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ABSTRACT

Experimental investigation was carried out to gttide Torsional behavior of the Medium strength aete
(MSC) and High strength concrete (HSC ) beams thighmix proportion of the concrete M50 —M80 grade more than
M100 grade. Nine NSC and Nine HSC beams with cohstédth (100 mm), and depth (100 mm) with effeetispan
800mm with varying longitudinal and transverse f@icement ratio were tested under the standarth¢esonditions. A
special arrangement was fabricated to apply thgueto the beams. The beams were tested underasfatatsional
loading procedure. The parameters studied in thisstigation are ductility behavior, cracking torsl strength, ultimate
torsional strength, failure pattern, Torque-rotatiehavior, torsional stiffness and strains. Témuits obtained from the
experiment were compared with the different codplagions and also the equations given by researcBased on these
observations, conclusions were drawn. A parametnalysis was also presented for the 95 data celleftom previous

investigations on this topic.
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INTRODUCTION

Development of concrete technology resulted inessvconcretes with different engineering propertighich
attracted engineers and researchers to explore Fibre Reinforced Concrete (FRC), High PerformaGoecrete (HPC),
High Strength Concrete (HSC), Self Compaction Cete(SCC), High Density Concrete etc are the resfulteveral
research programs. HSC is often considered a velgtinew material over Normal Strength Concrete @NSits
development has been gradual over many years.eAdabelopment has continued, the definition of H&€ changed. In

the 1950s, concrete with a compressive streng84 dfiPa was considered HSC.

The ACI committee has defined HSC as concreteooinal weight aggregates having compressive strefogth
design of 41 MPa or greater. It is possible to iobtdSC using the locally available materials by iaddchemical and
mineral admixtures. The chemical admixtures areeddd increase the workability and the mineral adimnes are added
to enhance the microstructure of the concretea#t heen observed from the literature that, HSCoupO0 MPa are
produced using higher dosage of acrylic based paignas chemical admixture and using silica fumeéhasmineral

admixture.

The advantages of using HSC are known to have chanable properties and better corrosion resigtiogerties
than the NSC. Higher compressive strength of caecresults in a higher modulus of elasticity andstlimproves
serviceability. HSC provides a better solutioneduce sizes and weight of the concrete structlgatents. The studies

under fracture mechanics principles revealed thextetare some differences in cracking and failefealiour of NSC and
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HSC. Change in the cracking and failure behavicdanges the mechanical properties of HSC. The betmwf the

structural members mostly depends on the mechamiopkrties of the concrete.

Bending, shear and torsion are the most commoeastyy failure encountered in reinforced concretantme
Although we can calculate the safety of beams waipect to bending failures with a fair degree ertainty, the same
cannot be said in regard to torsional failures. Texhanism of torsional failure is as yet not dieanderstood and all
formulas developed for the calculation of the tmsil strength of the reinforced concrete beameitiner wholly or partly
empirical. This is due to the lack of rationality dur approach to the problem of torsion. Most entrcodes of practice

uses the theoretical models for determination eftthisional strength.

These theoretical models are space truss modsly bknding theory, thin wall theory and lattice mlodn the
development of concrete technology the comprestiemgth of the concrete has reached 100MPa ameim the field
of ready mix concrete. Since the mechanical pragredf concrete are changed in high strength ctmdteSC), re-
evaluation of the prediction model are necessargliably estimate the torsional strength of tharhe made with normal
and HSC. Moreover because of the wider range otreb@ used, more accurate prediction of torsiotr@ngth of
reinforced concrete members are required. Furth8€ is being used for vital infrastructure sucmaslear power plant

structures, bridges, tall buildings.
LITERATURE REVIEW

Hossain et. al. [1]studied theoretical models used for the deternonadif Torsional strength of NSC and HSC.
The theoretical models such as skew bending thespgce truss analogy and softened truss theory Imbddhe
assessment with Australian code AS3600. The bagicoach to skew bending theory is that the failofeectangular
section in torsion occurs by bending about an wakih is parallel to the wider face of the section inclined at about 45
degrees to the longitudinal axis of the beam. B gpace truss model the torsion is resisted by cesspn diagonals
which consists of the concrete between crackssihiatl around the beam at constant angle. Softened model Similar
to space truss model expect that it utilizes tHedoncrete cross-section and takes the softenintpe concrete in to

consideration.

