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DEFORMATION-STRENGTH MODEL APPLICATION AT
THE DETERMINING OF STRESS-STRAIN STATE OF
REINFORCED CONCRETE STRUCTURES

B.M. Kapniok, A.l. Kocmiok, FO.A. Cvomina, [].C. [Janunenxo. 3acrocyBaHHs JedopManiiiHO-CHIIOBOI MOJe/li NPH BU3HAYEHHI
HaNpyKeHo-1e(hopMOBAHOI0 CTAHY 32J1i300e TOHHUX KOHCTPYKUiii. PoOoTa po3risgae MOXIMBICTD Ta OLIIBHICTD 3aCTOCYBaHHs nedop-
MauiifHO-CHIOBOT MOJIENi P BUBYCHHI HaNpPy)KEHO-Ae(OPMOBAHOrO CTaHy 3a1i300€TOHHUX KOHCTPYKLiil. CIMparoYruch Ha OCHOBHI I1OJI0-
JKEHHSI MEXaHIKH TBEPAOro Je(OpMIBHOTO Tijia Ta peajbHi cTajii poOOTH 3a1i300€TOHHUX €IEMEHTIB, aBTOPAMH y3araJlbHEHO Ta BCTAHOBJIC-
HO, 1110 pealbHU CTaH 3a1i300€TOHHOI KOHCTPYKIIT HE MOXKe OyTH BiOOpaKeHUIl TUIBKHU €MIOPO0 HANPYKEeHb a00 TLIBKHU enoporo nedop-
Mauiif. Meroro cTaTTi € po3risiy poOOTH OSTOHHUX 1 3aJ1i300€TOHHUX €JIEMEHTIB B KJII0Ui 5K CHIIOBOI, Tak 1 aedopmauiiinoi moxeni. Teopist
OIIOpY 3aJ1i300€TOHHUX KOHCTPYKIIif, SIK 1 paHillle, 3aIMIIA€TECS HANPABICHOI HAa SKHAWTOYHIIIE BM3HAYEHHS YOTHPHOX HAMBaXKIIMBIIINX
3a/1a4: TOYHUH PO3PaxXyHOK HABAHTAKCHHS, IIPH SKOMY 3’SBIISIFOTHCS HEPIIi TPILMHN; BU3HAYCHHS MIMPHHU PO3KPHUTTS TPILIMH B €KCILIya-
TaUiiHiil cTajil, MOYMHAIYM 3 MOMEHTY iX MOSIBH; PO3PaXyHOK JKOPCTKOCTI Ta BEIMYMHH MPOTHHIB, B TOMY YHCI TPAHHYHO JOIYCTHMHUX;
BU3HAUCHHS MaKCHMAaJIbHO MOXJIMBOI HECydoi 31aTHOCTI (MIIHOCTI abo cTilikocTi). PeanbHuil cTaH 3ai300€TOHHOI KOHCTPYKIIT HE MOXe
OyTu BimoOpakeHMI TINBKYU EMIOPOI0 HANIPYXKEHb a00 TLNBKHU emoporo aedopmariii. Le Moxe Oyt 3p00IeHO JuIIe PH CHIJIBHOMY BUKOPH-
ctanHi 000X emrop. [Ipu oMy, y3araabHeHa MOZEINb 1eOPMYBaHHS eJIeMEHTa OBHHHA OyTH 37aTHOIO B OJHAKOBIN Mipi BimoOpa)kaTH sIK
XapakTep 3pOCTaHHs BiTHOCHHX AedopMariii MaTepianiB, Tak i MpoLec MOCTIHHOrO Nepepo3NnoALTy HaPYKeHb B HUX, 0COOJIMBO Ha CTaisX,
OJIM3BKHUX 10 TPAaHUYHOI PIBHOBArH.

Knouosi crosa: 3a1i300eTOHHHI €IEMEHT, HANIPYXeHO-1e(pOpMOBaHNUi CTaH, neopMaliifHO-CHIIOBA MOJIENb, CIopa
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concrete and reinforced concrete elements’ work as a force and deformation model. The theory of reinforced concrete structures resistance,
as before, is aimed at a precise definition of the four major problems: accurate calculation of the load at which the first cracks appear; deter-
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of the growth of relative deformation of materials, and a process of continuous redistribution of stresses in them, especially at the stages that
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Introduction. Theory of concrete and reinforced concrete continues to develop in the direction of
compliance with generally accepted principles and preconditions of solids mechanics. Even though the
problem of the general theory of resistance of concrete and reinforced concrete creation is far from
perfect, there are already developed certain ways to solve it.

