r — L—-=L ture: CS-1..CS-3 — examined struc-
@/ ,L?L tures, SS-1 — a theoretical change in
1500 |, is00 |, 1500 |, 1500 |, is00 | 1500 | 1500 | 1500 stress in the elements of the metallic
structure, not united in a joint work
Fig. 6. Spatial calculation scheme of SRTS with a slab
Based on the performed calculations for groups 2-2
I and 1T of the boundary states, we have chosen a 1-1 165 3-3
metallic rolled beam — H-beam No. 60. Weight per 10 nli 43 /?jl 10 =z Z 7z —K
unit length is 108 kg/m, the weight of the entire o ; ¥
structure is, respectively, 12:108=1,296 kg. T I 4-4
The estimation scheme of the steel truss struc- 10y 10 = e <
ture is shown in Fig. 7. The rigid upper belt is made £ g S S i 2 hal %
from the rolled H-beam, the elements of the sus- i = Ay 7s5m *j - _§_,
pension — frovm paired steel angles or othervproflles. L e o PRm =
The connection of the beam to the suspension shall 225 LL1vo Ll 223 0 1=
. . .. , N T
be considered as a hinge, similar for the frame’s 45 | 10 ﬁ@ﬁj*yo S
elements. The upper rigid belt works as a beam on 0 T A

elastic supports, which significantly reduces the
spanning moments within a structure. By select-
ing, according to efforts (Fig. 8), the rolled pro-
files, we obtained: the upper belt is H-beam No. 36,
the elements of suspension made from the paired
steel angles — the lower part is of 100x10 mm, the
extreme slopes are of 90x7 mm, the internal ones
are of 65x50x5 mm (Fig. 8). The total weight of a
given structure is 750 kg.

Fig. 8. Drawing of the metal truss structure with characteristic cross
sections: 1 — H-beam No. 36, 2 — steel angles 100x10

q=30 kN/m®
&L L f J T L F.J I 71 FL LI J 1L L .JJ [

v 4000 v 4000 P 4000 7
1500 500,1000 ,1000 500, 1500 1500 300,1000 ,1000 500, 1500
2 3 45 6 7 9 10
3000 7 6000 L 3000 -
7 12000 7 S

Fig. 7. Flat estimation scheme of the truss structure
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Fig. 10. Graphs of dependence of stresses on the step-wise
applied load in the elements of the metallic structure:
CS-1...CS-3 — examined structures, SS-1 — a theoretical
change in stress in the elements of the metallic structure, not
united in a joint work with a slab

6. Discussion of results of theoretical studies into a
combined steel-reinforced-concrete truss structure

As shown by the numerical calculations that we per-
formed, a spatial SRTS is more than twice lighter than the
standard rolled steel beam, and is 16 % lighter than the me-
tallic truss structure [13].

It should be noted that the normal concentrated effort
in the compressed zone of concrete in the cross section of a
rigidity beam is determined from dependence:

Sc=0,85%fca*B1*Yp*, (16)
where /¢, is the estimation value of concrete for compression
strength; b is the width of a rectangular cross-section of ri-
gidity beam; By is the reduced coefficient of the compressed
zone of concrete for its height Yp [14—-16].

When taking into consideration physical nonlinearity,
the rigidity of the reduced cross section after cracking:

‘Ils ‘Vb .

B(x)= : 1
(x) h(),xefzxe/ / [ESAS + (q)f T (:)thbbxefhoyxef :|r ( 7)
w.y \Ilb
B(y)="h . 18

(y) O,yefz,uef /|:ESAS + (q)f +§)}\’bEbbye/h0yye/:| ( )

The resulting vector of the redistribution of efforts and
displacement at nodes of the cross-ribbed combined steel-re-
inforced-concrete truss system in the case of the elastic-plas-
tic work of individual elements forms the matrix of pliability
for the subsequent approximation. The equations of defor-
mation continuity (9), (10) with respect to properties (16)
to (18) in the subsequent approximations will take the form:

— for the n-th beams along the OX direction, equation:

* * *
X *d+..+X,,*d,, +X,*d,, +

+X,,%d,,  +..+X,*d,;+ D, =0, (19)
— for the m-th beams along the OY axis:

X Xd/(GB(y)W'f71)+2XW‘f xd/(SB(y)W'f)+
+Xye,/+1 X d /(GB(y)ye,fﬂ)J’_

2,4 /d -2z, /d+2y3’/+1 /d=0. (20)

Iterative search is performed until the difference re-
ceived as a result of intermediate solution for two successive
calculations exceeds a certain magnitude Q, which is the
assigned accuracy of the calculation.

The constructed mathematical apparatus could be used
to solve the inverse problem as well: finding efforts in the
cross-ribbed system based on known experimental values for
deflections or deformations.

The developed mathematical apparatus for calculat-
ing the truss steel-reinforced-concrete systems taking into
consideration the factors of physical nonlinearity could be
applied to truss structures of arbitrary shape, with arbitrary
geometry and cross section reinforcements.

Combined application of methods of linear programming
and methods of nonlinear-elastic systems, which in the pro-
cess come down to computing the linear algebraic equations,
makes it possible to speed up convergence of the iterative
process and to reduce computation time at PC.

An analysis of the conducted theoretical study has shown
that the proposed mathematical model allows the design of
more complex spatial combined steel-reinforced-concrete truss
structures. The calculation procedure provides an opportunity
to account for the stage character of the system’s work, includ-
ing taking into consideration the preliminary stress.

The proposed principle for calculating a spatial statical-
ly-indeterminate combined steel-reinforced-concrete truss
structure based on the accepted estimation scheme can be
attributed to the universal one. Its application makes it pos-
sible, in a simpler fashion, at the initial design stage, by using
the mathematical apparatus, to model the deformed-stressed
state in the elements of the structure, which allows a more
economical design of the structure in general.

The constructed mathematical model, as well as the per-
formed numerical and field study of the steel-reinforced-con-
crete truss structures with a span of up to 6 m, demonstrated
sufficient convergence of theoretical and experimental results.
The proposed mathematical model is at the initial stage of
testing. Therefore, a number of factors remain unresolved in
terms of theory, including the influence of width of the rein-
forced concrete shelf in a steel-reinforced-concrete rigidity
beam. According to the requirements of building regulations,
in the middle of the span, or at an intermediate support, the
total reduced width b, (Fig. 11) can be determined from

beff:b0+zbeir (21)
where b are the distances between the centers of protruding
shear joints; b,; is the magnitude of the actual width of the
concrete shelf at each side of the wall, which is accepted as
L./8, but not larger than the geometrical width b;.

The value for b; should be taken such that it is equal to
the distance from the protruding sliding joint to a midpoint
between the adjacent walls, positioned in the middle of the
height of the concrete shelf, except for the open (extreme)
facets, where b; is the distance to the open facet. The length
of L, must be taken as the corresponding distance between
the points of zero moments. For the standard uncut com-
bined beams, whose calculation is defined by the diagram of
bending moments due to different loads and for consoles, L,
can be accepted as shown in Fig. 11.

The actual width of the shelf at the extreme support can
be determined from

befr=bo+Y Bibei, (22)



at

Bi=(0,55+0,025L,/b,)<1,0,

where b,; is the actual width of the shelf in the middle of the
extreme span; L, is the equivalent extreme span.

I 12 -
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-

Fig. 11. Equivalent spans for the actual width of a concrete
shelf (1 — Lo=0.85 L1 for besr1; 2 — Le=0.25(L1+Ly) for bes2;
3 — L=0.7 Ly for bes1; 4 — Le=2 Ly for besr

In contrast to the reinforced concrete or metallic beam
multispan structures, in which the action of the external
load gives rise to the sign-alternating bending moments, the
curves of the bending moments cross the neutral axes, which
are considered the zero points.

In the steel-reinforced-concrete truss structures, the
rigidity beam under the action of external forces is exposed
both to bending moments and longitudinal forces. As shown
by the performed theoretical study, depending on the topol-
ogy of a structure, the physical-mechanical characteristics
of elements, and the external load, the position of the zero
point along the length of the rigidity beam varies. In some
cases, the curve of bending moments along the length of the
rigidity beam may be completely positive and, consequently,
the requirements set out above are not applicable.

When fabricating a steel-reinforced-concrete truss struc-
ture, at the initial stage the neutral axis in the steel rigidity
beam is located in the middle of the cross section of the
beam. After the reinforced concrete slab acquires strength,
the rigidity beam is regarded as a steel-reinforced-concrete

element. In this case, the neutral axis is offset. This factor in-
creases the estimated height of the reinforced concrete truss
structure, the positions of the nodes at intersections of axes
of elastic intermediate supports with the axis of the rigidity
beam are displaced accordingly.

The above-specified factors necessitate the further re-
search, both theoretical and experimental, including the use
of large-sized models.

7. Conclusions

1. We have constructed a mathematical calculation mod-
el and developed an algorithm for determining efforts and
vertical displacements in the spatial combined steel-rein-
forced-concrete truss systems. The theoretical results ob-
tained make it possible to explore the deformed-stressed state
in the structures’ elements in comparison with existing meth-
ods of calculation taking into consideration the stages of op-
eration at variable input parameters of topology and rigidity.

2. Based on an analysis of the conducted theoretical
study, we have designed combined steel-reinforced-con-
crete truss structures under the action of symmetrical and
asymmetrical loads for actual construction. The designed
combined steel-reinforced-concrete truss structures use
16 % less materials compared with structures that are
estimated by other known methods.

3. The developed algorithm makes it possible in the
course of numerical calculation to search for a minimum
of the objective function od the equally-stressed state in
all elements of the spatial structure. Numerical calcula-
tion allowed us to carry out research through an iterative
search for the domain of solution to the stated problem
under acceptable boundary conditions.

4. The underloading of intersections in a combined
steel-reinforced-concrete truss structures, in comparison
with metallic ones, makes it possible to reduce the mag-
nitude of rolling a rigidity beam by 25 %. The theoretical
study that we conducted has shown that the reserve of
carrying capacity of the spatial combined steel-rein-
forced-concrete truss structure, in comparison with the
calculation for the two-axial stressed state, is 16 %.
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3 Mmemoto 3abe3neueHHs 6UCOKUX MEXHIMHUX Xapakme-
PUCUK MAWUH PIZHOMAHIMHOZ20 NPUSHAYEHHS HEOOXIOHO
nideuuyeamu Miynicmo HAGIILW HABAHMANCEHUX MA 610~
n06i0ANLHUX eJleMeHMi8 KOHCMPYKUil, AKUMU € CKIAOHO-
npoinoni demani y npoueci iHMEHCUBHUX KOHMAKMHUX
Hasanmadcenv. J[ns eunaoxy 0au3vkoi opmu noeepxonsv
KOHMAKMYIOMUX mMizl Cmaromo GaANCIUBUMU UUHHUKU, SKi
paniwme ne epaxosysanucs. Ile, 30xpema, neniniiina konmax-
mna scopcmricmo nosepxuesux wapie demanei. Bionosiono,
8 YM08ax HENPOHUKHEHHS KOHMAKMYIOMUX Mill 3aMicmo
MPAOUUIIHUX JUHIUHUX KOMNOHENMIE 3 A6AAI0MbCA MAKONC
Heniniuni. /[nsa docnioxcenns xonmaxmuoi 63aemMooii min i3
YPAXYBCAHHAM MAK020 MUNY 00MediCeHb PO3POOIEHO HOBUIL
Memood 00cnioHceHH HANPYNHCeHO-0ehopMmosanozo cmany
ma 3ab6esnevenns Miunocmi demaJieti Mawun pPisHomanimio-
20 npusnavenns Ha ocoei moouixauii eapiauiiinozo npun-
uuny Kanvkepa. Cmeopeno i 3acmocosano neniniiini mooei
noeedinku mamepiany noGepxXHESUX WAPIE KOHMAKMYIO-
wux ckaaononpodinviux min. JJuckpemuzauisn po3e a3yeav-
Hux cniggionouenv 30ilicnena 3a 00nNOM02010 Po3PoHIEH020
eapianmy memooy epAHUMHUX eJleMeHniE.

Hoéyooeani modeni xonmaxmmoi 63aemodii noeonyromo
6 c00i (izuuny ma cmpyxmypuy meniniinicmo. Ile 3aées-
neuye Oinvwi adexeamue 6UHAMEHHS HANPYHCEHO-Oedop-
M0OBAH020 CMAHY KOHMAKMYIOMUX CKIAOHONPOPIIoHUX MiJl
Yy nopiensanni 3 mpaduyitinumu nioxodamu. Ha uisi ocnoei
docnioxceni ocobusocmi po3nodiiy KOHMAKMH020 MUCKY
npu eapitosanni popmu 3a3opy ma 6aacmugocmeit NPoOMiHc-
HO020 Wapy Midc KOHMAKMYIOMUMU minamu. 3 YypaxyeanHam
Ppe3ynbmamis maxozo aHanizy Yy noOAILUOMY MOIHCYMb Gymu
3anpononogai Ginvut 00cmogipHi pexomenoauii iz 00TpyH-
MYBAHHSA NPOEKMHO-MEXHOI0ZIMHUX PilleHb, K, Y KiHUe80-
MY nidcymKy, 3ade3neuyromv Nid6UUEHHA MEeXHIMHUX XaAPaK -
MepUCmuK MauwuH pisHOMAHIMH020 NPUSHAUEHHS

Kntouosi cnoea: xonmaxmna e3aemooisn, eapiauiinuii
npunyun Kanvkepa, memoo zpanuunux enemenmie, wap
Binxaepa
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1. Introduction

A large number of engineering constructions contain
elements that are in the conditions of contact force and
kinematic conjugation. For instance, it can be the modified
working surfaces of gears, roller bearings, etc.

Kyrpychova str., 2, Kharkiv, Ukraine, 61002

Traditional methods for modeling of contact interaction
lead to significant errors in the obtained results or to overly
cumbersome numerical models. Another important factor is
the lack of adequate modeling of the contact conditions at the
boundaries of the bodies. For instance, the impenetration con-
dition for smooth bodies in linearized form is most commonly






