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THE GENERALIZED ENGINEERING METHOD S CALCULATION OF
SUBSIDIARY AREAS OF REINFORCED CONCRETE BEAM
CONSTRUCTIONS

Submitted are the main results of experiments wigaliith the study of strength properties
of the support areas of common, whole, pre-stressecentrically tensioned and compressed
reinforced concrete beams. New destruction pattefrsupport- areas of said- structuresvare
identified and their dependence on-the appropriegiationship of the studied factors was
established. A new general engineering method ltulze the strength of support areas of such
elements which is based upon a selection and ségquanalysis of possible destruction patterns
was developed.
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Introduction. Resistance of reinforced concrete elements tonh gation of axial and trans-
versal forces and bending and torsion forces resyaie of the most important and underexplored
problem both in the reinforced concrete theory imngractical design. Therefore, systemic experi-
mental and theoretical research aimed at improvewofethe existing and development of modern
computational models of support areas in reinfoomettrete elements is of essential importance.

Analysis of prior research. The priority research areas and recent publicattonsaid topic
concern development of the normative framework e tphere of structural design and
implementation of the strain method for computatibrtheir load-bearing capacity. At that, while
numerous works of domestic and foreign researateabwith a study of the load-bearing capacity
of normal shears, the load-bearing capacity ofriadl shears of said elements remains understudied.
Alongside with that, destruction of reinforced cate structures due to inclined shears is very
unsafe and, therefore, extremely undesirable.

Dismissal of the so-called analogue methods wheuleting strength, including the frame
strength, of inclined shears, which main deficiemgya distinction of the adopted computation
models from actual conditions at site, and whiehpesent in the effective European standard EC-2
[1], has brought domestic standards in this sptoeeeleading edge of science in the second half of
the 20* century.. However, along with that, as déswelevantly emphasized by V.V. Tur and A A.
Kondratchyk [2], an insufficiently substantiatedluetion of strength margin in support areas and
negligence of a number of design and external faatesulted in a considerable reduction of
reliability of the computation in accordance witRiB 2.03.01-84* [3]. The authors consider [2] that
the maximum accuracy and reliability can be aclidwethe use of computational formula found in
Norwegian standards NS 3473E which are based goo#talates of the modified "contracted fields"
and the Canadian standards CSA 23 which are bastb@ general theory of shear computation. Re-
liability evaluations of the EC-2 computationalrfarlas has shown that they occupy a certain inter-
mediate position between American standards of@ddle 318 and Norwegian standards NS 3473E.

Taking into consideration the above, the authorsS(Zalesov, O.l. Zvezdov, T.A.
Mykhamediyev, Ye.A. Chystyakov et al.) revised 8tandards of SNiP 2.03.01-84* that were
introduced in Russia as of 2003 [4] and 2004 [%] assert that the existing methods to calculate
strength of inclined shears of reinforced conceddenents under the action of transversal and axial
forces, bending and torsion torques have not yaeaed such level that they can be accepted as
normative methods because of the absence of arsgsapproach and due account of the influence
of a whole series of a number of factors, includihg complex stress-strain condition of the
elements. Therefore, the new Russian standardg gjopted a simplified scheme for calculating
the support area of the reinforced concrete spaas & make an additional safety margin.



In this context the works of A.M. Bambura, O.B. @&fblev, O.I. Davydenko et al. [6, 7, 8, 9,
10] have the advantage as they allow of a sat@fadetermination of the strength of inclined skear
of common and pre-stressed bar elements by meahg aleformation method using the strength
values of normal shears.

Practical designers also make use of the methodlafemd by L.O. Doroshkevych, B.G.
Demchyny, S.B. Maksymovych, B.Yu. Maksymovych [12] which links the strength calculation
of inclined and normal shears. At that, the autheanssider [11, 12] that the calculation of the
transverse rods is similar for the beams, shotileaers and plates, and is performed based on so-
called "pushing".

However, the nature of the stress-strain behavibwr,performance and destruction of the
spanned reinforced concrete elements that experiesionly transversal but also axial compressing
or tension forces, which are applied eccentricaipd bending and torsion torques differ
considerably from those described in the works 12].

Objective and tasks of the studiesThis paper is aimed at presenting a general clegistat
of the proposed engineering method for calculagingngth of support areas of plate stress elements
of span elements. The tasks of the studies arsdtwsk the features of deformation, origination of
cracks and destruction of reinforced concrete emsneharacterized by complex stress-strain
behaviour of plate stress support areas, detenminaf mechanisms and description of new
destruction patterns of these areas dependingroglatmn of the studied factors.

