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Abstract.  Presence of torsional loadings can significantly affect the flow of internal forces and deformation 

capacity of reinforced concrete (RC) columns. It increases the possibility of brittle shear failure leading to 

catastrophic collapse of structural members. This necessitates accurate prediction of the torsional behaviour 

of RC members for their safe design. However, a review of previously published studies indicates that the 

torsional behaviour of RC members has not been studied in as much depth as the behaviour under flexure 

and shear in spite of its frequent occurrence in bridge columns. Very few analytical models are available to 

predict the response of RC members under torsional loads. Softened truss model (STM) developed in the 

University of Houston is one of them, which is widely used for this purpose. The present study shows that 

STM prediction is not sufficiently accurate particularly in the post cracking region when compared to test 

results. An improved analytical model for RC square columns subjected to torsion with and without axial 

compression is developed.  Since concrete is weak in tension, its contribution to torsional capacity of RC 

members was neglected in the original STM. The present investigation revealed that, disregard to tensile 

strength of concrete is the main reason behind the discrepancies in the STM predictions. The existing STM 

is extended in this paper to include the effect of tension stiffening for better prediction of behaviour of 

square RC columns under torsion. Three different tension stiffening models comprising a linear, a quadratic 

and an exponential relationship have been considered in this study. The predictions of these models are 

validated through comparison with test data on local and global behaviour. It was observed that tension 

stiffening has significant influence on torsional behaviour of square RC members. The exponential and 

parabolic tension stiffening models were found to yield the most accurate predictions. 
 

Keywords:   square column; tension stiffening; softened truss model; torque; twist, compression 

 
 
1. Introduction 
 

The presence of torsional loading significantly alters the behaviour of reinforced concrete (RC) 

members. Although, a number of studies have addressed pure flexure, pure shear and pure torsion 

independently, investigations on such loads in combination are scarce. Among them, the 

combination of torsion and axial load is the least studied until now in spite of its occurrence in 

bridge columns. The presence of torsion loading is more likely in skewed or horizontally curved 
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bridges, bridges with unequal spans or column heights, and bridges with outrigger bents. 

Construction of bridges with these configurations is often unavoidable due to site constraints. In 

addition, multidirectional earthquake motions (including significant vertical motions), structural 

constraints due to a stiff decking, movement of joints, abutment restraints, and soil conditions may 

also lead to combined load effects of torsion and axial compression in columns. 

Given the brittle nature of torsional failure of RC members and high safety requirement for 

important buildings and bridges, it is essential to accurately predict the torsional behaviour of RC 

members for efficient design of these members. Though STM was developed to predict the 

torsional behaviour of reinforced concrete members, present investigation shows that STM 

prediction is not sufficiently accurate in the post cracking region when compared to test results. 

Therefore, the present study focuses on the development of improved analytical models for RC 

square columns subjected to torsion with and without axial compression. Since the concrete is 

weak in tension, its contribution to torsional capacity of RC members was neglected in the original 

STM. The present investigation revealed that, disregard to tensile strength of concrete is the main 

reason behind the discrepancies in the STM predictions. Similar observation was also found in a 

parallel study conducted on circular columns by Mondal and Prakash (2015). The existing STM is 

extended in this paper to include the effect of tension stiffening to get improved prediction of 

behaviour of square RC columns under torsion with and without axial compression. Three 

different tension stiffening models comprising a linear, a quadratic and an exponential relationship 

have been considered in this study. The predictions of the models are validated through 

comparison with test data on square RC columns under torsional loading.  

 
 
2. Tension stiffening effect 

 

Tension stiffening (TS) is explained with the simple case of a reinforced concrete member 

subjected to uniaxial tensile load as shown in Fig. 1. Concrete offers no resistance to applied 

tensile load at the cracked section and the entire load (P) is carried by steel alone (Fig. 1(a)). This 

makes the stress in concrete (  ) at the cracked locations equal to zero rendering maximum stress 

in the steel (fS). At any section in between two adjacent cracks, where the concrete is intact, the 

applied load (P) is resisted together by steel (PS) and concrete (PC). With increase in distance from 

the crack locations, stress in concrete increases whereas the stress in steel (fS) decreases (Fig. 1(b)). 

