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STRENGTH OF HIGHER STRENGTH
CONCRETE ELEMENTS UNDER SHEAR ACTION

The strength design method of concrete and reinforced concrete elements is expounded
in this article. The experimental program included the study of the strain condition and
failure load determination for considered types of elements. The strength design method is
expounded for concrete and reinforced concrete elements by means of variation method in the
concrete plasticity theory that was developed in Poltava National Technical Yuri Kondratyuk
University. There are the results of experimental investigation for truncated concrete wedges
that simulate work of concrete compressed zone above dangerous inclined crack, Hvozdev
specimens and crucial keys as well as beams. Also all elements were made of higher strength
concrete in order to test the applicability of given method to these elements. The results of the
experimental research have confirmed the applicability of plasticity zones assumed in the
theoretical solutions. The theoretical strength is well coordinated with the experimental one.
The failure character of reinforced concrete beams has been discovered. It has not differed
from the flexure elements failure by cross section made of conventional concrete.

Keywords: shear action, variation method, truncated wedge, Hvozdev specimen, key,
beam, higher strength concrete.

Manvosana 0.0., acnipanm
Ilonmascvkuii HayionanvHuti mexuivnuil yHigepcumem imeni FOpis Konopamioxa

MIIHICTb EJIEMEHTIB I3 BETOHY
INIABUIINEHOI MIHHOCTI ITPHA 3PI31

Buknadeno memoouxy pospaxyuky miyHocmi OemoHHUX i 3a1i300emMOHHUX e/leMeHmIs,
Kompi nepedysaroms nio 0i€lo 3PI3yBANbHUX CUL, A MAKOMC NPOSPAMY eKCNEePUMENHMIB, KA
Micmumb 00Cni0AHCeHHA 0edhOpMOBAHO20 CMAHY MA BUSHAYEHHS 2PAHUYHO20 HABAHMANCEHHS
3a3HAYEeHUX Munie enemenmis. 3acmocoéano mMemoouKy po3paxyHKy, Kompa 6a3yemucs Ha
sapiayiunomy memodi y meopii naacmuunHocmi 6Gemony, pospoonenomy 6 IlonmHTY.
Ompumano pe3yribmamu eKCnePUMEHMAIbHO20 OOCHIONHCEHHS 3PI3aAHUX OEMOHHUX KIUHIB, AKI
MoOenoms pobomy CMUCHYMOI 30HU OemOH)y HAO HebEe3NeuHO NOXULOW MPIWUHOID,
3paskie 1'6030€6a ma 3ani300eMOHHUX WNOHOK, A MAKONC 3ANI300eMOHHUX OalOK HA Oil0
nonepeynoi cunu. J[ocnioni 3pasku Oyi0 6uecomosieHo 3 6emoHy nio8uueHoi MiyHocmi O
3’AICYBAHHA  MONCIUBOCTIT  3ACMOCYBAHHA  3ANPONOHOBAHO20 Memody 00 PO3PAXYHKY iX
Miynocmi. BukoHano nopieHsibHULL PO3PAXYHOK MeopemudHoi MiyHocmi 3 O0O0CHIOHOM,
Kompuil  nokasagé ix oocmamuio  OnuzbKicms. Buseneno  xapakmep  pyiuHy8aHHs
00CNI0AHCYBAHUX OANOK, AKUU NPUHYUNOBO He BIOPIZHAEMbCA 6I0 PYVUHYBAHHS 32UHAILHUX
e/leMeHmi6 3a NOXUIUM nepepizom i3 6emonie cepedHboi MiyHoCMmi.

Knrwowuosi cnosa: 3pizyeanvhi cunu, eapiayitinuti mMemoo, 3pi3aHull KIUuH, 3pPA30K
T'6030€6a, wnownka, banxka, 6emon niosuweHoi MiyHOCMI.
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Introduction. Concrete and reinforced concrete elements under the action of shear forces
are important and widely used in the practice of construction. The mentioned elements include the
beams and slabs, short elements, monolithic massive constructions. They all differ from each
other in the construction determination, dimensions, forms and the character of stress-strain state
in the shear plane.