In terms of strain-force model of reinforced concrete structures, resistance force and other effects
mean a prototype of a real process of deformation of concrete and reinforced concrete elements and
structures reproduced by some of the generalized state diagram. It should be emphasized that the basis
of modern deformation models of reinforced concrete elements and structures resistance to power ac-
tion laid discretization design schemes and their representation in the form of a set of elements of cer-
tain structural levels.
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The aim of the paper is consideration of work of concrete and reinforced concrete elements as a
force and deformation model.

Materials and Methods. The theory of resistance of reinforced concrete structures, as before [1],
is aimed at a precise definition of the four major problems:

— accurate calculation of the load at which the first cracks appear;

— determination of the width of the cracks in the operational phase, starting from the moment of
their appearance;

— calculation of rigidity and deflections, including the maximum permissible;

— definition of maximum possible bearing capacity (strength or stability).

Thus, under the influence of external loads or impacts, the internal forces in the most intense sec-
tion of reinforced concrete elements, as well as deformation of concrete in its extreme fiber, increases
from zero to some limits. With double-digit stress diagram, the section usually goes through three typ-
ical stages of stress-strain state.

Stage 1 (operation without fractures) is observed at relative elongation of the area of concrete
tension, less than the limit value of g,. At this stage the calculated deflection value and a rigidity of
low reinforced structures operating without cracks in the tension zone are calculated.

Stage 1a occurs at the moment when the relative elongation deformation of concrete extreme fi-
bers reaches the limit values of £¢,. Concrete starts to burst on and off from work, causing a rein-
forcement to work hard. An accurate assessment of stress-strain state of the cross sections at this stage
will allow determining the force at which the first cracks appear in the concrete tension area and calcu-
lating the stiffness of yet solid (without cracks) section.

Stage 2 occurs after the appearance of the first cracks in the concrete tension area. It is considered
as the main working stage of deformation of reinforced concrete bent elements. At this stage research-
es can determine the width of the crack opening and calculate the stiffness and the magnitude of the
deflection of reinforced concrete elements under the action of operating loads.

Stage 2a represents the limit state. It occurs when the stress in the tension reinforcement reaches
the representative strength values on the verge of its yield fy or extreme fiber stress of compressed
concrete — representative values of the compressive strength of f, i.e., in the cross section reinforced
concrete element begins to form so-called “plastic hinge” (starts the destruction).

The final stage 3 represents the limit stress-strain state of reinforced concrete elements and char-
acterizes its complete destruction. It occurs when the balance of forces in the most stress section ele-
ment can no longer be ensured. At the same time, the relative deformation of the extreme fibers, com-
pressed with concrete, reaches the value of > €., and tension reinforcement can work both before
and on the border of yield: e,<eq, £50=<€s< Equk-

Constructions researches on stages 2a and 3 make it possible to determine the real value of the
destroying efforts that should be displayed in the standards.

As we know from mechanics of solid deformable body for the task we need two main and four
additional conditions, there are two equilibrium equations for planar systems in a normal section, as
well as auxiliary terms in the form of strain distribution law along the section height of the element
1/r=(g.+es)/d, physical dependence between stresses in the reinforcement 6s=f(e.), and the compressed
and tensioned zones of the concrete 6.=f(¢.) and 64=f(e).

It should be noted that the mapping of stages of the stress-strain state of reinforced concrete
structures for force model of the previous standards [2] has a number of serious shortcomings:

— simplified method of accounting for concrete plastic deformations in the form of a rectangular
stress distribution;

—adopted in [2] approach of calculating strength of reinforced concrete elements cannot be di-
rectly implemented in the calculations of their hardness and fracture toughness;

—accounting method of the impact of the work of tensioned concrete between and above the
cracks on the overall stress-strain state of reinforced concrete element weakly reflects the redistribu-
tion of forces between the concrete in tension and tensioned reinforcement;
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— a characteristic of strength tensile reinforcement on the verge of its yield f,, or the representa-
tive value of concrete compressive strength of f in its extreme fibers cannot act as the exhaustion cri-
teria of bearing capacity of reinforced concrete structures.