This leads to maximum stress in concrete and minimum stress in steel at the midpoint between two 

cracks. This phenomenon of considering tensile resistance offered by intact concrete in between 

the adjacent cracks is known as tension stiffening. As the load increases, crack formation 

continues until the cracks are so close that effective length of intact concrete between the cracks 

reduces to such a level that concrete is incapable of taking any more tensile stress perpendicular to 

the crack directions. At this stage, the concrete is considered to be completely cracked. 

Subsequently, the effect of tension stiffening becomes insignificant and inflicts no influence on the 

behaviour of RC members.  

Under torsional loading, the shear flow created in an RC section due to the applied torsional 

moment can be resolved into a diagonal compression and a diagonal tension. When this diagonal 

tensile stress in an RC member reaches the tensile strength of concrete, cracks are developed. Even 

after torsional cracking, the concrete between the cracks contributes to load resistance. If this 

tension stiffening effect under torsion is disregarded, steel stresses are overestimated and as a 

result, structural safety could be underestimated considerably. Therefore, it is necessary that a  
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Effect of tension stiffening on the behaviour of square RC column under torsion 

 

Fig. 1 Distribution of concrete stresses after cracking (Hsu 1993) 

 

 

realistic STM model taking in to account the tension stiffening effect needs to be formulated for 

improved predictions. The present study shows the significance of tension stiffening through 

validation of tension stiffened STM predictions with experimental data on square RC columns 

tested under combined torsion and axial compression. 

Several investigations (Choi and Cheung 1996, Elenas et al. 2006, Stramandinoli and Rovere 

2008) in the past studied the influence of tension stiffening effect on the behaviour of RC members 

and different tension stiffening models were proposed. However, none of them were verified and 

validated with test data under torsional loading. Three models were proposed by Vecchio and 

Collins (1986), Belarbi and Hsu (1994), Stevens et al. (1987) for tension stiffening behaviour of 

concrete. However, they were empirical expressions developed using test data from 2-dimensional 

shear panels and do not closely model the 3-dimensional torsional response of RC members 

(Greene 2006). Hence, a modified set of equations, comprising a linear, a parabolic and an 

exponential relationship, were proposed by Greene (2006) based on regression analysis of 

torsional test data which are used in this investigation. The exponential model was earlier used by 

You and Belarbi (2011) under torsional load condition but was not verified with experimental data. 

The investigation by You and Belarbi focused on back-calculating the shear flow thickness based 

on the given experimental data. In the present work, the objective is to accurately predict the entire 

torque-twist behaviour by including tension stiffening relationships. All the three tension stiffening 

models (linear, parabolic and exponential) are verified with experimental data.  
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3. Tension-stiffened softened truss model 
 

3.1 Background 
        

This section describes the development of the existing Softened Truss Model (STM) (Hsu and 

Mo 1985a) by considering the effect of concrete tension stiffening (TS) for improved predictions. 

The inclusion of tension stiffening in the model is important because it allows an improved 

prediction of the service-level twist. A stress-strain relationship for concrete in tension was taken 

from literature (Greene 2006). The proposed TS-STM adopts the equilibrium and compatibility 

equations developed for an RC panel under a membrane stress field. The torsional moment and 

thickness of shear flow are given by Bredt‟s (1896) thin-tube theory. TS-STM model has not been 

validated well for columns under combined axial compression and torsion. The scope of present 

study includes validation of TS STM model with test data of RC square columns under torsion 

combined with and without axial compression. 

 

3.2 Thickness of shear flow zone 
 

An external torque applied to a reinforced concrete prismatic member is resisted by an internal 

torque formed by a circulatory shear along the periphery of the cross section (Fig. 2(a)). The shear 

stress distribution in a rectangular cross section due to the circulatory shear is shown in Fig. 2(c). 