Traditional heavy concrete has being replaced by multi-component modified concrete
that differs by high strength and corrosion durability, water resistance and freeze-thaw
durability. At the same time it characterizes by higher brittle behavior that makes condition
for its homogeneous structure.

Analysis of the latest researches and publications. Data concerning main
characteristics of high strength concrete made by traditional technology using high mark
cement and precise selection of components are given in works of O. Ya.Berg [1],
O. Ye. Desov [2], V. L. Sytnyk [3] and others.

Main concepts of high strength concrete development based on high-range water-
reducers are observed by V. H. Batrakov [4], S. S. Kaprielov [5], A. V. Korsun [6] and others.

Experimental investigation of deformation and strength characteristics of high strength
concrete in Ukraine almost did not go beyond testing small specimens (mainly prisms).
Therefore, a comprehensive analysis of the characteristics of high-strength concrete can be
done only after testing full-scale structural elements and nodes of their connection. Such
investigations are famous abroad [7—11], as well as were carried out in PoltNTU [12—-14].

Emphasis of not determined earlier parts of general requirements. Usage of design
method which is based on concrete plasticity theory for elements with higher embrittlement
raises some questions.

The action of DBN B.2.6-98:2009 is being distributed on the traditional concrete and
the development of the normative document «Concrete and reinforced concrete constructions
of high-strength concrete (concrete class for compression higher than C 50/60)» is being only
envisaged. So, there is a problem of strength design of high-strength concrete elements.

Variation method in the concrete plasticity theory for concrete and reinforced concrete
elements was developed in Poltava National Technical Yuri Kondratyuk University [15].
It can be referred to the engineer design methods that bring to really easy relations, don’t need
an involvement of the complex computer programs and found wide distribution in the design
practice. The method is widely tested by strength design of reinforced concrete constructions
under shear action using heavy and lightweight concrete [16].

Objective of the work is the attempt to expand the variation method on the strength
design of high strength concrete elements by shear.

Summary of main information. Two famous technologies of getting high strength
concrete were used by author during conducting experimental investigation. Traditional one is
based on high mark cement and precise selection of components. The second one is based on
complex application of high-range water-reducer and silica fume.

Following elements were considered as the experimental models: truncated concrete
wedges that simulate work of concrete compressed zone above dangerous inclined crack,
Hvozdev specimens and crucial keys as well as beams.

Truncated concrete wedges were made of concrete with addition of silica fume and
high-range water-reducer [17]. Two series of specimens were tested. The first one consisted
of 5 wedges where angle o was constant and equaled to 30°. Angle § with constant o varied
in next sequence: -20° (V. directed to square corner), 10°, 0°, 5°, 20°. The second series
included 3 specimens with following parameters: with angle o = 45° angle  was 20° and 30°,
and with a = 15°— = 10°. The height of compressed zone was 4,, ~ 50 mm for all specimens
and the wedge thickness was b,, = 150 mm. Low parts of specimens were reinforced for
failure prevention.
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The concrete deformations of wedges were measured by strain gages that were placed in
some distance from the wedge top (fig. 1).

Figure 1 — Placing scheme of tensoresisterson truncated concrete wedges

There were two forms of wedge failure. The first one characterized by the failure area
that crossed the top of obtuse angle and facet of the right angle (fig. 2, b). While applying
force V. to the right angle with increasing load angle f wedge strength is decreasing, and it is
increasing with force V. from the right angle.
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Figure 2 — Kinematically possible scheme (a), the failure character (b)
and diagram «¢. — P/P,» for wedges that collapsed according to the first case (W1-30-0)

Formula for the ultimate load determination of such wedges is used:

h b
P=m[2B k—tev)* +0,25(ktey +1)* —(k —t ]x ww , 1
c J(k—1g7) (g +1)" ~ (k=g b (1)
where m=f., - f.., B=J(+z/(1-)*)/3,
Z:fctd/fcd’ kOZVC/NC’

P =N_/cosf;
unknown parameters are P, k =V, /V and the angley (fig. 2, a).