Study methodologyn order to achieve the set objective, a specighaa®logy of performing
systemic field and numerical tests was developedaanomplished in six series with common, pre-
stressed, whole, eccentrically tensioned and casedereinforced concrete spans with due account
of continuous loading and use of a special laboyatquipment. All indicated tests were made at
three levels according to almost D-optimum plandadftley Ha5 type.

The studied elements presented hinge-propped onkiva-span beams of square and T-
shaped shears having 200 mm height and the spgthdeequallind®hy. They were reinforced with
two plane frames. The lower and the upper axias eere adopted to be of A500C class while the
transversal rods were taken to belong to Bp-I class

To prepare the test specimens - beams - a heagpeeincrete of classes CI2/15, C20/25 and
G30/35 was used and contained granite macadamuantz gand with the use of a common 400
grade Portland cement without additives.

In calculation deformation models use was madehef dveraged approximate diagrams
illustrating deformation of concrete prisms DP NEIBith descending branches, known idealized
two-line and more complex shape diagrams illustgatieformation of reinforcement steel as well as
diverse phenomenological criteria of concrete antfarced concrete strength.

For creating various kinds of deformation and mgstthe specimens - beams - special
multipurpose power benches were designed and nanide.

Deformations of concrete and reinforcement of spens in the course of the tests were measu-
red with the aid of strain gauges and the restitseasurement were checked by clock-type indicators

Results of the study.Disclosed in the course of the tests were pecdéatures of
deformation, cracking and destruction of the rete#d concrete spans under complex stress-strain
behaviour of support areas; a systemic influendbeotiesign features and external factors upon thei
load-bearing capacity was determined; the mechaarsinnew destruction patterns of these areas
were revealed; adequate mathematical models ofgsitrecrack resistance, deformability and other
parameters of the load-bearing capacity of theesiuielements were found out.

Depending on the correlation of the design featareks external factors, a destruction of the
support areas of plane-stressed spanned reinfoorenlete elements can occur according to one of
the patterns presented in Fig. 1:

—according to patterA-1/N,, or A-2/N, destruction occurs accordingriormal shears due to
yield of, accordingly, the upper or the lower axial remsEment in case its quantity is insufficient or
if the axial tension force is excessive;



— according to patterB/M destruction occurs accordingitwlined shear under the dominant
action of thebending torque and minimum (to 1%) and insufficient (to 0,3%) qutgnof the
transverse reinforcement;

—according to patter@/V destruction occurs accordingitelined shear under the dominant
action of thetransverse forcefrom the shear (slide) or due to breaking of caeckeithin the
compressed zone with average (>1,5%) and greatityuairaxial reinforcement;

—according to patterB//cwm, i.e., destruction occurs according to thelined compressed
strip between the concentrated force.and the supporhenetcentrically compressed and pre-
stressed elements with the shear sztho;

—according to patterR/V destruction occurs due fmushing above the middle supporin
kind of an upturned trapezoid with a possible fdromeof "plastic hinges™" above the middle support
and in the spans, as well as due to re-distributi@xternal forces.

Engineering methods to calculate strength of suppoeas of plane-stressed rod-type
reinforced concrete elements [13] can be combinedl singlegeneral engineering methadhich
means that with the aid of improved non-linear toagimproved general deformation models or the
finite element method [14] it is possible to sintelthe stress-strain behaviour of a spanned stajctu
determine the load-bearing capacities of individnafmal (sometimes according to MCE and
inclined) shears and, through them, the strengiupport areas and inclined shears inclusivelys Thi
procedure can be simplified. Knowing the correlatimtween the design factors and the external
influence factors, it is required to analyse, diggstep the most probable destruction patternsl)Fig
of the support areas of the structure, determiaeléstructive forces and adopt their minimum load-

bearing capacity as the basis.
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Figure 1 — Main destruction patterns of single eccgrically tensioned and compressed
common and pre-stressed reinforced beams




Thus, in the eccentrically tensioned specimens reiiditively small eccentricity the nature of
normal crack formation (along the entire shear) taeit opening prove that the so-calléd Zattern
takes place. This being the case, the strengthitmmsdfor the destruction patterAs1/N., A-1/Ny
look like:

N< f;d, 12 AS,12 (ho ik 012)/834; (l)
N < fo05455,(hy —c,)l e, (2)

and allow of selecting the required quantity of ahxieinforcement in the support or of
determining the acceptable valuehof

When an element is destructed according to patékh, the strength condition of the
support area in relation to the centre of gravitthe upper (erection) reinforcement will be:

M< Ms + MS,W = Msvzv' + MS.,F + MSW,F (3)
which can also be represented as:
M <Va+ Ne]z . fyd,34Av,34Z.r - qswcj /2 (4)