It is zero at the centre of the section and increases linearly towards the edges. However, the 

variation is not linear along the diagonals. Along the diagonals, it is zero at the centre as well as at 

the corners and reaches a maximum somewhere in between. At the midway location on the sides 

of the section, shear stresses reach a maximum at the edges. In general, the shear stress values are 

more at the periphery of the section. Owing to such variation of shear stress, it can be stated that 

shear stress resisted by core of the section is small compared to that resisted by the outer part of 

the section. Thus, the shear flow q effectively occupies a zone, known as the shear flow zone 

towards the periphery of the section, and has a thickness denoted as td (Fig. 2). This thickness td is 

a variable determined from the equilibrium and compatibility conditions. It is not the same as the 

wall thickness h of a hollow member as shown in Fig. 2(c). 

When an RC member is subjected to twist, the walls of the member are warped causing flexural 

stresses in the concrete struts.  The original STM assumes that the shear flow zone is extended into 

the member up to the neutral axis. The concrete inside the neutral axis is in tension and considered 

ineffective. Such a member is assumed to be fully cracked, with the concrete and reinforcement 

acting as a truss.  Previous research has shown this as an effective way to model a fully cracked 

RC member (Hsu and Mo 1985). However, it cannot reflect the torsional behaviour of an 

uncracked member. In the present study, the formulations are extended to predict the torsional 

behaviour of uncracked elements as well. Since the pre-cracking torsional behaviour of RC 

members under torsion is known to be linear, one can plot the variation of torque with twist before 

cracking from the cracking torsional moment and cracking twist values calculated from the 

expressions given by Collins and Mitchell (1991). Thickness of shear flow zone at cracking, td0 

can be calculated with the help of Eq. (1) (ACI 318 2005). 

                                 
 

 
 
   

  
 (1)  

In Eq. (1), pc is the perimeter of the section and Acp is the area of concrete bounded by pc.  The  
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Effect of tension stiffening on the behaviour of square RC column under torsion 

 

(a) Shear flow and membrane element 

 
(b) Stress condition in membrane element 

 
(c) Shear stress distribution in rectangular 

cross section 

Fig. 2 Thickness of shear flow zone in prismatic members (Hsu 1993) 

 

 

thickness of shear flow zone increases after cracking according to the increase in torsional moment 

till the peak point. 

 

3.3 Shear element in shear flow zone  
 

Fig. 2(b) shows stress condition in reinforced concrete membrane elements subjected to torsion 

without considering contribution from steel reinforcement. However, if steel reinforcement is also 

taken in to consideration, which is aligned in the l (longitudinal) and t (transverse) directions, the 

in-plane stress condition developed in the membrane element is as shown in Fig. 3. This forms the 

foundation of basic equilibrium equations under combined shear and normal stress condition. The 

total stress resisted by an RC element in the longitudinal (  ) and transverse (  ) directions can be 

broken into two components a) stress resisted by concrete, and b) stress resisted by steel 

reinforcement. The normal and shear stress resisted by concrete in the „l’ and „t’ directions can be 

expressed in terms of principal stresses    and   , which are oriented at an angle of α with the „l’ 

and „t’ axes respectively. After the development of diagonal cracks, the concrete struts are 

subjected to compression and the steel bars act as tension links, thus forming an apparent truss  
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(a)  Definitions of stresses and coordinate system 

 
(b) Superposition of concrete stresses and steel stresses 

Fig. 3 RC membrane element subjected to in-plane stresses (Adapted from Hsu 1988) 

 

 

action. The compression struts are oriented along the d-axis, which is inclined at an angle α to the 

longitudinal direction. The normal principal stresses in the d and r directions are σd and σr 

respectively. 

 

3.4 Governing equations in TS-STM 
 

The proposed TS-STM adopts the equilibrium equations developed for an RC panel under a 

membrane stress field given by Eqs. (2)-(6).  The torque, T, resisted by the section is given by Eq. 

(6) for a shear stress flowing around the perimeter of the section as described by Bredt‟s thin-tube 

theory (Bredt 1986). The compatibility relationships given by Eqs. (7)-(13), which describe the 

relationship between the unit twist, θ, and the shear strain, γLT, and the relationship between θ and 

the curvature in the concrete strut, ψ, respectively, are adopted without modification. Finally, 

constitutive relationships are used for the concrete and reinforcement as shown in Eqs. (14)-(22). 

