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Abstract 

This investigation concentrates on the behaviour of beam-column joints subjected to  

torque interacting with flexural and direct shear forces and in the presence of different 

Carbon Fibre Polymer (CFRP) strengthening wraps (applied only to the beam). These 

wrapping schemes have previously been determined by the research community as an 

effective method of enhancing the torsional capacities of simply supported reinforced 

concrete beams. Based on the literature and the lack of direct relevant research, an 

extensive experimental, analytical and numerical investigation has been performed.  The 

experimental work involved a series of exterior reinforced concrete beam-column joints 

tested under short-term and long-term loads, combinations of which included torque.  

The short-term tests performed under monotonically increasing loads  illustrated the 

viability of using CFRP wrapping systems to enhance member capacities under torsional 

actions. The enhancement levels were affected by the fibre ratio, the confinement 

degree, and the fibre orientation. The ductility of the members was governed by the 

strength of the concrete struts. The rebarsô strain readings confirmed the influence of the 

torsional forces; these forces increased the tensile stresses in the beam rebars, which 

affected the shear demand and distortion levels of the joints. The long-term tests (under 

sustained loads) illustrated a significant increase in the beam twist deformations due to 

the long-term torsional loads. Also, the sustained loads reduced the flexural stiffness; 

this corresponded to the level of the time-dependent deformations and the induced 

torsional cracks. The CFRP wraps considerably improved the time-dependent torsional 

stiffness compared to the unstrengthened specimens.     

Formulas are proposed based on the space truss mechanism to evaluate the joint shear 

demand of beams wrapped in various ways, whilst also considering the interactions of 

torque with bending and direct shear. Further, an iterative model based on the average 

stress-strain method has been introduced to predict the jointôs strength. The proposed 

analytical approaches showed good agreement with the experimental results.  In 

addition, numerical models were developed in order to  examine the influence of different 

torque to bending-shear ratios, multiple CFRP layers, and concrete strengths. These 

investigations revealed significant increases in the plastic strains, which exceeded those 

measured in the specimen under concentric loads. The high strength concrete models 

attained larger load capacities than the normal strength concrete models. The 

effectiveness of multiple CFRP wraps was limited  to the concrete struts capacity. A 

considerable increase in the beamôs time-dependent deflections was identified when 

compared with those predicted according to Eurocode-2.  
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Chapter 1 Introduction  

1.1 Background 

Structural members in a reinforced concrete frame are subjected to various 

types and magnitudes of loads and forces. Accordingly, it is crucial to ensure 

structural integrity between the main members and provide robust load paths. 

These loads are typically one or more from the following - flexural, shear, axial, 

and torsional loads. Flexural and shear forces tend to govern the design of the 

structural members in buildings with symmetric layouts or concentric loadings.  

However, the effect of spandrel beams (Figure 1.1a), unequal spans or 

eccentric loadings, asymmetric building layouts, and an alternating loading 

pattern could induce significant torque. Further, the twisting at discontinuous 

edges produced from the slab hogging moment (Figure 1.1b) become 

substantially critical when an internal or external column damaged or removed 

(Pham et al., 2019). In a three-dimensional system, torsional cracking could, 

therefore, be promoted in beams, especially at exterior joints.  

 

  

 

 

 

 

 

 

 

 

 

The  presence of torsional forces reduces the shear and flexural strength of 

RC members (Warwaruk, 1981), e.g., in the combination of the flexural and 

Figure 1.1:  a)Torque induced in spandrel beams b) Torque induced in  
peripheral beams under column removal scenarios  

a : (Prakash et al., 2010)   b : (Pham et al., 2019) 

(a)  

 

(b)  
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The  presence of torsional forces reduces the shear and flexural strength of 

RC members (Warwaruk, 1981), e.g., in the combination of the flexural and 

torsional forces, compression struts that result from torque action magnify the 

tension forces in the tension chords and alter the concrete compression zone. 

Also, in tests on RC cantilever walls, the imposed torsional forces affected the 

location of the plastic hinge and the flexural strength and ductility were 

substantially reduced (Peng and Wong, 2011). Previous work (Hsu and Wang, 

2000; Hsu and Liang, 2003) has also shown that the torsional forces induced 

a reduction in the flexural capacity and member ductility of composite columns 

when applied simultaneously with bending moments. Work has also been 

conducted by Prakash et al. (2010) on the influence of torsion/bending ratio 

with shear on various RC column lengths. The test findings of these latter tests 

confirmed that shear stresses resulted from torsion and that the shear 

increases the strains in both the transverse and longitudinal reinforcement as 

well as degrading the cracking stiffness of the tested columns. Elfgren (1972) 

and Thurlimann (1979) used interaction curves based on the space truss 

mechanism; these curves indicated that the beam flexural capacity can be 

significantly affected by torsion. These observations clearly highlight the 

potential adverse effect of torque actions on RC members. 

1.2 Research Problem 

The role of the beam-column joint is important as it provides an efficient load 

path between the beam and column members. Poorly detailed or inadequately 

designed reinforced concrete (RC) beam-column joints lead to excessive 

deformations and increase in columns loads; ultimately, this may affect the 

stability of structure. Thus, a large number of tests have been carried out to 

investigate the behaviour of RC beam-column joints under monotonic or cyclic  

loading (i.e. short-term loading conditions up to failure). Generally, these tests 

involved the concentric loading of the beams and columns, i.e.,Mostofinejad 

and Hajrasouliha (2019), Alavi-Dehkordi et al. (2019); Mostofinejad et al. 

(2018); Davood and Alireza (2017), Sasmal (2009), Triantafillou and 

Antonopoulos (2003), Hamil (2000b), Parker (1997), Sarsam and Phipps 

(1985). However, in practice, structural members can undergo a combination 

of loads including torsion during the construction stages and their working life. 

In comparison to concentrically loaded joints, much less research (given in 

Chapter 2) has investigated the effect of torsion on the beam-column joint 

behaviour. And most of this research has concentrated on the influence of the 
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eccentricity of the beam axis from the column axis where the beamôs forces 

transfer into the joints away from the columnôs centroidal axis and induce a 

torque along the column height. Hence, further attention should be given  to   

quantify the influence of  torsion that can be developed in the beam region 

(i.e. floor loads) on the beam-column jointôs behaviours and failure 

mechanisms.      

The efficiency of Fibre Reinforced Polymers (FRP) external reinforcement 

systems (i.e. FRP wraps) for shear and flexural strengthening have driven a 

number of researchers to explore this system for torsion. Most of the proposed 

torsional strengthening schemes were investigated whilst strengthening 

beams rather than beam-column joints. As the tested beams were subjected 

to either pure torque or combined forces, details of these tests using FRP 

schemes are relevant and therefore described in Chapter 2. However, these 

torsional schemes can potentially increase beams capacities, stiffness, and 

levels of plastic deformations in beamôs rebars to a sufficient level such that 

damage can occur in the column of the joint, negating the preferable strong 

column ï weak beam behaviour. In addition, the performance of FRP wraps 

under sustained torsional forces did not investigated yet. Hence, there is a 

need to identify the influence of beamôs wrapping on the failure types, joints 

forces (demands), and deformation levels.  

Interestingly, the fib Model Code (2010b) and Eurocode 2 (2004) propose at 

the ultimate limit state that it is not necessary to consider torsion induced 

loading (by compatibility). To avoid excessive cracking, a minimum 

reinforcement should be incorporated by way of stirrups and longitudinal bars  

(fib Model Code, 2010b). Similar guidance is also provided in ACI Committee 

318 (2014) for forces within the threshold limit; the threshold limit is defined 

as 25% of the torsional cracking moment. The general recommended design 

provisions for RC joints (ACI-ASCE 352R-02 Committee, 2002; Eurocode 2, 

2004; NZS 3101, 2006; BS8110, 1997) do not provide guidelines to evaluate  

joint shear demand under combined actions including torsion. Also, it is 

important that the code provisions take into account the contribution of  FRP 

wraps on increasing the beamôs carrying loads and hence, the influence of the 

loads attained on the stresses developed in the steel rebars and concrete 

struts. Although, this appears that large plastic deformation in the beamôs main 

rebars can arise from combined loads,  while  the corresponding beam-column 

joints design provisions for non-seismic regions do not consider strain 

hardening; i.e. ACI-ASCE 352R-02 Committee (2002) and Eurocode 2 (2004).    
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As mentioned above, very limited studies have attempted to address the effect 

of sustained torsional (long-term) loads on the time-dependent behaviour of  

RC beams. Certainly, the influence of combined loads and time-dependent 

developed strains on the beam-column joint behaviour was not examined 

even though significant time-dependent inclined cracks can be induced under 

long-term torsional loads (Allos and Rashid, 1989; Goode, 1975); these can 

affect the memberôs stiffness and durability. 

1.3 Aim and Objectives of the Research 

This research aims to identify the short  and long-term influence of the beam 

torque combined with flexural and direct shear loads on exterior RC beam-

column joints whilst considering the effects of previously developed  beams 

torsional strengthening  schemes using FRPôs wraps.  

