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The shear strength designs recommended by the MC 2010 are analyzed. It is noted that despite
the multiformity of shear failure types observed in experiments, the MC 2010 takes into account only
two types: on the Critical Inclined Crack (CIC) and on the web concrete crushing. It is shown the non-
validity of opinion concerning exclusive great importance of interlock forces in the crack for shear
bearing capacity. It is emphasized the need to reveal the cause of considered problem complication, i.e.
missing information which must be included into model. Such missing information is complete system
of possible shear failure types which is offered in the form of the elements classification depending on
quantity of longitudinal and shear reinforcement, respective behavior under loading and failure type.
This classification was assumed as a basis of the Optimization Strength Theory of Concrete Elements
(OSTCE) under joint action of bending moment, shear and axial forces. The offered classification shows
the great variety of possible shear failure types and allows to select the elements group with optimal
practical features: minimum steel expense, plastic failure on the CIC and comparatively simple design.
The fundamentals of OSTCE, its merits, practical application and well agreement with various test data
are stated.
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Introduction

Despite enormous number of researches carried out to the present, shear strength design of concrete
elements remains non-solved completely problem. For a long time this problem is known as “complicated”
problem. According to (Peregudov & Tarasenko, 1989) the complication of problem may be induced by
the so called “missing information”. Therefore solution of complex problem may be obtained after
determination of the “missing information” which must be included into model. The important feature of
the “missing information™ is its considerable novelty in comparison with existing notions which after this
ought to become more precise, generalized, profound and complete. In order to clarify the possible “missing
information” of the shear strength problem it is necessary to pay attention that MC 2010 takes into account
only two types of shear failure: on the Critical Inclined Crack (CIC) and on the web concrete struts crushing.
Further for short the concrete elements failing on the CIC will be called “elements of group A” and elements
failing on the web concrete struts crushing — “elements of group B”. The above elements groups are studied
experimentally long ago during several decades and the ones have both common and different features. It
is necessary to emphasize the common feature of pointed out elements: the increased quantity of
longitudinal reinforcement used usually without the bars cut-off. This elements peculiarity was grounded
by need in experiments to prevent from the early yielding of longitudinal reinforcement and cross section
failure in order for the shear failure was obtained. The difference of elements A and B groups concerns the
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guantity of shear reinforcement: comparatively small in the group A elements and great enough in the group
B elements. Apparently the noted peculiarities of group A elements lead to yielding of the shear
reinforcement at inclined crack and transformation of the latter into CIC (Fig. 1, A). Such elements may be
called “overreinforced by longitudinal and underreinforced by shear reinforcement”. On the contrary in
group B elements neither longitudinal nor shear reinforcement do not reach the yielding state and such
elements may be called “overreinforced both longitudinal and shear reinforcement” (Fig. 1, B). The
elements of group A and B can be failed also on the overreinforced cross section (Fig. 1, AB).

It is necessary to note that transitional elements between elements of group A and B exist and
the ones were observed in experiments (Walraven & Stroband 1999) having shown the intermediate
compound (“mixed”) failure character. These elements form the separate group AB with specific
peculiarities. Herewith the group AB is derivative group in regard to groups A and B which are
principal groups.

Classification of RC Elements

After mastering of elements groups A and B peculiarities it is not hard to guess about existence of
the another two new principal groups of elements which may be called and characterized as follows:

elements of group C are “underreinforced both longitudinal and shear reinforcement”, i.e. these
elements failure is accompanied by the yielding of all reinforcement and happens on the CIC because of
shear reinforcement yielding (Fig. 1, C);

elements of group D are “underreinforced by longitudinal and overreinforced by shear
reinforcement”, i.e. these elements failure is accompanied by yielding of longitudinal reinforcement only,
the great shear reinforcement stays elastic and leads to failure on the cross section situated at the shear force
action zone (Fig. 1, D).

The important peculiarity of the groups C and D elements is application of longitudinal reinforcement
bars cut-off in the shear force action zone. Thanks to bars cut-off the longitudinal reinforcement yielding
is reached. But anchorage of the cut-off bars ends does not follow to the Codes recommendations which
turn out non-suitable here. The special reliable anchorage ways are used (see below).