 
3.4.1 Equilibrium equations 
The two dimensional equilibrium equations relate the average internal stresses developed in the 

concrete (   and   ) and in the reinforcement (   and   ) to the  average applied stresses (  ,    

and    ) with respect to the angle of inclination of  -axis to the  -axis,  . The torsional moment 

induced by internal shear stress can be expressed as Eq. (6). 

                       
          (2) 
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(3)  

             (      )         (4) 

               
  

    
 (5a) 

             
  

   
 (5b) 

                     (     ) (6) 

where   ,    are volumetric ratios of longitudinal and transverse steel,        are total cross-

sectional areas of longitudinal and transverse steel and   ,    are perimeter and the width of the 

shear flow zone respectively. 

 

3.4.2 Compatibility equations 
The two dimensional compatibility equations relate the average strains in     co-ordinate 

system (  ,    and    ) to that (   and   ) in     co-ordinate system (principal axes). The 

compatibility equations are alone, not sufficient to solve the torsion problem. Infact additional 

equations that relate, the out of plane warping effects are necessary. The curvature of the concrete 

struts ( ) can be related by geometry to the angle of twist ( ), angle of inclination ( ), the 

thickness of shear flow zone (  ) and the outer face strain of the concrete strut (   ) as shown 

below. 

                                            
  (7) 

                                                                 (8) 

                         
   

 
 (      )                            (9) 

                            (
  

   
⁄ )                       (10) 

                                                  (11) 

                       
   

 ⁄                    (12) 

                    
   

 ⁄                    (13) 

 
3.4.3 Constitutive laws 
3.4.3.1 Concrete struts 
An RC membrane element subjected to shear stresses is actually subjected to biaxial 

compression-tension stresses in the diagonal directions. Compressive strength in one direction is 

reduced by cracking due to tension in perpendicular direction. Vecchio and Collins (1981) 
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incorporated this softening effect in the concrete stress – strain curve under compression and 

proposed the following relationships. 

                                   
 
 

                    

(14) 

                          
   

   
(  

   

    
) for     

   

   
 ≤1 (15a) 

                k1=*  
  

(   ) 
+ (  

   

    
)+

  

(   ) 
   

   
(  

   

    
)   for       

   

   
 >1 (15b) 

where, δ is peak softening coefficient which is quantitatively a measure of diagonal tensile 

cracking of concrete. Hsu (1991) proposed the following expression for δ in terms of diagonal 

tensile strain,   . 

                   δ = 0.9/√(       )  (16) 

 
3.4.3.2 Concrete stress strain curves under tension 
Models of tension stiffening are typically linear before cracking as shown in Eq. (17).  

                                                                                                                                   (17) 

After cracking, the tensile stress decreases rapidly with further increase in tensile strain. 

Previous equations for the descending branch were developed by Vecchio and Collins (1986), 

Belarbi and Hsu (1994), Stevens et al. (1987) which were empirical expressions developed using 

data from shear panels and do not closely model the data from torsional tests (Greene 2006). So, a 

modified set of equations, comprising a linear, a parabolic and an exponential relationship, 

proposed by Greene (2006) based on regression analysis of torsional test data are used in this study 

and are shown by Eqs. (18a), (18b) and (18c) respectively. The term βr is a function of εr and is 

given by Eq. (20).  The λt term in Eq. (18c) is a constant that controls the rate at which the function 

decays.  The term εcr0 in Eq. (20) is the strain at which the tensile stress intersects the strain axis.  

Also, the parabolic function is tangent to the stress axis at εcr0. The selected values of the constants 

(Green 2006) are summarised in Table 1. Normalized stress-strain data generated from the 

proposed equations are plotted and shown in Fig. 4. 

       (    ) (18a) 

                    (         
 ) (18b) 

         
   (       ) (18c) 

     
  

   
√  

  (19) 

    
       

         
 (20) 

where εcr and fcr are cracking strain and cracking stress respectively.  
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Table 1 Constants for average tensile stress (σr)  

 C εcr0 λt 

Linear 0.500 0.00450 -- 

Parabolic 0.500 0.00700 -- 

Exponential 0.500 -- 350 

 

 

Fig. 4 Normalized data and tension stiffening relationships from literature (Greene 2006) 

Note:   was assumed to be -0.002 (Vecchio and Collins 1986). 