The shear plane crossed the top of right angle and the facet of obtuse angle when the
second failure form occurred (fig. 3, b). The failure mode corresponded to the accepted
kinematical scheme (fig. 3, a).
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Figure 3 — Kinematically possible scheme (a), the failure character (b)
and diagram «&. — P/P,» for wedges that collapsed according
to the second case (W1-30-20)

In this case the strength has being proposed to evaluate as:

P = m[ZB\/(k —1g0)* +0,25(ktg 0 +1)* —(k —tg0)|x

hwbw
cos f(tgf —tga)(1+ kk)’

(2)

here unknown variables are P., k=V./V,, angle0 (fig. 3, a).

Despite the seemingly brittle failure character of wedges the substantial compression
deformations were fixed on the failure plane. They are close to ecu values on the diagrams of
concrete mechanical state. Diagrams «&. — P/P,» became warped that testified about the local
plasticity zones existance (fig. 2,c and 3, c).

Gvozdev specimens (4 twins) were made of the same batch with wedges.

The specimens failure took place by the surface that crossed the shear plane and was almost
congruent with it (fig. 4, b). The strain gages (fig. 4, ¢) indicated the presence of compressed and
tensile sections of failure surface: in the middle part of design section tension was fixed, whereas
compression has been found near inlet corners.

b C

1

Given: h,b.fed, fer
Figure 4 — Kinematically possible scheme (a), the failure character (b)
and the diagram of relative concrete deformations
from the load level «&. — P/P,» (c) forGvozdev specimens
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The Gvozdev specimens strength has been calculated as:

P = m2B\k— 1) + 0.25(kigh + 1) —(h —1gf)|x 018, Ml cul8 Pk + 1ge)
gh+iga  1gf+iga

where unknown variables are P, k =V, /V and angles a and f (fig. 4, a).

,(3)

The limitation 2X=0 was used by the task solution.

Crucial keys had the thickness b; = 150 mm and height /; = 200 mm with correlation of
their dimensions [;/h;= 0,25 that provided non-shear failure with maximum strength
provision. Bar reinforcement of reinforced concrete keys has been selected so that two bars
located in the middle height of key corresponded to the four bars located in the upper and
lower parts of the key (for two twin specimens). One sample was concrete.

A 7.
N g
- AL
D |, gus
Il
N Given:
?;:_: 5. o hkr bkx lk: AS} O-y: ﬂdx ,f;’ld
B | R i Find ¢,

Figure 5 — Kinematically possible scheme of reinforced concrete keys failure

For making the specimens the concrete of higher strength was used with cement M700
mark addition [18].

The failure character of keys principally didn’t differ with different reinforcement
distribution by the section height (fig. 6, a, c). Spacing the reinforcement in two levels led to
the increasing of concrete compression deformations up to 50% (fig. 6, b, d). Besides the
reinforcement of the upper level begins to work earlier comparing to its central placing. In the
reinforcement of the lower level the dowel effect has being observed [19]. The keys strength
with dual reinforcement is up to 10% bigger comparing with single.

The ultimate load of keys has being proposed to calculate by the formula that answered
to the design scheme on the fig. 5:

q, = (m[zBJ(k —1gf)? +025(kigB+ 1) —(k—1gf) x—B% 4 £ (k +1ga) %
tga +tgf

; 4

“ tgf N o, (4, + Asz)k)l
iga +1gf bhy y

where y = l—", and the unknown parameters are q,, k =V_/V, angles a, . Calculating
k

of g, is made within the realization of limitations: ZM ; =0, ZM 0=0, ZM »=0.
In the case of one-level reinforcement placing the space of reinforcement in formula (4)
equals4, =4, +4,,.
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Figure 6 — The failure character (a) and diagram «eg, (¢.) — P/P,» (b) for reinforced
concrete keys with one-level and two-level (c, d) plasing of reinforcement

The ultimate loads of all elements were calculated with the help of variation method of
concrete plasticity theory. The method is based on the model of rigid-plastic solid and
solution in dissoluble functions of velocities. The main point of the method consists of
composition of kinematic scheme of failure (fig. 2, a, fig. 3, a, fig4, a, fig. 5). In terms of the
scheme the method function is written. It is positive and on its real stress-strain state reaches
its minimum that equals zero. From this condition we have the function for the ultimate load
determination (1) — (4).