The softened concrete is assumed to be effectigdata effective transverse component which is usegredict
the Torsional behavior of the concrete. It was taaed that. Higher cracking load and higher Toralaapability for a
given cross-section are obtained using HSC both fexperimental and theoretical modedsnong the 3 theoretical
models used softened truss model give the besha&stiof the ultimate torsional strength of the tesims. The AS3600-
2001 gives an unconservative prediction for thenalte Torsional strength of both normal and HSOnimeaHSC provided

higher torsional strength than NSC with same readment.

I-Kuang Fang and Jyh-Kun Shiau[2] carried out the experiment oNSC §.=35MPa) and HSCf(=70MPa) each 8
beams with cross-section of 350x100x3100 mm andébwsramount of Torsional reinforcement were tedtadpure
torsion. Parameters studied are cracking stremfilmate strength and ductility. By spalled trussdel and softened truss
model, He concludes that, HSC provided higher Do strength than NSC. For beams designed witlsdinge amount
reinforcement, the ACI- 318.02 code underestimaites Torsional strength of HSC beams. The assumgptainthe

orientation of compression diagonals in the prawvisdf ultimate Torsional strength of the concretgl-A318.02 code is
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not altered by amount of reinforcement in the ltuidjnal and Torsional effect. In general the HS@rhs had similar
ductile behavior to the NSC beams. The past peakgth relatively steeper for HSC with heavier f@ioement.HSC
beams had higher torsional stiffness before ared afacking than NSC.

Rasmussen L. J. and Baker G. [3,13Reported on the behavior of reinforced NSC and H8&ms subjected to pure
torsion. The test series consisted of 12 totallgraeinforced beams, with parameters that infludocgional capacity and
concrete strength as the only variable .Therefthre, cross-sectional dimensions and the strengthdimeénsions of
reinforcement, were constant for all beams. Thecair strength varied between 36 and 110MPa. T$testgies has
shown the advantage in using HSC. In addition togher cracking load and higher ultimate torsiocapacity, use of
HSC for a given cross sectional and given torcemults in higher torsional stiffness, lower crackltty, and lower
reinforcement stresses compared to NSC. Pure tomiy occurs infrequently in practice. Normally dtises as a
combined action, often with bending. However, indges torsion constitutes a significant designaoactbecause of
eccentric forces. Since large bridge constructioobivious application for HSC, an investigatiomaihforced HSC beams

subjected to pure torsion is of interest.

Abdel wahid Hago, et. al. [4]proposed a direct design of reinforced concretartseunder combined bending, shear and
torsion. The stress distribution in the beam waaiobd using a 3-D finite element analysis of tbesign Direct Method”
(DDM) to beams subjected to combined bending, shedrtorsion. The approach was verified by comparisith beams
designed by BS8110 (1985) and ACI 318-83 codeterims of economy in use of steel, and conclusioasewrawn in
favor of the proposed design procedure. The efiethe simultaneous application of bending, sheal tarsion easily is
examined by means of interaction surfaces. Dedigized on the proposed DDM yield more saving inl stesn that
provided by the present codes provided by presedées of practice BS8110 and ACI318. Further ingasibn into the

ultimate and service behavior of beams designeithibymethod is currently underway.

Hao-Jan Chiu, et. al. [5]conducted an experimental investigation on the Wehaf thirteen HSC and NSC full size
beams with relatively low amounts of torsional femement. The crack patterns, the maximum craekhsiat service
load level, torsional strength, torsional ductilitgnd post-cracking reserve strength results of dkgeriments are
discussed. The main parameters include the voligcnettio of torsional reinforcement, the compresssirength of the
concrete, and the aspect ratio of the cross sedtiovas found that the adequate of the post crackéserve strength for
specimens with relatively low amounts of torsiorethforcement is primarily related to the ratiotbé transverse to the

longitudinal reinforcement factor in addition tettotal amount of torsional reinforcemént®

The following conclusions are drawn. The torsioo@cking strength of the specimens with hollowtises was
smaller than those of the specimens with solidi@est The increase of the aspect ratio of the csestion decreases the
cracking and ultimate strength and increases taekcwidths for the specimens with approximately $hene amount of
reinforcement. The selection of equal percentag¢héntransverse and longitudinal directions providelequate post

cracking reserve strength, the torsional ductitiéeded and also the crack width control necessagreice load.
RESEARCH SIGNIFICANCE