 
 

3.4.3.3 Stress-strain relationship in mild steel 
An elastic-perfectly plastic material model identical under tension and compression is assumed 

for steel reinforcements. The stress (fl and ft) in steel can be related to strain (   and   ) before and 

after yielding as shown below. 

For longitudinal steel 

                                                                                                                        (21a) 

                                                                                                                       (21b) 

For transverse steel 

                                                                                                                          (22a) 

                                                                                                                            (22b) 

      Young‟s modulus of steel,    was assumed to be 200 GPa (ACI 318 2008). The yield strain of 

steel (εly and εty for longitudinal and transverse steel respectively) was calculated by dividing 

respective yield strength by   . 
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3.4.4 Ao and po 

Area (A0) enclosed by centre line of shear flow zone and the perimeter (  ) of the enclosed area 

can be expressed as functions of    as shown below. 

                                                                       
    

 
   

                                                         (23) 

                                                                      (24) 

                      

3.4.5 Expressions for εl and εt 

The angle of inclination of diagonal struts to the member longitudinal axis of the member,  , is 

explicitly included in the equilibrium and compatibility equations. However, use of   can cause 

numerical instability in the iterative solution process. So, it was eliminated from the governing 

equations and the following relations were obtained. 

                                                     
  (   )(      )

       (     ) (    )
                                              (25) 

                                                    
   (   )(      )

         (     )  (    ) 
                                           (26) 

The above equations can be solved simultaneously with the stress–strain relationships for steel. 

 

3.4.6 Relations among strain components 
From Eqs. (7) and (8), sin(α) and cos(α) can be estimated in terms of the strain components.  

Then making sin
2
(α)+cos

2
(α)=1, inter-relationship among the strain components can be obtained 

as shown in Eq. (27). 

                                                                                                                                        (27) 

 

3.4.7 Angle of crack inclination (α) 
From the estimated values of sin(α) and cos(α), angle of crack inclination (α) can be expressed 

in terms of strain components as shown in Eq. (28). 

           
     

     
                                                            (28) 

Young modulus of concrete (  ) can be calculated from cube compressive strength (   ) of 

concrete using the relation given in Eq. (29). The shear modulus (G) is related with Young 

modulus (  ) and Poisson‟s ratio ( ) as shown in Eq. (30). 

                                                                    
  

  MPa                                                      (29) 

where fck is cube compressive Strength of Concrete in MPa. 

                                                      
  

(    )⁄     MPa                                                     (30) 

  value was chosen to be equal to 0.2 for concrete. 

 
3.4.8 Parameters at cracking 
The expressions for estimation of parameters at cracking are tabulated in Table 2. 
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Table 2 Parameter to evaluate cracking torque and twist 

Parameter Expression 

     
 ⁄

  
  

⁄  

    
   

 

  
  

    
  

 

  
   √  

   

   
 

       
  ⁄  

 

 

GK is the torsional stiffness.    ,     and     are the depth of shear flow zone, values of torque 

and twist at cracking respectively.     is the area enclosed by the outer perimeter of the concrete 

cross-section and    is the outer perimeter of concrete cross-section.     is axial stress applied to 

the member. 

 

 

4. Solution procedure 
 

Given the dimensions of the cross section, the reinforcement, and the material properties, a 

„displacement controlled‟ solution to the equations can be made by first selecting    and then 

assuming trial values for    and   . Next, an iterative procedure is used to find values of the 

assumed variables by solving the equilibrium equations, compatibility equations, and stress-strain 

relationships. This will find one point on torque-twist curve. The solution algorithm is explained in 

the Fig. 5. Subsequent points are found by varying the selected value of    from a zero to 

maximum value that causes peak torque or that causes    to exceed a prescribed value. The 

indeterminacy in the equations is settled by putting                   and    and    as 

variables.  

A value of    is selected and values of    and    are assumed in an iterative manner. A loop is 

executed and all the equilibrium, compatibility and constitutive laws are satisfied and the unknown 

variables are found out. Then the calculated values of    and    are compared with the assumed 

values and desired precision is arrived in an iterative manner. Thus a point on the torque-twist 

curve is traced. In this way, for every single    value, corresponding    and    values are obtained. 

