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Abstract—The paper presents results of theoretical research Almost all Russian studies of web-crushing strength of
of effect of transverse compression in a shear span zone on web- beams suggest empirical formulas that take into account the
crushing strength of I-shaped reinforced concrete beams. The found impact of a certain factor. Russian building codes
hypothesis of an increase of web shear strength in case of Sp 63.13330.2012 “Concrete and Reinforced Concrete
clamping by prestressed external strengthening transversal Stryctures” and SP 35.13330.2011 “Bridges and Culverts”
reinforcement was checked. The principal variable was the level z|so use empirical formulas for the design value of shear force

of clamping stresses which was taken to be up to half of which can be sustained by the compression struts.
compressive strength of concrete. A shear span and a shear

reinforcement ratio were also varied. Shear strength of I-shaped The SP 35.13330.2011 formula captures the effect of
reinforced concrete beams was calculated using nonlinear vertical and inclined reinforcement on the web-crushing
rational model CSMM implemented in finite elements strength of the beam. It also includes fagpgr that gives an

framework software OpenSees. Validity of the model for appioximate allowance for another important phenomenon —

estimation of the shear strength gain due to transverse relative reduction of the plane stress strength criterion for the
compression was proved by close prediction of results in similar  high-strength concrete.

analyses of I-shaped reinforced concrete beams. Fulfilled
modeling demonstrated the increase of web-shear strength as a  The formula of SP 63.13330.2012 does not account for the
result of external shear strengthening. This effect is observed to a effect of shear reinforcement on the web strength. As a matter
greater degree in cases of loadings with large shear spans. The of fact, the formula of this cod&<0.3 @u0pif bwh, With
largest increase of shear strength takes place in beams with ¢,,;=0.3 is similar to the conservative formu@s0.25f .b,ho,
transverse stresses in a range of 20 — 40% of compressive propsed by M.S. Borishanskiy in the middle of the past
strength of concrete decreasing with further growth of the  century as a result of his very first study which included tests
clamping stresses level. The found effect and accuracy of its of four couples of beams [1]. Difference in the values of
estimation need to be verified by special experimental research.  gyerall factors in the formula of current code and that of
. ] M.S. Borishanskiy is due to the changes of principles in the
streﬁgmﬂiﬁ'—\tﬂr]s&?}eﬁglngtress :;fe?gitr:‘f’o e defgrzr;?éte I_Egiﬁ:s_setting of concrete strength characteristics and reduction of the
’ ’ standard specimens for strength determination in the mid-
shear force. 19705

. INTRODUCTION Thus, the current version of the code SP 63.13330 neglects
. . Il the obtained data of the numerous experimental studies
Shea strength of reinforced concrete I-beams is governe&nhough the previous version of the this code as well as

by the plain stress state (.)f t.he web, WhiCh is_a membrang rent code for the design of bridges SP 35.13330.2011 took
element with uniformly distributed vertical reinforcement;

X X X e nto account the effect of a reduction of the plane stress
fixed in relatively rigid flanges. Over the last 50 years, a lot o% b

. : ; . trength criterion and a shear reinforcement ratio on the web-
special experlm_ental studies were focused on the issue of t ﬁjshing strength. This simplified approach of SP 63.13330
concrete crushing strength of the web. In some cases this
mode of failure took place in full-scale tests of I-shaped bridg a
girders in Russia, Germany, the United States and oth

countries.

es not allow for reasonable correction of the geometrical
rameters and detailing of the reinforced concrete I-shaped
eams at the stage of design, neither does it suggest a way for
analysis of the existing structures in case of changing the
Results of these tests demonstrate that web-crushidgading scheme. In particular, the issue of the design of
strength of beams depends not only on concrete strength a@iengthening the web of beams under increasing loads
dimensions of cross-sections, but also to a variable extent ¢@mains open.
many other factors: reinforcement ratio of the web, moment to Effect of transverse compressive stresses on the web-

fshear force {ﬁt"M IV, presti_essmg of th[e rellnfgrcemeng a)t(r']al.crushing strength of beams has not been deeply studied so far.
orces In the cross-section due (o loading an €IMeanwhile it is established that prestressed external

eccentricities, presence of inclined cracks formed undef,nqyersal reinforcement (Fig. 1) increases the shear
previous loadings, etc. compression capacity of beams. Such type of strengthening
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has long ago become classic. However its effectiveness in So far it is not clear whether there is an optimum level for
strengthening of the web of box-, T- and I-shaped beamthe clamping stresses of web for increasing its strength.
which can fail due to crushing of concrete struts yet has ndtonsidering the results of the preliminary tests, there seems to
been subject of inquiry. Some researchers point out the slole a need for further study of the effect of external prestressed
growth of web strength with an increase of the sheatransversal reinforcement on the web-crushing strength of
reinforcement ratio in beams with unbonded stirrups. It is alsceinforced concrete beams. Such study should aim at
unclear whether there is a limit value for the sheaoptimization of the level of web clamping stresses and at
reinforcement ratio, above which additional strengtheninglevelopment of the method for analysis of this type of
stirrups become ineffective because of the partial utilization a$trengthening.
their strength in case of failure due to web crushing.

