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LONGITUDINAL DEFORMATIONS OF SHORTENING OF
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Abstract: Determination and investigation of longitudinal deformations of shortening of steel-reinforced con-
crete structures is an important step in the calculation of complex spatial schemes of buildings. Ignoring these
deformations can make it difficult to operate the facility and, in some cases, lead to the failure of adjacent struc-
tures. The study of longitudinal deformations of shortening of steel-reinforced concrete structures has not been
given due attention before. The longitudinal deformations of shortening for steel-reinforced concrete compressed
elements using a large range of heavy concretes (from B25 to B80) and percentages of reinforcement (from 0 to
22%) are estimated. The deformations were calculated. The analysis of experimental data obtained during test-
ing of conditionally centrally compressed models of columns of steel-reinforced concrete structures is presented.
It is shown that the existing diagrams of concrete work do not accurately describe the work of a composite steel-
reinforced concrete structure, it is its shortening and reduced rigidity. When the structure is compressed, concrete
loses its destruction at earlier stages of loading than it would be for concrete or reinforced concrete. This fact is
caused by the stress-strain state of the concrete section separated by steel elements, as well as the effects of early
detachment and slippage along the «steel-concrete» contact surface. It is necessary to use a system of additional
coefficients to eliminate the established discrepancy in determining the magnitude of longitudinal deformation
(shortening) under the action of short-term loads and experimentally obtained data. These coefficients should in-
crease the theoretical value of the expected relative deformations and consider the features of the work of con-
ventional and high-strength concrete as part of compressible steel-reinforced concrete structures. When deter-
mining the stiffness values for steel-reinforced concrete structures under the action of short-term loads and bring-
ing the calculated longitudinal stiffness to a value close to experimental data, it is proposed to introduce an addi-
tional coefficient. This coefficient further reduces the longitudinal rigidity of the structure depending on the
stress level in concrete and steel.

Keywords: central compression, off-center compression, vertical deformation, longitudinal stiffness,
steel-reinforced concrete structure, column, high-rise building

INPOJOJIbHBIE TEQ@OPMALIMHA YKOPOUYEHMUS
CTAJIEXKEJIE3OBETOHHBIX KOHCTPYKIIUUA ITPU C’KATUHU
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AnHoTanus: OnpezneneHrue W HCCIEAOBaHHE NPONOJIBHBIX JeopManuil yKOPOYEHHs CTaexele300eTOHHBIX
KOHCTPYKLHMH SBJIACTCS Ba)KHBIM 3TallOM B BOIPOCE pacyeTa CIOKHBIX IPOCTPAHCTBEHHBIX CXEM 31aHHii, Io-
CKOJIBKY WX UTHOPUPOBAHUC MOXKET 3aTPYAHUTH SKCILUTyaTaluio O6'I)CKTa M, B HCKOTOPLIX ClIy4dadaX, MPHUBECTU K
BBIXOJ/ly U3 CTPOS MPHUMBIKAIOIINX KOHCTPYKIMH. PaHee ucciae0BaHHIO MTPOIOIbHBIX JedopMaluil yKopodeHust
CTaJIekKeIe300€TOHHBIX KOHCTPYKLUH HEe YIEsUIOCh JOJDKHOTO BHUMaHMs. JlaHa oleHKa MpomosbHBIX Aedop-
Manuii yKOPOUSHHUs JUIsl CTANIEKEIe300€TOHHBIX CHKAThIX JIEMEHTOB C MPUMEHEHHUEM OOJIBIIOrO JUana3oHa Ts-
xKebIx 0etoHoB (ot B25 no B80) u nponentos apmuposanus (ot 0 10 22%), mpou3sBesieH pacyer Ae(opMaruii.
[IpencrapieH aHamM3 YKCIICPUMEHTAIBHBIX TaHHBIX, TOJYYCHHBIX MPH HUCIBITAHUH YCJIOBHO IIEHTPAIBHO CXKa-
TBIX MOJICNICH KOJIOHH CTaJIeXKEeNe300€TOHHBIX KOHCTpYKIHil. [Ioka3aHo, 4TO CyIIecTBYIOLIME AUarpaMMbl pabo-

202 International Journal for Computational Civil and Structural Engineering



Longitudinal Deformations of Shortening of Steel-Reinforced Con-crete Structures Under Compression from
Short-Term Loads