As the    reaches the maximum value, the loop is terminated and the torque-twist response is 

traced. 

 

4.1 Initial calculations 
       

The following initial calculations were made for variables that are constant during the solution 

process. Calculations of    ,   ,    ,     , and    were done from  the respective equations. 

 
4.2 Solution algorithm 

       
The following procedure was used to solve the proposed Square TS-STM. The algorithm is 

summarized as a flow chart in Fig. 5. 
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Fig. 5 Solution procedure for TS-STM 

 
1. Select a value of    

 

2. Assume a value of   . 

3. Assume a value of   . 

4. Calculate  ,       ,    and    from the corresponding Eqs. (16), (15), (14), (23), (24). Before 

cracking, calculate    using 17. After cracking, use the tension stiffening model to calculate     

using Eqs. (18a), (18b), (18c) respectively. 

5. Calculate    using Eq. (25). 

6. Calculate    using Eq. (26). 

7. Calculate    from Eq. (27). If the difference between the assumed and calculated value of    is 

not within a tolerable limit, then repeat Steps 2 to 6 until the convergence is achieved. 

8. Calculate α, τlt, T, γlt and θ using Eqs. (28), (4), (6), (9) and (10) respectively, corresponding to 

one value of   . 

9. Repeat the process for different values of
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5. Experimental corroboration of proposed model 
       

The proposed TS-STM was validated through comparison with test data on RC square columns 

tested under torsional loading. Experimental results obtained from two specimens (TP-91 and TP-

92) tested in the University of Tokyo and one specimen (Missouri) tested in the University of 

Missouri were used for calibration purpose. The details of the test setup and loading protocol can 

be found in Tirasit and Kawasima (2007a, b), Prakash (2009), Prakash et al. (2012). Predictions 

were made using the linear, parabolic, and exponential models of tension stiffening. The cracking 

and peak values of torque and twist obtained from the analytical and experimental results, on 

comparison, yielded an appreciable correlation. The observed errors may be attributed to material 

imperfections or the discrepancy in loading steps. The details of the test specimens are 

summarised in Table 3 and the reinforcement detailing is shown in Fig. 6. 

 

 
Table 3 Specimen details 

Specimen Id TP-91 TP-92 Missouri 

Section Shape Square Square Square 

Section Dimension (m×m) 0.40×0.40 0.40×0.40 0.56×0.56 

Column Height (m) 1.75 1.75 3.35 

Cylinder Strength of Concrete (MPa) 28.3 28.4 34.6 

Longitudinal Reinforcement Ratio (%) 1.27 1.27 2.10 

Transverse Reinforcement Ratio (%) 0.75 0.75 1.32 

Longitudinal Reinforcement Yield Strength (MPa) 354 354 512 

Transverse Reinforcement Yield Strength (MPa) 328 328 454 

Axial Force (kN) 0 160 0 

Young's Modulus of Steel (MPa) 200000 200000 200000 

 

 

 

(a) TP-91 and TP-92 (b) Missouri 

Fig. 6 Reinforcement detailing of the test specimens (dimensions in mm) 
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(a) Test specimen TP-91 

 
(b)Test specimen TP-92 

 
(c) Test specimen - Missouri 

Fig. 7 Comparison of efficiency of different TS model in predicting torque-twist behaviour 
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6. Overall torsional response 
       

The torque-twist behaviour of the tested columns predicted by TS-STM is compared with test 

data in Fig. 7. It can be observed that the predictions of the three tension stiffening models used in 

this study are identical up to the peak torque. For larger tensile strains, the tensile stresses 

predicted by the tension stiffening models are markedly different. So, the predicted torque-twist 

behaviour is no longer identical. However, the difference is not large, as the effect of tension 

stiffening is small near and after the peak. The linear model failed to predict the behaviour in post 

peak region (Fig. 7). The behaviour predicted by the exponential and the parabolic models is close 

to the experimentally measured values and therefore any of the two models can be used 

interchangeably to obtain equally valid prediction.  However, the torque-twist behaviour predicted 

by the original STM is initially very stiff up to cracking, followed by a reduced stiffness up to the 

peak torque, which contrasts sharply with the behaviour predicted by TS-STM. Thus, the original 

STM is shown to underestimate the stiffness and leads to overestimation of the deformation in post 

cracking region. The value of peak torque predicted by TS-STM is larger than the peak torque 

predicted by STM owing to the effect of tension stiffening. 

