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UDC 624.044.3

SOME ASPECTS OF NONLINEAR MECHANICS
IN CALCULATIONS OF REINFORCED CONCRETE

JESIKI ACHEKTH HEJIHIMHOI MEXAHIKA
Y PO3PAXYHKAX 3AJII3OBETOHY

Palyvoda O.A., Ph.D. in Engineering (Kryvyi Rih National University,
Krywvyi Rih)

MMameona O.A., k.1.H. (KpuBopisbknii HamioHaNbHUI YHiBepcuTeT,
M. Kpusnii Pir)

Abstract. The results of experimental studies of concrete at
different levels of compression stresses loaded in young and middle age
are presented. The questions of the expediency of taking into account
nonlinear relative creep deformations in practical calculations are
considered. The processing of experimental data is done, conclusions are
made.

Anorauis. Ilocmanoexa memu i 3a0au oocnioxcennsa. Metoro
MOCTAaBJICHUX JOCIiMIKEeHb OyJI0 HACTYIHE: MPOBECTH aHaNi3 IaHuX,
OTPUMAaHMX IIiJ] Yac JOCIIHKCHHS OCTOHHUX €JIEMEHTIB, 3aBaHTAKCHUX B
MOJIOJIOMY Ta CEpPeAHbOMY BiIll, Ha Jil0 TpHUBAJIUX HAaBaHTAXKCHb;
3’SCyBaTH OCOOJHMBOCTI HENiHIHHMX Jedopmariii MmoB3y4oCTi, SKi
BUHHMKAIOTh NP HU3BKOMY DiBHI HaIllpy>K€Hb Ta IJISl BCiX HOro piBHIB.
Memoouxka oOocnidonceny. 3 OISy Ha O3HAYEHY MeETy, OyIo
MPOaHaTi30BaHO EKCIIEPUMEHTABHI aHI OTPUMAaHi JOCHTiTHUKAMHU, SKi B
pi3HHUI Yac 3aiiManucs MUTaHHSIMA BUBYEHHS HENiHIHHOCTI nedopMartiit
MOB3y4YOCTI MPH TPHUBAIIN il HaBaHTaxeHHsS. ExcriepuMeHTalbHI JaHi
Oynu y3arajJbHEHO Ta TIPOBEACHO ix 00poOky. Pesyavmamu
docnidycens. Ha miacraBi pocnigHux naHux Oyno moOynoBaHO KpPHBI
MUTOMHX, TOOTO BiHECEHMX [0 OJMHHUII HAampyxXeHb, Aedopmamii
MTOB3YYOCTI NIPH Pi3HUX PIBHAX BIIHOCHUX HaIpyKeHb B 3pa3kax. [Ipum
BOMY HEINiHIHHICTE CIOCTepiraeThCsl Ui OETOHIB PI3HOrO BiKy Ha
MOMEHT HaBaHTaXeHHs. YiTkoi Mexi JiHIMHOT TOB3y4oCTi OETOHY
MPOBECTH HE MOXJIMBO, HMOBIPHO, HAaBITh IPH HU3bKAX PIBHIX
HaNpYy>XEeHb CTUCKAHHS B MIKPOCTPYKTYpi OETOHY MAaroTh Miclle TEBHi
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MTOPYIIeHHS a00 IIACTUYHI 3CYBH, SIKi CIPUYHHSIOTH HENHIHHICTH HOTO
nedopmariii moB3ydocti. AHani3 rpadikiB 103BOJSE CTBEPIKYBATH, IO
KpuBi TIUTOMHUX JaedopmMariiii MmoB3ydocTi ICTOTHO BiAPI3HSIIOTHCS 32
BEJIMYMHOIO OPJIMHAT, MOYMHAIOYH 3 CAMOTO HU3BKOTO PiBHS HANPYy>KEHb.
Takoxx cmiJ BiAMITATH, WO CTYHiHb HENTIHIMHOCTI Jedopmariii
MOB3yYOCTi OCOOJIMBO BEIMKANA B MOMEHTH 4acy, OJU3bKiI IO MOYATKy
3aBaHTaXCHHs 3paskiB. [Ipo Te, 1m0 HeMiHIHHICTE aedopmariiit
MOB3Y4OCTi HacamIiepesl MOB’s3aHa 3 MPOIEcaMy, SIKi BiIOYBAIOThCS B
0eTOHHOMY 3pa3Ky 0e3MOCepeIHBO MICHsl HOTO 3aBaHTAXKEHHS, TOBOPUTH
1 3HAYHA PI3HUI Yy BeNMYMHAX Jedopmaliiii, 0 HaTiKaloTh 3a 4Yac
BUTPUMKHU TP HABaHTA)KEHHI 3pa3Ka JI0 3a/IaHOTO PIBHA HAIpPY>KEHb.
Sxkmo wi gedopmamii He BKIIOYATH Yy BEIHYUHY Aedopmarii
MOB3YYOCTi, TO CTYHiHb HEJiHIMHOCTI OCTaHHIX 3HAYHO 3HHU3UTHCS.
3arajpbHHUN aHaJi3 YUCIOBUX 3HAUCHb JAe(OopMalliif OB3Y4OCTi A03BOJISIE
3poOMTH BHUCHOBOK, IO IIBUAKO HAIUIMBawodi aedopmarii MOXyTh
cknanatu 3HayHy Aoiio (mo 20...26%) medopmamiii moe3ydocti. He
BpPaxOBYBAaTH iX HEMPHUITyCTUMO, OCKUIBKM 1€ MOXE IPHU3BECTH 0
CYTTEBUX HETOYHOCTEH NpH PO3pPaxXyHKy KOHCTPYKIH Ha TpUBAIi
BIUIMBU. TakoX MOXHa TOBOPHUTH NpO Te, IO BiTHOCHI aedopmaii
MTOB3Y4OCTI OCTOHIB, 3aBaHTAKEHUX B MOJIOJIOMY Ta CEPEAHHOMY BiIll
MPU Pi3HUX PIBHIX CTUCKAIOYHMX HAIPYXKEHb, HE SIBISIIOTHCS MipOIO
MoB3y4ocTi. TakuM 4YMHOM B HaAMOINBLI PO3MOBCIOMKEHHUX BHUITaKaX
JHIIHOT MOB3YYOCTi MPAKTUYHO HE iCHYE.