[I. FINITE ELEMENT MODELLING OF BEAMS
Theory of shear is considered to be one of the most

L a g 3 g v g
complex issues in the field of reinforced concrete. Professor
Zalesov who was one of the developers of shear provisions in
| f A3 ¥ ) i A E

Russian building codes noted that semi-empirical formulas for
shear adopted in building codes were not cross-functional and
efficient due to wide range of types of reinforced concrete
Fig. 1. Principal schemes of strengthening beams by external transver&truCtures [3] He also p_omted OUt_that eX|st|n_g _methOdS
reinforcement adopted various models, imposed different restrictions and
empirical equations obtained directly from tests. It particularly
As it applies to I-shaped beams, strengthened witltoncerns design methods for shear and torsion. It was also
prestressed stirrups web-crushing strength alongside withoted that numerous attempts of developing more versatile
aforementioned factors, it is also affected by detailingnethods have not yet yielded the desired result [4]. To
parameters of strengthening and the level of prestress whprove the quality of design, it is necessary to develop
external transversal reinforcement. In order to test theomputer methods of analysis verified by the relevant
assumption of increasing of web-crushing strength wittexperimental research. The most promising in this respect are
strengthening by external stirrups, a preliminary experimentalumerical analyses based on the finite elements method
research was fulfilled at Kuban State Technologica(FEM), which allows taking into account nonlinear
University [2]. In the first part of this research, the sheamechanical properties of materials. Nonlinear analysis of
behavior of I-shaped beams was studied with stirrupgeinforced concrete can be successfully accomplished in
unbonded by placing them in polyvinyl chloride pipes beforemultipurpose or special FEM computer programs.
beam casting. The second part included testing of the beams
with bonded stirrups and strengthening with prestresse[g]a
external stirrups, set vertically and at 45° with respect to th
longitudinal axis of the beam. Additionally, reference beam
without strengthening and shear reinforcement were teste
The beams were loaded by a four-point bending scheme wi

shear spam=65 cm (2.31). Beams had section height28 materials: stress equilibrium, strain compatibility and the

cm, thicknessb, and heighth, of the web and were constitutive laws of materials. One of the crucial benefits of

?r?glﬂrc?e"&glgoriqlrj:lssﬁ?/egsfrlgg tth o?rrébgcrf&;ag%(_j 48 al\r/lalgetergoﬂened truss models over discrete models is that former can
P 9 ' __be effectively incorporated in finite element simulation.

shear reinforcement ratig,,, = 0.0026-0.0175, external shear Laskar [10] used program OpenSees to simulate shear

{:'nnsf% rr?eemﬁgtl tgatiolilf\lws\t;vazs gr'ggtse 'g'%liﬁ'"u’b‘ ?!cgolr)rilr?ltl?rlle behavior of full-scale prestressed concrete beams subjected to
4 P 9 r?our-point bending. In our work [11], a similar approach was

into action at low loads. Results of the tests showed that th.‘j(?dopted for analysis of reinforced concrete |-shaped beams
formula of the current Russian code overestimated Wel%

) i . nder two-stage loading with changing the shear span.
crushing strength of the beams by 10-35 % if the eXtem@penSeeS [12] has been developed as the computational

1

Considerable advancement in the subject of shear was
de with the development of softened truss models
CFT [5], RA-STM [6], FA-STM [7], CSMM [8, 9], etc.)

hich recognize cracked reinforced concrete as a new material
at has its own stress-strain characteristics. These models
tisfy the three fundamental principles of the mechanics of

stirrups were considered as regular internal ones. In t ;
P g atform for research in performance-based earthquake

meantime, strengthening of the web with extra transvers r|1gineering at the Pacific Earthquake Engineering Research