       

 

7. Peak response  
       

The values of peak torque and twist for the three columns predicted by the TS-STM are shown 

in Table 4 and compared with the experimental values. It may be noted that the linear and the 

parabolic tension stiffening models, on an average, predict the ultimate torque value almost 

accurately, while the exponential model overestimates the same by 2.67%. On the other hand, the 

predictions of twist at the peak by the three models were broadly similar. Hence, it may be 

commented that all the three tension stiffening models predict the behaviour at the peak reasonably 

well and the predictions are close to experimental observations. On the other hand, the original 

STM under predicts the peak torsional capacity significantly. Since, for the specimens considered 

in this study, longitudinal reinforcement ratio was greater than the transverse reinforcement ratio, 

it is imperative that average strain in longitudinal steel will be less than that in transverse steel. As 

a result, angle of inclination α will be slightly greater than 45 degree for the specimens under 

consideration. Now, neglecting tensile stress in concrete (  ) (as in original STM) will lead to 

under prediction of shear stress (   ) by 
 

 
    sin2α (Eq. (4)), which may not be too small to be 

neglected because of α being close to 45 degree. The discrepancy is amplified when     is 

multiplied with       (not a small number) to obtain torsional moment, T. This explains the large 

discrepancy in peak torque values predicted by the proposed TS-STM and the original STM.                                    
 

 

8. Strains in longitudinal and transverse reinforcements 
       

Fig. 8 shows the variation in strain in the longitudinal and the transverse reinforcements with 

applied torque for test specimen TP-92. The predictions of all the three tension stiffening models 

closely follow the experimental measurements up to the peak torque. The behaviour shows an 

initial steep slope as torque increases without significant increase in stress in the reinforcements. 

This is due to the shear flow in concrete resisting most of the applied torque. The response is 

effectively linear before cracking and subsequently it flattens out. The strain in both kinds of 
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reinforcement is tensile bringing about an apparent truss action. Further, it may be inferred from 

the figure that the exponential model mimics the variation in strain in the longitudinal 

reinforcements with applied torque in a better way than the remaining two models whereas the 

same in the transverse reinforcements can be best represented by the parabolic model. The linear 

model produced no result in the post peak region as mentioned above. 

It is observed in Fig. 8 that the transverse reinforcement reached the yield point much before 

the failure of the specimens. On the other hand, the maximum strain in the longitudinal 

reinforcement at failure was less than the yield strain. This may be attributed to higher ratio of 

longitudinal reinforcement than that of transverse reinforcement (Table 3) used in the specimens. 

 

 
Table 4 Ultimate torque and twist 

Specimen 

Name 
Parameter Experimental 

Linear 

Model 

Parabolic 

Model 

Exponential 

Model 

Zero Tension 

Stiffening Case 

TP-91 

Tu (Kn-m) 76.57 78.28 76.57 78.99 57.39 

θu (rad) 0.029 0.028 0.029 0.027 0.047 

Tu,calc / Tu,test NA 1.02 1.00 1.03 0.75 

θu,calc / θu,test NA 0.97 1.00 0.93 1.61 

TP-92 

Tu (Kn-m) 78.59 82.62 80.70 82.01 57.46 

θu (rad) 0.020 0.023 0.024 0.027 0.037 

Tu,calc / Tu,test NA 1.05 1.03 1.04 0.73 

θu,calc / θu,test NA 1.15 1.2 1.35 1.79 

Missouri 

Tu (Kn-m) 328.09 304.92 318.49 330.04 290.59 

θu (rad) 0.110 0.072 0.079 0.081 0.080 

Tu,calc / Tu,test NA 0.93 0.97 1.01 0.89 

θu,calc / θu,test NA 0.65 0.72 0.74 0.73 

    

 
(a) Longitudinal reinforcement (TP-92) 

Fig. 8 Comparison of efficiency of different TS model in predicting average strain in reinforcements 
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Effect of tension stiffening on the behaviour of square RC column under torsion 