Keywords: calculation of reinforced concrete; physical nonlinearity;
the theory of concrete creep; elastic-plastic deformation.

KittouoBi cjioBa: po3paxyHOK 3aii300€TOHY; (i3MyHa HEIIHIHHICTD;
Teopist MOB3y4YOCTI OETOHY; MPYKHO-TUIACTHYHI e opmaliii.

Introduction. Modern theory of calculations of building structures,
including normative models, is mostly based on three sections of
construction mechanics: linear mechanics, nonlinear mechanics, theory
of creep.

Navier’s principle of slowness of displacement, which is used in
conjunction with Hooke's law, has created methods of linear theory. The
replacement of Hooke's law by nonlinear dependencies between stresses
and deformations leads to the consideration of physical nonlinearity in
the theory of nonlinear elasticity and the theory of plasticity. General
methods of calculation in the conditions of physical nonlinearity are not
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developed enough. Long-term deformation of concrete with nonlinear
creep has not been studied. Especially poorly studied the character of the
nonlinearity of creep deformation of young concrete and the degree of
nonlinearity of these deformations in the zone of low compressive
stresses.

Consequently, in the norms of some countries only declarative
considerations about the possibility of calculation, taking into account
physical nonlinearity, are indicated.

Analysis of recent research. The theory of creep of concrete has a
significant impact on the calculations of long-term resistance of
reinforced concrete structures. The creep of concrete and reinforced
concrete structures have been studied in fundamental works of
Yu. Rabotnov, N. Harutiunian, A. Gvozdiev, R. Davis, V. Glennville,
P. Vasyliev, S. Aleksandrovskyi, I. Porokopovych, S. Ulitskyi,
L. Kachanov, V. Bondarenko, A. Rzhanitsyn, A. Freudenthal and other
scientists.

In the modern theory of concrete creep there are several models
different in terms of design and use in real calculations.

First of all, this is the nonlinear creep theory of N. Harutyunyan [1]
with instantaneous linear properties, which is used in calculations of
reinforced concrete structures. The disadvantages of this theory include
the fact that it almost erases the effect of stresses that act directly before
the time of observing deformations. This theory does not reflect the rapid
flow of creep deformations up to the time of observation, which is close
to the moment of loading of the samples, which is observed in the
experiments. The initial sections of the creep curves which are
constructed based on the theory of N. Harutyunyan, do not have a
characteristic upward-growing shape which is observed in experiments
not only on the young, but also on the old concrete. At the same time,
there are claims that it is unacceptable for solving problems with rapidly
changing processes in time.

A. Yashin proposed the measure of creep of concrete, which
combines the features of the heredity theory and the aging theory of
concrete, and thus corrected the disadvantages of the creep degree of N.
Harutyunyan [1]. Unfortunately, A. Yashin’s model has not received
sufficient development due to ambiguous evaluation. The disadvantages
were the complexity, as well as the fact that built on its basis integral
equations of creep cannot be brought to the corresponding differential
equations.
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N. Katin complicated A. Yashin’s model complementing it with a
singular function similar to the A. Freudenthal function.