;ilggﬁrcrzm?grtclgggrisergtlitc? SEFﬁgg;haLg;asﬁ:nOftLZenilgw'niw%enter. It is an object-oriented software framework for
X 9 9 Prove§mulation applications using the finite element method. It is

ineffective in cases of high shear reinforcement ratigs> : . L
. - comprised of a set of modules to perform creation of the finite
0.015...0.02 where stirrups are not utilized completely by th lement model, specification of an analysis procedure,

moment of crushing of the compression struts. Furthermor : > , . .
: : P . election of quantities to be monitored during the analysis and
strengthening with external inclined reinforcement was no he output of results.

found to be more advantageous than with a vertical one,
although inclined internal stirrups are known to be much more In nonlinear simulations, the web of the beams is modelled
effective in increasing web-crushing strength as compared twith quadrilateral elements with an assigned material class
vertical stirrups. RCPlaneStress. Performance of this class is based on a Cyclic
Softened Membrane Model (CSMM) — a fixed-angle model
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for reinforced concrete membrane elements subjected to cyclguadrilateral isoparametric elements leading to the best
in-plane loadings [13, 14]. The cyclic uniaxial constitutive correlation between results of analysis and tests. These
relationships of cracked concrete in compression and tensisacommendations conform with suggestion of other
are defined by concrete model ConcreteZ01 [15, 16]. In stestudies [10, 16].

mode| SteelZ01, cyclic stress-strain relationships =~ are In order to reveal the effect of transverse compression on
represented by a set of straight line segments and take into P

account the Bauschinger effect. Both the envelope and t e web-crushing strength, balanced load was applied to the

unloading/reloading patterns for models Concretez01 an{2"9es Of the beam within shear span providing stressies
Steelz01 are illustrated in Fig. 2 and 3. e transverse direction with values in the range of (0.1 - 0.5)

f. (Fig. 4, 5). Clamping stresses were imposed with a load
control integrator. External load® was applied with a

Obt displacement control integrator allowing for various numbers
Lz, T1 f}) T2 and values of increment as well as obtaining the descending

> part of analytical load-displacement diagram.

P P

0=840 } I =840

A

Fig. 2. A concreteZ01 material module [16].

O; ! ‘7" 2520

Cl Fig. 5. An FE model of the beam with applied clamping stresses.

(Emg hlilr;.ﬁ;‘}

I1l. RESULTS ANDDISCUSSION

Y

Es The sensitivity of employed FE model to the positive
effect of external compressive forces was verified by
simulation of I-shaped reinforced concrete beams from tests of
Eul) Abdu_IIaev [17]. In _these tests, it was estat_)lished that the effect
of axial compressive force on web-crushing strength depends
on the level of resulting compressive stresses and eccentricity
of axial force. Web-crushing strength increased with the
growth of axial compressive stress to (0.3 — @.4)Further
growth of imposed axial compression results in lower web-
crushing capacity. Axial compression was effective only if the
force was applied with eccentricity towards the tension zone.

The effect of FE mesh size on the results of shear analysgsthe eccentricity was towards a compression zone, web-

of reinforced concrete elements with smeared models waguShing strength decreased in all cases. Under an optimum
studied by several researchers [10, 11, 16, etc.]. Fini vel of axial compression, web-crushing strength increased

elements with assigned CSMM properties are recognized ascy, UP 10 25-30 % with eccentricity 0.3%5and by up to 15 %
continuum containing cracked concrete with embedded ste}ﬁ'th eccentricity 0'199' In the tests with the a_IX|aI
bars. Therefore reducing the size of the mesh does not alwa pressive force applied at the centroid of the section, no
lead to more accurate results. One of our previous works [1 ange in strength of the web was found.

gives justification of the choice of the mesh size for

{Ea‘.!*fmﬁ

Fig. 3. A steelZ01 material module [16].
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In Russian code SP 63.13330.2012, fagtpmaccounting Similar analyses have been performed for beams No. 28
for positive effect of the axial compression level is calculateéind No. 30 from our work [11] with three-time larger shear
with formulas similar to the ones adopted in Eurocode [18]. Imeinforcement ratiops, = 0.0164, compressive strength of
both codes, the maximum value @f is 1.25 with a level of concretef'. = 30.8 MPa and 33.0 MPa and shear span ratio
axial compression equal to 025 However with a higher a/hy=1.6 and 2.5.
level of axial compression, provisions of Eurocode are more. . .
conservative: a reduction ofp, in Eurocode and %lg. 8 shows a relationship between strength of the web and

SP63.13330.2012 begins at the compression level df;0.5 thgblevelr?f trar:svertshe _streggf’c. 'I('jhe rl\arg?r?t inlcreage oftthe
ard 0.75’ respectively. These provisions of the codes do nof/EP-Crushing sStrength 1s observed when the clamping sresses