 
(b) Transverse reinforcement (TP-92) 

Fig. 8 Continued 

 

 

As proposed by Leu and Lee (2000), reinforced concrete sections can be classified into four 

categories based on relative percentage of longitudinal and transverse steel. For large ratio of 

longitudinal and transverse steel, concrete fails in compression before any of the reinforcements 

reaches the yield stress. Such sections are referred to as over reinforced sections. The condition 

under which both the reinforcing steels reach yield stress simultaneously with concrete reaching 

ultimate strain in compression is known as balanced condition. If the longitudinal and transverse 

reinforcement ratios are less than that corresponding to balanced condition, then the 

reinforcements reach yield condition before crushing of concrete in compression. Such failure 

mode is called as under reinforced failure mode. If any one of the two reinforcement ratios is 

lower than that for balanced condition, then either the longitudinal or the transverse reinforcement 

yields before the concrete is crushed. Such type of sections is termed as partially under reinforced 

sections. The specimens considered in the present study are typical examples of partially under 

reinforced section where the concrete crushes prior to the yield of longitudinal reinforcement and 

after the yield of transverse reinforcement. Therefore, the sections are under reinforced in 

transverse direction and over reinforced in longitudinal direction. 

 
 
9. Conclusions 
 

The proposed model includes the effect of concrete tension stiffening to provide a continuous 

prediction of torsional behaviour of square RC columns before and after cracking. In this model, 

the alignment of cracks rotate to remain normal to the principal tensile stress and the contribution 

of concrete in shear is neglected. The model assumes perfect bond between the concrete and 

reinforcement. The model has been validated by comparing the predicted and experimental 

behaviour of members loaded under torsion with or without axial compression.  

      The following conclusions can be arrived from the improved TS-STM developed in this study: 
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• Comparison of predictions with experimental data shows that tension stiffening has a 

significant influence in the torque-twist response of an RC square member and it has to be 

considered in the design criteria. 

• The concept of an apparent truss model was adopted to justify the prediction of an uncracked 

member under torsion using a truss model. This resulted in closer predictions both in the pre-

cracking and post-cracking region. 

• Test specimens used for the validation of the models had the following failure progression: 

shear cracking, transverse reinforcement yielding and diagonal compression failure of concrete. 

This failure progression was adequately captured by the developed TS-STM. 

• The torque-twist behaviour and reinforcement strains predicted by the TS-STM was 

compared to test results and showed a close comparison. 

• Linear, parabolic, and exponential models of concrete tension stiffening produced fairly close 

predictions before the peak torque. The parabolic and the exponential models have comparable 

capacity to model the torsional behaviour in the post peak region. The linear model proved 

inefficient in the post peak region. 
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Notations 
 

   Thickness of shear flow zone 

    Thickness of shear flow zone at cracking. 

   Perimeter of the column section 

s Spacing between adjacent transverse reinforcements 

    Area bounded by pc 

   Average longitudinal strain 

   Average transverse strain 

    Average shear strain in l-t plane 

   Average normal stress in longitudinal direction 

   Average normal stress in transverse direction 

    Average shear stress in l-t plane 

     Average concrete compressive stress 
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   Average concrete compressive strain 

    Peak compressive stress of concrete 

   Strain in concrete at fc‟ 

δ Softening coefficient of concrete 

   Average tensile strain in concrete 

     Average tensile stress in concrete 

    Cracking strength of concrete 

    Cracking strain of concrete 

   Average strain in longitudinal steel  

   Average stress in longitudinal steel 

   Average strain in transverse steel  

   Average stress in transverse steel 

   Yield strain of steel 

   Yield stress of steel 

   Volumetric ratio of longitudinal steel 

   Volumetric ratio of transverse steel 

ψ Curvature in the concrete strut 

Ec Modulus of elasticity of concrete 

fck Characteristic compressive strength of concrete 

γ Poisson‟s ratio of concrete 

G Modulus of rigidity of concrete 

K Polar moment of inertia of the section 

Es Modulus of elasticity of steel 

T Torsional moment 

θ Angle of twist 

    Cracking torque 

    Cracking twist 
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