Thus the totality of elements groups A, B, C, D forms the complete set of elements principal groups
(classes). Realizing of the sources of elements peculiarities leads to the elements classification depending
on quantity of longitudinal and shear reinforcement, respective behavior under loading and failure type
(Fig. 1). In this classification the transitional (intermediate, boundary) between respective principal classes
the elements groups AB, AC, BD, CD, M are included also.

All presented in classification in the Fig. 1 elements groups can be met in the practice. Each elements
group has own specific design model and shear strength design. For example, it is necessary to draw
attention that cross section strength of the group D elements ought be designed with taking into account of
the shear force important influence (\Voskoboynik, 1985).

The offered classification of RC elements (Mitrofanov, 1982) shows not only the wide variety
of possible their properties under shear force action, but the one points out profitable for practice group
of elements which is the group C. Apparently the group C of elements is preferable for practice because
of their essential advantages: complete use of steel strength, i.e. minimum steel expenditure, plastic
failure on the CIC as result of all steel yielding, comparatively simple design in consequence of steel
stresses definiteness. Therefore the offered elements classification was assumed as a basis of the
Optimization Strength Theory of Concrete Elements (OSTCE) under joint action of bending moment,
shear and axial forces. The OSTCE considers mainly the elements of groups C and D owing to their
considerable practical merits. Besides that these elements are distinguished with important constructive
peculiarities.
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Fig. 1. Classification of RC elements: ps, psw — longitudinal tensile
and shear reinforcement ratio respectively; os, osw — respective reinforcement stress;
CDZ - concrete failure zone

Anchorage of bars cut-off in the elements of groups C and D

The curtailed longitudinal reinforcement is anchored usually according to Codes by means of
addition after theoretical bars cut-off point the “anchorage length” which turn out usually large enough. As
a result the steel economy happens negligible and elements behavior is identic to elements with continuous
bars, i.e. group A elements. Therefore it was decided to make the bars cut-off near theoretical cut-off point

and to use the compound reinforcement bars parts of which are connected by means of the welding or the
Lenton System Couplers (Fig. 2).
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Fig. 2. Beams reinforcement cages with compound reinforcement bars, parts of which
are connected with the welding W (a) and the Lenton System Couplers LSC (b)

The pointed out longitudinal reinforcement construction secures the increased steel economy,
reliable anchorage of bars cut-off, steel yielding and element plastic failure on the CIC. Apparently the
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forming inclined crack passes always through place of bars cut-off. Therefore we can govern the inclined
crack width opening by means of the additional local stirrups installation.

Some features of the MC 2010 shear strength designs

The MC 2010 (fib Bulletin 57, 2010) does not clearly point out the preferable for practice RC
elements and their designs. But the one looks after the design simplicity and offers for designers the so
called “Levels of Approximation”. However at present there are simple in application and great on
possibilities computer software. Therefore the main aim of Code developers must be search of the
optimizing RC structure models which can be realized by means of simple enough software, for example
with the Table Processor Excel.

The design on the crushing of web concrete struts is needed not always: only when in beams with
T — or double — T section the web thickness is little enough (bw/h = .05 — 0.15). This MC 2010 design is
based on the so called “Modified Compression Field Theory (MCFT)” (Vecchio & Collins, 1986) the
hypotheses of which lack direct experimental substantiation (Beck & Kaufmann, 2017).

In the MCFT it is attached great importance to the interlock of roughness on the adjacent crack
faces. The source of such point of view were the test data (Walraven, 1981) obtained on the so called
“push-off specimens” in which the loading force direction coincided with crack plane and crack
roughness resistance was used completely. But interlock conditions for crack forming in the various
RC structures may be quite differing from the conditions of test specimens. Nevertheless there is clear
and strict “Criterion of Existence of Interlock in Crack (CEIC)” which allows to reveal the presence or
the absence of interlock forces in the crack (Mitrofanov, 2008). If the CEIC is not used, any conclusions
concerning the interlock in crack are not valid.

Statements of the OSTCE

1. Depending on quantity of longitudinal and shear reinforcement, respective behavior under loading
and failure type the RC elements are classified on 4 principal A, B, C, D and 5 intermediate (boundary)
AB, AC, BD, CD, M groups (Fig. 1) (Mitrofanov, 1982). The OSTCE considers mainly the elements of
group C which are distinguished by the most economical steel expenditure and plastic failure on the CIC.