- 0, i
fully comply with the results of special experimental researcii€ equal to 20-40 % of compressive strength of contrgte

[17] with Eurocode giving more accurate results thanIn beams with low shgar rei_nforcement ratig = 0.0059, the
SP 63.13330.2012. peak of shear capacity shifted towards lower stress levels

0.3.
Fig. 6 shows the results of analysis fulfilled with the
aforementioned FE model for the beams of Abdullaev [17]

. X . . a
having a varying level of axial compression. ) o
0.5 100
= 90
E" 80
5\ a/hy=1,6
Nogg e - g ™
-é . = =t o 60 —Transversal stress
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@ g e " g oy =03 fec
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Q
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1 - results of CSMM-based FE analysis;
2 — experimental results of Abdullaev [12] for beams with eccentricity of
compressive force;=0.1%;
3 - experimental results of Abdullaev [12] for beams with axial force b)
applied at the centroid of cross-section
80
Fig. 6. Effect of axial compressive force on normalized shear strength of 70
beams with shear reinforcement ratig=0,0148 0 afhy =3.2
It can be seen that CSMM-based FE simulation in z 50 T Trmsversal stress
OpenSees provides generally correct predictions of web- o >
. . ;40 — Transversal stress
crushing strength growth up to 25-30 % under axial oy=03f'c

30

ar force.

compression level (0.3-0.4). and a further decrease with  Without transversal
raising of compression stress. Therefore with a high degree ofs 5 stress web
certainty we can assume that the model will as well provide
correct estimation of the effect of transverse compression on
the strength of the web. Beams No. 9 and No. 25 from the
experimental research of Tamov [11] were taken as samples
for such analysis. These beams were tested with shear span
ratio a’lhy = 1.6 and 3.2 and failed due to crushing of the web
a the load ofQ=88.69 and 61.94 kN respectively. A shearrig 7. Analytical load-displacement curves for the model of the I-shaped
reinforcement ratio in both cases wasg,=0.0059 and beams withi, = 0.0059 from the experimental research of M.M. Tamov [11]:
compressive strength of concrete wdg =31.9 MPa. a)beam No. 9, shear sparr 1,6h,; b) beam No. 25, the span of shaar
Examples of analytical load-displacement curves for thesé2w

beams with levels of transverse stressf’@.and 0.3, are . . .
illustrated in Fig. 7. Results show that clamping increases the Transverse compression of the web increases its strength

strength of the web with a relatively low shear reinforcemenpy 10-15%, which is somewhat lower than in case of axial
ratio to a larger degree in case of large shear aftgr= 3.2. compression with eccentricity towards_ the tension zone, b.Ut
With smaller shear spaah, = 1.6, the gain in web-shear higher than in case of action of the axial force in the centroid

stength is less of the section. However, the found positive effect of transverse

10

012 3 45 6 7 8 91011121314

Displacement, f (mm)
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compression of the web in certain cases may provide a source 2.
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trengthening of the beams.

The results of fulfilled theoretical prediction shoutbe

verif

Shear force, Q (kN)

b)

Shear force, Q (kN)

Fig. 8. Effect of transevrse compressive stressgf. on the web-crushing

ied by experiments.
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a=2.5h; b) I-shaped beam No. 28, shear sgaB 2hg

[10]

IV. CONCLUSION [11]
Cyclic Softened Membrane Model (CSMM)
integrated in framework software OpenSees is

recommended for nonlinear finite element analysis of
webs of I-shaped reinforced concrete beams. Thi
model is capable of taking into account the known[13]
effect of the following factors on the web-crushing
strength of beams: the size of the cross-section,
mechanical properties of concrete, detailing o0ff14]
reinforcement, axial compression, loading schemes,

etc.
[15]

Advances in Engineering Research (AER), volume 157

Computer simulations show the increase of strength of
the web with external clamping which can be fulfilled
by prestressed transverse reinforcement. This effect is
observed to a greater degree in beams loaded with
larger shear spans.

The largest increment of web-crushing strength
corresponds to the level of transverse compressive
stresseso, in the range of 20-40% of the
compressive strength of concrete and decreases with
further growth of clamping. This found effect and
accuracy of its estimation is planned to be verified by
special experimental research.

Validity of the CSMM-based FE model for estimation
of the positive effect of transverse compression of the
web was verified by close predictions of shear
capacities in similar tests of I-shaped beams.
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