I. Prokopovych and I. Ulitskyi simplified A. Yashin’s model of
concrete creep. This simplified model was successfully used in integral
form by E. Yatsenko to solve some practical problems.

S. Aleksandrovsky and his students within the framework of
instantly spring material and N. Harutyunyan’s hypotheses have built the
integral equations of nonlinear creep that take into account the
phenomena of rapid creep.

European standards only take into account the ultimate creep
characteristic of concrete; in the calculations, it is additionally multiplied
by the ratio of the levels of short-term and additional load. In this creep
model, concrete is considered to be elastic, thus, it works indefinitely in
tension and compression. The numerical characteristics of this model,
obtained for the case of the central compression of a concrete rod, are
applied to other cases of the work of compressed-curved reinforced
concrete elements. The proximity of this approach implemented with a
long-term load differs significantly from the strict deformation model
underlying the calculation of the short-term load of reinforced concrete.
At the same time, it should be pointed out that the results of calculations
for the long-term load of columns in European codes provide a safety
margin of the bearing capacity, the value of which is in no way
evaluated [2].

It is necessary to pay attention to the problem of taking into account
the time factor in the calculations of reinforced concrete structures. To
solve it, the equations of plasticity and creep must be used together.
Many modern creep theories do not satisfy this requirement, since they
use Hooke’s law for instantaneous deformations and not a curvilinear
relation, which is an analytical record of the curvilinear diagram ¢ — ¢ for
concrete with a downward branch [3]:

o-:(ag)-[bJrcgj, )

d+ce

where a, b, ¢, d — empirical coefficients.

To describe the creep of bodies that are not aging and bodies loaded
in the old age the theory of elastic heredity is used which was developed
in the papers of Yu. Rabotnov, A. Rzhanitsin, A. Malmeister, A. Skudria
and other scholars. This theory of creep, additional assumptions about
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the value constancy for the aging function are adopted, as well as the
constancy of the elastic modulus:

E(r) = E, = const, 2

It should be noted that the theory of elastic-creeping body describes
the partial inversion of the creep deformation.

But the theory of the elastic heredity ignores the process of concrete
aging and consequently the whole deformation of creep turns out to be
inverse.

In the linear theory of creep created specifically for the calculation
of concrete and reinforced concrete structures, which is called the theory
of aging, an additional hypothesis about the parallelism of the creep
curves is used. The latter allows us to obtain the creep curve of concrete
loaded at the age t from the creep curve of concrete loaded at an early
age:

C(t,r) =C(t)—C(z), oOf

C(t.7)=CO - C(0) o) - p(?)], ©

E(0)
where ¢(?), ¢(zr) — the creep characteristic which is approximated by a
certain curve.

Theoretically, formula (3) means that the creep curves of various
concrete samples loaded with the same stress o, but at different points in
time, coincide with all points as they gradually move vertically (along
the axis of deformations). This property of parallelism introduces
simplifications in the calculations of reinforced concrete structures for
creep. It should also be noted that the hypothesis of parallel creep curves
leads to complete irreversibility of creep deformations.

In the nonlinear theory of creep [4] an additional hypothesis is used
about the existence of an affine similarity of the curves of simple creep
deformations corresponding to the stresses of different levels:

eg(ot,7,) = (o) -C(t,7,), 4)
where &, (g, t, ;) — deformation of the concrete creep loaded with stress
c;
(o) — certain nonlinear function, which is called a stress function;

C(t, ©;) — the value of the creep deformation at the specific load in
the concrete (the degree of creep).
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The hypothesis (4) means that the creep deformation curve caused
by the stress ¢ can be obtained by multiplying the ordinates of the creep
deformation curve caused by the specific stress by a certain stress
function.

The analysis of the above mentioned suggests that the nonlinear
creep of concrete is studied insufficiently both experimentally and
theoretically. Existing theories, in more detail, are very controversial and
not very suitable for practical calculations.

The purpose and objectives of the study. The aim of the research
was the following: to analyse the data obtained during the study of
concrete elements loaded at young and middle age, to the effect of long-
term loads; find out the features of nonlinear creep deformations that
occur at low stress levels and for all its levels.

Research methodology. Taking into account the stated purpose, the
experimental data obtained from the researchers [5 ... 7], who at various
times engaged in the study of nonlinearity of creep deformations under
prolonged load were analysed. Experimental data were summarized and
processed.