2. The element of bar structure is defined as part on the length | of which the signs of M, Q, N forces
are constant. Such element definition allows to unify the element model which includes only at one CIC
and critical normal crack (CNC) (Fig. 3). The end points A and B of the CIC are considered as theoretical
points of curtailment or bent-up of longitudinal reinforcement (Figs. 2, 3).

3. The non-deep elements with x, 10, ¢ (see Fig. 6) and 1/d 31,2 are considered.

4. The ultimate shear Qc and compression Nc forces in the concrete failure zone near end point
B of the CIC are determined depending on the failure case of the concrete truncated wedge above the
CIC (Fig. 4). For the non-deep elements the cases 1 and 2 are most important with the strength criterion
(Mitrofanov, 1999)

Q. = Af.bx+a N, , 1)
where for case 1
A=-a, =+tgg , 2
for case 2
A=tgg/(1+tggtga,) , a, =tg(a, -9) . (3)
tgg =m(f,/f.)"*, m(f,)=1..2, (4)

X —concrete failure zone height (see Fig. 3); a,, —wedge angle (see Fig. 4).
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Fig. 3. Element design model Fig. 4. Failure cases

of concrete truncated wedge depending on ratio Qc/Nc

5. The interlock forces in CIC and the dowel action of reinforcement do not take into account
for the group C elements because the element parts | and 11 (see Fig. 6) as fragments of the plastic
kinematic mechanism mutually rotates inducing the CIC opening without essential shear of its

adjacent surfaces.
6. The forces M, Q, N in the critical section (crack) are expressed through load parameter F

M =Ff, , Q=Ff, , N =Ff, , (5)
where f,, f,, fy —load functions, reflecting the element load character and depending on parameters
X, and c (see Fig. 3).

7. Distribution of the normal s, and shear t. stresses along the concrete failure height x is

adopted uniform.
8. The stresses s ,
reinforcement are restricted by the conditions of ultimate state respectively
m,=s,//f,£1l, mi=s{/f4 £1, m, =s, /.. ELl, (6)
where f, , f§ , f,, — design resistances; m, , m¢ , m,, - factors of resistance use completeness of

st , s, of the longitudinal tensile A, compressed A{ and shear A,,

sw

respective reinforcement.

Primary relationships of the OSTCE

The balance equations X =0, Y =0, M, =0 for the element part | (see Fig. 6) together

with the concrete strength criterion (5) lead to the first primary relationship as quadratic equation for the
relative load parameter P = F/ f_bd

P2fy (T, - fyay )/2A+ PEf, /d+wiy - f, (1+m,x,,c/2Ad -h) -
—(mSWxSW/Z)(cz/d2 +2wc/d)— B=0,

where W ,h, B, z,, X, x§, X, — see detailed paper (Mitrofanov & Pinchuk, 2017).

(")
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The second primary relationship is the volume ratio of element entire reinforcement
Vs = chsXA/ 1:sdl + chs¢(XA +C)/ fs%l + chsw/ fswd +
+ 1 (L= /1)/ g + f.xG B1- (x, +¢)/1g/ 4,
where x, = f A, /fbd , x§ = f{A,/fbd , A, , A, - area of longitudinal tensile and compressed

reinforcement respectively, which is found from strength design of the element end cross section with CNC
(see Fig. 3).

(8)

Two Principal Problems Solving

The design problems are set and solved as the problems of Non-linear Minimization with Constraints.
For the strength control problem the aim function is the load parameter F, expressed from (7) through

unknown value ¢, which is found from the condition
F, (c) =min 9)
with constraints
=1, (10)
corresponding to the elements of group C.

Herewith the strength use completeness of reinforcement is controlled by conditions

AEA NEA™ A EAT, (11)
in which the optimal areas A™ , AP®™ , A® of respective reinforcement are calculated from the solving
of problem of needed reinforcement determination (see lower) by the load parameter F, , found from the
strength control problem solution. The problem of determination of needed areas A, A¢{, A,, together with
unknown values x,,c,m,,m¢,m,, is solved from the condition

Vs(A%’A@’ASW’XA’C’ms’mg’msw):min (12)
with constraints (7), (6) and x, +c-1£0 .