Considering thalNs = Nsn + Nsf, the additional axial forcéls y and the normal stress
Os3an Y Pf fe working reinforcement caused by the axialsiem force can be determined

according to the deformation model throusggly and the forcés rcaused by the transverse force
Fby means of the expression:

NS‘,F : N, s N S,N' = fyd,34As,34 R As,34 = (fyd,34 - o-s,34,.N)Ax,34 (5)

In practical calculations it is recommended that tielative length of the horizontal
projection of an unsafe inclined crackis determined with the aid of empirical dependescie
obtained through the appropriate mathematical nso@éiy for the conducted test series which
have been published earlier by the authors:

Co :f[a/hOncspW:pﬁlnp:f(”?Np /(kabhO):p/(kabhO)] (6)

In order to predict strength of the inclined shefaa reinforced concrete span which can be
destructed according to patte@rV, the following prerequisites have been adopted:ha) t
strength of inclined shears is determined throinghstrength of normal shears that can be found
by means of the deformation or conventional methbjithe actual normal shear of the element
is replaced with the calculated one with the averdgformations of the compressed concrete
and tensioned reinforcement; c) the stress (defomjain the reinforcement are determined
with the aid of the deformation method in its norer variation; the actual curvilinear stress
diagram in the concrete of the compressed zondeaeplaced, when calculating the strength,
with the rectangular diagram above the apex olitisafe inclined crack, and with the triangular
diagram - under it; d) possible forces in the apkthe unsafe inclined crack are not taken into
account as the width of inclined cracks in non-os@forced elements considerably exceeded
possible shearing deformations; e) the calculabiegins with a determination of the bearing
capacity of the normal shear of the element unaeiconcentrated force (in the shear span end)
with due account of a possible increase (decreafst#)e concrete strength in the compressed
zone in its complex stressed condition and upomesement by the maximum tangent stress of
50% value of the prism (characteristi& when determining the destructivig or the calculated
fca when determining the calculat®)l strength of concrete.

The unknown internal forces, the height of the coeaped zone of concrete and other
performance parameters of the support area of ¢hdorced concrete element span at its
destruction according to pattern C/Fare determasefbllows:

+N=N'+N! -N. ; (7)

S,12 5,342

V.=V +V +V; (8)

S



M;=M,=M,,., = —Nl( -0,5X,)+

_.'_Ng,lz(ho“cu_)'{_Vs 'Co +VSW'C0/2= ©)

where N =o!,, A, (10)
Vo= (YW - 42 (11)

Vo =0 Co = Bo* iz A "Co [ S (12)

V M//a UM+V/a’ (13)

whereAly - is a part of the she&l of height X; ;
Bsw=0 swz/ fywk — a coefficient characterizing a normal stress leévehe transverse

reinforcement.
The average values equgls,, =0.8for the common eccentrically tensioned and pre-
stressed beams, aifg,, =0.6for the whole beams;

Muov :'Mu,M+V (] - Co /a) - N.:‘,JZ (h() - 612) + 055qw C02 ’ (14)
0,567, b X2 +[ G4y Co =Lk, b X, + M,y =0 (15)

where B1 = 0:50-51,12 -b; Bz = +k‘7)V C -0, 12h1)J b B} = M;,o
173:171_(2/3)1/Rd'b.Xl_qsw'COS[VS] (16)

where [IZ]S0,0.SV, =0,05M,/a for the common single-span, whole, eccentrically
tensioned and compressed beams;

Vsl=fla/h,, b,/b, hh, p, p/Af.bh)] for the pre-stressed T-shaped
reinforced concrete elements is proposed to berrdeted with the aid of the appropriate
mathematical model.

Verification: N, =0, A +o! 4 ,*N (17)

c, 12 §;42

with the condition that remains:

N N /s( f;d !A\ 34" (18)

In case the condition (18) is not observed, theutation patterrC/V should be replaced
with the simpleB/M, howeveVe= 0; V'¢= 0 should remain, and for it

M<M,+M, = fg:4,:,(h,—c,)+4q,c,/2=M,=V,a. (19)

Taking into account the actual stressed state &eddbmestically adopted dialectic
singularity of approaches to calculating the loadting capacity of reinforced concrete
elements that are destructed according to thenedlicompressed strip (pattefiystr.), it is
expedient to adopt the condition of strength ofitle@ined compressed strip in its conventional
expression:

V<o, f.bh, (20)
where ¢.1* — a coefficient that, as distinct from the old donesind new Russian and
Belarus standards, has a variable value and inkggiecounts for the existing factors. It can be

determined for the common and eccentrically congm@sreinforced concrete beams in
accordance with the empirical dependence below:

@, =0,30—0,09(c ~ 25)/ 10+0,01(p, —0,0035)/0,00145, (21)



and for the pre-stressed reinforced concrete elememccordance with the expression:

w : Osp* Asp
@, =0398-0,008¢ +13,889,, —0,007——= (22)
' 0
Strength conditions of the support areas of thelevineinforced concrete beams which
destruction occurs above the middle support acagrti the pushing pattefiV is as follows:

Fy=Vy 2 F +F, = ac.f.cthn;h() +B, S Z Ay, 2¢,5 (23)

whereFg — is a value of reaction above the middle suppé&t- calculated values of the
transverse forces on the left and right of the supf: — shearing force taken up by concrete;
Fsw— shearing force acting on the transverse reiefoent located on the side planes of the
pushing body of an aggregate A, S =0, / f., — a coefficient that characterizes the level

of normal to the beam axis stresses in concretehensides of the pushing body, and is
determined according to the empirical formuli ac=f(@/m, c, pw, P, pfs),

2~0,60..4,16; B =0/ f,, — a coefficient that characterizes the stressl [evehe transverse

reinforcement of the support areas which crossessitie planes of the pushing body and is
determined according to the similar empirical nelatp,=0,15...1,00U, — the arithmetic mean
of the perimeters of the upper and lower base efphshing body within the limits of the
working height of the she&io.

It is recommended to predict the load bearing aapat the spanned reinforced elements
experiencing a complex stress taking into accdugit compressed or free torsion in accordance
with the non-linear deformation calculation modettwas improved by the authors.

Comparative analysis of the test results and trseiltse obtained by calculations in
accordance with the proposed engineering methoasogelding the strength values of the
studied elements support areas (Table 1) has prtheid satisfactory coincidence (variation
coefficient Q<12%).

The results of the work are used in practical desigthe leading construction companies
of Odessa (LLC «Stikon», PSMO «Odesbud», RCC «E#epuLC «Golovbud» etc.) when
reinforcing the foundation of the Odessa Academpei@ & Ballet Theatre, renewal of the
Cathedral of the Transfiguration of the SavioulOdessa, new construction and reconstruction
of the symbolic for Odessa buildings and faciliteesswell as in the training courses in Odessa
State Academy of Civil Engineering and Architectyf candidate theses and i9 masters'
diplomas were successfully defended), and areiafigrtimplemented in the effective national
design standards.

Conclusions.1. Disclosed are peculiar features of the strasstbehaviour of the studied
specimen beams. The dependence of the nature addokidestruction of these areas on the
appropriate relationship of the design and extefiaztbrs was established for the first time. The
known and identified destruction patterns pertgrtim the plane-stress€d-1/N., A-2/Ny, B/M,
CIV, dllstr., FIV,)and complex-stresse@E/TcompsE/Tiree) SUppOTrt areas of spanned reinforced
concrete elements have been classified. Pecubdwris of the internal force re-distribution in
the studied elements were identified which takesgldue to non-linear nature of deformation of
these materials and formation of the conventiop&stic hinges" in the whole beams. 2. The
analysis of calculation methods applicable to gjttenof the spanned reinforced concrete
structure support areas, that are prescribed by#tenal design standards of the developed
countries, and of the methods developed by theoasitias proved that the absolute majority of
such methods is based upon the partially improvethads, which were applied in old standards
at a certain time, and not upon a new general ndethgarticular, the EC-2 calculation methods
and the methods of other foreign countries are hase various conventional schemes and
similarities which necessitate an empirical apphoand use of the ever increasing number of
formulae of the indicated origin.



Table 1 — Results of comparison of the test and cailated values of the destructing
transverse loading
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* concrete crushing in the simple bending zone




Comparative analysis of the calculated and testegabf load bearing capacity of various
types support areas in spanned structures thateadrelated following the recommendations of
various national design standards has provedfthrabne part, their coincidence is unsatisfactory
on the whole, and, for the other part, that theabdity of proposed formulae is insufficient as
the calculated strength for a rather great numlbetest specimens, particularly of complex
stressed, with great shear spans, exceeded catsiéneir actual bearing capacity. 3. Diverse
forms of the complex strain-stress behaviour anthefdestruction patterns make it impossible
to develop a single simple and, at the same timegetsal calculation model applicable to rapid
evaluation of support area bearing capacity inotaritypes of spanned structures which can
adequately reflect the influence both of desigridiecand external factors. The proposed new
general engineering method to calculate strengtlsupiport areas in plane-stressed spanned
reinforced concrete structures that is based upealection of the most probable destruction
patterns depending on the relationship of the stifiictors and their sequential analysis with a
view of determining the minimum bearing capacitiowbk of narrowing the existing scatter
"corridor" of the test and calculated bearing cégaclues of said areas from D=20.. .60% to
D=6... 12%.
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