To carry out Justification of Torsional momenesiyth prediction by researchers and codal prowsionNSC &
HSC beams with reinforcement. The analysis and nstaled the Torsional behavior of NSC and HSC beaitisout

using mineral admixtures were to understand thesidoal behavior of the beams with the variationasfgitudinal &

www.iaset.us anti@iaset.us



28 M R Prakash, Sadanand P, Manjunath H R, Jagadeeshimar B G & Prabhakarar

transverse reinforcement, the cracking torsionaimerat w.r.t to the ultimate Torsional moment. Nodstigations are
available on the effect of the ductility of therfmrcement. It has been observed that there isferelice in the failure
pattern between NSC and HSC beams. Analysis wascalgied out to understand this behavior usingdag from

available literature.
EXPERIMENTAL INVESTIGATION

In the present investigation, 9 MSC & 9 HSC beavith variation of transverse and longitudinal reirdement
were cast and tested with MSC of M80 mix & HSC df®® mix. The 9 beams MSC and HSC each with 100bmaadth
and 100 mm depth were made into 3 series, eachksseaid 3 beams. In each series I/d ratio kept @onstith varying
longitudinal reinforcement ratio as 2%, 3%, 4% &nsverse reinforcement spacing as 1.0D, 1.5D, 3. first letter
indicates the name of the beam, the second numbarates the longitudinal reinforcement ratio, dnel third indicates
the spacing of the transverse reinforcement wisppeet to the depth of the beam. To effective lendtthe specimen was

800mm. The total span provided was 1200mm, 200narifgeon each side.

To avoid the failure of the specimen at the suppgection the support was provided with higher amicaf
reinforcement than the test region. To attempistirae transverse reinforcement is provided with thelfspacing than the
test region. Also the longitudinal reinforcementswiacreased comparatively. The maximum Torsionaifeecement
spacing in most of the codes is limited to 0.5dat5d or 300 mm whichever is less. It is not pdssib understand the
Torsional behavior of beams with minimum Torsiorgihforcement with the above condition therefore #bove codal

provisions are ignored in the present investigation
Torsional Moment v/s Twist Curves combined for aMSC and all HSC beams

From the graphs it was observed that, the torsimoanent v/s twist curves are linear up to cracking after that
the non-linear behavior of curves takes place. durges for all MSC and HSC beams are shown in Eiduand Figure2

respectively.
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COMBINED GRAPHS FOR HSC BEAMS
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Figure 1 & 2: Torsional Moment V/S Twist Curve for all MSC & HSC Beams

All the curves behave in the similar manner file tfailure of concrete. For the beams with lesasirarse
reinforcement spacing the curves are more steegrapared to the other beams having more transveis@®rcement
spacing. As the amount of longitudinal reinforceimiglereases the torsional moment carrying capaali$y increases.
From the curves obtained for MSC beams, there wasle fall after linear variation, it denotes thla¢ failure of
concrete. It was continued to fall to some extéhthte concrete fails completely. Once the contaetween the concrete
cracks widens the twist rapidly increases and i$ wantinued to increase with the equal amount rdidoal moment,
indicating the ductility of the beam. All the cussenake an angle of 2&pproximately to the horizontal axis. The same
was applicable to the HSC beams also. The faillag livittle compared to the MSC beams. The slogbeoturves was

more steeper compared to the MSC beams.
ANALYSIS OF THE TEST DATA BY DIFFERENT CODES

The ultimate Torsional strength of reinforced aete beams were calculated using different the@imscodes.
For the 95 data collected from 7 researchers exmati were analyzed-he ultimateTorsional strength of the reinforced
concrete beam is mainly depends on the strengtheofoncrete. The cracking torsional moment isntlaén parameter to
know the safe Torsional moment. As the cracked@eds not permitted in many codes, and also aéstlly it doesn't
look good. In the flexure and shear behavior tleemee strength is available after the first crdidke compression zone

has the ability to carry the redistributed loadd aoments after the propagation of cracks in tensane.