TBI OETOHA HE BIIOJIHE TOYHO OIHCBIBAIOT pabOTy COCTABHOI CTaleKene300eTOHHOH KOHCTPYKIUH, B YACTHOCTH,
ee YKOpPOYCHHE M NPHBEACHHYIO JKECTKOCTh. [IpH paboTe KOHCTPYKLMH HA CKaTHe OETOH TepseT pa3pyIliacTcs
Ha OoJlee paHHHX JTamax HaTrPYXKCHHS, 9eM 3TO ObUTO OBI UTId OETOHA WM JKesle300eTOoHA. DTOT (akT BBHI3BAH
HAaIPSDKCHHO-1e()OPMUPOBAHHBIM COCTOSHHEM Pa3/eJICHHOTO CTalIbHBIMH 3JEMEHTaMH OCTOHHOTO CEYCHHMS, a
Taroke 3 (eKTaMi paHHETO OTCIOCHHS U MPOCKAIb3bIBAHMS 110 KOHTAKTHON MOBEPXHOCTH «CTallb-0eTOH». [l
TOr0, 4TOOBI YCTPaHUTH YCTAHOBJICHHOE PAa3HOYTCHUE B OIPEACIICHUH BEJIMYMHBI IPOAOIBHOU Iedopmarmn
(YxopoueH¥st) TIpH IeHCTBIH KPaTKOBPEMEHHBIX HArpy30K M 9KCIEPHUMEHTAIBLHO MOIYyUYSHHBIX JIAHHBIX, HEO0XO0-
JIMMO HCIIOJIb30BaTh CUCTEMY JOTOJHUTENIBHBIX KO3((UIIMEHTOB, KOTOPhIE NOJDKHBI YBEIUYUBATH TEOPETHYE-
CKYIO BEJIMYMHY OKUJIaeMbIX OTHOCHTENILHBIX JiehopMaliunii, a TakKe JTOJDKHBI yUYUTBIBATH OCOOCHHOCTH PabOThI
0eTOHOB OOBIYHOW M BBICOKOW ITPOYHOCTH B COCTaBE CIKUMAEMbIX CTaJle)Kele300€TOHHBIX KOHCTpyKuuit. Ilpu
OTIpEJIeNICHNH 3HAYCHUI )KECTKOCTEH ISl CTaIekKeIe300€TOHHBIX KOHCTPYKIMI 1O/ IeiiCTBEM KpaTKOBPEMEH-
HBIX Harpy30K U IPHUBEICHUH PACUCTHOH MPOIOIBHO KECTKOCTH K BEJIMUMHE, OIM3KOH K IKCIICPHMEHTAIbHBIM
JAHHBIM, NIPEUIOKEHO BBECTH JIONOJHUTEIBHBIN KOA(QOUIHUEHT, KOTOPBI TOMOIHUTEIBHO TOHIKACT TIPOIOIb-
HYIO )KECTKOCTh KOHCTPYKIIUH B 3aBUCHMOCTH OT YPOBHSI HANPSDKCHUI B OSTOHE M CTAIIH.

KroueBbie c10Ba: IEHTPaIbHOE CKATHE, BHEIEHTPEHHOE CXKATHE, BEPTUKAIbHAS Ae(opMariys,
[POJIONBHAS HKECTKOCTh, CTAICKENE300€TOHHASI KOHCTPYKIIHS, KOJIOHHA, BBICOTHOE 3/1aHHe

INTRODUCTION

The columns of high-rise buildings and the sup-
porting structures of stadium coverings, where
the elements are subjected to significant com-
pression forces, are usually designed in steel-
reinforced concrete structures, in particular, col-
umns with rigid reinforcement. For correct
analysis of complex spatial schemes of build-
ings, it is extremely important to correctly de-
termine the longitudinal deformations of steel-
reinforced concrete structures. Despite the fact
that the current normative documents on analy-
sis and design of such structures SP 63.13330
“Concrete and Reinforced Concrete Structures”,
SP 267.1325800 “Buildings and High-Rise
Complexes...”, SP 266. 1325800 “Steel-
reinforced concrete structures...” do not regulate
the ultimate values of shortening for eccentrical-
ly compressed elements. Ignoring these defor-
mations can complicate the operation of the fa-
cility and in some cases lead to the failure of
adjacent structures. The effect of longitudinal
deformations in multi-storey and high-rise
buildings can result in misalignment of the ver-
tical cells of the frame, which should have de-
formations no greater than those specified in
clause D.1.9 of SP 20.13330 and clause 8.2.4.16
of SP 267.1325800 “Buildings and high-rise
complexes...” where the allowed displacements
are of 1/300 of the floor height and less.
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Cells skew is calculated by the formula f1/hs +
f2/1, where f1 and f2 are horizontal and vertical
displacements respectively, and hs and 1 - cell
height and its span as can be seen from Figure
E.3 in SP 20.13330 “Loads and Actions". In ad-
dition, during construction and operation of
high-rise buildings the standards GOST 27751-
2014 “Reliability of building structures and
foundations. Main provisions” and GOST
31937-2011 ”Buildings and structures. Rules for
inspection and monitoring of technical condi-
tion” stipulate monitoring of deformations of
structures.

Shear deformations of the frame cell can cause
damage to the exterior structural components,
facade modules, partition walls. It can also im-
pede the operation of elevators. The drift of the
top of the building from the vertical, as well as
standard formulas for cell deformation only
regulate the slab shear relative to each other and
do not include estimates of potential additional
vertical deformation. For example, damage can
also occur in high-rise and multi-floor buildings
due to varying column shortening. In the U.S.
structural design codes [1, 19], the shortening
effect is accounted for by the so-called Drift
Measurement Index (DMI = Drift Measurement
Index) for high-rise structures. This value is es-
sentially the average shear deformation of a ver-
tical rectangular cell. Its influence on envelope
structures for their main types is taken with re-
gard to [2].
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It is obvious that in the absence of experimen-
tally and theoretically substantiated methodolo-
gy for calculation of vertical longitudinal de-
formations of complex composite steel rein-
forced concrete structures almost impossible to
reliably determine the values of controlled ver-
tical deformations of the entire building frame
and its structural components, misalignments of
frame cells, which are permissible for a particu-
lar facility. For large-span structures, correct
determination of longitudinal deformations of
steel- reinforced concrete support structures
guarantee normal operation of coverings and
grandstand structures resting on them.

The papers [3, 4] demonstrate the results of tests
of eccentrically compressed steel-reinforced
concrete elements with a ratio of longitudinal
reinforcement from 3 to 20 percent. The ele-
ments are made of concrete with compressive
strength class up to B90 and fiber-reinforced
concrete. In these articles, as well as in [5], de-
voted to the calculation of columns for oblique
eccentric compression, the test results and cal-
culations for the ultimate limit states are pre-
sented in detail.

The design of frames of unique buildings and
structures with steel-reinforced concrete ele-
ments is based on the use of certified software
systems that implement the finite element meth-
od. Columns and supports of these structures, as
a rule, are modeled as bars of reduced stiffness,
or as a “combined” design by solid elements
(separately steel, separately concrete and re-
bars), combined by common nodes. Such mod-
els, even in calculations with respect to nonline-
ar deformation diagrams of steel and reinforced
concrete, cannot fully account for the behavior
of the composite structure, in particular, the
possibility of slippage of concrete relative to the
steel core [4].