For each of the shear cases as the failure forms the mean arithmetic relation of theoretical
fode =g 1, /h, to experimental f!“strength X = f5“/ £’ square mean deviation g, ; and
factor of a variation v specified relation were determined. The general factors are X = 0,958 ,

0,-1=0,051, v=5,3%. For better visualization the theoretical and experimental results comparison is
represented in fig. 7.
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Figure 7 — Comparison of theoretical and experimental strength of specimens

Besides of mentioned above elements the beams investigation was conducted on
the shear force in cross section. The first series consisted of 9 samples where concrete of three
different classes was used. Concrete placing took place in a climate of «Poltavtransbud»
plant within the metal formwork using concrete mixer of constrained action and shaker table
for concrete mix packing. The second series consisted of two specimens where concrete of
two different types was used: with adding of polypropylene fiber and without it. The aim of
this testing series was the verification of possibility of reinforced concrete structures making
with higher strength concrete in laboratory conditions.

Testing samples presented the beams of rectangular cross section with the dimensions
bxh =120x180 mm, and length 1500 mm. The first series were reinforced by space frames
with longitudinal bars 4016 A400C, transverse bars 206 A240C with 200 mm interval.
As the assembling reinforcement bars were 2006 A240, joint bars were @6 A240C. In the
beams of second series bars were 20020 A400C as the longitudinal reinforcement (fig. 8).

a) =l

b) R
2 bz, 20008 £
2 150

Figure 8 — Geometrical dimensions and reinforcement of beams:
a — first series; 0 — second series;
1 — longitudinal main reinforcement; 2 — handling reinforcement;
3 — transverse reinforcement; 4 — binding bars
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Investigation of testing samples took place in laboratory setup of reinforced concrete
and masonry structures and strength of materials chair according to the scheme of
«pure bendingy, the relative span was a/d= 2,3 (fig. 9).

Figure 9 — Investigation of beam 1B — FC — 1 on flexure

In all beams by the load level of V/V, = 0,4 normal cracks appeared first in the middle
third of span. During next load stages their opening width increased, inclined cracks appeared
(by V/V,=0,55). Beams failure took place by means of shear of compressed zone above
dangerous oblique crack (fig.10). Displacement of certain blocks along the failure plane took
place that is being realized only in the presence of non-elastic deformations on it. By holding
on the last load level or load decreasing (over-bound state) failure accompanied with concrete
breaking and essential bending of longitudinal reinforcement in the place of inclined crack
crossing. It confirmed the presence of dowel effect. Ultimate beams deflections were
10 — 13 mm on the average.

Facet A

Lower
facet

FacetB

Upper
facet

Figure 10 — Failure character of testing beam B-HS-1-a

Theoretical strength of beams was calculated according to the SNiP [20] and DBN [21],
results of theoretical and experimental strength comparison are represented in the fig. 11.
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Figure 11 — Comparison of theoretical and experimental strength of beams

Conclusions. Experiments confirmed theoretical kinematical schemes of failure and
presence of local plasticity zones regardless of brittle failure character of higher strength
concrete elements. Comparing design of theoretical strength calculated with variation method
of plasticity theory with experimental strength showed their sufficient proximity. Failure
character of testing beams principally didn’t differ from failure of bending elements by
sloping section of medium strength concrete. Standard design method of beams strength by
cross sections showed essential deviation with results of experimental investigation. So, it
needs further improvement.
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