Research results. Based on the experimental data, the curves of
specific stresses and creep deformations were constructed at various
levels of relative stresses in the samples (Fig. 1).

In Figure 1, the nonlinear dependence of creep deformations on the
operating constant stresses is clearly observed, starting from the smallest
level 6=0,09R,; at the same time nonlinearity is observed for
concretes of different age at the time of loading. A clear boundary of the
linear creep of concrete is impossible to draw; probably, even at low
levels of compression stresses, certain disturbances or plastic shifts occur
in the microstructure of concrete, which cause the nonlinearity of its
creep deformations. Therefore, it is more expedient to speak only of the
conventional boundary of the linear creep of concrete followed by a zone
of a high degree of nonlinearity.

The analysis of Figure la allows us to assert that the curves of
specific creep deformations differ significantly in magnitude of
ordinates, starting with the lowest level of stress. It should also be noted
that the degree of nonlinearity of creep deformations is particularly large
at moments of time close to the start of loading samples. After some
time, the curves of specific deformations become almost parallel, that is,
the increase of creep deformations begins to linearly depend on the
operating stresses. But still the initial nonlinearity of deformations
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continues to significantly affect the magnitudes of the ordinates of the
creep curves throughout the observation period.
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Figure 1. Experimental curves of specific creep deformations at different
levels of constant compression stresses taking into account (a) and without
taking into account (b) deformations occurring during the exposure time
during loading:

T1=4days: 1 -06=0.09Ry; 2 -6=0.29Rp; 3-6=0.49Ryp; 4 - 6 =0.77Ryyp,
1= 14 days: 5—6=0.10Ry,; 6 - 6 =0.29Ryy; 7 - 6 = 0.48Ryp; 8 - 6 =0.72Ryy,
71=28 days: 9 — 6 =0.10Ryp; 10 - 6 =0.31Ryp; 11 - 6 =0.52Ryp; 12 - 6 =0.73Ryp.

The fact that the nonlinearity of creep deformations is primarily
associated with processes occurring in a concrete sample immediately
after loading, is proved by the significant difference in the values of
deformations occurring during the exposure time when the sample is
loaded to a predetermined level of stress (Fig. 2a) If these deformations
are not included in the magnitude of the creep deformations, then the
degree of nonlinearity of the latter will significantly decrease (Fig. 2b).
The curves of specific creep deformations in Figure 2b for each age of
concrete before loading by magnitude of ordinates differ less than in
figure 2a.
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Probably, the ignoring of fast-flowing deformations is one of the
reasons that the nonlinearity of creep deformations at low levels of
compression stresses was

previously neglected. It

AN 3 T=4days should also be taken into
AN : L account that the

E 7 F‘ deformations that emerge

%= 0 20 40 60 80 100 during the exposure time
SR during loading were not
§ h Tt g “Tl""ﬂm artificially pressed by the
° test loads, as it usually
*g 0 0 a0 660 805 100 ha_ppens when center_ing
& prisms along the physical
) e center.

=4 ANGHY) u=2iayg The idea of the degree
£ 2 1N and nature of nonlinearity
= 10 g of creep is given in Fig. 2.
S 0 20 40 60 8 100 The form of these curves,
The concrete age at the time of observation, days as in the works of other

researchers, suggests that
Figure 2. Curves of changes in the ratio of the degree of nonlinearity
specific creep deformations at different of creep deformations
levels of constant stresses to the creep curve significantly depends on the
obtained at o/Ry, ~ 0.1. Notations are the duration of the observation

same as in Fig. 1. (t - 1), and accordingly the

curves of specific creep
deformations do not have affine similarity. This is evidenced by the
parallelism of the curves shown in Fig. 1a, since parallel creep curves
cannot be affine, that is, they cannot be obtained one from the other by
multiplying by a constant factor if the ordinates have not reached the
limit values. The last observation introduces restrictions on the
application of this hypothesis and its analytical record (4) when solving a
certain range of problems of the nonlinear theory of concrete creep.
Conclusions. The analysis of the numerical values of the creep
deformation allows us to conclude that fast-flowing deformations can
account for a significant fraction (up to 20 ... 26%) of creep
deformations. Failure to take them into account is unacceptable, as this
may lead to significant inaccuracies in the calculation of structures for
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long-term effects, for example, in determining the losses of the previous
tension in the reinforcement.

It can also be said that the relative creep deformations of concrete
loaded in young and middle aged at different levels of compressive stress
are not a measure of creep. Thus in the most widespread cases, linear
creep is practically non-existent. The adoption of a linear relationship
between stress and creep deformation at low stress levels is very
conditional and quite often is not appropriate.
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