The Kuhn-Tacker conditions for Minimization problem (12) lead to the optimal solution (10), which
simplifies determination of the rest unknown values. The stated strength design of the inclined sections
leads to strength design of the cross sections as partial case when ¢=0, x, =1, X, =X, X¢{ =x§ . This

S

design considers the balanced reinforcement as the optimal one and takes into account the shear force
influence on the cross sections strength of group D elements (Voskoboynik, 1985).

Experimental Verification of the OSTCE

The many-sided verification of the OSTCE was conducted. So, the strength criterion (1)-(4) was
thoroughly experimentally verified by the specimens-wedges of usual heavy (Mitrofanov, 1982) and light-
weight concretes. The significant control of (1)-(4) was fulfilled on the beams with artificial CIC, which
allowed to exclude the interlock between crack sides and enabled to find reliably the experimental Qc and
Nc quantities (Mitrofanov, 1999). The noted all-round tests confirmed the reality of theoretical failure cases
(see Fig. 4) of concrete wedges over the CIC and reliability of the relationships (1)—(4).

It is necessary to note that in all countries of the world the strength investigations of RC elements
under the shear forces action were being conducted mostly on the elements of groups A and B (see Fig. 1)
without curtailment of longitudinal reinforcement in zone of action of shear forces. These tests led to the
inexact notions that RC elements failure by the CIC has only brittle character.

In our researches of the group C elements the longitudinal reinforcement was used in the form of
two-bars bundles in which the one bar has break in zone action of shear force and its end was welded to the
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continuing bar. The tested elements revealed the positive for practice features of the group C elements:
clear-cut plastic behavior in ultimate state and the most economical expense of steel.

Our investigations included the tests:

26 columns under joint action M, N, Q forces (Kotlyarov, 1992);

21 usual (Mitrofanov, 1982), 22 prestressed and 12 usual (Mikitenko, 1995) simple beams;

22 simple and 13 cantilever beams with failure by the cross sections where the concrete failure zone
was undergone the essential influence of shear force action (Voskoboynik, 1985);

4 simple beams with inclined compressive side (Mitrofanov and Artsev, 2007),

6 two-span continuous beams (Mitrofanov, 2000).

All tested columns and beams were reinforced in accordance with the OSTCE for the given load.

The test data of 126 beams and columns showed the mean ratio Ftest/Fcalc of experimental
ultimate load parameter Ftest to the theoretical one Fcalc equal to 1.073 with the coefficient of variation
V =9.525 %. The comparison of the test data with design results by the Code SNiP 2.03.01-84* (Gosstroy,
Moscow, 2000) led to the mean ratio Ftest/Fcalc = 0.838, V = 23.06 %. The like comparison with Eurocode
2-1992 and MC 2010 produced the worst results.

There are design examples according to the OSTCE in (Mitrofanov, 2000).

1]

Fig. 5. Character of simple beams failure

Conclusions

The offered RC elements classification includes the “missing information” in the form of principal
groups C and D elements besides the known principal groups A, B and many transitional groups. All this
great elements variety may take place in practice. But elements of group C are preferable thanks to their
minimum steel expense and plastic failure. Therefore the OSTCE bearing a relation to the elements of
groups C and D was worked out. The OSTCE is distinguished by the clarity, strictness and well conformity
with experimental data.

The elements of T- and double-T section with small enough web thickness and considerable
enough longitudinal and shear reinforcement (elements of group B and close transitional ones) are
failed on the web concrete crushing which is highly complicated phenomenon being described by
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the MCFT. However the MCFT statements have not clear experimental confirmation, i.e. this
problem has some “missing information” too. Perhaps the one is connected with overestimation of
the interlock forces influence in cracks that can be clarified by means of the CEIC. On the other hand
the model of beam with anisotropic web is attractive although the ground of the Generalized Hook
Law moduluses is difficult problem also. Thus in the great “space” of multiform RC elements under
shear loading the OSTCE occupies the considerable enough “region” of optimality and reliability.
This region must be widened including the group B of elements together with appropriate transitional
groups.
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B. Murtpodanos, H. Ilinuyk