The beam failure takes place when the compresgioe also fails to take further load due to theksaor steel
yields. But it's not true for the Torsional behawias the cracks propagate the member fails diwisting. When the
beam undergoes the Torsional behavior the formatfdhe crack is not limited to the one facepribpagates on all the
faces which leads to the failure of section withfumther increase in the Torsional strength. Theqgple parameter which
influence the Torsional strength were concrete gesgive strength, however size of the beam, peagendf longitudinal
and transverse reinforcement does not have muttreimfe on the strength but they contribution towgrdst ductility of

the beam.
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Table 1: Analysis of Test Data (Experimental Data)

Tu (theory) in kN-m
Ty Tu=Tuex
BEAM . »/Bd SKEW- SPACE European
N Mpa BENDING TRUSS I1S-456 | AS3600 | BS8110| ACI standards | CSA
THEORY | ANALOGY 1 2

MSC/2/1.0D 2.71 0.29 3.67 2.98 3.11 1.96 2.9 3/57.573 3.22| 3.01
MSC/2/1.5D 2.47 0.27 2.88 1.99 2.07 1.31 1.94 2[32.38 | 3.22| 2.01
MSC/2/2.0D 2.35 0.25 2.48 1.49 1.54 0.9§ 1.45 1j79.79 | 3.22| 1.51
MSC/3/1.0D 3.01 0.33 3.67 2.98 3.11 1.96 2.9 3/57.573] 483| 3.01
MSC/3/1.5D 2.89 0.31 2.88 1.99 2.07 1.31 1.94 2/32.38 | 4.83| 2.01
MSC/3/2.0D 2.71 0.29 2.48 1.49 1.55 0.98 1.45 1{79.79 | 4.83| 151
MSC/4/1.0D 3.19 0.35 3.67 2.98 3.11 1.96 2.9 3/57.573| 6.44| 3.01
MSC/4/1.5D 2.77 0.3 2.88 1.99 2.07 1.31 1.94 2/38.382| 6.44| 2.01
MSC/4/2.0D 2.59 0.28 2.48 1.49 1.55 0.98 1.45 1{79.79 | 6.44| 151
HSC/2/1.0D 3.44 0.37 3.82 2.98 3.11 1.96 2.9 3/57.573 3.22| 3.01
HSC/2/1.5D 3.5 0.38 3.02 1.99 2.07 1.31 1.94 2|38.382] 3.22| 2.01
HSC/2/2.0D 3.44 0.37 2.63 1.49 1.55 0.9§ 1.4b 179.79 | 3.22| 151
HSC/3/1.0D 2.89 0.31 3.82 2.98 3.11 1.96 2.9 3/57.573 4.83| 3.01
HSC/3/1.5D 3.25 0.35 3.02 1.99 2.07 1.31 1.94 2|32.38 | 4.83| 2.01
HSC/3/2.0D 4.1 0.44 2.63 1.49 1.55 0.99 1.45 1/79.791 4.83| 151
HSC/4/1.0D 3.5 0.38 3.82 2.98 3.11 1.96 2.9 3,57 573 6.44| 3.01
HSC/4/1.5D 3.86 0.42 3.02 1.99 2.07 1.31 1.94 2|132.38 | 6.44| 2.01
HSC/4/2.0D 3.92 0.42 2.63 1.49 1.55 0.9% 1.4p 179.79 | 6.44| 151

Table 2: Ratio of Experimental to Theoretical Torsonal Moment Strength

Skew Space
bending | truss

Beams theory | analogy | 1S-456 | AS3600| BS8110{ ACI | Eurol | Euro2 | CSA
MSC/2/1.0D| 0.74 0.91 0.87 1.39 0.93 0.8 0.7p 0.44 d.9
MSC/2/1.5D| 0.86 1.24 1.19 1.89 1.28 1 1.04 0.7 1[23
MSC/2/2.0D| 0.95 1.58 151 2.4 1.62 1.8 1.3p 0.3 1]56
MSC/3/1.0D| 0.82 1.01 0.97 1.54 1.04 0.8 0.8¢ 0.42 il
MSC/3/1.5D| 1.01 1.46 1.4 2.22 1.49 1.2 1.2p 0.6 144
MSC/3/2.0D| 1.09 1.82 1.75 2.77 1.87 1.b 1.5p 0.46 1.8
MSC/4/1.0D| 0.87 1.07 1.03 1.63 1.1 0.9 0.89 0.5 106
MSC/4/1.5D| 0.96 1.4 1.34 2.12 1.43 1.2 1.16 0.43 1]38
MSC/4/2.0D| 1.05 1.74 1.67 2.65 1.78 1.pb 1.4p 0.4 1|72
HSC/2/1.0D 0.9 1.15 1.11 1.75 1.18 ] 0.96 1.07 114
HSC/2/1.5D 1.16 1.76 1.69 2.68 1.8 1{5 1.47 1.09.741
HSC/2/2.0D 1.31 2.31 2.21 3.51 2.31 1{9 1.92 1.p7.283
HSC/3/1.0D 0.76 0.97 0.93 1.48 1 08 0.81 0p 0}96
HSC/3/1.5D 1.08 1.64 1.57 2.49 1.64 1{4 1.37 0.7 .621
HSC/3/2.0D 1.56 2.75 2.64 4.19 2.87 2|3 2.8 0.85 722
HSC/4/1.0D 0.92 1.17 1.13 1.79 1.2 ] 0.98 0.54 116
HSC/4/1.5D 1.28 1.94 1.86 2.96 1.99 1{6 1.642 0l6 921
HSC/4/2.0D 1.49 2.63 2.52 4 2.7 2.p 2.9 0.1 4.6
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EXPERIMENTAL AND LITERATURE DATA

