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Abstract— Beams in construction are subjected to load which is producing significant torsional moment and affects the design of structures.  To understand the behaviour of torsional effect on beams, eight beams were cast with two different grade of concrete with two ratios of longitudinal as well as transverse reinforcements.  The primary objective of this experimental study is to understand the effect of varying percentage of reinforcements in transverse and longitudinal on torsional strength of beams.  Beams of size 160×275 mm in cross section 3000 mm length were cast and tested.  M 20 and M 30 concrete were used along with 0.56% and 0.85% of longitudinal reinforcement as well as 50 mm and 75 mm spacing of stirrups in beams.  Based on the experimental results, torsional moment and angle of twist of all the beams were found and presented.
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INTRODUCTION
Structural members experience torsion, when the external loads act away from the plane of bending along with shear and bending moment.  Due to shear stresses developed results in diagonal cracks of beams ( Bank el. 1998, Khaldoun and Rahal 2007,  Rasmussen and Baskar 1995, Toutanji and Saafi, 2000).  The torsion is occurred in the structures with L shape, T shape, double T shape and box sections.  The curved beams in plan will experience torsional force. Most of the research works are focusing the study of beams subjected to flexure and shear.  Now the recent research focuses the behaviour of beams due to pure torsion since the torsion force causes severe damage to the structures.  In the design of reinforced concrete beams, sufficient reinforcement to accommodate the effects due to torsion is provided.  The failure pattern of beams due to torsion is mainly based on the percentage of tensile reinforcement.  Now a days, most of the structures are being subjected to corrosion of reinforcement.  Glass Fibre Reinforced Polymer (GFRP) reinforced bars are effectively used as an alternative to steel reinforcement in structures.   In this study, the GFRP reinforced beams with different percentage of longitudinal and transverse reinforcements made with two different grades of concrete are tested under torsion force. 
Properties of materials
A. Concrete
Ordinary Portland cement is used to prepare the concrete. The maximum size of aggregate used is 20 mm and the size of fine aggregate ranges between 0 and 4.75 mm. After casting, the specimens are allowed to cure in real environmental conditions for about 28 days so as to help the concrete to stabilize its own properties like compressive strength and modulus of elasticity. The compressive strength of concrete is obtained from standard test cubes (150 mm size) to failure in a compression testing machine after a curing period of 28 days.  The mix designs were carried out as per Indian Standards IS: 10262-1982. The mix ratios and the compressive strength of concrete are shown in Table 1.  The grades of concrete used in this study are M 20 and M 30.
Table 1 Design ratios and Average compressive strength of concrete
	Materials

(m3)
	Grade of concrete

	
	M 20
	M 30

	Cement
	348.32kg
	1:1.64:3.48
	476.92  kg
	1:1.09:2.42

	Fine aggregate
	572.93 kg
	
	520.14 kg
	

	Coarse aggregate
	1213.75 kg
	
	1156.4 kg
	

	W/ C ratio
	0.55 
	
	0.50
	

	Compressive strength of concrete cubes
	32.25 (MPa)
	
	44.14 
(MPa)
	


B. Reinforcement
Table 2 summarizes the average values of the mechanical properties of GFRP reinforcements.
Table 2 Tensile properties of reinforcements
	Properties
	Threaded GFRP rod(FT)

	Tensile strength (MPa)
	525

	Longitudinal modulus (GPa)
	63.75

	Strain (ε)
	0.012

	Poisson’s ratio (µ)
	0.22


The behaviour of GFRP reinforcements under transverse shear, causes matrix splitting without shearing off any fibres. The transverse shear strength is a matrix dominated property, because the shear force acts on a plane perpendicular to the fibre direction, the significant increase in shear resistance can be achieved by winding or braiding fibres transverse to the main reinforcing fibres. Test methods for the characterization of the shear behaviour of GFRP bars, in terms of both dowel action and inter laminar shear, have been developed by various committees (ACI 440R-96 1996, Lawrence C Bank 1998, CAN/CSA – S806 2002, CEB-FIP 2007).  No specific Indian Standard procedure is available to assess the transverse shear strength of GFRP reinforcements, but using available test standards prescribed for steel reinforcements have been used for assessing the transverse shear strength of GFRP reinforcements and are obtained as 205.2 MPa.  
The density of GFRP reinforcements are calculated by weighing the samples in an electronic weighing machine. The lengths of the rods are measured using vernier calipers. The diameters of the rods are calculated based on the volumetric displacement method. Using the conventional relationship between mass and density, the density of all GFRP reinforcements are derived and is found as 2115 kg/cu.m.  It is seen that GFRP reinforcements have a lesser density than that of steel, which leads to easier handling and lower transportation costs at the construction site.
3. EXPERIMENTAL INVESTIGATION
Each specimen was positioned in between the saddle supports on torsion testing equipment with two eccentric arms cast with wedges to hold on both sides of the specimen with identical eccentricity of 350mm to ensure, as far as possible pure torque along the span.  The ends of the beams are provided with a wedge to hold the wedge plate attached to the torsion testing machine.  The span of beam used in the study is determined by the available free space in the torsion testing machine for all test specimens. Based on this limitation, the effective span between the saddle support results in L = 3000 mm.