The review of experimental studies in Russia
and the world and normative documents [6, 13]
shows that earlier the issue of studying longitu-
dinal shortening deformations of steel-
reinforced concrete structures was not paid
proper attention to. In contrast to long-term
shortening due to creep and shrinkage of con-
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crete [14, 15, 16, 19, 20, 21], which have been
extensively studied in recent years, the regulari-
ties of deformations of steel-reinforced-concrete
structures under short-term loads are poorly
studied.

RESEARCH METHODS

The laboratories of the V.A. Kucherenko Cen-
tral Research Institute of Steel and Concrete
Structures have carried out large-scale tests of
steel-reinforced concrete structures for central
and off-centered compression. Detailed test re-
sults are given in [3, 4]. The paper [7] provides
a methodology for calculating the strength of
steel reinforced concrete compression-bending
elements (columns) using a nonlinear defor-
mation model, which corresponds to the current
standards for the analysis of reinforced concrete
structures such as SP 63.13330. The ultimate
limit state of the structure is determined by
reaching the ultimate longitudinal strains of
concrete, reinforcement and rigid reinforcing
steel. The ultimate value of longitudinal strains
of concrete evui is accepted depending on the
ratio of concrete edge strains €1 and &2 by linear
interpolation from -0.002 at ei/e2=1 to -0.0035
at £1/62<0, where &2 is the concrete strain at the
most compressed edge with the minus sign. In
this case, the strength of the tensile concrete is
not accounted for in the calculation. The ulti-
mate value of the strain of the steel of the core
and tensile reinforcement is assumed to be
0.025 for central and eccentric compression.

In actual norms for the calculation of steel struc-
tures SP 16.13330 “Steel structures” a general-
ized diagram of steel deformation under load ac-
tion is given for different steels. Clause 4.2.4 es-
tablishes the possibility of modeling of nonlinear
operation of steel according to the diagram of
Figure B.1 and Table B.9 in SP 16.13330.2017.
Figure 1a,b shows stress vs. strain relationships
for steels from C255 to C550 in accordance with
the normative parameters. The ultimate strain of
steel should be taken corresponding to the end of
the yield plane. For steels with yield strengths
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from 255 to 550 MPa, the value of the ultimate
strain will vary from 0.017 to 0.047 respectively.
In this connection, it is obvious that it is incorrect
to take the ultimate strain as 0.025 as for rein-
forcing steel, regardless of the yield strength of
the steel. Since for steels C235, C245, C255 this
value will correspond to the steel performance in
the self-strengthening region above the yield
point, and for C355 and above the plastic proper-
ties of the steel will not be fully utilized. It is im-
portant to note that ignoring the performance of
steel in the elastic-plastic deformation region in
calculations using a two-line diagram of steel
performance (the so-called “Prandtl diagram”)
can lead to a distorted picture of strain distribu-
tion in the cross-section of the steel-reinforced
concrete element and inaccurate results of the
shortening calculation.

In order to properly account for concrete strains
in steel and reinforced concrete structures, sev-
eral variants of diagrams of behavior under load
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can be adopted. In recent standards it is allowed
to use two- and three-line diagrams (clauses
6.1.19...6.1.21 in SP 63.13330), as well as cur-
vilinear diagram of concrete deformation (Ap-
pendix G in SP 63.13330), which is developed
on the basis of the works summarized in the
monograph by Academician N.I. Karpenko [8,
12, 16]. Also, Prof. G.V. Murashkin and co-
authors developed and presented in [9, 10] an
exponential version of the concrete deformation
diagram. In addition to those listed above, it is
possible to use the curvilinear diagram given in
the European Union standards (Eurocode 2). In
the present work we will limit ourselves to con-
sideration of three-line diagrams (Figure 1 c)
and curvilinear diagrams (Figure 1 d), since by
now they are reflected in normative documents,
implemented in finite element program com-
plexes, tested by a large number of experimental
data and many years of experience in design and
operation of real buildings and structures.
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Figure 1. Deformation diagrams for steel and concrete: a - three-linear for steel (S3L), b - biline-
ar for steel (S2L), c - three-linear for concrete according to SP 63.13330 (B3L), d - curvilinear for
concrete according to SP 63.13330 (BCL)
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Calculation of theoretical longitudinal defor-
mations of a bar subjected to compression with-
out moments is carried out in the following way
to construct theoretical curves. At the break
points of each diagram, the boundaries of the
loading stages (I, II, IIL...) are drawn, within
which the shortenings of the structure are calcu-
lated. Thus, Figure 2 shows an example of split-
ting two- and three-line diagrams into stages for
concrete B80 and steel C255, Figure 3 shows an
example of splitting a curvilinear diagram of
concrete B80 with a three-linear diagram of
steel C255 performance. The longitudinal de-
formation of the bar at the first (I) Al; and sub-
sequent stages (II, III, ...) and the total longitu-
dinal deformation (shortening) AL are calculat-
ed as follows:

Al o, . = A&, 1, L
AL = ¥ ALy, (1)
where L is the effective design length of the bar,
Ag; p; qp.. 1s the range of strain on the consid-
ered section of the diagram.
For each stage, the corresponding moduli of de-
formation for steel, concrete, and reinforcement
are determined. For stage I, these moduli will be
denoted as Eg 1, E}, 1, E ) respectively. For each
stage of the steel-reinforced concrete structure,
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the concrete reduction factors are calculated,
and then the area of the reduced section 4,4,
the longitudinal stiffness of the reduced section
within the stage AD, using stage I as an exam-
ple is calculated by the formula:

E E
ast,l = ﬁ) s, = ﬁ' (2)
Ared,l =Ap + Astast,l + Asas,l (3)
ADa,l = Eb,IAred,I “4)

where A,, A, Ag; are the areas of concrete
cross-section, steel core cross-section and re-
bars’ cross-section respectively. The increments
of longitudinal force AN up to the correspond-
ing strain stage boundaries and the limiting val-
ue of longitudinal force N at which the strain
increases without increasing the load are calcu-
lated using the formulas:

AN, = Ag; AD,; , N = YYIL AN,  (5)
By performing calculations using the above
formulas allows us to estimate the value of
shortening in compression and compare it with
the corresponding results of numerical modeling
and experimental data.
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Figure 2. To the description of the stages of performance of steel-reinforced concrete com-
pressed bar: a - superposition of two-line diagram of steel and three-line diagram of concrete
(S2L+B3L), b - superposition of three-line diagrams of steel and concrete (S3L+B3L).
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Figure 3. To the description of the stages of steel-reinforced concrete compressed bar perfor-
mance: combination of three-line diagram for steel and curvilinear diagram for concrete re-
spectively (S3L+BCL)

To verify the solution of this problem, the re-
sults of central compression tests of columns
with I-beam rigid reinforcement and concrete
prisms without reinforcement have been exam-
ined. The study of only centrally compressed
models, centering of which is performed with
special care during the tests, allows us to relia-
bly assess the degree of joint operation of the
structure and correctly measure the actual short-
ening of the models without the effects of buck-
ling at eccentric compression and non-uniform
loading of different materials in the cross-
section. Models K-3 and K-13 have a nominal
cross-sectional dimension of 400x400 mm in
concrete, the length of the column model is
1640 mm. The cross section of the steel core is a
welded I-beam made of sheet steel C255 ac-
cording to GOST 27772. Concrete was of com-
pressive strength class B25. Calculated longi-
tudunal reinforcement was of class A400, diam-
eter - 8 mm (8 pcs.). Transverse reinforcement
was of class A240, 120 mm spacing, 4 mm di-
ameter. The reinforcement ratio is 10.7%. To
provide joint performance of the steel core with
concrete it is envisaged to install studs on the
walls of the I-beams made of short pieces of re-
inforcement with diameter of 8 mm, length of
90...120 mm and spacing of about 200 mm. The
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general view of the steel core and location of the
studs is shown in Figure 4, a. Models K10-3,
K10-8, K10-11 have smaller concrete cross-
sectional dimensions of 150x150 mm. The
length of the column model is 600 mm. The
steel core is an I-beam made of two channels
No.10 reinforced with sheet steel along the wall
to achieve a higher ratio of reinforcement. For
this purpose, steel C255 according to GOST
27772-88 and concrete of class B80 were used.
Working reinforcement was of class A400C; 4
pcs number of bars, 8 mm diameter. Transverse
reinforcement was of class A240, 50 mm spac-
ing, 4 mm diameter. The ratio of reinforcement
is from 10% to 17.5%. The cross-section is
shown in Figure 4, b. In addition to the steel re-
inforced concrete models, concrete prisms with-
out additional reinforcement were tested with
characteristics corresponding to the K10 model
group made of B80 concrete. Also, 3 cube spec-
imens with a side of 100 mm were prepared for
each concrete casting batch, that is 39 speci-
mens tested in total. The characteristics of the
tested models are summarized in Table 1. The
calculated shortenings according to formulas
1...5 are given in Table 2 for different curves,
the designations of which are adopted in ac-
cordance with Figure 1.
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Figure 4. Tested cross sections: a - K-3, K-13, b - K10-3, K10-8, K10-11, K-9-7, ¢ - SQ type model
with square core (FEM only)

Table 1. Parameters of the tested specimens

g = Com- Ultimate load N, 1IN
Q < = o,
0 5 =% | 25| press . e
No K, o Core = & gcjn g £ ﬁ Strength | h,cm | b, cm L, 8 g > % 8
reinf. steel 5 2s° 5% cm s -2 0 O
S |25 2 2 | of cubes, = 5 2 B g
<5 | 3 MPa © =
1 2 3 4 5 6 8 9 10 11 12 13
K-3 10.7 C255 B25 + 135 28.55 39.7 399 | 164
6481 | 6480 | 6592
K-13 10.7 C255 B25 + 135 28.55 40.0 39.9 164
K10-3 22.0 C255 B80 - 27 93.8 15.1 15.1 60
K10-8 22.0 C255 B80 - 27 93.8 15.1 15.2 60 | 2037 | 2038 | 2423
K10-11 | 22.0 C255 B80 - 94 104.4 15.2 14.9 60
CP1 0.0 - B80 - 90 97.9 15.0 14.9 60
CP2 0.0 - B80 - 90 97.9 15.0 15.0 60 | 1258 - 1733
CP3 0.0 - B80 - 90 97.9 15.0 15.0 60
SQ 22.0 C255 B80 - - 15.0 15.0 60 | 2037 | 2037 -
Notes:

u is the ratio of reinforcement equal to the ratio of the area of steel in the cross-section to the area of flexible and rigid
reinforcement; 4, b is the dimensions of the cross-section of the concrete part, L is the length of the specimen, along
the axis of which the external load is transferred; N, is the ultimate load, determined by characteristic values of
strength of materials (characteristic), by FE-modeling (FEM), Test - by the results of the experiment.