The ratio of experimental Torsional moment ancbthgcal Torsional moment calculated by differemdries
and codes with, The average, standard deviatiorcaefficient of variation for experimental data ditdrature data were
given in Table 3 and Tableréspectively, we can see from table 3, that foreeixpental data the Canadian code predicts
slightly better results. But it underestimates Tloesional strength. The skew bending theory predioe value better than

the other codes with a mean of 1.04, standard tieniaf 0.24 and a coefficient of variation of 0.23

From the Table 2, we can see that for literatiata dheEUROPIAN CODE predicts the value better than the
other codes with a mean of 1.09, standard deviatidn68 and a coefficient of variation of 0.62.eT$kew bending theory
overestimates the Torsional strength of the reagdrconcrete section.

Table 3: Comparisons of Values Between Differen{ Table 4: Comparisons of Values Between Different
Codes (Experimental Data) Codes (Literature Data)!’8*%1214.15.16]
CODES MEAN SD cv CODES MEAN SD Ccv
SKEW BENDING SKEW BENDING
THEORY 1.04 0.24| 0.23 THEORY 1.90 0.74| 0.39
SPACE TRUSS SPACE TRUSS
ANALOGY 1.59 0.55| 0.35 ANALOGY 1.43 0.75 0.53
IS 456 1.52 0.53] 0.35 IS 456 1.50 0.79 0.53
AS 3600 241 0.84 0.35 AS 3600 1.64 0.81 0.49
BS 8110 1.63 0.57 0.35 BS 8110 1.35 0.65 0)48
ACI 1.32 0.46 | 0.35 ACI 318-05 1.85 1.06 0.5
EC1 1.32 0.46| 0.35 EC1 1.3 0.69 0.53
EC 2 0.7 0.21| 0.30 EC2 1.09 0.68 0.62
CSA A23.3-94 1.57 0.54 0.3f CSA A23.3-94 1.3 0.62 .480

Graphs has been plotted showing the variation efptedicted torsional strength by different codeth ihat of the
experimental torsional moment from Figure 1 touFeg8.
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CONCLUSIONS

1. HSC beams tested in the present investigations esthdwrsting type of failure at the ultimate Torgsibmoments.

The effect of longitudinal reinforcement is not rhuas compared with the transverse reinforcement.

2. It was observed that as the compressive strengtbop€rete increases the Torsional strength of babm
increases. HSC provides higher Torsional strengém tMSC for beams designed with the same amount of

reinforcement.

3. In general, the HSC beams had the similar ducglealsior compared over MSC beams. The post peatgsire

decay was relatively steeper in HSC beams, espefaalthose with heavier reinforcement.

4. As the spacing of transverse reinforcement inceabe Torsional stress decreases for MSC bearhthdeffect
of transverse reinforcement was not clear in HS@ni= It has been observed that the Torsional sttezss

increases with increase in the span to depth ratio.

5. It has been found that as the percentage of lodigidl reinforcement increases, the ultimate Toicghear

stress of all the beams increased.

6. It has been observed from tfiable 2 that the skew bending theory predicts the vafuBoosional strength much

better than the other codes for the experimentairise

7. The longitudinal reinforcement is not consideredcadculate Torsional strength in codes and therthezxcept

European code, which predicted the values bettenv@lompared to other codes.

8. The variation of the fourth root of depth with thleear stress is shown ifrigure 5. It can be seen from the graph
that as the depth increases, there is an increasigei shear stresses of the beams. Fourth rooemthchas

significant effect on the Torsional strength.

9. For the present investigation ratio of the expentakeTorsional moment to the predicted Torsionahmaat from
skew bending theory was calculated and the meandatd deviation and the coefficient of variatioaswound
to be 1.04, 0.24 and 0.23 respectively and is shiowiable 2
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