LenTp mepemoBrx METOIIB PO3PaXyHKY 3aJ1i300€TOHHUX KOHCTPYKIIiH,
Hanionanshuii yHiBepcuret “IlontaBcpka nosnitexnika imeni FOpist Konnpatioka”,
kadenpa 3ami300eTOHHUX 1 KaM’IHUX KOHCTPYKIIii Ta oropy marepiaiis

ONTUMIBAIIMHA TEOPISI MIITHOCTI 3AJII3OBETOHHUX EJIEMEHTIB
TA PO3B’AA3AHHS 3AJJAYI MIIIHOCTI ITIOXUJIOT'O IEPEPI3Y

O Mumpoganos B., ITinuyx H., 2019

[IpoanamnizoBaHO PO3paxyHOK 3aMi300€TOHHHX KOHCTPYKLIH Ha Aif0 MOMEPEYHOi CHIM 3a HOPMaMHU
npoektyBanas MC 2010. 3a3HadeHo, 1m0, HE3Ba)KAIOYM HA HASBHICTH JCKUTBKOX THUIIB PYHHYBaHHS 3a
TMOXHITUM TIepepi3oM, sKi CocTepiratoTecs B ekcriepumenTtax, Hopmu MC 2010 BpaxoByrOTh JHIIE ABAa TUITH
py#iHyBaHHs: 3a KpurtnuHOo moxmioro TpinmHoo (CIC) Ta Bim po3gaBmroBaHHS GETOHHOTO MiAKOCY.
[ToxazaHo XHOHICT MEPEKOHAHHS, 110 CTOCYETHCS BUKJIIOYHO BEJIMKOTO BIUIMBY CHJI 3UCIUICHHS B TPIIIMHI Ha
HECy4y 3HaTHICTh IOXWJIOTO Iepepi3y KOHCTPYKIii. HaromomeHo Ha HEOOXITHOCTI PO3KPUTTS MPHIUH
CKJIQJIHOCTI MUTaHHS, 10 PO3TILAAETHCS, TOOTO BiJICYTHOCTI iHpOpMAIlii, sika MOBUHHA BXOJAWTH J0 MOJENI.
BincytHs iHpopMalis — 11e HOBHA CHCTEMa MOXKJIMBHUX BUIIAIKIB pYHHYBaHHS, SKa 3alPOIIOHOBAHA y BUIIIAIL
kinacuikamii eJIeMEHTIB 3aJie)kKHO BiJl KUTBKOCTI IO3JOBXKHBOI Ta IMOIEPEYHOi apMaTypH, BIATIOBITHOT
MOBEJIHKU 1Tl HAaBaHTaXCHHAM Ta THIIB pyHHYyBaHHSA. [0 Kimacudikaimiro IMOKIAJCHO B OCHOBY
ONITUMI3aIiHOI Teopii MitHOCTI 3amizo6eTonnux enemeHtiB (OSTCE) 3a crinbHOI il 3ruHATBHIX MOMEHTIB,
MONEPEYHHX Ta MO3JOBXKHIX CHII. 3alporoHOBaHa Kiacu(iKallis OKa3ye BEIUKY PI3HOMAHITHICTh MOXKIIMBHX
BUIAJIKIB pyHHYBaHHS 3aJ1i300€TOHHUX €JIEMEHTIB Ta JJa€ 3MOTYy BUOMPATH IPYITy €JIEMEHTIB 3 ONTUMAaJIbHUMHU
NPaKTHYHAMH XapaKTEPUCTUKAMH: MiHIMAIbHIMHU BUTPATaMU CTalli, IUVTACTUYHUM PYHHYBAHHIM 33 HOXUIJIUM
nepepizoM Ta MOPIBHAHO MPOCTUMH pO3paxyHKaMu. BUKIIaJeHO OCHOBHM ONTHMI3alliiHOT Teopii MIIHOCTI
3a7i300€TOHHHUX €JIEMEHTIB, ii IepeBard, MPaKTHYHE 3aCTOCYBaHHS Ta 3adikcoBaHO AOOpY 30DLKHICTH i3
JAaHUMU Pe3yJIbTaTiB Pi3HUX BUIPOOYBAHb.

Kurouosi ciioBa: kiaacudikauisi eieMeHTiB; onTuMi3aliiiHa Teopis.