Table 2. Theoretical shortening according to different diagrams, mm

At failure (for ;) At appearing of plastic strain in concrete (for &)
No
S2L+B3L S3L+B3L S3L+BCL S2L+B3L S3L+B3L S3L+BCL
1 2 4 5 6 7

K3 5.74 5.74 5.54 3.28 3.28 3.31
K13 . . . . . .
K-10-11

K-10-8 1.86 1.86 1.99 1.20 1.20 1.21
K-10-3

CP1

CP2 1.86 2.75 1.86 1.85
CP3

SQ 1.55 1.55 1.31 1.00 1.00 1.01
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The tests were carried out using a calibrated hy-
draulic jack creating axial load up to 1000 tf (10
MN) in the V.A. Kucherenko Central Research
Institute for Structural Engineering. Loading
was carried out in accordance with GOST 8829-
94  “REINFORCED CONCRETE AND
PREFABRICATED CONCRETE BUILDING
PRODUCTS. Loading test methods. Assesment
of strength, rigidity and crack resistance”. Ac-
cording to standard methodic, the load was ap-
plied by steps, each step was not more than 10%
of the failure load. The endurance for 10
minutes was carried out at each step. When the
design (control load) was reached, the endur-
ance was carried out for 30 minutes. Instrument
readings were reading continuously at each step
of loading with a frequency of 1 Hz. The “cen-
tral” compression of the model was ensured by
centering the column model relative to the
marks on the press tables, as well as by monitor-
ing the readings of strain gauges during the first
steps of loading. If the corresponding strain
gauges showed significant strain differences, the
model was additionally aligned to the table.
Thus, all the stress non-uniformities arising as a
result of the tests at “central” compression in
cross-sections are caused only by random inter-
nal eccentricities of the model. In the course of
the tests under stepwise application of compres-
sive load, the stresses in steel and concrete ele-
ments of column models in longitudinal and
transverse directions, vertical absolute shorten-
ing of the models by means of digital displace-
ment sensors fixed on the upper and lower ta-
bles of the press with a measurement accuracy
0f 0.001 mm were recorded at each step.

Finite element numerical simulation in ATENA
PC was performed for models similar in size
and material properties, taking into account the
nonlinear behavior of materials: curvilinear dia-
gram for concrete and three-linear diagram for
steel. The number of steps and mesh size for
each model was also selected separately. The
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minimum number of loading steps was at least
20...30 and the mesh size was about 20 mm. To
describe the performance of concrete, the mate-
rial model Fracture-Plastic Constitutive Model
(CC3DCementitious2) was utilized. It is based
on the combination of the tensile fracture model
with the compressive fracture model of the ma-
terial. The FE models completely replicated the
geometry and mechanical properties of materi-
als of the tested structures as shown in Figure 4
and Table 1. In addition, bars with a square core
as shown in Figure 4,c were modeled to verify
the effect of cross-sectional shape on concrete
performance. Structures with contact interaction
between steel and concrete were also modeled.
It was found that for models with small or zero
eccentricities, the presence of a finite contact
interaction at the steel-concrete joint practically
does not affect the results of calculations of lon-
gitudinal deformations of the column. That is,
there is no influence of the contact on the value
of the ultimate load and on the value of the ul-
timate longitudinal deformation of the bar. The
difference between forces and deformations for
similar models with and without modeling of
contact interaction is less than 0.5%. Therefore,
the contact interaction at the joint ‘steel-
concrete” was not modeled in a special way, and
the finite elements of steel and concrete had
common nodes in the calculation scheme. The
view of FE models is shown in Figure 5.
Capacity calculation according to the nonlinear
deformation model [3] practically does not de-
pend on the type of concrete state diagram to
determine the cracking moment M crc and ul-
timate moment M_ult in reinforced concrete ec-
centrically compressed and bent elements, as
shown in [11, 12]. When comparing the results
of calculation according to SP 63.13330 and ex-
perimental data, the authors of [11] found dif-
ferences of no more than 7.8% and 6.8% of the
above moments, respectively, for different vari-
ants of concrete constitutive diagrams.
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Figure 5. FE models: a - model K3, b - model K10-3

RESULTS AND DISCUSSION

The comparative analysis of theoretical, numer-
ical calculations and experimental data on
shortening deformations are shown in Figures 6,
7. The comparison of models was performed in
the dimensionless coordinate by force, since it is
necessary to compare the theoretical calculation,
in which the characteristic values of strength
and deformation properties of materials are
used, and experimental data, in which the values
of destructive loads are slightly overestimated
relative to the characteristic values. That is, one
of the coordinates of the graphs was the value
N/Nwn, where N is the current compressive
load in tests or calculations, and Nu» is the
characteristic ultimate compressive load, which
is calculated by the formula:

Nu,n = Rppdp + RynAst + RspAs, (6)

where Ry, Ryn, Rsy are the characteristic val-
ues of concrete compressive strength, yield
strength of steel, design strength of reinforce-
ment, respectively. Thus, the value of N/Nu»=1
corresponds to the standard strength of the
cross-section ignoring the material and opera-
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A. Axial deformations (shortening)

tional condition partial factors. For the tested
concrete prisms without reinforcement, Ny,»=Rbn
Ab. Also in the plots, horizontal dashed lines
show the load level corresponding to the design
values of material strength R», Ry, Rs calculated
by the formula:

Nu == RbAb + RyAst + RSAS (7)

Table 3 summarizes the typical points of the
theoretical and experimental curves with each
other, and below are figures with strain plots
(Figures 6, 7, 8) for the respective models.

Figure 6,a shows the shortening deformations
for unreinforced models (concrete prism - CP)
made of concrete of compressive strength class
B80. In this figure and further gray dashed lines
show the experimental data for the same type of
models. Blue and green lines respectively indi-
cate theoretical deformations calculated by for-
mulas 1...5, based on three-line and curvilinear
diagrams of concrete performance according to
SP 63.13330. Fractures of the models during
tests occurred with explosive release of energy.
It can be seen that the deformation sections
from 0 to N/Nu»=1.0...1.1 are practically linear.
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This corresponds to the actual concrete defor-
mation diagrams obtained by other authors (e.g.,
[17, 18]) in the section from O to the characteris-
tic compressive strength for B80 concrete
(Ron=57 MPa; Nyu»=1). In this case, the actual
“straightness” of the experimental curves indi-
cates that a certain margin will be obtained

when calculating the shortening strains using
the normative curves. At the same time, the cur-
vilinear diagram gives a slightly larger reserve
than the three-line diagram at stresses close to
the calculated values of concrete strength.

Table 3. Experimental shortenings

Experimental shortening, mm Shortening by FEM, mm
No. . At the initiation of plastic de- The initiation of
At failure S . .
formation in concrete Max plastic deformation
For unit test Mean For unit test Mean in concrete
1 2 3 4 5 6 7
K3 6.33 3.51
6.24 3.69 5.16 2.85
K13 6.15 3.87
K-10-11 2.38 1.84
K-10-8 2.33 2.17 1.81 1.78 1.68 1.06
K-10-3 1.80 1.68
CP1 2.03 1.40
CP2 2.15 1.96 1.51 1.41 - -
CP3 1.69 1.31
SQ - - - - 1.36 1.04
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Figure 6. Comparison of shortening diagrams: a -

crete models K3
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Figures 6, b and 7 present the shortening strains
for the models with rigid reinforcement made of
concrete of compressive strength classes B25
and B80 (gray dashed lines). The blue, orange
and green lines show the theoretical shortenings
determined by formulas 1...5 for various combi-
nations of steel and concrete diagrams. The red
line shows the results of FEM analysis utilizing
bilinear steel diagram and curvilinear concrete
diagram. All theoretical curves follow practical-
ly the same trajectory. This circumstance indi-
cates insignificant influence of the diagram type
on the linear shortening of the structure.
Experimental shortening curves for the models
with concrete B25 have the form of smooth
curves (Figure 6, b) with gradually increasing
shortening with increasing load. In this case, we
can state a good agreement of theoretical as-
sumptions for calculations by formulas 1...5 and
by FEM (red solid line).

Models with B80 concrete are shortened accord-
ing to a slightly different law close to linear
(Figure 7), as it was shown above for concrete
models without reinforcement (CP) in Figure 6,
a. That is, the presence of rigid reinforcement
(u=22%) in the cross-section of the model sig-
nificantly changes the shortening strain pattern.
At load N/Nu»=0.5...0.6 the average shortening

1,2
1,1 22
1,0 |

=
0,9 N,
08
0,7
06

Denis V. Konin

strain according to the experiment is about 0.85
mm, while the theoretically determined one is
about 0.55 mm. At the same time, the values of
shortening at load levels N/N.,=0.87, corre-
sponding to the beginning of concrete failure
and strains €b0=0.002, agree with the theoretical
values satisfactorily.

Figure 8, a shows a comparison of theoretical
and finite element calculations of linear defor-
mations for a structure with a square core. It can
be seen that at loads N/N.,»=0.7...0.9 the finite
element model performs somewhat differently
than expected theoretically by formulas 1-5.
Comparing the curves obtained by FEM for the
structure with I-beam and square cores (Figure
8, b) it can be concluded that the square core
operates more efficiently and the structure with
it deforms less by about 20-25% at loads close
to the calculated values of material strength.
Comparison of experimental results and calcula-
tions are summarized in Table 4. Formulas for
determining the difference of the compared val-
ues are given in the head of the table, where
[Teor.] denotes the values calculated by formu-
las 1...5; [Test] are the values obtained from the
results of experiment; [FEM] are the values ob-
tained from the results of FEM simulation.

—e&— Pyy. S2L+B3L

Q8 // / —=— Pyy. S3L+B3L
0,4 A —— Py, S3L+BCL
K10-3 2
03 ——87
02 K10-8 Atn S2L+BCL
' K10-11 | _. - Nult pacy
0,1
dL, mm
0,0
0,0 0,5 1,0 1,5 2,0 25

Figure 7. Comparison of shortening diagrams of steel-reinforced concrete models K10 (B80)
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Figure 8. Comparison of shortening diagrams of steel-reinforced concrete models: a - with square
core SQ (B80), b - comparison of structure performance with square and I-beam core

It can be seen that the values in columns 2...7
and 8...9 are negative, which means that the
calculation of linear shortening deformations
using formulas 1...5 or FEM using characteris-
tic diagrams does not provide a reserve relative
to the experimental data. That is, if the shorten-
ing is calculated according to the standards,
underestimated values will be obtained than
those obtained by experiment. Thus, the differ-
ence for concrete of ordinary strength (type
B25) will be 11...17%, and for high-strength it
is 14...32%. This circumstance cannot be con-
sidered satisfactory. Let's pay attention to the
fact that the results of comparison of capacity
calculations excluding stability effects with the
experiment provide a relatively good conver-
gence and the calculation method according to
the formulas of SP 266 or FEM gives the nec-
essary and expected reserve. To illustrate this
fact, one can compare the values of columns
11...13 in Table 1.

To eliminate the revealed discrepancy in the
value of longitudinal shortening deformation
under the action of short-term (short-term,
e.g., wind) loads and experimentally obtained
data, it is necessary to use a system of addi-
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tional coefficients. These coefficients should
increase the theoretical value of the strains,
and should also take into account the peculiar-
ities of concrete of ordinary and high strength
as part of compressible steel and reinforced
concrete structures. It is established that the
following formulas should be used to plot
concrete deformation diagrams in accordance
with the methodology of SP 63.13330:

€po(composite) = 1,15¢&p,, Ep2(composite) =
1,15¢,, — for concrete class B25, (8)
€po(composite) = 1,54¢&p,, Ep2(composite) =
1,18¢,, for concrete of class B80 )]

If the coefficients specified in formulas 8, 9 are
used, the necessary reliability and reserve of 2
to 6% for B25 concrete and 1 to 8% for B&0
concrete will be realized in structures under
short-term loads (see the values in brackets in
Table 4). For other intermediate concretes it is
allowed to interpolate the presented coefficients
by strain values.
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Table 4. Comparison of obtained values, %

[Teor.] — [Test] [FEM] — [Test] [Teor.] — [FEM]
[Test] [Test] [FEM]
g & g & g &
a3 a3 a3
) =5 . | 5% . | =%
E 8¢ Z | EEe 2 | Efe
< g 5 < g 5 < g 5
o 5 0 5 ° 5
No £ £3 £ 3
' Z2 Z 8 Z 8
Data used
Table 2 Table 2 Table 2 Table 2 Table 2 Table 2 Table 3 Table 3 Table 2 Table 2
Table 3 Table 3 Table 3 Table 3 Table 3 Table 3 Table 3 Table 3
Type of theoretical material deformation curve
(S - steel according to SP 16, B - concrete according to SP 63)
S2L+ S3L+ S3L+ S2L+ S3L+ S3L+ S3L+ S3L+ S3L+
B3L B3L BCL B3L B3L BcL | LB g3y B3L B3L
1 2 3 4 5 7 8 9 10 31
K3 -8,0 -8,0 -11,2 -11,2 -11,2 -10,3
K13 8 | 68 | @b | @b | @n | en | TR e B2
K-10-11
-14,2 -14,2 -8,3 -32,6 -32,6
K:10:8 0.9) 0.9) (7.9) 3.7) (3.7) 32,1 22,6 40,3 10,8 13,0
K-10-3
CP1
CP2 -4,9 - - - - - - -
CP3
SQ - - - - - - - 14,0 -4,0
Note: values in parentheses are given by using the proposed factors for the construction of material deformation dia-
grams

B. Axial stiffness of compressed bars

The effective geometric characteristics of the
cross-sections must be utilized and the stiffness-
es of the elements must be calculated. Due to
the active inclusion in spatial performance, in-
cluding the action of wind loads, it is extremely
important to correctly determine the stiffness of
the elements when assessing the overall defor-
mation of the building. Based on the results of
the conducted experiments, it is possible to es-
timate the reduced (total) axial stiffness of com-
pressed steel-reinforced concrete structures at
each design or loading stage. It is possible to
plot the diagram “force vs. axial stiffness”
(N/Nun) - Dai) on the basis of the adopted ap-
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proach of division of diagrams into stages by
transforming formulas 4, 5:

AN;L

ADa.i = Ali s

(10)

where Al is the shortening according to the re-
sults of the experiment at load N; at the i stage
of loading. The graphs of stiffness variation de-
pending on the applied load are shown in Fig-
ures 9...11. On the horizontal axis of the graphs
the value N/Nu» is plotted, where N is the cur-
rent compressive load at tests or calculations,
and Ny is the normative ultimate compressive
load, which is calculated according to the for-
mula 6. The vertical dashed line corresponds to
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the load level corresponding to the design
strength values of materials R», Ry, Rs, calculat-
ed by formula 7. Experimental data are shown
in gray dashed lines. Blue, orange, green lines
show the theoretical values of stiffnesses ac-
cording to formula 10. Red line shows the stiff-
ness of the compressed structure according to
the numerical model. The horizontal black

1,0E+05
8,0E+04

6,0E+04

— —cP1

40E404 | _ _ o, \\/

— —CP3 \ )

——B80 (B3L, Cr163) \
2,0E+04 ——B80 (BCL, Cr163) |

N ult pacu |

— .- Da,n SP266 | N/N,,

0,0E+00 s
0,0 0,2 0,4 0,6 0,8 1,0 1,2

Figure 9. Diagrams of change in stiffness Da as
a function of load for concrete models (B80)

The stiffness of unreinforced models (concrete
prisms CP1...CP3 - gray dashed line in Figure 9)
at the initial stages of loading of structures (at
N/Nu.»=0...0.3) is much higher than the value of
Da,n. Further, after initial compression, the stiff-
ness begins to drop to a value of about 0.75Dq.n
and remains stable up to a load of about
N/Nun=1.1. The stiffness graph goes sharply
downward to a value of about 0.4...0.5Dgn.
Failure (D4»=0) occurs at about the load level
N/Nui=1.4. The utilization of nonlinear strain
diagrams will allow a fairly accurate modeling
of the behavior of concrete under load and the
graph shows that the curvilinear diagram is ob-
viously more accurate in describing the perfor-
mance of concrete under load (green line), com-
pared to the tri-linear diagram (blue line).

The stiffness of steel-reinforced concrete mod-
els made of B25 concrete (gray dashed line in

Volume 21, Issue 1, 2025

dashed line on the graphs shows the value of the
reduced normative axial stiffness of the section
Da,n, calculated by the formula similar to G.11
of SP 266.1325800, where instead of the mo-
ment of inertia the cross-sectional areas are tak-
en, and the coefficients ks=ks=1 and the concrete
deformation modulus - E»=0.85E», as under
short-term load action.

7,0E+05 - [
|

6,0E+05

5,0E+05

D,, kN (/10)

4,0E+05 b

~
—e— Pyy. S2L{B3L
—=—Pyy. S3L+BI~

3,0E+05 .
—— Pyy S3L+BCL
2,0E+05 | — —K3
— —K-13
Atn S2L+BCL
1,0E+05 ey AN
— - - Nult pacy \
— - - Da,n SP266 \
0,0E+00

0 01 02 03 04 05 06 07 08 09 1 11
Figure 10. Diagrams of change in stiffness Da as
a function of load for steel reinforced concrete
models K3 and K13 (B25)

Figure 10) at the initial stages of structural load-
ing (at N/Nu»=0...0.3) is much higher than the
value of Dgn. Further, after the initial compres-
sion, the stiffness starts to drop sharply to a val-
ue of about 0.56D,.. At the load range
N/Nun=0.3...1.05 it steadily decreases almost to
0. Failure (Ds»=0) occurs approximately at the
load level N/N.»=1.07. The comparison shows
that the use of the curvilinear diagram also
shows a good convergence with the experi-
mental curves (green line), while the three-line
diagram of concrete and steel (orange) and even
more so the two-line diagram (blue) give an un-
justified overestimation of the stiffness at loads
N/Nu»=0...0.5. Numerical modeling using the
curvilinear concrete deformation diagram (red
line) also shows a good convergence with the
experimental stiffness diagram.
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Figure 11. Diagrams of change in stiffness Da as a function of load for steel-reinforced concrete
models K10 (B80)

The stiftness of steel-reinforced concrete models
made of B8O concrete (gray dashed line in Figure
11) at the initial stages of loading of the structures
(at N/Nu,~0...0.3), as well as for the above consid-
ered models, is significantly higher than the value
of Dgn. Further, after the initial compression, the
stiffness begins to drop to a value of about
0.57Da,» and remains stable up to a load of about
N/Nu=0.7. After the plastic deformations start to
develop in the steel core at the load range
N/Nu»n=0.7...1.2 the stiffness of the element de-
creases smoothly to the value of 0.3D... Here
cracks actively develop and separation of concrete
from steel takes place and the stiffness diagram
sharply goes down to the value of about 0.14Dgn.
Failure (D4»=0) occurs at approximately the load
level N/N.u»=1.4. It can be seen that the diagram of
stiffness change in steel-reinforced concrete struc-
ture made of high-strength concrete (B80) and
with high ratio of reinforcement (model type K10)
practically repeats the diagram for unreinforced
concrete (Figure 9). There are the same character-

istic steps of stiffness drop and then a stable stiff-
ness value without significant decrease over the
load range N/N.,=0.3..0.7. At the same time,
modeling of stiffness by formulas 4, 5, 10 (orange
line), as well as by the finite element method (red)
using curvilinear diagram of concrete deformation
and three-linear diagram for steel do not provide
an accurate description of the change of stiffness
(as well as deformation) of the structure in the
range of loads N/N.,»=0.3...0.7.

In order to bring the axial stiffness to a value
close to the experimental data, it is proposed to
introduce an additional coefficient kcomposiee 1IN
accordance with Formula 11, Table 5 and Fig-
ure 12 when calculating stiffnesses for steel-
reinforced concrete structures under the action
of short-term loads:

Da,composite = kcomposite (O-BSEbAb + EsAs +
EseAse), (11

Table 5. Correction factor to modulus of deformation

k composite for steel reinforced concrete structures with reinforcement ratio p<22% and
N/Nyn heavy concrete of compressive strength class

B25 B80

1 2 3

0 1 1
0.3 0.55 0.55
0.7 - 0.55
1 0.1 0.3

1 0 0
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Figure 12. Diagram if the coefficient k¢omposite

CONCLUSION

1. Longitudinal shortening deformations for
steel-reinforced concrete compressed members
have been evaluated with a wide range of heavy
concretes (from B25 to B80) and reinforcement
ratios (from 0 to 22%). Deformations were cal-
culated manually using modified formulas of SP
63.13330 taking into account three types of
concrete deformation diagrams (two- and three-
line, curvilinear) and two types of steel defor-
mation diagrams (two- and three-line according
to SP 16.13330). Finite element method analysis
of structural models has been performed. These
calculations take into account the characteristic
diagrams of materials performance, as well as
the possibility of slippage at the steel-concrete
contact in accordance with [4]. Experimental
data obtained during testing of conditionally
centrally compressed column models of steel-
reinforced concrete structures have been ana-
lyzed.

2. It has been found that the existing concrete
performance diagrams do not accurately de-
scribe the performance of a composite steel-
reinforced concrete structure, namely its short-
ening and reduced stiffness. When the concrete
structure operates in compression, its failure at
earlier stages of loading than it would be for
concrete or reinforced concrete. This circum-
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stance is due to the stress-strain state of the con-
crete section separated by steel elements, as
well as to the effects of early delamination and
slippage on the steel-concrete contact surface.

3. To eliminate the identified discrepancy in de-
termining the value of longitudinal deformation
(shortening) under the action of short-term
loads and experimentally obtained data, it is
necessary to use a system of additional coeffi-
cients. These coefficients should increase the
theoretical value of the expected strains e»o and
b2, and should also account for the peculiarities
of the operation of concrete of ordinary and
high strength as part of compressible steel and
reinforced concrete structures.

4. To bring the calculated axial stiffness to a
value close to the experimental data, it is sug-
gested to introduce an additional coefficient
kcomposire, Which additionally reduces the axial
stiffness of the structure depending on the level
of stresses in concrete and steel, when calculat-
ing the stiffness values for steel-reinforced con-
crete structures under the action of short-term
loads.

5. Considering the curvilinear diagram of con-
crete in compression provides more accurate
results of the serviceability limit state (for de-
formations) than two- and three-line diagrams
when performing calculations of spatial
schemes of complex structures taking into ac-
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count physical nonlinearity on the deformed
scheme. Curvilinear diagrams more accurately
describe the deformations of the structure oper-
ating in compression at the initial stages of de-
formation and loading.
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