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Awnoranis. [TpoananizoBaHo cIiBBiZHOLIEHHS TeOPil Teuii, OpieHTOBaHI Ha onuc mporecy aedopMyBaHHs GeTo-
Hy TIPY BUKOPHMCTAHHI i30TPOMHOI Moesli 3MillHeHHs. PO3IJISTHYyTO TpU TpaHWYHI MOBepxHi pi3HOi hopmm i
BUKOHaHa OIliHKa BILUIMBY 1ii€l ¢opmu Ha nedopMmalliiini crisigHomeHHs1. Y poboti GyJia nepesipeHa Mox-
JINBICTh BUKOPHUCTaHHS (DYHKIIII 3MIIIHEHHS, OTPIMAHO] 3 PO3TJISTHYTOTO eKCIIEPUMEHTY, a He 3 eKCIIePUMEHTY
Ha OHOBICHUI CTUCK, sIK 1ie OyJI0 MPUITHATO B IHIIMX AOCTIAHUKIB. PO3paxyHKOBI AaHi 3icTaBjieHi 3 qaHuMu
excnepumentis H. Kupfer'ai A. H. BamGypu. Y po6oTi posriisiHyTo pocte (IBOBICHUIN CTUCK, CTHCK 3 PO3TS-
TOM) i CKJIa[iHe HaBaHTaKeHHs (IBOBicHUI cTrck). HaBemeHo MOXMOKYM ampoKCUMAaIIil JOCTiIHIX JaHUX 3a-
MIPOTIOHOBAHMMY CIiBBiHOMIeHHsIMU. [T0Ka3aHo, 110 3aCTOCYBaHHS OiJIBIIT aIeKBATHUX TPAHUYHUX YMOB TIPHU-
BOJIMTH /10 3HVWIKEHHS TTOXMOKU alPOKCUMAIIiil OCTiIHUX AaHWX, TPUHANMHI I HAMPSIMY TOJIOBHOTO CTHC-
KaJbHOTO HaNpPY’KeHHs, 0 TIPUHHSITHOTO PiBHS SK IS 30HW BOBICHOTO CTHCKY, TaK i /TSI 30HU CTHCKY 3
postsiroM. BusiBjieHO BapiaHT TpaHUYHOI YMOBH, 1[0 3a0€3I€Uy€E JOCUTh XOPOIILY BiNOBIIHICTh PO3PaXyHKO-
BUX i ocmianx manux. [lomambimmii po3BUTOK MOJIENi epedavdac YTOUHEHHsT 3aKOHY 3MIITHEHHST i BUMAarae
[IPOBE/IEHHS eKCIIEPUMEHTIB Ha GETOHHKMX 3Pa3KkaX B YMOBAX CKJIAHOTO HABAHTAXKEHHSI.
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Annoranus. [IpoanannaupoBaHbl COOTHOIIEHNS] TEOPUU TE€UEHUs], ODHEHTUPOBAHHBIE HA OTICAHUE IIPOIleC-
ca siepopMupoBaHmst GeTOHA TIPU MCTIOJIB30BAaHUN M30TPOITHON MOJIEIN YITPOYHEHNUs. PaccMOTpeHBI TpH Tpe-
JleJTbHBIE TTOBEPXHOCTHU PA3JINYHO (DOPMBI M BBITIOJTHEHA OIIEHKA BIUSHUS 3TON GopMBI Ha ehopMaIOHHbIE
cooTHoteHus1. B pabote 6Gblia poBepeHa BO3MOKHOCTD UCTOIb30BaHKs (DYHKIIUU YIIPOUHEHHU ST, Oy YeHHON
U3 PaccMaTPUBAEMOrO OITBITa, & HE OMbITA Ha OJHOOCHOE CKaTHe, Kak 9TO GBIIO MPUHATO ¥ APYTUX UCCIEN0-
BaTeJiel. PacyeTHble MaHHbIe COMOCTaBJIEHBI ¢ AaHHbIMU dKcrepumentoB H. Kupfer'a m A. H. Bam6ypsr.
B pabote paccMoTpeHbI pocToe (ABYXOCHOE CKaTHe, CXKaTHe-PACTSKEHNE) U CITOKHOE Harpy KeHust (IByXoc-
Hoe cxkarue). [IpuBesieHb! TOTPENTHOCTH aNMPOKCUMAITIH OTIBITHBIX JIAHHBIX TIPE/JIO;KEHHBIMU COOTHOIIIEHU -
stmu. [Tokasaro, 4To iprMeHeHre 6osiee aIeKBaTHBIX MPEIeTbHBIX YCIOBUN TTPUBOIUT K CHUIKEHUIO TTOTPEII-
HOCTH aIlIPOKCHUMAIINH OTBITHBIX AHHBIX, IO KpaliHel Mepe IS HAIPaBJIEHNS TJIABHOTO CKMMAIOIIEro Ha-
NPSDKEHNs], 10 TIPUEMJIEMOTO YPOBHS Kak s 00JIaCTH BYXOCHOTO C/KATHS, TaK M JJIs OOJIaCTH CoKATHSI-
pacTsKeHust. BbIABIeH BapHaHT MpeeIbHOTO YCIOBHsI, 00eCTIeYNBAIONIIIA JOCTATOYHO XOPOIIEe COOTBETCTBUE
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pacyeTHBIX U OIBITHBIX JaHHBIX. /laymbHellnee pa3BUTHe MOJIeNIN MIpe/IoaraeT yTOYHeHe 3aK0Ha YIIPOUHe-
HUsE U TpeOyeT NPOBEIEHUS IKCIIEPUMEHTOB Ha GETOHHBIX 00pasiaX B YCIOBUIX CJIOKHOTO HATPY KEHMUS.

KioueBbie coBa: 6eTOH, Teopust TedeHust, AeOpPMAIIU, IOTPELIHOCTD, [IPE/IETbHAS TI0OBEPXHOCTb.
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Abstract. The relations of the flow theory oriented to description of the deformation process of concrete at
application of the isotropic model of hardening have been analyzed. Three ultimate surfaces of various shapes
have been considered and the effect estimation of the shape to the straining relations have been made. The
study tested the ability of application of a hardening function produced from the considered experiment but
not the experiment to uniaxial compression as usual in other researchers. The calculated data have been
compared with experimental data of H. Kupfer and A. Bambura. The simple (biaxial compression, compression-
tension) and complex loading (biaxial compression) have been considered in the paper. The approximation
errors of experimental data by suggested relations have been presented in the paper. It has been shown that
the application of considerably more sufficient boundary conditions transform to error approximation
reduction of the experimental data at least for the principal compressive stress direction up to the acceptable
level both for biaxial compression region and for compression-tension region. The boundary condition version
providing a sufficiently good correspondence of the calculated and experimental data. The subsequent
progress of the model further development of the model assumes improvement of the law of reinforcement
and demands execution of experiments on the concrete specimens in conditions of combined loading.

Keywords: concrete, flow theory, deformations/strains, error, ultimate surface.

1. Problem statement

Application of deformation plasticity theory is
restricted by stressing, close proximity to
proportional one. In many instances, it does not
correspond to the real conditions of structural works.
The flow theory permits to consider sufficiently
arbitrary trajectory of material loading but the
information about verification of such kinds of models
for concrete in accessible sources is practically absent
and it stipulates to carry-out this work.

2. Analysis of the problem

Concrete deformation non-linearity, starting with
sufficiently low level of stressing, stipulates
permanent formation and improvement of available
models of such kinds of deformation. There are

sufficiently adequate models for the proportional
stressing case; first of all the models by N. Karpenko
[1], V. Korsun [2], V. Kruglov [3]; for complex
loading has been considered only separate special
cases. Model construction of concrete behavior based
on the flow theory S. Klovanich [4], V. Agapov [5],
S. Hsieh, et. al. [6], ]. Lubliner [ 7], P. Grassl [8] and
some other researchers dealt with. However, in
majority of available sources there is no direct
comparison of calculated data with experimental
results on the concrete samples, peculiarly for the
complex loading trajectory that does not allow to
judge about the degree of adequacy of offered models
based on the theory of flow.

The aim of the paper is subsequent modification
of aproposal [5] and comparison of corresponding
theoretical and experimental data.
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3.Research data

The given research has considered the effect of the
shape of ultimate surface to the theoretical stress-
strain curves, especially for «compression-tension»
region. D. R. J. Owen [10], S. S. Hsieh, E. G. Ting,
W. FE Chen [6]u K. ]J. Willam [11] have chosen the
ultimate surfaces for the analysis. The surfaces are
coordinated well with experimental data for all
quadrants of stressed state.

The version of the theory of flow oriented to the
description of concrete deformation has been
considered in the present paper (V. Agapov [5]).
The given model represents by itself the
development of the classical Prandtl-Reuss theory.
It assumes material isotropy and presence of
functional dependence of stress intensity from
accumulated plastic strain.

In the paper [5], the Prandtl-Reuss equations
for the plane stress state were transformed by the
method offered in the paper [10] and modified for
the concrete work.

The constraint between increments of strains and
stresses in the elastoplastic stage of the paper can be
assumed to be written down as:

de=C,"do, €]
where C,, —is elastoplastic matrix of the material,
-7
— a
Ce =C- CGT, 2
: H'+a Ca @

C - is the matrix of elastic constants,
de=(de;:de:dy, ) do=(do;do,;dr,),
H'=do,/de, (isdetermined of the experience
to uniaxial compression).

Flow vector a introducing to the formula (2)
directed on the normal to surface of the flow:

a= grad f(o,,0,,7,). 3)

The given model assumes isotropy of the material;
the author describes surface of the flow with
application of a yield criterion of D. R. J. Owen
[10]:

flo)=fU,.J,)=(BBI)+al) " =0 (4)

This criterion well agrees with experimental data of
H. Kupfer [12] for a quadrant «compression-
compression» in the space of principal stresses but
the description of the rest fields it does not
correspond to the experimental data (Fig. 1).
Function of limiting surface S. S. Hsieh [6]:

flo,1)=AJ,l1(e,)+BJ, +
+CO—1+DI1_7(5ip):Oy (5)

where A, B, C, D — the coefficients characterized the
material and provide the incidence of the
reference points of the pointed surface.

The function of the ultimate surface of K. J. Willam

[11]:

Experimental data:
A H.Kupfer[12];
° T.C.Y.Liu[13];
® A.V. Yashin [14].
Limiting surfaces:
—— D.R.J.Owen[10];
777 SS Hsieh [6];
== KJ. Willam [11].

Figure 1. Comparison of ultimate surfaces with experimental data.
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f(am,rm,ﬁ):«/grm—rzo, (6)
where t_—isthe function from the second invariant
of stress deviator:

7, =(2/5),; )

r—is theinterpolation function between limiting
values of the functions (1, 1) forming
meridional curves.

r=Q2t (> —1")cosO+71,(2r, —7,)x

X\/4(rf —17)cos’ O+5¢" —r,7,)/

I(4(z =77 )cos’ O+(r,—27,)°),  (8)

where 1, 7~ is the function of meridional curves of
tension and compression correspondingly:

o5 ara 2)ra (2]
7, =\/§{b0 +b, (%)wz (%ﬂ 9)

The functions of the ultimate surface (5, 6) well
agree with experimental data for all the quadrants
of stressed state (Fig. 1).

The coefficients a, a,, a,, b, b, b, entering to
(9) provide hit of the reference points to the
boundary surface. The points correspond to the cases:
uniaxial compression /, biaxial uniform tension £,
triaxial uniform tension f,, biaxial uniform
compression f, , uniaxial tension f,.
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At application of the ultimate surfaces (5) and
(6), the model [5] has been transformed into the
case of the volume stressed state. In the capacity of
the function of hardening, the dependence
H'=dr,[de,, hasbeen used because in the function
of surfaces a hardening parameter t, has been used.
With a view to approximation improvement in a
version of the model based on the surface (6) the
capability of application of H' obtained from the
considered experience but not from experience to
uniaxial compression, as usual has been used. It
should be pointed out that at the analysis the formula
(5) has been used as the yield function and the
formula (6) asthe function entering into the loading
surface where t, has been accepted as the boundary
characteristic of concrete at uniaxial compression.
The normal to the surface (6) for the case of the
bulk stressed state is:

oF (oF oF oF oF oF oF ) _
oo | 0o, 0o, 0o, Or,, Ot OT,

_y[oF oF aF ar Y
o7, oz, 07, 00 ) (10)

where J — is the Jacobian matrix with dimension of
4x6,
The Fig. 2, 3,4 shows the comparison of theoretical
curves obtained at application of described above
ultimate surfaces with experimental data.
Mean square errors of experimental data
approximation depending on the applied surface
have been given in the Table1.

- = =. DRI Owen;
-+ =.. §.5. Hsieh;

............ K.J. Willam;
—— K.J Willam (H.

from experiment);

o experimental data.

01:0,°05=0.103- 0- 1 e
-0,0005 0 0,0005 0,001

20,0015 -0,001

Figure 2. Comparison of theoretical stress-strain curves with experimental data of H. Kupfer [12] in the region of

compression-tension.
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Figure 3. Comparison of theoretical stress-strain curves with experimental data of H. Kupfer [12] in the region of
compression.
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Figure 4. Comparison of theoretical stress-strain curves with experimental data A. N. Bambura [15] at complex
loading.

Table 1. Correspondence of theoretical «stress-strain» curves by experimental data

Mean square relative error, percent
Surface Surface
Trajectory Surface Surface K. J. Willam (H from K. J. Willam
O1:0~: O D. R. J. Owen S. S. Hsieh, et al U . (H’ from considered
1-92-93 uniaxial compression) .
experiment
& & & & & & & & & & & &
0.052;0;—-1,[12] 28.5 - 64 | 66 | 253 | 3.8 | 18.6 | 419 5.8 6.2 23.2 1
0.103;0;-1,[12] 22| - 149 | 154 | 527 | 4.1 | 30.5 | 78.6 9.7 2.6 257 | 2.9
0,-0.52;-1,[12] - 189 | 17.1 | 20.5 | 16.9 | 21.3 | 83 13.2 19.6 | 21.2 11.9 5
0;—-1;-1,[12] - 175 | 17.5 | 182 | 20.4 | 204 | 6.5 134 | 134 | 184 6.7 | 6.7
ng]e“mem PFigd) |74 | 89 | 519 230 | 22 | 719 | 1623 | 10 | 799 | 204 | 46
ﬁ‘g]e“mem 2(FedD | 141168 | 649 | 195 | 235 | 772 | 1041 | 207 | 101.6 | 946 | 7.1
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4. Conclusions

The application of more than adequate ultimate
surfaces, in the capacity of the criterion of flow (or
for the loading surface construction), substantially
decreases the error of calculated curves of material
deformation. The application of the formulas
suggested by K. J. Willam [12] permitted to obtain
the change not only dimension but also the shape of
the loading surface at the growth of loading level. Tt
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led to the decrease of approximation error of the
experimental data, at least for the direction of the
principal compressive stress up to the acceptable
level, both for the region of the biaxial compression
and for the region of the compression-tension. For
qualitative description of concrete behaviorin case
of complex loading, the considered model needs the
subsequent modification, e. g more precise definition
of the Hardening Law.
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JleBin BikTop MatBiiioBHY — TOKTOP TeXHIYHUX HAYK, Tpodecop, 3aBiayBad Kadenpu BUIOI i TPUKJIATHOT MaTeMaTH-
k¥ Ta inbopmarnkn /Jonbachbkoi HarioHaIbHOI akazeMii OyMiBHUITBA 1 apxiTekTypu. HaykoBi iHTepec: MexaHika
e OpMOBAHOTO TBepAOTO Tija, unceabHi MeTomn y M/ITT, po3paxyHoKk mMpocTOPOBMX KOHCTPYKIN 3 apMOBAHOTO
MIPY’KHOB 'SI3KOIJIACTUYHOTO MaTepiaiy.

IlaGensuuk Cepriil B'siuecnagoBuy — acripant kadeapy 3a1i300eTOHHUX KOHCTPYKIIii J[oHOachKOI HallioHANIBHOI
akaneMmii OyaiBHuITBa | apxiTekTypu. HayKoBi iHTepecu: 3acTocyBaHHs Teopii Tedil 1y1s1 ormucy aeopMiBHUX BIACTUBO-
creil 6eTOHY; HAyKOBI OCHOBH METO/IIB OIIHKY TEXHIYHOTO CTAaHy Ta MPOEKTYBaHHS 3aJi300€ TOHHUX KOHCTPYKIIi.

JleBun Buxktop MartBeeBHY — JOKTOP TeXHNYECKNUX HAYK, TIpodeccop, 3aBeAyIonuii kadeapoii BEICIIeH 1 IPUKIATHON
MareMaTuKy U wHGopMaTuku JIoHOACCKON HALMOHAIBHON aKaZeMUH CTPOMTEIbCTBA U apXUTEKTYpbl. HayuHbie
WHTEPEChl: MexXaHnka JeopMUPYyEMOTo TBEPAOTO TeJa; uncienHsie Metosl B M/ITT, pacuer mpocTpaHCTBEHHBIX
KOHCTPYKIUI 3 apMIPOBAHHOTO YIIPYTOBSI3KOIUIACTHIECKOTO MaTepHaa.

IlaGeapuuk Cepreii Bsauyecnagosuy — acriupant kadeapbl xKene300eTOHHBIX KOHCTPYKIuil [JoH6acCKOU Harmo-
HAJIbHOU aKaJIleMUU CTPOUTEJLCTBA W apXUTEKTypbl. HayuHble MHTEpeChl: TpUMeHeHNe TEOPUH TeUeHUsT JIJIsl OTHCa-
HUSA 1eOPMATUBHBIX CBOHCTB GETOHA; HAYYHbIE OCHOBBI METO/IOB OIIEHKU TEXHUYIECKOTO COCTOSTHUSI U TPOEKTUPOBa-
HUST 5KeJIe300eTOHHBIX KOHCTPYKIIHI.
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