All beams are reinforced with 12 mm diameter as longitudinal reinforcement and 8mm diameter as transverse reinforcements as shown in Figure 1. The c/c spacing of the transverse reinforcements are equally spaced along the span. The longitudinal steel ratios are 0.56 and 0.86. The cover of 20 mm (dc) was provided for the specimens.  All the specimens were cast and normal moist curing is done. After curing, grid points are marked using paint on the surface of the beams.  Typical cast specimens for torsional test are shown in Figure 2. 
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Fig. 1 Reinforcement details of the specimens 
[image: image3.jpg]



Fig. 2 Beams for Torsional Testing
The experimental investigation consists of totally eight beam specimens and designated as below: 
Bp1: 0.56% of GFRP Reinforcement 

Bp2: 0.85% of GFRP Reinforcement

m1 :  M20 grade concrete

m2 :  M30 grade concrete

 Ft : GFRP Reinforcement
 S1: 50 mm spacing of stirrups 

S2: 75 mm spacing of stirrups 

C. Test Setup
Torsion testing frame of capacity 10 tonnes is used for testing the rectangular solid beam specimens. The static monotonically increasing loads are applied at the ends by using a 100 kN capacity hydraulic jacks manually and are monitored by pressure gauges.  This frame is provided with two plungers along with loading wedges at both the ends in order to induce uniform torque.  Torque is induced by applying eccentric loads along the axis of the beam with an eccentricity of 350 mm.  The deflections or deformations of the beams are measured by dial gauges and Linear Variable Displacement Transducers (LVDT).  The schematic diagrams of the torsional beam supported on saddle supports are shown in Figures 3 to 5. A typical experimental test setup is shown in Figure 6.
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Fig. 3 Schematic diagram of beam supported on saddle support
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Fig. 4 Schematic diagram of test specimens with load positions
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Fig. 5 Schematic diagram of saddle support and specimen 
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Fig. 6   Experimental setup 
D. Instrumentation 
All specimens are pasted with internal and external surface strain gauges. Strain gauges were fixed on the all specimens both internally and externally to determine the deformations of the beams. Internal strain gauges are fixed on the GFRP reinforcements at the time of casting the specimens with due precaution. External strain gauges are glued on the beam specimens near the support at the middle depth (vertically and horizontally) on both ends of the beam. Strains are measured using strain gauges.  The twist induced is then calculated on the basis of the measured deformations. The axial extensions are also measured with the help of dial gauges with a least count of 0.01 mm attached on magnetic base stands at the end of beam specimens at both the ends. The signals from the LVDT and the electrical strain gauges were measured using a data acquisition system with a sampling rate of fifty samples. These electrical signals are converted into strains and are processed with the help of computers. The load is gradually applied with an increment of 1 kN up to the failure of the beams.
E. Saddle Supports
These saddle supports are useful for inducing twisting moments along the beam length with an assumption that both the ends are provided with uniform torque thereby pure torque is applied.  The magnitudes of the twisting moments are entirely determinable from statics alone.  The entire saddle support unit consists of top plate, rollers and bottom plate. The top and bottom plates are kept in between rollers which may permit rotation along the path of application of loading. The Figure 7 shows the components of saddle supports. The Figures 8 to 10 show the failure pattern of beams subjected to torsion.
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a) Top Plate                                                   b) Saddle with rollers
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                                c) Base Plate                                                  d) Entire Unit

Fig. 7 Saddle support with other accessories
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Fig. 8 Larger diagonal cracks in GFRP reinforced beams (Bp1m1Ft) & (Bp2m1Ft)
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Fig. 9 Failure of GFRP Beam Bp1m2Ft
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Fig. 10 Failure of GFRP Beam Bp2m2Ft
4. Results and Discussions
The reinforced concrete beams was tested for torsional load and the results are represented.  Figures 11 – 14 show the relation between torque and twist. The strength of the specimens mainly depends upon the type of reinforcement available in the beam.  The crack pattern is also based on the type of reinforcement used in the beams. 
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Fig. 11 Torque verses twist curve for the specimens Bp1m1FtS1 & Bp1m2FtS1
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Fig. 12 Torque verses twist curves for the specimens Bp2m1FtS1 & Bp2m2FtS1
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Fig.13 Torque verses twist curves for the specimens Bp1m1FtS2 & Bp1m2FtS2
[image: image23.png]Torque in KN.m