To achieve this aim, determining  the levels of induced stresses, strains, and 

damage  due to the interaction between the combined loads is essential in 

order to define the failure mechanism and the jointôs degree of distortion. This 

is achieved via experimental work and by introducing analytical and numerical 

models to quantify the joint forces and capacities; accordingly, this study 

presents the development of a number of formulas, proposed to evaluate the 

forces in the main rebars and compression struts under multiple actions and 

depending on the different wrapping orientations in the beam region ï the 

intention is to develop guidance which will negate any risk of brittle failure in 

the compression struts. In addition, the intention is to achieve a better 

understanding of the behaviour of beam-column joints under sustained 

torsional forces combined with bending and shear, as well as investigating the 

long-term effectiveness of beam wrapping schemes.   

1.4 Objectives  

   In order to achieve this aim, the following objectives were set: 

1. Carry out a literature review of torsion effects on RC sections 

particularly the failure mechanisms that were observed during the 

beam tests and the performance of beam-column joints that 

eccentrically loaded; emphasis is given to:  

- The truss analogy and corresponding methods that were 

proposed to predict torsional behaviour of RC structures.  
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- The influences of the torsional beam wraps on the beam 

behaviour.   

- The behaviour of RC beams under sustained torsional forces 

and concrete time-dependent deformation.   

- The current state of knowledge on the behaviour of beam-

column joints under eccentric loads and joint load transfer 

mechanisms, as well as the influential parameters relevant to 

the guidelines stated in the codes. 

- The proposed numerical models and corresponding concrete 

constitutive relationships for RC members under torsion.      

 

2. To conduct experimental investigations on the beam-column joints, 

subjecting them to short and long-term loading series (i.e. monotonic 

and constant combined loads) in order to identify the following aspects: 

- The effect of beam torque interacting with bending and direct 

shear loads on the failure mechanism and the carrying load 

capacities. 

- The variation in the attained loads, deformation and ductility 

levels, damaged zones and plastic hinge locations in respect 

to the wrapping schemes and loads attained.     

- The rise in the rebar strains due to the interaction between the 

imposed loads and the influence of the wraps used on the rebar 

forces.  

- The joint shear demands and distortion levels corresponding to 

the increase in the developed forces in the beamôs main rebars. 

- The behaviour of the beam-column joint under constant loads; 

including the presence of beam torque and wraps.   

- Time-dependent deformations, cracks levels, and cracks 

patterns.  

- The developed time-dependent strains in the steel rebars and 

the concrete surfaces.   

 

3. Propose analytical approaches for beam-column joints subjected to 

multiple loads, i.e.: 

- Introduce rational formulas based on the truss analogy  to 

evaluate the joint forces (demands) which account for the wrap 

orientations and the interaction between the combined forces 

acting on the beam. 
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- A design approach that limits the inclined compressive 

stresses induced from the shear-flow to the capacity of the 

concrete strut in order to avoid crushing of the concrete.  

- An analytical model to predict the joint strengths under multiple 

beam loads based on the concept of average stresses whilst 

considering various influential parameters that affect the RC 

joints. 

 

4. To develop, by utilising non-linear finite element analysis, a three 

dimensional  model approach which corresponds to the total strain 

crack constitutive model ï this will be employed to simulate:  

ï The short and long-term behaviours of RC beam-column joints 

under combined  load actions.   

ï  The influences of different load ratios (torque to bending-

shear), concrete strengths, and multiple CFRP layers on the  

deformation levels, the strain development in the concrete and 

rebars, cracks and damage levels with respect to the loads 

attained and the wraps used.   

1.5  Structure of the Thesis 

The thesis consists of eight chapters: 

Chapter 1    Introduction  

This chapter provides the background to the research, highlights the research 

problem, and  presents the aim and objectives of the research topic.    

Chapter 2    Literature review  

This chapter presents the methods and analogies identified in the literature 

which can be used to predict the behaviour of RC memberôs subjected to 

torsional and combined forces. Also, the studies that examined the RC beam-

columns joints under eccentric loading conditions with the key factors that 

govern the force transfer mechanisms and joint strengths are discussed. A 

review of the joint design provisions stated in the major building codes is 

presented. A literature survey is also carried out to identify the beams and  

methods used to predict the beamôs enhancement levels. This chapter also 

discusses the main findings identified in the literature with reference to the 

influence of sustained torsional forces and corresponding time-dependent 

deformation. The last section of this chapter reviews the research attempts 
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that numerically simulated the behaviours of RC Sections under torque 

actions; and a discussion  of the developed constitutive models and cracking 

concepts for concrete is presented.  

Chapter 3    Experimental programme  

This chapter describes in detail the experimental program adopted to conduct 

two different sets of beam-column joint tests (i.e. short-term and long-term). 

Also, it provides the specimen geometries and details, the material properties, 

concrete mix, creep and shrinkage test details, and instrumentation used.    

Chapter 4    Experimental results and discussion (short-term tests) 

The results of the short-term beam-column joint tests using monotonically 

applied loads are presented here. The results have been analysed and 

discussed with a view to the thesis objectives. 

Chapter 5   Experimental results and discussion (long-term tests) 

The results of the long-term beam-column joint tests subjected to a sustained 

torsional load are included here. The long-term behaviour, developed strains 

and crack levels for the samples are discussed in relation to the time-

dependent deformation of concrete (creep and Shrinkage).  

Chapter 6   Analytical Models 

This chapter proposes a number of formulas based on the truss mechanism 

intended to be used to quantify the joint forces and which consider the effects 

of combined loads and different wrapping schemes; further, it introduces a 

design approach which accounts for the level of developed compression 

forces due to shear-flow levels in order to prevent a concrete failure. It also 

develops a model according to the average stress concept, that can be used 

to predict the joint capacity.  

Chapter 7   Finite elements modelling 

The procedure used to develop the 3D models of the beam-column joints are 

provided; in addition to the constitutive models, loads applications, mesh and 

elements details, and constraints are provided. Validation of the models using 

experimental data is incorporated. Finally, this chapter presents a parametric 

study to examine the influences of different torque to bending-shear ratios, 

multiple CFRP layers, and concrete strengths; the analysis is carried out 

under monotonic and sustained loading conditions.   



-8- 
 

      

 

Chapter 8   Conclusion and recommendations 

The main conclusions and findings drawn from this study are presented, as 

well as the recommendations for future research. 
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Chapter 2  Literature Review  

2.1  Introduction 

Torsional forces can significantly affect the RC members by increasing the 

level of cracks and altering the failure mode toward a brittle shear mode. Thus, 

it is important to recognise the mechanism and influences of torsional stresses 

combined with flexural and direct shear in order to identify the potential of the 

torsional configurations using Fibre Reinforced Polymers (FRPs) on both the 

beam and the joint  behaviours. This chapter (Section 2.2) describes the 

methods and analogies developed in the literature to quantify the torque 

actions interacted with different loads on the memberôs behaviour. Moreover, 

a review of the studies that investigated the RC beam-columns joints under 

eccentric loading conditions with the most influential factors that affect the 

beam-column joint strengths and behaviour is conducted. In addition, the 

relevant design requirements and provisions according to the major building 

codes are also reviewed (e.g. ACI-ASCE 352R-02 Committee (2002); 

Eurocode 2 (2004); BS8110 (1997)).  

The introduction of FRPs as an efficient strengthening material has driven 

many researchers to explore this material in the last 30 years. Hence, the use 

of externally bonded FRP composites for shear and flexural retrofitting for 

reinforced concrete (RC) structures has been studied extensively (e.g. Baggio 

et al., 2014; Gao et al., 2007; Täljsten and Elfgren, 2000; Triantafillou, 1998; 

Täljsten, 1997). Dry and wet lay-up methods of adhesively attaching FRP 

sheets or laminates on a member surface using thermoset resins are 

efficiently employed to improve the capacity of the structures. In contrast to 

the flexural and shear strengthening configurations, fewer studies have been 

conducted regarding torsional configurations; these configurations are 

reviewed in Section 2.3. 

Section 2.5 considers the long-term behaviour of concrete members under 

sustained torsional loads, in which the main findings identified in the literature 

are discussed. Further, a discussion of the time-dependent characteristics 

and the effects of the creep and shrinkage of concrete is presented.   The last 

section of this chapter (Section 2.6) discusses the numerical models that 

proposed in the literature  to simulate the behaviour of RC sections under 

torque actions. Also, the  developed constitutive models for concrete and the 

concepts of concrete cracking that adopted in the finite element analysis 

method are reviewed in this section.      
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2.2 Torsion Analogy and Effects 

Twisting actions induce a shear stress that is distributed over the member 

section; these stresses vary from a maximum at the sectionôs outer perimeter 

to zero at the sectionôs centre, in accordance with the Saint Venant theory. 

Essentially, the solid prismatic concrete members resist the torsional shear 

stresses based on this aforementioned circulatory distribution of stresses 

theory. Prior to cracking, this analogy satisfies the principals of the theory of 

elasticity for sections with no warping prevention. Hsu (1968a) used the Saint 

Venant theory to predict the torsional cracking strength of plain concrete 

members assuming a homogenous linear-elastic behaviour of concrete before 

cracking. Further, Eurocode 2 (2004) suggests that the principal of Saint 

Venant can be applied to elastically predict the membersô capacity of complex 

shaped concrete sections under pure torque actions. This can be performed 

by dividing the memberôs section into rectangular sub-sections. On the other 

hand, according to the assumption of the plastic distribution of circulatory 

stresses in concrete prior to failure, BS8110 (1997) and Hsu (1968) have 

utilised a sand heap analogy to determine the torsional shear strength of plain 

concrete.  

In contrast to circulatory torsion (Figure 2.1), wrapping torsion can significantly 

affect open thin-walled section profiles with some warping restrictions (e.g.  

end restraint), which arise from the bending of the flanges  (Elfgren, 1972; 

Timoshenko, 1940). Likewise,  the Eurocode 2 (2004)  and  CEB-FIP (1991) 

model code stipulate that warping torsion predominates in open thin-walled 

cross sections, while for other section types (especially closed sections) it is 

satisfactory to design the members based on the circulatory torsion resisting 

mode. This work investigates the torque influences on the RC solid sections, 

wherein the analytical calculations correspond with the analogy of the 

circulatory action of torsional forces.   

 

 

 

 

 

  
Figure 2.1: Actions of circulatory and warping torsion  

(Fédération Internationale Du Béton, 1999) 
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 Torsion Combined with Flexural, Direct Shear, Axial Forces 

In practice, the occurrence of torsion with other forces, such as flexure, shear 

or axial loads is quite common. This combination produces a variation of 

strains around the cross sectionôs perimeter and over the memberôs length. 

As the reinforcement strains, the direction and thickness of the compression 

zones differ (Leung and Schnobrich, 1987; Cocchi and Volpi, 1996). This is 

portrayed in a combination of flexural and torsional forces, as compression 

struts magnify the tension forces in the tension chords and alter the concrete 

compression zone. Lampert and Collins (1972) indicated that asymmetrical 

reinforcement affects the yielding of the longitudinal rebars and distributions 

of strain. Furthermore, Li (2012) reported that in unsymmetrically reinforced 

sections, the torsional shear stresses vary the section curvature (ű), as shown 

in Figure 2.3. However, an addition of flexural forces can enhance the 

torsional capacity of unsymmetrically reinforced sections (Warwaruk, 1981), 

where the flexural compressive stresses alleviate the tensile forces induced 

by the torque actions. Prakash et al. (2010) examined the influence of 

torsion/bending ratio with shear on various RC column lengths. The test 

findings confirmed that shear stresses resulted from both torsion and direct 

shear increase strains in both the transverse and longitudinal reinforcement. 

In addition, degradation in the cracking stiffness was observed. Hsu and Liang 

(2003), along with Hsu and Wang (2000), found a reduction in flexural capacity 

and member ductility when a torque was simultaneously applied to the 

experimental composite columns. Also, the combination of torsion and 

bending was studied by Tirasit and Kawashima (2007), whose experimental 

results showed that the presence of torsion with bending altered the location 

of the plastic hinge in RC columns, causing the damage to occur further from 

the flexural plastic zone.    

Similarly, torsional effects combined with bending and shear on cantilever RC 

walls were investigated by Peng and Wong (2011). The test results also 

indicated the influence of torsion on the plastic hinge location - it moved further 

away from the fixed end, significantly so under a larger torsion/bending ratio, 

where a degradation in the torsional cracking strength was observed due to 

flexural-shear forces. Li et al. (2010) reported that a small ratio of torsion with 
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flexural forces would be lead to a yield of the transverse reinforcement. On 

the other hand, the effect of axial compressive forces with torsion has been 

investigated by Mondal and Prakash (2015); they found that the axial 

compressive forces increase the pre-cracking stiffness of RC columns by 

delaying the formation of tensile stresses induced from torsion, although this 

effect is not appreciable under the ultimate torsional strength.   

The interaction between direct shear and torsional loads increases the shear 

stresses at the section side where the shear flow (q) resulted from adding 

torque and vertical shear (Figure 2.2). For this reason, the ACI Committee 318 

(2014) and AASHTO LRFD (2010) limit the sum of shear and torsion stresses 

to the nominal shear and tensile strength of concrete, in order to reduce 

excessive cracks and reduce the crushing of concrete. However, for a 

favourable redistribution of shear stresses over a memberôs depth, a root-

square summation of the direct shear and torsional forces has been 

recommended for concrete solid sections. Ewida and McMullen (1981) 

identified the influence of increases in the transverse reinforcement on the 

variation of the shear-torsion (S-T) interaction curve. Khaldoun and Michael 

(1995) found that with a larger concrete cover, a substantial increase in the 

shear and torsional capacity of RC beams was obtained, with various (S-T) 

ratios. In contrast, this caused increments in the crackôs width. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Direct shear and torsion addition 

(Wight and MacGregor, 2012) 
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 Interactions and Analytical Methods of Torsion and other 

Forces 

The earlier methods that were employed to identify the structural capacity of  

RC members under combined loading were skew-bending (Gvozdev et al., 

1968; Hsu, 1968b; Elfgren et al., 1974; Ewida and McMullen, 1981) and truss 

model analogy, with a constant inclination angle. Both methods consider the 

condition of the force equilibrium condition and they can predict a memberôs 

capacity during its ultimate state. Lampert and Collins (1972) reported that the 

skew bending method predicts parabolic interaction curves that correspond 

closely with the truss method (Eq.2.1 a and b) for rectangular solid members 

under torsional and bending loads, as shown in Figure 2.4.a. However, due to 

the limitations of the skew-bending method in dealing with different types of 

Figure 2.3: Strain profiles in RC sections under flexural and torsional 
forces 

(Li, 2012) 
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sections (e.g. box section), the modern codes of practice including the ACI 

318 committee, utilise the truss method to design RC members with torsion. 

ὶ
Ὕ

Ὕ

ὓ

ὓ
ρ Eq.2.1a 
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ὓ

ὓ
ρ Eq.2.1 b 

Where; 

 r = the ratio of the top to the bottom chordôs yielding forces  

  = the ratio of the applied torque to the nominal torsional capacity of a 

section under pure torsional loads  

  = the ratio of the applied bending moment to the nominal bending 

capacity of a section under only bending loads    

 

 

 

 

 

 

 

 

 

 

 

 

 

In using the truss model, Elfgren (1972), Thurlimann (1979), and  Hsu (1993)  

have all introduced a set of interaction equations (Eq.2.2 a to c) of torsion, 

shear and bending loads. These satisfy the equilibrium equations by 

(a)  (b)  

Figure 2.4: Interaction diagrams a) Skew-bending method b) Truss model 
method 

a: (Lampert and Collins, 1972)     b:(Thurlimann, 1979) 
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considering the plasticity of  reinforcement hoops and any of the main chords, 

where the yielding of bars can occur either in the sectionôs bottom, top, one 

side, or all sides, depending on the ratio and direction of torsion when bending 

and direct shear are applied, as discussed in Section 2.2.1. For each failure 

mode, the equations are calculated using equilibrium, for example, the bottom 

yielding (1st Mode) expression is formulated directly by equating moments 

(external and internal) with the top chords. While the 2nd mode-Eq.2.2b is 

derived by equating moments with the bottom chords, where flexural 

compressive forces counter tensile forces produced by shear and torsion 

actions. Eq.2.c (3rd Mode) neglects the influence of bending moment and it is 

formulated by taking moments about the beam side where the shear flow 

resulted from shear and torsion are subtractive. These rational equations 

show the influence of torsion combined with other forces on the interaction 

curves that are given in Figure 2.5. The increase in torsion reduces the flexural 

and shear capacity.     

 

   ὶ     ὶ ρ           (1st Mode: bottom yielding)  Eq.2.2 a 

     ρ        (2nd Mode: top yielding) Eq.2.2 b 

   ς
    

  (3rd Mode: side yielding) Eq.2.2 c 

 

Where;  

 = the ratio of the applied shear to the nominal shear capacity of a section 

under direct shear load only 

Ὠὺ = distance between top and bottom stringers c/c 

 

 
With a view to evaluate member deformations and capacity throughout the 

loading stages, the diagonal Compression Field Theory (CFT) was proposed 

by Mitchell and Collins (1974) as a rational approach for determining the 

torsional stresses and strain developments within RC sections. CFT is based 



-16- 
 

      

 

on the truss analogy method (Appendix A), which satisfies the equilibrium and 

geometric conditions, in addition to the constitutive equations of concrete and 

steel. Rabbat and Collins (1978) introduced a truss model with variable 

inclination angles in order to identify membersô behaviour with complex 

loading conditions. The Modified Compression Field Theory (MCFT) was 

developed as an extension of the original CFT by considering the softening of 

concrete, along with the tensile and shear stresses of cracked concrete. The 

MCFT (Vecchio and Collins, 1986) was initially derived to determine the 

responses of RC panels under in-plane shear and tensile forces, while in a 

later study conducted by Rahal and Collins (1995), MCFT was used to derive 

a model for sections subjected to combined loading. Meanwhile, Greene Jr 

and Belarbi (2009a) derived an analytical model based on the Softened Truss 

Model (STM) for RC sections under combined loads. The following sections 

briefly describe the variable truss model, MCFT, and STM.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Interaction diagram, torsion-shear-bending 

(Hsu, 1993) 
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 Variable Angle Truss Model, MCFT and STM 

According to the Variable Angle Truss model, the RC beam sections are 

idealised using four parallel chords representing the longitudinal steel ties and 

concrete blocks, located at the sectionôs top and bottom corners. In addition, 

these chords are connected by the sectionôs four walls, where each wall 

consists of a concrete strut and transverse ties (hoops). The equilibrium 

equations were derived under biaxial bending, axial, shear and torsional 

loads, while the geometry deformations correspond with Mohrôs circle. The 

average shear flow resulted from superimposing the shear and torque, which 

is assumed to be a constant at each memberôs sides. The inclination angles 

at the sectionôs faces were calculated according to the truss equations (Eq.A.1 

to A.3 ï Appendix A) and compatibility conditions. The model ignores the 

tensile strength of concrete and the tension stiffening effect, as it assumes a 

perfect bond between rebars and concrete (‭s = ‭c). 

In 1986, Vecchio and Collins developed the MCFT based on extensive biaxial 

tests of RC panels. The MCFT recognised the softening of concrete struts in 

correlation with the tensile strain (‭1) of concrete. In addition to the softening 

of the constitutive equations, MCFT takes into account the concrete tensile 

stress (f1) (tension stiffening) and shear stresses across cracks (vci). Where, 

shear stresses (v) on cracks depend on the following factors - the crackôs 

width (ɤ), maximum aggregate size (ag) and spacing between cracks (S), as 

shown in Figure 2.6. However, to determine the response of RC elements, a 

repetitive algorithm is required to satisfy the memberôs conditions.  

Rahal and Collins (1995) introduced an analytical model for members under 

torsion, shear, biaxial bending and axial loads, based on the principals of 

MCFT. This aforementioned combination of forces is assumed to be resisted 

by two systems. The first system resists longitudinal forces resulting from 

axial, biaxial bending, and torsion. The second system consists of the 

sectionôs walls that are subjected to shear stresses and the longitudinal strain 

from the first system that corresponds with the compatibility conditions. A 

computer program is employed to solve the model algorithm. The model 

results were verified with experimental tests. Selby and Vecchio (1991) 

developed a finite element formulation derived from MCFT in order to simulate 

the response of three-dimensional RC members. They defined the material 

stiffness matrix by considering the softening of concrete and steel stiffening 

according to the MCFTôs constitutive equations. 
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Further research was conducted by Vecchio and Collins (1993) to properly 

determine the compression softening factor. A comparison between 

experimental tests and finite element results was carried out by employing 

various softening factors that were developed in the previous research. This 

demonstrates the influence of compression softening on the behaviour of 

cracked RC, and also confirms the major role of tensile strain on the degree 

of softening. 

In a similar manner to CFT, with consideration of equilibrium, compatibility and 

material constitutive aspects, Hsu and Mo (1985b) introduced STM for 

members under torsional loads only. They included the softening of concrete 

by using Vecchio and Collins (1981) curves. Correspondingly, Belarbi and Hsu 

(1995); Belarbi et al. (1996) proposed constitutive formulas for cracked RC 

elements, based on the outcomes of biaxially tested panels (Eq.2.3a to c). 

Moreover, the STM correlates thickness of shear flow (t) with diagonal 

compressive strain at the sectionôs surface (Ůd) and the curvature (Ɋ), where 

t= Ůd / Ɋ ; Hsu (1993) provides a solution algorithm to predict a full response 

for members subjected to torque actions.  

 

„  ‚ Ὢὧ ς   if  ρ (Eq.2.3 a) 

„  ‚ Ὢὧ ρ
 

  if  ρ 
(Eq.2.3 b) 

‚  
Ȣ

  and ‚       (Eq.2.3 c) 

 

Where; 

 ‭ = compression strain at maximum stress in a uniaxial stress-strain curve 

of a concrete cylinder; can be taken as 0.002  

 „  = maximum compression stress of a concrete cylinder 

  ‚  = softening coefficient 
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As mentioned in the previous section, Greene Jr and Belarbi (2009a) 

developed an analytical model related to STM to account for various load 

combinations in RC beams. The sections are assumed to be formed from 

panels with different thicknesses (Figure 2.7) that correspond to the 

magnitude of the shear flow zone at each face. The evaluation of the shear 

flow is based on the summation and directions of torsion and the direct shear 

of each panel, where a uniform distribution of shear stresses along the panel 

depth was assumed. The rotated crack method is employed to correlate and 

calculate the stresses in two orthogonal directions, along with the shear 

stresses and the principal stresses that represent the compressive strut and 

tensile stresses in a concrete panel, respectively. Moreover, three 

compatibility formulas for normal, shear and principal strains are included with 

other geometry variable equations (panel curvature, twisting angle, panel 

thickness, and surface strain). This model agrees with other models based on 

Figure 2.6: The MCFT equations. 

 (Bentz et al., 2006) 
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MCFT and STM, where an iterative procedure is required to verify the 

variables assumption in order to solve the modelôs equations. However, these 

models (Greene Jr and Belarbi (2009a); Rahal and Collins 1995) were derived 

according to smeared stresses and strain distributions over a panel depth, 

which do not identify the force variations in the bottom and upper chords of 

each panel.   

 

 

 

 

 

 

 

 

 

 

 

2.3 Beam Torsional Strengthening with FRP 

Since 2001, a number of studies have been conducted with a view to 

strengthen and increase the torsional capacity of RC beams with FRP 

composites. The simplicity of installation and superior physical characteristics 

of FRP wraps give advantages over conventional retrofitting materials, such 

as steel and concrete. Several fibre configurations have been investigated, 

consisting of both full and partial sectional wrapping. Additionally, analytical 

approaches that commonly correspond to the truss method have been 

proposed to predict the torsional behaviour of strengthened RC beams. Most 

of the available studies have investigated the efficiency of torsional 

arrangements on RC beam members, which the following sections review in 

detail.   

Figure 2.7: a) Panels and shear slow   b) Shear slow summation   c)Vertical 
shear distribution 

(Greene Jr and Belarbi, 2009b) 
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 FRP Material  

The literature shows that FRP fabrics have been used extensively in beams 

tests with distinctive torsional strengthening schemes. These fabrics are 

typically made of high strength carbon or glass fibres. Recently, Al-Bayati et 

al. (2018) investigated CFRP laminate strips and ropes mounted inside the 

beamôs covers by using the ónear surface mountedô technique in order to 

enhance torsional capacities for RC beams. Atta and El-Shafiey (2014) 

combined CFRP laminate strips with CFRP hoops glued to a beam surface. 

Figure 2.8 shows the typical stress-strain curves for carbon and glass fibres 

with steel,  indicating the superior strength of carbon fibres and the brittle 

nature of FRPs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1 shows that unidirectional carbon fibres have been the dominant fibre 

type that have been used, since their efficiency has been verified. Further, 

Ameli et al. (2007) reported that Glass Fibre Reinforced Polymer (GFRP) 

wraps were less effective than CFRP in increasing torsional strength. 

Ghobarah et al. (2002) found that torsional configurations with CFRP and 

Figure 2.8: Typical stress-strain curves of  steel, CFRP,GFRP. 

(ACI 440R-07, 2007) 
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GFRP similar enhancement levels. Other researchers (Patel et al., 2016; 

Jariwala et al., 2013) indicated that wrapped sections with GFRP schemes 

can achieve a 117% increase in their ultimate torsional strength.   

Epoxy resins (thermosetting polymers) were used by researches to 

impregnate and adhere the fibre fabrics or laminates to a memberôs surface. 

In contrast, Al-Bayati et al. (2018) used a cementitious based mortar to embed 

the CFRP laminates into surface grooves made in the surface of the beam. 

However, epoxy resins were more effective in enhancing torsional capacity 

than the proposed cementitious mortar (Al-Bayati et al., 2018). 

 Torsional Fibre Schemes 

A summary of the available studies that have experimentally investigated the 

externally bonded FRP systems for beams is presented in Table 2.1. These 

studies showed that a different level of torsional capacity can be obtained with 

different arrangements of fibre wraps. Based on the fibresô orientation, section 

wrapping, and beam configurations, these schemes can be categorised into 

five main types, which include continuous vertically oriented wraps along the 

beam member, U-wrap, strip wrap (hoops), 45o oriented fibres, and 

horizontally oriented fibres. These are shown in Figure 2.9. 

The beam tests that have been conducted show that the vertically and 45o 

oriented fibre wrap arrangements attained the maximum carrying capacities 

(Ghobarah et al., 2002; Panchacharam and Belarbi, 2002; Chalioris, 2008; 

Deifalla et al., 2013; Salom et al., 2004). The highest increment in ultimate 

strength in comparison to the unstrengthened control beam is reported to be 

between 70% and 149% in continuous fully wrapped beams with 90o oriented 

fibres-Figure 2.9a (Ameli et al., 2007; Chalioris, 2008; Ghobarah et al., 2002; 

Zhang et al., 2001; Panchacharam and Belarbi, 2002). However, under pure 

torsional loading, Ghobarah et al. (2002) found that the 45o inclined strips 

wrapped around a beam length (Figure 2.9d) provided the maximum strength, 

with a 72% increment when compared with vertical strips. Likewise, Salom et 

al. (2004) reported an increment in the torsional strength of 77% for T-flanged 

RC beams when strengthened with the 45o scheme.  
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In contrast, the longitudinal arrangements (horizontally oriented fibres-Figure 

2.9e) did little to enhance performance due to the de-bonding of the wraps 

from the membersô surfaces caused by the twisting action (Patel et al., 2016; 

Zhang et al., 2001; Panchacharam and Belarbi, 2002). Also, when transverse 

strips are used, it was observed that the crack inclination angle increased and 

that the cracks become narrower in relation to the control and horizontally 

strengthened specimens. Panchacharam and Belarbi (2002) reported that the 

largest increase in the torsional crack capacity was obtained in members 

reinforced with longitudinal wraps (horizontal schemes), where these warps 

induce passive pre-stress effects.      

The results of the previous studies indicate that the partially wrapped 

arrangement (U-wrap-Figure 2.9c) is less effective than the fully wrapped 

schemes. Zhang et al. (2001) found that the strength of the beams 

corresponded with an increase in the number of plies and a reduction in 

spacing. The influence of the fibre wrap ratio was also identified by Ghobarah 

et al. (2002) who showed that complete wrapping was considerably more 

efficient in comparison with the strip configurations; the maximum increase in 

member strength was 77% and 27% for complete and strip wraps, 

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 2.9: Beams strengthening schemes (a) Full-continuous wrapping 
(b) FRP hoops (c) U-warp (d) 45o inclined Strips (e) 
Horizontally oriented warp 
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respectively. In addition, the member failed in the un-strengthened zones 

between the FRP strips. Furthermore, even with the same fibre ratios, 

Chalioris (2008) found that beams with completely wrapped sections attained 

larger torsional loads (1.6 times) that of partially (strip) strengthened sections.    

A three-sided U-wrap is a more practical configuration for strengthening a 

beam that is monolithically cast with a slab or a flanged beam. However, óun-

anchoredô U-wraps have been found to be less effective than the full and 

partial wrapping (FRP hoops), as they suffer from premature de-bonding 

(Deifalla et al., 2013). Ma et al. (2018) employed U-wraps to strengthen RC 

solid beams with single and double carbon plies, where longitudinal strips 

were fixed at the ends of U strips in order to increase the bonding areas. 

However, only increments of 16-20% in ultimate loads were obtained.      

Several authors (Chalioris, 2008; Salom et al., 2004; Panchacharam and 

Belarbi, 2002) have used anchors to prevent the premature debonding that 

initiates at the discontinuous ends of U-wraps. Although these anchorage 

systems increased the member's capacities, the effectiveness of U-wraps was 

still less than the full sectional jacking schemes. Deifalla and Ghobarah 

(2010b) did manage to increase the capacity of flanged beams by 69% using 

steel angles attached to the beamôs corners and fixed to the flanges by anchor 

bolts. They found that a three-sided U-wrap with a proper anchorage system 

would be more efficient with flanged beams, since flanges provide additional 

torsional stiffness for the un-strengthened side. 

As discussed earlier, a recent attempt was made by Al-Bayati et al. (2018) to 

strengthening RC beams using the Near Surface Mounted (NSM) technique. 

This technique do require extensive surface preparations which consist of pre-

cut grooves inside the beamôs concrete cover, grooves filling, and surface 

levelling after embedding the FRP strips (laminates or ropes) into the grooves 

using epoxy or cementitious based materials. Further, full externally wrapped 

section (CFRP fabric) was notably more robust than the embedded CFRP 

laminates or ropes (NSM). Since, the observed increments in ultimate torque 

using NSM technique were ranged between 10% to 23%. 
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Table 2.1: A summary of the torsional configurations of beams and 
details of the fibres that have been experimentally tested. 

 

Author  Beam Section Fibre Type Configuration Fibres 

Orientation 1 

Number 

of Plies 

Rectangle Flanged  CFRP GFRP Full  Hoops U Strips  00 900 450 1 2 

Zhang et al. 2001 V - V - - V - V V V - V 
V7 

Ghobarah et al. 

2002 

V - V V V V - V - V V V  

Panchacharam 

and Belarbi 2002 

V - - - V V V V V V - V V 

Salom et al. 2004 - V V5 9 - - - V - V V V - V 

Hii and Al-

Mahiadi 2004 

V - V - - V - - - - - V - 

Deifalla and 

Ghobarah 2005 

- V V5 - - - V - - - V5 V - 

Al-Mahaidi and  

Hii 2007 

V2 - V - - V - - - V - V V 

Ameli et al. 2007 V - V3 V V V V - - V - V V 

Chalioris 2008 V V V - V V V - - V - V V 

Mohammadizade

h and Fadaeel 

2010 

V - V - V V V - - V - V V 

(Deifalla and 

Ghobarah, 2010b) 

 V V5  V  V    V5 V - 

Jariwala et al. 

2013 

V - - V V V V V V V V V - 

Deifalla et al. 

2013 

V V V - V V V - - - V5 V - 

Atta and  

Shafiey 2014 

V4 - V - V - V V V8 V - V - 

Allawi et al. 2015 V6 - V - - V - - - V - V - 

Patal et al. 2016 V - - V - V V V V V V V - 

Al-Bayati et al. 

(2018) 

V  V   V  V  V  -8 - 

Ma et al. (2018)  V V    V V V V  V V 

1. Inclined from the member longitudinal axis. 
2. Rectangular solid sections and box sections were tested. 
3. One ply only uses for CFRP strengthened specimens.  
4. Dapped-end beams were tested. 
5. ± 450  bi-directional inclined fibres sheets  were used. 

6. Box sections were tested. 
7. Various numbers of plies (1,2 and 3) 
were used for hoops only.  

8. CFRP laminates  
9. [0, 90] bi-directional fibres sheets  were 
used. 
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2.3.2.1 Loads Combinations 

In most cases it appears that the torsional strengthening tests for RC beams 

have been tested under pure torsional loading which has been monotonically 

applied. Nevertheless, Salom et al. (2004) verified the effectiveness of CFRP 

jackets under a cyclic torsional load (half-cycle). Deifalla and Ghobarah 

(2010b)  tested flanged beams under torsional (T) and shear (V) loads with T 

to V ratios of 1 and 0.5. The results showed that the increase in T/V reduced 

the member's strength and promoted a higher rate of crack development. 

In other studies (Patel et al., 2016; Jariwala et al., 2013) the influence of 

torsion (T) and flexural (M) forces with various wrapping methods (Table 2.1) 

were investigated (the T/M ratio was 1.56). In contrast with the specimens 

under pure torque, an improvement in cracking load was obtained. This 

improvement confirms the effect of bending compression stresses, as 

described earlier in Section 2.2.1. Atta and El-Shafiey (2014) investigated 

three different strengthening configurations with dapped-end beams 

subjected to combined loads, including torsion, bending and shear. The test 

results indicated the viability of FRP composites towards enhancing torsional 

carrying capacities.   

 

 Analytical Methods and Design Details for FRP Schemes 

The truss analogy has commonly been utilised by researchers to analyse and 

predict the behaviour of torsionally strengthened RC members. The 

contribution of FRP schemes is to increase the capacities of sections and this 

has been calculated in accordance with the compositeôs properties and fibre 

orientations. Vertical fibres (90o) restrain the diagonal shear cracks in a similar 

manner to transverse steel reinforcement. The superposition (Eq.2.4) of steel 

and FRP has been adopted in the literature to compute the ultimate torsional 

moment that can be resisted by externally strengthened RC sections (e.g. Ma 

et al., 2018; Al-Bayati et al., 2018; Hii and Al-Mahaidi, 2007; Salom et al., 

2004; Panchacharam and Belarbi, 2002; Ghobarah et al., 2002). Where a 

good agreement has been obtained with the predicted and experimentally 

observed capacities for the tested beams. 

Ma et al. (2018); Panchacharam and Belarbi (2002) evaluated the FRP 

contribution according to the fib Bulletin 14 (2001) formula for strengthening 

to resist torsion; a good agreement was observed with the test data. This 



-27- 
 

      

 

formula (Eq.2.5) was derived according to the space truss mechanism and 

shear flow distribution (Berdtôs theory), where it is applicable for fully wrapped 

sections with vertically oriented fibres. Also, the fibreôs effective strain (Ůfe) is 

based on Triantafillou and Antonopoulos (2000) work and the calibration of 

the published experimental data, as provided in Figure 2.10 and Eq. 2.6 to 

2.8, which correlates Ůfe with the concrete tensile strength of concrete 

(assumed to be equivalent to fc2/3). It must be noted that due to the limited 

data obtained from the tests with GFRP and Aramid fibre reinforced polymers 

(AFRP), Triantafillou and Antonopoulos (2000) recommend using the 

debonding formula with caution. The effective strain of FRP composites is less 

than the fibreôs fracture strain, since the concrete members failed when the 

applied principal strains exceeded their capacities (Triantafillou, 1998). 

Another investigation by Priestley and Seible (1995) identified that at larger 

strain magnitudes, openings of the inclined cracks can adversely affect the 

shear transfer mechanism due to a loss of aggregate interlock 

 

 

 

 

 

 

 

 

 

 

 

Tu = Ὕό  +  Ὕό  Eq. 2.4 

Ὕό ς‐ ȟ Ὁ ὸ ὦ Ὓ ὦὬ ÃÏÔ‌ Eq. 2.5 

‐ ȟ ὑ ‐ȟ   ‐    Eq. 2.6 

(a)  (b)  (a)  (b)  

Figure 2.10: Effective strain of FRP composites in terms of ╔█ ⱬ█Ⱦ█╬□  (a) 

concrete shear failure with FRP de-bonding  (b) concrete shear 
failure with (or followed by) the fracture of FRP  

(Triantafillou and Antonopoulos, 2000) 
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 ‐ ȟ  
‐ ȟ

‎
 Eq. 2.7 

CFRP (full wraps): ‐ȟ πȢρχ
 

Ȣ

‐     Eq. 2.8a 

CFRP (debonding failure (U or side warps)): ‐ȟ

πȢφυ
 

Ȣ

ρπ    
Eq. 2.8b 

AFRP (full wraps): ‐ȟ πȢπτψ
 

Ȣ

‐  Eq. 2.8c 

” ςὸ ÓÉÎ‌ὦ    ὥὲὨ 
   

 
   for continuous and strips 

wraps, respectively     

 

Eq. 2.8d 

Where; 

Ὕ  ÕÌÔÉÍÁÔÅ ÔÏÒÓÉÏÎÁÌ ÍÏÍÅÎÔ ÃÁÒÒÉÅÄ ÂÙ Á ÓÅÃÔÉÏÎ  

Ὕό   ὧέὲὸὶὭὦόὸὭέὲ έὪ ὊὙὖ 

  Ὕό   ὧέὲὸὶὭὦόὸὭέὲ έὪ ίὸὩὩὰ   

‐ ȟ ÄÅÓÉÇÎ ÖÁÌÕÅ ÏÆ ÅÆÆÅÃÔÉÖÅ ÆÉÂÒÅ ÓÔÒÁÉÎ     

‐ ȟ  ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÅÆÆÅÃÔÉÖÅ ÓÔÒÁÉÎ   

‐ȟ   ÅÆÆÅÃÔÉÖÅ ÓÔÒÁÉÎ    

 ‐    &20 ÕÌÔÉÍÁÔÅ ÔÅÎÓÉÌÅ ÓÔÒÁÉÎ  

‐  υπππ άὭὧὶέίὸὶὥὭὲ   

ὑ ὶὩὨόὧὸὭέὲ Ὢὥὧὸέὶ ὑ πȢψ 

‎ ὴὥὶὸὭὥὰ ίὥὪὩὸώ Ὢὥὧὸέὶ  

” ὪὭὦὶὩ ὶὩὭὲὪέὶὧάὩὲὸ ὶὥὸὭέ  

ὸ   ὊὙὖ ὸὬὭὧὯὲὩίί Ὥὲ άά   

ὦὪ ὊὙὖ ύὭὨὸὬ Ὥὲ άά  

ὦύ άὭὲὭόά ύὭὨὸὬ έὪ ὥ ὧὶέίί ίὩὧὸὭέὲ Ὥὲ άά 

ὛὪ ίὴὥὧὭὲὫ έὪ ὊὙὖ ίὸὶὭὴί ÃÅÎÔÒÅ ÔÏ ÃÅÎÔÒÅ Ὥὲ άά  

Ὁ ὊὙὖ άέὨόὰόί έὪ ὩὰὥίὧὸὭὧὭὸώ  Ὥὲ Ὃὖὥ 

‌ ὭὲὧὰὭὲὩὨ ὧὶὥὧὯί ὥὲὫὰὩ  ύὭὸὬ ὶὩίὴὩὧὸ ὸέ ὸὬὩ άὩάὦὩὶ ὥὼὭί ὥίίόάὩὨ

τυ 
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‌ ὥὲὫὰὩ έὪ ὪὭὦὶὩί Ὢὶέά ὸὬὩ άὩάὦὩὶ ὰέὲὫὭὸόὨὭὲὥὰ ὥὼὭί  Ὥὲ ὨὩὫὶὩὩί 

Ὢ  ÃÏÎÃÒÅÔÅ ÃÏÍÐÒÅÓÓÉÖÅ ÓÔÒÅÓÓ ÉÎ -0Á   

 

In order to consider the various fibre orientations with either full, U, or side 

wraps, Hii and Al-Mahaidi (2007) modified the fib Bulletin 14 (2001) formula 

(Eq. 2.9) which has been proposed by the fib Bulletin to be used with 

strengthened members under direct shear actions. Again, a modification of 

the shear stress distribution has been performed by considering the shear flow 

distribution in order to comply with Bredtôs formula (double the shear flow 

area), where the shear flow area is proposed to match with Ao , which can be 

in line with design codes provisions, as detailed in Appendix A. Further, the 

evaluation of ” is related to the thickness of the sectionôs walls (Eq. 2.10), 

while ‌ is permitted to be taken to be 45o or a value between 30o to 45o. Al-

Bayati et al. (2018) used this modified fib formula to evaluate the  contributions 

of the near surface mounted CFRP laminates and ropes. In both studies, the 

ultimate predicted torsional capacities were closely correlated with the 

experimental data; this was found to be more significant for schemes with 

epoxy resins. However, this approach has not been verified with members 

under combined loadings and hence the effect of these loads on the strutôs 

angles (‌ has not been considered.  

   Where;  

     ὸ   ὸὬὭὧὯὲὩίί έὪ ὥ ίὩὧὸὭέὲ ύὥὰὰί Ὥὲ άά   

     ὃ   Ὣὶέίί ίὩὧὸὭέὲὥὰ ὥὶὩὥ ὦ Ὤ Ὥὲ άά    

      ὖ   έόὸὩὶ ὴὶὭάὩὸὩὶ έὪ ὥ ίὧὸὭέὲ  Ὥὲ άά   

Salom et al. (2004) adjusted the ACI Committee 440.2R-08 (2008) 

recommendations to evaluate the strain levels of torsionally strengthened RC 

beams by considering the shear flow analogy, as described in an earlier 

investigation (Hii and Al-Mahaidi, 2007). It was suggested that these 

recommendations should only be used for designing members with shear 

strengthening schemes. Like the fib Bulletin 14 (2001) approach, the 

Ὕό ς ‐ὪὨȟὩ ὉὪ
ὸὪ ὦὪ

ίὪ
 ὃ ÃÏÔ‌ ÃÏÔ ɻÆ ÓÉÎɻÆ  

 

Eq.2.9 

  ”
   

 
  or  

     

   
   for full and strip wraps respectively     Eq.2.10 

   ὸ
 σὃ  

 τὖ
   Eq.2.10a 
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contribution of fibres is based on the truss analogy and an ‌ equivalent to 45o  

(ὧέὸ‌= 1), as given in Eq. 2.11. While, the effective strain (‐  value is based 

on bond reduction factors (kv) that correspond to the effective bonding length 

(Le), Ὢ, and wrap types. A re-statement of Eq.2.11, as given in Eq.2.12, has 

been carried out by (Salom et al., 2004) with a view to compare fibre strain  

readings with analytical results. In addition, the area of shear flow (Ao) was 

assumed to be equivalent to the total wrapped area (AC). The comparisons 

revealed that most of the analytically obtained values agreed with the lower-

bound measured strain values.     

 Ὕ
ςὃέὃὪ ὉὪ ‐ὪὩ 

Ὓ
 ὧέί‌Ὢ ίὭὲ‌Ὢ  Eq.2.11 

  ‐  
ὛὪ

ςὃέὃὪ ὉὪ ὧέί‌Ὢ ίὭὲ‌Ὢ
   Eq.2.12 

   Where;  

     ὃ   ὥὶὩὥ έὪ ὊὙὖ ίὬὩὩὸί Ὥὲ άά    

     ‐   ὩὪὪὩὧὸὭὺὩ ὪὭὦὶὩί ίὸὶὥὭὲ τπππ άὭὧὶέίὸὶὥὭὲ (ACI-Committee 

440.2R-08, 2008) 

2.3.3.1 Softened Truss Method with FRP 

Chalioris (2007) employed the Softened Truss Method (STM) to predict full 

beam responses under pure torsional loadings, where the applied longitudinal 

(„) and transverse („  stresses are equivalent to zero. The analytical model 

that has been developed is based on Hsu (1993) work, which takes into 

consideration equilibrium, compatibility and material constitutive conditions. 

Chalioris superimposed the contribution of the fibres sheets into the 

equilibrium equations in two orthogonal directions (longitudinal and 

transverse), as shown in Figure 2.11; these stress equations comply with the 

rotating angle theory, where cracks coincide with principal concrete stresses 

(„  ὥὲὨ „ . However, this model does not consider other fibre orientations 

and also neglects the tensile stress of concrete („ π in the principal 

direction (r). Consequently, the crackôs inclination angle (♪) can be related to 

the normal stresses in the steel and fibres, as given in Eq.2.13, and can also 

be related to the geometry conditions, as provided in Eq.A.5 - Appendix A, 

where ‐  ‐. The thickness of the shear flow zones (td) corresponds with 

the principal strains and (Â) (see Eq. 2.14), since the derivation details have 

been provided by Hsu (1990). In order to consider CFRP constitutive laws, 

Triantafillou and Antonopoulos (2000) formulae ( Eq.2.8a to d) have been 
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employed. For concrete strut strength, Belarbi and Hsu (1995;1996) model 

was incorporated, given previously in Eq. 2.3a - c.    

Allawi et al. (2015) utilised the Chalioris (2007) model to evaluate the 

behaviour of multi-cellular box girders wrapped by vertically oriented CFRP 

hoops. An iterative algorithm was proposed to satisfy the member's conditions 

at each increment of the principal strains. Comparisons between both 

experimental and STM model outcomes were conducted in both studies 

(Allawi et al., 2015; Chalioris, 2007); good correlations were observed.   

 

 

 

 

 

 

 

 

tan(‌) = 
    

    
 Eq.2.13 

td = 
  

 
 

  Eq.2.14 

Where;  

” Ὢ  steel ratio and stress (MPa) in transverse direction respectively 

”  Ὢ  fibre ratio and stress (MPa) in transverse direction, respectively 

” Ὢ  steel ratio and stress (MPa) in longitudinal  direction, respectively 

” Ὢ  fibre ratio and stress (MPa) in longitudinal direction, respectively 

td = thickness of shear flow zone in mm 

ὃ  area of the shear flow zone in mm2 (Table A.1 - Appendix A, Hsu (1990))  

ὖ  perimeter of the shear flow zone in mm (Table A.1, Hsu (1990)) 

Note: Eq. 2.3c (softening coefficient ‚)) should be used with ὃ and ὖέ 

computation formulae  

Figure 2.11: Space truss mechanism of strengthened RC beam with 
externally bonded FRP schemes.   

 ( Chalioris, 2007) 
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2.4 Beam-Column Joints  

A large number of studies have investigated the behaviour of RC beam-

column joints and parameters that can affect their capacities. Comprehensive 

literature reviews have been presented by Helal (2012), Kim et al. (2009), 

Sasmal (2009), Hamil (2000) and Parker (1997). Generally speaking, these 

studies showed that the majority of the tested members were subjected to 

cyclic loads. This loading  had been used to help ensure that the yielding 

occurred in the beam rebars and that the robustness of the joint zones was 

sustained under seismic excitations rather than to investigate the joint shear 

strength. However, a number of studies (Hamil, 2000b; Vollum and Newman, 

1999b; Parker, 1997; Sarsam and Phipps, 1985) have considered RC beam-

column joints that are subjected to beam concentric  monotonic (gravity) loads 

in order to quantify parameters that influence the joint shear mechanism. 

These parameters are discussed later in this thesis (Section 2.4.1). However, 

much less attention has been paid to examining the effect of torsional forces 

on joint behaviour. Most of the available published work have identified the 

influence of the eccentricity of the beam axis on the column axis, as well as 

the effect of transverse beams and slabs. A review of these works is provided 

in Section 2.4.2. 

 

 Joint Forces and Transfer Mechanism  

The role of beam-column joints is to provide an efficient load path to transfer 

the beam forces into the column region, without damaging the column. The 

action of forces in an exterior beam-column joint is shown in Figure 2.12. The 

imposed horizontal joint shear forces, or ñjoint demandò, can be evaluated by 

Eq. 2.15.    

ὠ  Ὕ  ὠ Eq. 2.15 

Where TB and  Vc  are the beam tensile forces at the column face and the 

column shear forces, which are given in Eq.2.16 and Eq.2.17, respectively.   

Ὕ  = 
 

 Eq. 2.16 

ὠ
ὖὒ πȢυὬ

ὒ
 Eq. 2.17 

Where P is the beam load, Mb is the beam bending moment, jd is the flexural 

arm, and hc is the column depth.  
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The vertical shear forces (Vjv) can be evaluated according to Eq. 2.18 (Paulay 

and Priestley, 1992), while the joint shear stress (vj) and the column axial 

stress („  can be determined by Eq. 2.19 and Eq. 2.20, respectively. 

However, for a beam under a combined load (flexural, shear and torsion), the 

beam tensile forces (TB) need to be adjusted to consider the interaction 

between these loads; none of the available studies have addressed this 

interaction in their evaluation of joint demands.   

ὠ Ὤ   Eq. 2.18 

ὺ
ὠ

Ὤ ὦ
 Eq. 2.19 

„
ὔ

Ὤ ὦ
 Eq. 2.20 

Where be is the effective joint width that can be determined according to (ACI-

ASCE 352R-02 Committee, 2002)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The joint shear strength and the force transfer mechanism are mainly affected 

by the concrete compressive strength, the joint transverse reinforcement, 

bond and anchorage stresses, joint aspect ratio, and the column axial loads. 

Regarding these influencing parameters, two resisting actions, including the 

(a)  (b)  (c)  

Figure 2.12: a) Acting forces on the beam and column b) joint shear 
forces c) column and joint bending moment 



-34- 
 

      

 

diagonal strut and truss mechanisms, can transmit the joint forces (Figure 

2.14). Several analytical models that are based on the diagonal strut 

mechanism (Vollum and Parker, 2008; Hwang and Lee, 1999; Parker, 1997; 

Kassem, 2016) have been presented, wherein the strut capacity corresponds 

with the concrete compressive strength and strut geometry. However, the 

dimensions of a compression strut is proportional to the depth of the beam 

compression zone and column compression node at the joint boundaries 

(Figure 2.13), where it is straightforward to evaluate the depth of flexural zone 

for concentrically loaded beams that are essentially under bending forces. 

Whereas, for members under combined actions, the situation is more 

complex, especially in the presence of torsional forces as discussed in 

Chapter 6.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The joint truss mechanism was first introduced by Paulay et al. (1978) and 

was subsequently adopted by NZS 3101 (2006) for the design and analysis 

of RC beam-column joints. The truss based models satisfy the equilibrium of 

forces, compatibly of strain and the materialôs constitutive law, 

(Pantazopoulou and Bonacci, 1992; Attaalla, 2004), or may just satisfy the 

compatibility of stresses in accordance with Mohrôs circle (Tsonos, 2008; 

Tsonos, 1996; Paulay et al., 1978), as shall be discussed in Chapter 6. The 

contribution of the truss mechanism is related to the ratio of transverse 

reinforcement and the bonding stresses between the rebars and concrete. 

Further details about the most influential joint parameters and their effects on 

the joint mechanisms and shear strength are given in the following sections.      

Figure 2.13: Joint forces transfer mechanism according to the strut-
tie method   

(Parker, 1997) 
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2.4.1.1 Concrete Compressive Strength 

Based on a review of previous research, Wong (2005) reported that joint shear 

strength is proportional to concrete compressive strength (Ὢ). In addition, 

Hamil (2000b) and Vollum and Newman (1999a) state that the joint shear 

strength is related to the square root of ( Ὢ) of the joint zones without steel 

ties. Likewise, Sasmal (2009) has correlated the experimentally obtained 

strengths of six tested RC joints with their Ὢ . By comparing deep beam 

resisting mechanisms, Parker (1997) and Sarsam and Phipps (1985) showed 

that the joint capacity is related to the concrete strut strength.   

Paulay and Priestley (1992) describe how a main diagonal concrete strut 

efficiently transfers the compressive stress that is introduced at the jointôs 

boundaries between two opposite corners in the lack of joints ties, as shown 

in Figure 2.14. Vollum and Parker (2008) derived a joint model without joint 

links, based on the main diagonal concrete strut (D) that was developed 

between the compression nodes (Figure 2.14). As mentioned previously, the 

capacity of the diagonal strut is related to the concrete compressive strength, 

while the concrete strength is affected by the concrete softening level.    

 

      

             

 

 

 

 

 

 

 

 

2.4.1.2  Transverse Reinforcements  

The contribution of the joint transverse reinforcement to the joint capacity has 

been confirmed in several studies (Hamil, 2000b; Vollum and Newman, 

1999a; Parker, 1997; Sarsam and Phipps, 1985; Paulay and Priestley, 1992). 

However, Hamil (2000b) , and Vollum and Newman (1999a) have identified 

(b)  (a)  

Figure 2.14 : a) Joint diagonal strut mechanism b) Joint truss mechanism  

(Hwang and Lee, 1999) 
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that joint strength can be effectively enhanced by positioning the joint ties in 

the top half of the joint zone, below the flexural beam tension bars. The role 

of the joint ties in improving the joints is defined by two mechanisms ï (i) by 

confining the joint cores and (ii) by acting as the horizontal truss elements that 

balance the compressive strut field and vertical tension ties, as shown in 

Figure 2.14 (Hamil, 2000b; Bonacci and Pantazoupoulou, 1993).   

The NZS 3101 (2006) code provisions for joint design are based on the 

actions of a single direct strut (D) and the truss mechanism; this requires 

horizontal joint ties, vertical bars and diagonal struts, given that both actions 

are capable of transferring shear forces through the joint  boundaries. The ACI 

Committee 318 (2014) recommends that transverse reinforcement is required 

in an unrestrained  direction (unconfined by a member), such as in case of the 

exterior joints, in order to avoid joint degradation due to shear cracks.   

 

2.4.1.3 Bond and Anchorage  

The bond stresses between the steel rebars (the ties and the tension bars) 

and the surrounding concrete are significant to the joint truss mechanism as 

a significant proportion of the beam stresses are introduced into the joint via 

bond forces. By providing adequate bond and anchorage conditions, Paulay 

and Priestley (1992) have demonstrated that compression strut fields are 

induced by means of bonding along the lengths of the beam bars into the joint 

region.  

Figure 2.15 shows the variation of stresses over the main bars of the beam 

and column within the joint boundaries, where the resisting compression struts 

are in equilibrium with the longitudinal and transverse tensile forces in the joint 

rebars and ties. Bonacci and Pantazoupoulou (1993) reported that bond 

failure prevents the joints from mobilising their full strength. A direct strut 

mechanism can dominate when bond deterioration occurs due to insufficient 

bond length or plastic strain with large splitting cracks (Paulay et al., 1978). 

However, after joint cracking, Scott (1992) found that the influence of loss in 

bond stresses over the flexural bars could be compensated for by using both 

U and bent down bars.   
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2.4.1.4 Joint Aspect Ratio.  

Vollum and Parker (2008) indicated that the behaviour of the RC joints is 

affected by the beam depth to column depth ratio (joint aspect ratio). Chun 

and Shin (2014) tested 14 exterior RC beam-column joints with different 

aspect ratios (0.67, 1, 1.5, 2, and 2.5). They found that the jointôs deformations 

were proportionate to an increase in the aspect ratio. Hamil (2000b) 

experimentally confirmed the effect of the aspect ratio on joint strength. He 

noticed a reduction in joint strength by about 25% when the joint aspect ratio 

altered from 1.4 to 2. Similarly, Vollum and Newman (1999a) reported that the 

jointôs shear strength decreased linearly by around 35% when the aspect ratio 

increased from 1 to 2. These degradations in joint strength are explained by 

the fact that a steeper concrete strut is formed by the larger aspect ratio, which 

adversely affects the shear transfer mechanism and resistance capacity (Park 

and Mosalam, 2012). Based on the outcome of the above reviewed research, 

a joint with an aspect ratio of less than 1 is likely to experience only minor joint 

damage at the point that the beam fails in flexure.      

 

 

Figure 2.15:  Bond stresses and the joint truss mechanism 

(Paulay et al., 1978) 
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2.4.1.5 Column Axial Load 

The influence of the columnôs axial load on the ultimate joint strength is still 

being debated in the extant literature. Meanwhile, Shannag and Alhassan 

(2005), Pantelides et al. (2002a) and Parker (1997) found that an increase in 

the column load was beneficial for improving joint strength. However, this 

improvement was obtained for the tested joints that subjected to low and 

medium axial load ratio ranging from 0.1 to 0.3 of the column load capacity 

(Shannag and Alhassan, 2005; Parvin et al., 2010). Antonopoulos and 

Triantafillou (2003) observed a rise in  the joint shear strength for externally 

wrapped beam-column joints by increasing the column axial load to πȢρ ὃὫ Ὢὧǋ. 

Moreover, based on finite element analysis results, Hamil (2000b) found that 

the ultimate joint shear strength was increased by the columnôs axial load; 

while he reported these results were not validated with the test results. In 

contrast, a high level of axial load could induce buckling of columnôs rebars or 

promoting sudden jointôs failures (Shigeru Hakuto and Hitoshi, 2000). 

Interestingly, to evaluate the nominal shear capacity of RC concrete members, 

ACI Committee 318 (2014), Eurocode 2 (2004), and NZS 3101 (2006) 

incorporated the axial load in their guidance. Moreover, axial loads have been 

considered in several analytical models that were formulated according to the 

strut mechanism or panel action (truss mechanism) (Tsonos, 2008; 

Pantazopoulou and Bonacci, 1992; Parker, 1997; Wong, 2005; Paulay and 

Priestley, 1992). The role of the column load in improving the initial cracking 

capacity of the joints has also been confirmed (Hamil, 2000b).   

 

 Previous Research (beam-column joint with eccentric load 

and torsional moment)  

As discussed in the previous sections, torsional forces affect the memberôs 

behaviour and their failure modes. In particular, the presence of torsion is 

likely to increase the level of diagonal shear cracks and reduce the load 

carrying capacities. Previous studies have concentrated on the influence of 

the eccentricity of the beam axis from the column axis, as well as the effect of 

transverse beams and slabs. 

Raffaelle et al. (1992) experimentally investigated the influence of different 

beam to column width ratios, which were cast with transverse beams framed 

into columns. Four specimens of beam to column width ratios of 2.43 and 2.14 

were tested. The test results indicated that the wide beam failed due to 
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anchorage loss of the flexural reinforcement, which resulted in torsional 

distress within the transverse beams. The authors suggested that the torsional 

forces produced by wide beam reinforcement should not exceed the cracking 

torque capacity of the transverse beams. An additional four eccentric RC 

beam-column assemblages were tested, wherein the beamôs eccentricity was 

measured with respect to the columnôs centreline. A reduction in joint strength 

was observed and related to the beam eccentricity, and this reduction 

correlated with the level of torsional cracks developing on the columnôs sides.  

In another study, Vollum and Newman (1999b) tested ten specimens that 

consisted of a square column that was monolithically framed with a concentric 

(c) beam and a transverse eccentric (e) beam, where the eccentric beam did 

not intersect with the column (adjacent to the columnôs face) in eight 

specimens. The test results revealed that failure can occur in the concrete 

before yielding of the beam reinforcement due to the combined loads from 

both the concentric and large eccentric beam loads. It was found that the 

torque effect on the concentric beam decreased in specimens where the 

eccentric beam intersected with the column, while the extent of joint cracking 

could be related to the level of load from the eccentric beam. In addition, the 

above authors presented an interaction curve (Figure 2.16) illustrating the 

influence of biaxial loading (c and e directions) and torsion (T) in reducing the 

uniaxial joint strength (Vjo). 

 

 

 

  

 

 

 

 

 

 

 
Figure 2.16:  Influence of biaxial loading on the joint strength 

(Vollum and Newman,1999b) 
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Shimizu et al. (2000) studied the shear strength of eccentric RC beam-column 

joints under earthquake actions. They analysed the damage caused by the 

earthquake loading that was associated with the torsional effects of the 

eccentric beams. Their analysis results agreed with the previous research by 

(Vollum and Newman, 1999b; Raffaelle et al., 1992) with respect to the 

relationship between the decline in the joint strength and the eccentricity of 

the beams. However, in order to consider this torsional effect, the authors 

proposed a formula to estimate the reduction of the columnôs capacity. This 

formula is empirically derived from experimental results that have been 

previously published; it takes into account torsional span ratio, reinforcement 

strength, and concrete compressive strength. 

Further research was conducted by Kusuhara et al. (2004) to investigate the 

beam eccentricity effects on interior RC beam-column joints. The tests 

considered beam eccentricity and its relationship with the joint link ratios. The 

specimens were tested under cyclic loading; severe cracking developed on 

the side of the joint that aligned with the eccentric beam due to the high joint 

demand caused by the beamôs flexural reinforcement. The investigators also 

found that the joints with eccentric beams suffered from torsional cracks that 

developed on the joint. The authors found that the reduction in the shear 

capacity of the eccentric joints decreased when using additional shear 

reinforcement (hoops).  

Hassan (2011) considered the presence of a slab on the jointôs behaviour; he 

tested four full-scale corner beam-column joints with slabs under uniaxial 

loading. Twisting deformations were observed in the loaded beams - these 

resulted from the restraining effect of the slab - torsional cracks developed in 

the unloaded beam, combined with longitudinal cracks that formed in the slab, 

parallel to the unloaded beam. Engindeniz (2008) suggested a reason for the 

slab increasing the joint shear demand; ñseveral paths consisting of diagonal 

compression struts in the slab, torsion, and weak-axis bending of the 

transverse beamò. In the context of slab forces, the ACI-ASCE 352R-02 

Committee (2002) recommends considering the participation of slab rebars 

on the joint shear stress input for type-2 connections (under seismic actions).    

More recently, Elshafiey et al. (2016) investigated the effect of beam torsional 

moments on RC beam-column joints. The specimenôs geometry, the sectionôs 

dimensions and the loading details are shown in Figure 2.17. The beam widths 

varied from 200mm (SP1-6) to 350mm (Sp8), as provided in Table 2.2. A 

constant axial load of 400 kN was applied to all specimens, while the eccentric 
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(e) beam load was imposed at 200mm and 400mm from the beamôs free end. 

The test results showed that failures can occur in the joint regions due to the 

lack of joint stirrups and the high beam stiffness and due to the interaction 

between bending, torsion, and shear forces (Table 2.2). This interaction 

altered the crack patterns on the beamôs sides and the relationship with the 

level of shear forces, as inclined diagonal cracks were dominated at the 

beams sides where the torsional and shear forces were additive. The authors 

reported that the increase in torsional load moved the failure zones from the 

joints into the beam regions. However, they did not define how the mechanism 

of torque, along with the flexural and shear forces, increased the compression 

concrete struts and the rebarôs tensile forces. In addition, the joint shear 

demands and their influence on the beamôs longitudinal reinforcement ratios, 

the joint forces, and the strengths were not quantified.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17: Test and specimen details (Elshafiey et al., 2016) 
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Table 2.2: Test results (Elshafiey et al., 2016) 

 

 

 Codes Provisions  

Within this section the following code provisions for the beam-column joint 

forces and concrete shear strength are described; these provisions can be 

applied for monolithic framed structures in non-seismic regions.  

¶ BS8110 (1997) 

¶ Eurocode 2 (2004) 

¶ ACI-ASCE 352R-02 Committee (2002) 

¶ NZS 3101 (2006) 

 

2.4.3.1 BS8110 (1997) 

There are no specific provisions that are presented in BS8110 (1997) for 

evaluating the beam-column joint forces and strengths. Nevertheless, in 

correlation with the jointôs shear strength and axial compressive stresses, this 

section summarises the clauses corresponding to the design of members 

under shear stresses according to BS8110.    

Specimen 

Ὢ 

(MPa) 

Beams 

Widths 

(mm) 

Ultimate 

Load (P) 

(kN) 

Ultimate 

Torque 

(kN.M) 

Joint 

links 
Failure mode 

Sp1 25.3 200 90.9 18.18 - Joint failure 

Sp2 25.6 200 101.1 20.22 3ʌ12 Beam failure 

Sp3 26.0 200 105.5 21.1 - