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Abstract

The unique building of the National Library of the Republic of Belarus includes not only urban planning, architectural, technological modern
solutions, but also structural ones. One of such modern structural solutions is the use of composite (steel-concrete) structural elements.
The advantages of steel-reinforced concrete structures are manifested in the possibility of placing steel profiles of large cross-sectional area in their
cross-section and protecting them from corrosion and high temperatures with concrete; the use of rigid reinforcement as load-bearing elements or
formwork during their construction. The article presents the results of applying a nonlinear analysis to obtaining of the parameters of the stress-strain
state (normal stresses, strains) at any stage of behavior under loading, including the construction stage, as well as the strength, deformability of
complexly loaded composite elements under the condition of joint operation of rigid steel sections and reinforced concrete. The resolving system of
equations of the nonlinear deformation model includes the conditions of equilibrium of internal forces in the cross-section, the condition of distribution of
relative deformations along the height of the cross-section in accordance with the hypothesis of a flat section, as well as approximations of the
deformation diagrams of concrete and rigid reinforcement in the form of rolled sections under tension-compression. A criterion for assessment the
internal force corresponding to the resistance of a composite steel element, which does not require standardization of the ultimate compressibility of
concrete and allows taking into account a high degree of redistribution of forces between the components in the cross section of the composite steel
element is proposed. The advantages of the nonlinear design method are demonstrated with usage of the examples of calculating composite steel
structures of the building of the National Library of the Republic of Belarus.

Keywords: steel-reinforced concrete structure, nonlinear deformation model, material deformation diagrams, plane section hypothesis, stress-strain
state, concrete shrinkage, stages of work under load, failure criterion.

PACYET CTANEXENE30EETOHHbIX KOHCTPYKLWUN 30AHUS HALIMOHANBLHOW BUBNTMOTEKU PECNYBIIUKU BENAPYCb
0. H. Nazosckum, 1. M. LoxuHa, A. B. Monpasko, T. M. TnyxoBa

Pedepar

YHukanbHoe 3paHue HaumoHaneHon 6ubnuotekn Pecnybnvkv Benapych BkmtovaeT B Cebs He TOMbKO rpapoCTPOWTEMbHbIE, apXUTEKTYPHbIE,
TEXHOMOTNYECKNE COBPEMEHHBIE PELLEHNS, HO U KOHCTPYKLMOHHbIE. OHWM 13 Takux COBPEMEHHBIX KOHCTPYKLMOHHBIX PELLEHUA SBNSETCS NPUMEHEHe
cTanexene3obeToHHbIX KOHCTPYKUMA. MpenmMyLLecTBa CTanexene3obeToHHbIX KOHCTPYKLIA NPOSBNISIOTCH B BO3MOXHOCTM Pa3MELLEHNS! B UX NONEPEYHOM
CEYeHUM  CTamnbHbIX Mpocunen BOMbLLION NMOWa[N CEYEHNS 1 X 3aLMTON MPOTUB KOPPO3WM 1 BLICOKUX TemnepaTyp 6ETOHOM, NCMOMb30BaHUN MPK UX
BO3BEEHWN XECTKOI apMaTypbl B Ka4ECTBE HECYLLNX 3MEMEHTOB v onanybku. B cTaTbe npeAcTaBneHsl pesynbTatbl NPUMEHEHIS HENWHEHOTO pacyeTa
AN OnpedeneHns napameTpoB HanpshkeHHO-4eOPMUPOBAHHOTO COCTOSHUS (HOPMaMbHBIX HaMPshKEHWiA, OTHOCUTENbHBIX AedopMauui) Ha mnobon
cTaguu paboTbl MOA Harpysko, BKIKoYas CTaaMio BO3BEAEHWS, a Takke MPOYHOCTY, AedOPMATMBHOCTM CMOXHO HarpyXeHHbIX CTanexene3o0eToHHbIX
9MEMEHTOB MpU YCNOBWM COBMECTHOWM PaboTbl KECTKMX CTamnbHbIX Mpodunen u xene3obetoHa. Paspellatolias cuctema ypaBHEHUA HenvHENHOM
AedopmaLyIOHHOI MOAENK BKITKOYAET B Ce65 YCMOBIUS PaBHOBECUS BHYTPEHHIX YCUMNIA B NONEPEYHOM CEYEHMH, YCIOBIME pacipeaeneHist OTHOCUTENbHbIX
AechopmaLyii Mo BbICOTE NONEPEYHOr0 CEYEHUs B COOTBETCTBUM C TUNOTE30 NIMOCKOTO CEYEHMS, a Takke anmpokcuMalum auarpavMm AedopMUpoBaHns
OeToHa W XecTKoil apmaTypbl B BWAE MPOKaTHbIX Mpodunelt Mpu pacTskeHun-Cxatun. MpennoXeH KPUTEPUA BbIMMCIIEHWS BHYTPEHHErO YCUnus,
COOTBETCTBYHLLETO MPOYHOCTM CTanexene3o0eToHHOrO SnemMeHTa, He TpebyoLLmii HOPMUPOBAHNS NPEAENBHON CKMMAEMOCTH BETOHa W MO3BONAOLLMA
YUMTbIBaTb BbICOKYIO CTeneHb MepepacripefeneHns YCunuin Mexgy COCTaBnsioWwyMN B MONEPEYHOM CEYEeHWM CTanexene3obeTOHHOMo anemeHTa.
lMpenmMyLiecTBa HENMHEHOTO METOAA pacyeTa NPOLEMOHCTPUPOBAHbI HA MPUMeEPaXx pacyeTa CTanexene3o0eTOHHbIX KOHCTPYKLMIA 3aaHns HaumoHansHom
Bubnuotekn Pecnybnukv Benapyce.

KnioueBble cnoBa: cTanexene3obeToHHas KOHCTPYKUNS, HENWHeilHasi echopMaLoHHas Moaenb, avarpaMmMbl AehOpMUPOBaHUS MaTepnanos,
rMNoTe3a NNOCKUX CEYEHMIA, HanPsHKeHHO-AehOPMMPOBAHHOE COCTOSIHME, Ycaaka 6eToHa, cTaguu paboTbl NOA HArpy3KoiA, KPUTEPHUIA Pa3pYLLEHMS.

Introduction the use of rigid reinforcement as load-bearing elements or formwork dur-

At the present stage of construction industry development, composite
steel structures are widely used in the construction of frame buildings and
structures with heavily loaded elements experiencing a complex stress-
strain state under eccentric compression-tension and bending. The ad-
vantages of composite steel structures are manifested in the possibility of
placing in their cross-section, in addition to steel bar flexible reinforce-
ment, steel profiles (rigid reinforcement) with high physical and mechani-
cal characteristics (compared to concrete) of a large cross-sectional area
and their protection against corrosion and high temperatures by concrete;

ing their construction [1-6].

The joint work of steel elements having a larger contact surface area
with concrete than flexible reinforcement of a round cross-section, with
concrete is ensured by the device of various transverse projections in the
form of rigid anchor stops or flexible stud bolts, reinforcement rods weld-
ed at one end to the profile. This allows to exclude their mutual shift un-
der load up to the ultimate stage of strength of steel-reinforced concrete
elements [7-15].
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Approaches to the design of steel-reinforced concrete elements as a
composite structure have historically evolved from the method of allowa-
ble stresses for a reduced cross-section working elastically (steel struc-
tures) to the method of ultimate forces with plastic behaviour of concrete
(rectangular block of normal stresses in concrete of the compressed
zone) and limited plastic work of steel (reinforced concrete structures).
Further development of the ultimate force method led to the method of
ultimate states, which is used in regulatory and advisory documents on
the calculation of steel-reinforced concrete elements to this day [7-15].

Advances in the development of computer —based design have made
it possible to apply in practice the deformation approach to the calculation
of cross-sections of steel-reinforced concrete elements, which allows
obtaining the parameters of their stress-strain state (SSS) for a cross-
section of any shape, with any distribution of rigid and flexible reinforce-
ment across the cross-section, at any stage of their deformation under
load [16-22], taking into account the actual nonlinearity of the work of
materials in the cross-section, the phenomena of shrinkage and creep of
concrete [23], and the monotonic stage-by-stage loading [24-26).
The proposed deformation approach to the design of composite elements
is based on the usage of material stress-strain diagrams and the linear
distribution of strains in the cross-section (the hypothesis of plain sec-
tions), which is valid for composite elements in the absence of slippage
between rigid steel reinforcement and surrounding concrete [16].

One of the positive examples of the use of composite elements was
the construction of the unique building of the National Library of the Re-
public of Belarus. The building of the National Library consists of two
main volumes: a high-rise book depository building and a 2—4-story stylo-
bate located around it, where the rooms provided for by the library tech-
nology are located. The height of the book depository building is 72.6 m,
and the height of the stylobate is 17.5 m [27]. The book depository itself
begins at the +12.6 m mark. The lobby and the central entrance are lo-
cated in the building up to this mark. The round stylobate building has a
diameter of 167.5 m [28, 29]. The stylobate is separated from the high-
rise book depository by a fireproof monolithic reinforced concrete wall.
The main, most interesting part of the design concept is the high-rise
book depository. It is a volumetric "symmetrical crystal" with the geomet-
ric shape of a rhombicuboctahedron with maximum dimensions of
30 x 60 x 60 m. In the lower inclined part of the structure, additional rod
elements of the external contour are provided, which significantly in-
creased the rigidity and stability of the building. Increased requirements
for the rigidity of the structural scheme of the book depository building, in
addition to the standard ones, are explained by its continuous cladding
with decorative glass.

Additional elements that increase the rigidity and stability of the book
depository building frame are steel-reinforced concrete struts resting on
the support ring and taking the load from the frame columns located be-
tween the reinforced concrete diaphragms. In this case, the vertical com-
ponent of the forces in the inclined steel-reinforced concrete struts is
transferred to additional reinforced concrete columns at the point of sup-
port of the struts along the perimeter of the ring. The use of composite
elements simplified the technology of concreting in suspended formwork
with their negative angle of inclination and the installation of supporting
circles.

The aim of this study is to apply a nonlinear approach based on con-
crete stress-strain diagrams, rigid and flexible reinforcement, taking into
account the loading stages of the steel and reinforced concrete parts of
the element, to the calculation of composite elements of the book deposi-
tory building of the National Library of the Republic of Belarus.
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Figure 1 — Structural diagram of the building of the National Library
of the Republic of Belarus

Nonlinear deformation model (NDM) for composite elements

According to the section method for NDM, the cross-section of a
composite element consisting of concrete, rigid and flexible reinforcement
is considered as a set of elementary areas with uniformly distributed
compression-tensile stresses, the value of which depends on the strain in
the center of gravity of the elementary area according to the material
diagrams. The distribution of strain over the cross-section of the compo-
site element obeys the Bernoulli hypothesis of a plain section.

The design stress-strain diagram of concrete under compression and
tension, establishing the relationship between stresses and strains, is
taken in the form of a parabolic curve with a descending branch, recom-
mended by the European Concrete Committee (ECC-FIP) [30, 31], with-
out limiting its length by deformations under compression in order to ob-
tain a complete redistribution of forces between the components of the
cross-section of the steel-reinforced concrete element.

The design stress-strain diagram of rigid and flexible reinforcement
under compression and tension is taken to be bilinear (Prandtl diagram)
with a limitation of strain of elongation at break. For flexible reinforcement
of class S500, the stress-strain diagram according to [31] is taken with an
inclined branch, the angle of inclination of which depends on the class of
deformability (plasticity) of the reinforcement.

The system of NDM equations in the general case of loading for the
composite cross-section of a element under the action of a longitudinal
force N with eccentricities along the x and y axes relative to the center of
gravity of the element section and bending moments Mx and My has the
form:

20 (X Y DA (e Yo )X = X0) + 20, (60 (X, Y DA (X0 V) (X~ X0) =M, ~N-€o, =0
2. 0(8. (X Y DA (X Yo ) (Ve = Vo) + 204 (Xe Y DA (X, Y)Y — Yo) =M, =N -, =0

D0 (8. (X Y DA (X, Y, ) + D0, (8, (X6, Y DA (X, ) N =0

e (X, Ye) =8, T €, +%<(X° —xo)Jr}{y(yC -Yo)

8s(Xs’ys) =8s,II +82 +% (Xs _XO)+% (ys _yO)
X y
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where o(x, y), (X, y) — normal stresses, strains in an elementary area of
concrete, rigid or flexible reinforcement with coordinates (x, y);

Ac(xc, ye), As(Xs, ys) — cross-sectional area of an elementary area of
concrete, rigid or flexible reinforcement with coordinates (x, y);

(xo, yo) — coordinates of the center of gravity of the cross-section of
the composite concrete element;

1/r, 1/ry — curvature of the longitudinal axis of the composite
concrete element in the plane of the x, y axes, respectively;

Strain €, at the center of gravity of the cross-section of the composite
element is equal to:

. = N . @
© O 2EA+YEA

The influence of longitudinal bending when calculating the
parameters of the stress-strain state (SSS) of an eccentrically
compressed composite element at any stage of its loading, including the
ultimate strength, is produced by the coefficient n according to the

formula [7, 30, 31]:
e, = (Jegyx +65, )-n, )

where N = 1 )
1-N
Ncrit
2
- (El) .
Ncrit :|—2 ’ ©)
0

lo - design effective length of the composite element; (El) - the rigidi-
ty of the composite element at the calculated stage of its deformation.

ng(gs(xs’yS))As (X,¥s)—N, =0

In addition, during concreting of composite structures and hardening
of concrete, shrinkage strains appear, which are restrained by steel sec-
tions with a large contact surface and by the flexible reinforcement. For
the given the high degree of deformation restraint composite elements,
there is a risk of shrinkage cracking. Under the action of shrinkage de-
formations, compression deformations appear in rigid and flexible rein-
forcement, and tensile deformations in concrete.

In order to taking into account the shrinkage strain of concrete during
its hardening at the second stage of design, the cross-section of the
steel-reinforced concrete element is modeled without increasing the ex-
ternal load, compared to the first stage of the initial loading of rigid rein-
forcement. The value of the shrinkage strain of concrete €cs (t, 5) at time t,

220 (B (X YA (Xe Yo )X = X0) + D00 (85 (X Y DA (X5, Yo ) (X = X5) =M, =N, €5, =0
25 (8o (X YDA Ko, YV = Yo) + 206 (s i (X, Y DA (X Y)Ys = Yo) =M, =N, €, =0
DS (8o (X YDA (Xer Vo) + D00 (851 (X, YDA (X, ¥s) =N, =0

g (XY ) =€, +}{X (X, —x0)+}{y (V. —VYo) +e(tt,)

Ban (X0 ¥a) =+ (6 =X0)+ 1 (Vs =Yo) +es(L1)

\/(N o M) +(N-gg, +M, ) O

El=

The criterion for the formation of normal tensile cracks in a composite
element is the achievement by concrete of the extreme tensile strain in
relation to the neutral line of the elementary area. The failure criterion of
the composite element is the maximum value of the internal force from
external effects that the element perceives. The maximum value of the
internal force N(M), at which the process of successive approximations in
the numerical solution of the system of equations (1) converges (the
equilibrium conditions and the condition of strain compatibility are met),
corresponds to the resistance of the composite concrete element. The
advantage of the proposed failure criterion is the absence of the need to
standardize the ultimate compressive strain of concrete and to take into
account the high degree of redistribution of forces between the
components in the cross section of the composite concrete element.

During the construction process, the rigid reinforcement of the com-
posite elements is subject to the effects of its own weight and the weight
of other precast elements supported by rigid sections, monolithic concrete
and flexible reinforcement, and self-weight. This causes the appearance
of an initial stress-strain state in the rigid reinforcement. The stage-by-
stage construction process of composite elements [24-26] in the NDM is
taken into account by summing the strains of each elementary area of the
rigid reinforcement of the calculated cross-section with the strains €s,,
calculated at the first stage from the equations (7):

ZGS(gs(xs’ys))As(xs'ys)(Xs _XO)_MX,| _NI 'eO,x =0
D 04 (8. (X Y DA (X6, Y )V = Yo) —M, =N, -€,, =0

B OeY) =+ B 06 =%)+ 1 (Ve =Yo)

having an age of {s at the time of the start of air-dry curing, is calculated
using in accordance with [31]:

8cs (t’ts) = Scbs (t) + 8cds (t’ts)’ (8>
where €eps (t) —is the base shrinkage strain of concrete;

€eds (t,ts) —is the drying shrinkage strain of concrete.

The system of equations for calculating the stress-strain state pa-
rameters of the composite element at the second stage of the design is
transformed to:
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The strains distribution in the composite element sections obtained at
the second stage of calculation will be the input ones at subsequent stag-
es of its response under load (system of equations (1)).