Deformation model, as opposed to force one, more accurately reflects the stress-strain state of re-
inforced concrete elements in a limit stage. However, in these models has not yet been developed a
single general criterion of the exhaustion of bearing capacity.

If we assume that the real model of deformation of concrete and reinforced concrete structures is [3]
the deformation force in nature, in its framework, the only common criterion of exhaustion of bearing
capacity can act as the moment of imbalance of power that is secured by an extreme criterion of bear-
ing capacity dM/d(1/r).

Loss of the bearing capacity of normal cross sections by reinforced concrete elements is charac-
terized by a violation of one of the two known equilibrium equations XN=0 and £M=0. More rigid is
the second equation, which implies defining the condition of limit equilibrium

MEd < MU! (1)
where Mgq — estimated value of the bending moment on the external load;

M, — limit value of moment of internal forces in the cross section of reinforced concrete element.

In the design of concrete and reinforced concrete structures, the maximum bearing capacity M, or
N, by dM/d(1/r)=0 or dN/de=0 is calculated according to [3].

The characteristic that links the strength (M, N) and deformational (1/r, €) parameters, can be
stiffness of element in a certain cross section. The knowledge patterns of change in the rigidity are
critical not only in the calculation of reinforced concrete structures for deflections and crack re-
sistance, but also in determining of its load-bearing capacity.

It is known that the rigidity of the concrete or reinforced concrete element is an integral charac-
teristic. Obviously, the axial compression or tension of concrete element or its compression-tension
with small or occasional eccentricities varies primarily or only by changing the concrete strain module
(fig. 1, a), since all the geometric parameters of such elements remain unchanged:

D, =EM™., D,=EM )

cc "cc!? ct “ct?

where E™

ey — Integrated (averaged) module of compressed or stretched concrete strain;

l .y — moment of inertia of the compressed or tensioned concrete section.

D
Do

1 MM, M/M,

Fig. 1. Modifying stiffness of the compressed (tensioned) concrete element with a small eccentricity (a) and the
diagram of the integral (averaged) bending stiffness of a reinforced concrete element (b) in section:1 — with
crack; 2 — between cracks; 3 —averaged in block between cracks

With double-digit stress diagram in the reinforced concrete elements there can appear and devel-
op cracks, traction of tension reinforcement with concrete breaks and its gradual exclusion from work
takes place. The value of the integral rigidity of these elements consists of stiffness of compressed and
stretched zones of concrete, compressed and stretched reinforcement:

D=EM  +EM, +>E.l, +> El,. 3)

CC "cC cc “ct
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The function of rigidity in a section with a crack (fig. 1, b) should reflect the relatively rapid (al-
most sudden) exclusion from work of the concrete in tension and the corresponding redistribution of
stresses in the tension zone from the concrete to reinforcement.

In the block between the cracks a reinforced concrete element stiffness varies not by geometric
but by deformation characteristics (modulus of concrete strain) but may also be reflected by the ex-
pression (3).

As it is known, when bearing capacity is exhausted, the element section is not destroyed, but
concrete in certain volume or reinforcement in a certain area is. Thus, the stress-strain state of rein-
forced concrete elements at this site should describe the characteristics of a calculated (averaged) sec-
tion of the block between the cracks, including the averaged integral rigidity, which will change as the
expression (3), relatively smoothly, with no apparent jumps and ruptures of function.

Calculation of the averaged integral stiffening of the reinforced concrete structure by the expres-
sion (3) is a difficult task with many unknowns associated not only with the deformation characteris-
tics of the materials, but also with geometric section parameters. Therefore, in practice averaged inte-
gral stiffness is suitably calculated in its classical expression:

D=M/(1r). 4)

Obviously, connection between stiffness and emerging of internal forces in the section element
and its curvature has to be nonlinear, capable of reproducing its stress-strain state only, with simulta-
neous use of force and deformation characteristics.

In real conditions, even if the axial load concrete and reinforced concrete elements stiffness is
changing both due to the deformation properties of materials (E), and due to the geometric parameters
of cross-section (I), then M/(1/r)=EI.

In general, the stiffening of element is associated not only with the level of efforts exposure
MIM,, but also with its deformation level (1/r)/(1/r,). Therefore, the force, which must be taken by
element, works [3] and serves for calculations, depending on its level of deformation, by the formula:

2

1/r

E.l A/r-M | ——
c0 "red,0 ”[1/5]

1+ Ecolred,o_ 2 1 '
M 1 )r

u

M = (5)

where M, — bearing capacity of concrete or reinforced concrete bar;
1/r — element curvature in limit state;

E.ol.eq o — initial reduced stiffness of the concrete or a reinforced concrete element section.

It is obvious that the expression (5) describes the state diagram of an element or a structure
(fig. 2) with the ascending and descending deformation branches. In this case, the descending branch
of the diagram is not possible for statically determinated reinforced concrete structures and concrete
elements because achievement of the ultimate state in the most intense section will lead to geometric
variability and destruction.

Structural analysis of the expression (5) shows that it describes a smooth and monotonic function
of the ascending and descending branches of the diagram, and therefore can be used unconditionally
for reinforced concrete structures, operating without formation of cracks in the tension zone. With the
emergence of crack their stiffness will change more rapidly due to the accelerated elimination of the
work of concrete in tension and increasing of the curvature 1/r.

Obviously, the rapid drop in stiffness (increasing of curvature) occurs as a result of intense
changes in the geometric characteristics of its cross-section. The overwhelming majority of foreign
scientists associated stiffness of reinforced concrete structures with the so-called effective moment of
inertia, which depends on the level of loading. Typically, adjusting the effective moment of inertia le
is carried out using different degree dependencies [4 — 11].
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Likewise, it is advisable to adjust the curvature
itself and reinforced concrete structures with cracks in - M} __.________________
the tension zone using functions like [3]: ... ________Z__ e

yi=1l+mM/M(1-M/My) (6)
where m — option, which is recommended [3] to be
taken, depending on character of destruction: .

m=3 for the work reinforcement yield in low rein- .
forced elements (p; < 1.5 %); -

m=2 for the yield in normally reinforced elements \ Eolreas
(1.5 % < p; <3.5 %); |

m=1.5 for concrete smashing in over-reinforced Ury  Lrp r
elements (p; > 3.5%) and in structures with high- Fig. 2. Relation between the curvature and the

strength reinforcement. _ moment in the reinforced concrete structure (state
If in the equation (5) we replace 1/r with the ad- diagram)

justed (real) curvature 1/r" of a reinforced concrete
element with cracks byl/r=(1/r )y;, the traditional en-
try of the phase diagram can be preserved in practical calculations in the form of:

* * 2
1/r 1/r
EcOIred,O' _Mu[ j

. 1

M — \III \lll LJ (7)
1+ Ecolred,o_ 2 1/r
M, 1/r, ) v,

In the work [3] is shown that seeking a universal function c.=f(e;) based on the results of exper-
imental studies of standard samples is impossible, because in nature there are no two equivalent ele-
ments of reinforced concrete, the stress-strain state of which would be the same. Therefore, we should
look for a universal function, not for a specific stress-strain diagram and phase diagram of a concrete
or a reinforced concrete element M—(1/r), which can be represented by irregular fractional-rational
functions (5) or (7), since they allow us to describe the stress-strain state of a bent and centrally or ec-
centrically compressed or tensed concrete or a reinforced concrete element. Thus, it is evident that the
material deformation diagram is a state diagram of standard sample under the standard conditions of
testing. If we apply M—(1/r) limit equilibrium hypothesis and extreme criterion of bearing capacity
dM/d(1/r)=0 to the generalized state diagram of reinforced concrete element, we can get the actual
diagram of deformation of the compressed or tensile concrete.

Results. So, the real state of the reinforced concrete structure cannot be displayed only by stress
distribution or deformations diagrams. This can only be done when used in conjunction with both dia-
grams. In this case the generalized model of the element deformation should be able to equally reflect
both the nature of the growth of relative deformation of materials and a process of continuous redistri-
bution of stresses in them, especially at the stages that are close to the limit equilibrium.

Conclusions. Thus, analyzing the given information it is determined by the authors that the real
model of concrete and reinforced concrete elements and structures is always a deformation-force mod-
el and cannot be purely deformation or purely force.
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