24

20

16

12

10

Twist in degrees

15

20



[image: image24.png]20

IS >

Torque in KN.m
»

Bp,m,FS,

9

Twist in degrees

12

15

18




Fig. 14 Torque verses twist curves for the specimens Bp2m1FtS2 & Bp2m2FtS2
During the cracking of beam the torsional stiffness is completely reducing resulting in increased twist with constant torque.  Table 3 shows the ultimate torque and angle of twist for all beams.
Table 3 Ultimate torques and twists values from Experimental Results
	Beam 
	Tul   (kNm) 
	 θul (°)

	Bp1m1 Ft S1
	10.40
	14.20

	Bp1m2 Ft S1
	11.38
	15.11

	Bp2m1 Ft S1
	11.70
	14.76

	Bp2m2 Ft S1
	12.63
	15.56

	Bp1m1 Ft S2
	13.50
	14.00

	Bp1m2 Ft S2
	13.80
	14.50

	Bp2m1 Ft S2
	17.00
	19.00

	Bp2m2 Ft S2
	17.80
	19.50


It is seen that two types of failures are observed for beams reinforced with GFRP reinforcements, namely, concrete crushing and rupture of GFRP stirrups under tension. GFRP reinforced concrete beams are failed due to crushing of concrete followed by rupture of GFRP stirrups when the reinforcement ratio lesser than 1% (0.56%).  It is probably due to the fact that the ultimate tensile strains of GFRP stirrups, generally GFRP pultruded reinforcements have higher ultimate strains in fact higher than conventional steel, but GFRP stirrups are not manufactured by pultrusion process and are indeed, manufactured by vacuum resin bath method which are having lesser ultimate strains but slightly greater than concrete ultimate strains. Such mode of failure is invariably observed for all GFRP reinforced beams with a reinforcement ratio lesser than 1% and approximately closer to 1%. But none of beams failed due to rupture of GRFP reinforcements prior to concrete strain reaches ultimate. It is probably due to the fact that the ultimate tensile strains of GFRP reinforcements are greater than the ultimate compressive strains of concrete.
Higher grade of concrete and higher percentage of reinforcement, the torque–twist diagrams show an increase in torque together with a rapid increase of beam twist. The failures were characterized by crushing of the concrete at the compressive face, followed by the rupture of GFRP stirrups. This qualitative behaviour is observed in GFRP beams; consequently the overall behaviour of the GFRP beam is similar to the behaviour of conventionally reinforced concrete beams except that the failure of GFRP stirrups even after concrete crushing.

After the first crack, the spalling of the concrete cover, the area enclosed by the centre line of the thickness reduces, resulting in a reduced torsional capacity of the section. The first diagonal crack (approximately 45o to the longitudinal axis of the beam) appeared approximately in the mid depth of the section first and subsequently the middle of the width of the beam and finally these cracks continue spirally in all four faces of the beam.  When the torque increases further small number of diagonal cracks appeared in larger number for GFRP reinforced concrete beams.
A more pronounced spalling of concrete cover at a faster rate followed by sudden failure occurred in all GFRP reinforced beams. The thickness of the cover concrete spalling is excessive for higher reinforcement ratio beams leaving almost all the longitudinal reinforcements exposed.

The GFRP reinforcements do not have definite yield point, and its stress-strain response shows linear-elastic response up to failure and therefore it is not possible that the GFRP reinforced beams exhibit a failure point before concrete fibre reaches its limiting strain 0.0035.  Normally,  GFRP reinforcement exhibit either brittle tension failure or premature compression failure.  First one is observed in beams under pure bending condition and is potentially disastrous because it is sudden and explosive and second one is observed when GFRP bars in compression prior to concrete strain reaches ultimate value. However that compression rupture of GFRP bars is less likely to occur because the ultimate compressive strain of GFRP bars is generally greater than the ultimate concrete strain in compression. In this study no such type of failure is occurred, even for lower reinforcement ratios (lesser than 1%). Therefore concrete crushing failure is more desirable for concrete beams reinforced with GFRP bars.
5. CONCLUSIONS
From the experimental investigations, the following conclusions are derived for GFRP reinforced concrete beam subjected to eccentrically loading conditions.
1. Torsional strength and angle of twist increases with the increase in grade of concrete and percentage of longitudinal and transverse reinforcements. But GFRP reinforced concrete beams showed higher angle of twist than the conventional reinforcements. This fact is primarily due to higher tensile strain values for GFRP reinforcements.

2.  Higher grade of concrete and higher percentage of reinforcement, the torque–twist diagrams show an increase in torque together with a rapid increase of beam twist.
3. After failure, all beams reinforced with GFRP reinforcements are damaged at the compression face because the excessive concrete cover spalling in proximity of the collapse section. It is mainly due to higher tensile strain range for GFRP.  
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