Calculation of composite concrete elements according to NDM

The composite concrete elements of the book depository building of
the National Library of the Republic of Belarus are: support ring (OK) with
a radius of 27650 mm; inclined elements (H31...H33), supporting, canti-
levering, bordering reinforced concrete floor beams, with a total length of
25400 mm and a calculated length (taking into account bracing along the
length by floor beams) of o= 4240 mm; braces (1K), resting with one end

on the composite concrete ring (OK), and the other on the inclined ele-
ments H3 at the point of their connection with the bordering floor beams
at the 18.600 m mark, with a length of 12100 mm (/o = 6050 mm) (Fig-
ure2). The steel-reinforced concrete element of the support ring experi-
ences tension (+) with bending under the action of assembly forces, its
own weight and internal forces from the acting loads, the other steel-
reinforced concrete elements experience compression (-) with bending.
The calculated forces in the composite elements under consideration at
the time of their concreting (Ni, Mj) and from the calculated values of
design effects of action (N, M) are given in Table 1.

Table 1 - Design values of the internal forces in composite elements
Element Ni, M, ni N, M, n Ny, My Nu
kN kN ‘m kN kN ‘m kN kN ‘m

OK +4250 168 - +5285 280 - +26823 1393 -
H31 1,000 1,001 -2152 1498 1,027
H32 —43 26 1,000 -220 150 1,001 1743 1208 1,026
H33 1,001 1,001 1777 1226 1,018
MK -1364 18 1.000 -3560 21 1,001 -13587 461 2,679

Figure 2 — Composite elements disposition in book depository building

The cross-sections of the considered composite elements with rigid
reinforcement made of rolled and welded profiles are shown in Figure 3.
All steel sections of the composite elements are made of steel C345, with
the exception of inclined elements H31...H33, which are made of steel
C245. Concrete class C25/30 is adopted for concreting all composite
structural elements.

An example of calculating the parameters of the stress-strain state of
the composite element using the proposed method for the support ring
(OK) under the tensile force and bending moment is shown in Figure 4.

The analysis of the calculation results shown that the shrinkage
strain of concrete €cs(t,ts ) = 0.00025 caused the tensile stresses in con-
crete, and compressive stresses in rigid profile reinforcement, partially
damping the tensile stresses from external effects. Under the design load,
there are no flexural cracks in the concrete of the support ring. In the
ultimate limit state, the support ring is loaded under tension with bending,
but only rigid reinforcement, carry out effects of loading.

The strains and stresses distribution along the height of the cross-
section of eccentrically compressed composite steel elements, taking into
account their longitudinal bending, the initial stress-strain state at the time
of concreting and the imposed shrinkage strain of the hardening concrete
in the ultimate strength state, is shown in Figure 5. The results of calculat-
ing the ultimate forces (Mu, Mu) of the composite steel elements under
consideration are given in Table 1.
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a - support ring OK; b — inclined element NE1; ¢ — inclined element NE2; d — inclined element NE3; e — struts PK
Figure 3 — Cross-sections of composite elements with rigid reinforcement
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a (3nopa 0 mopa 1 466

Oamopa 0 niopa 2
C

a— under the action of a tensile longitudinal force N = 4251 kN and a bending moment Msq,= 168 kN- m before concreting; b — the same, with the
same internal forces and forces as a result of concrete shrinkage after its hardening; ¢ — under the ultimate tensile longitudinal force Ny = 26823 kN and
a bending moment Mu = 1393 kN-m (the numbers in red to the right of the cross-section are normal stresses in MPa)

Figure 4 — Results of calculating the distribution of strains and stresses across the cross-section of the composite element of the support ring OK
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a—-H31; b-H32; ¢ - H33; d - MK (numbers in red to the right of the cross-section are normal stresses in MPa)
Figure 5 - Results of calculating the distribution of strains and stresses in the cross-section of compressed-bending composite elements in Ultimate
Limit State (ULS)

The calculation of the maximum values of internal forces (effect of
action) in the composite elements of the National Library of the Republic

of Belarus shows a significant margin of safety when the resistance of the
compressed concrete is taking into account.

Conclusion

Using the example of compressed (tensioned) with bending compo-
site elements of the National Library of the Republic of Belarus, the ap-
plicability of a nonlinear deformation model for calculating their stress-
strain state parameters at the stage of their construction is demonstrated,
taking into account the effect of actions and imposed forces developed by

concrete shrinkage during curing, when working under load, including the
ultimate load.

52

Taking into account concrete shrinkage allows to increase the relia-
bility of calculating the parameters of the stress-strain state of composite
elements and to foresee the possibility of shrinkage cracks appearing at
the stage of their concreting and curing.

The criterion for calculating internal forces corresponding to the re-
sistance of element without the ultimate strain of concrete limiting and
rigid reinforcement under compression makes it possible to take into

account the redistribution of forces in the cross-section between rigid
reinforcement and compressed concrete.
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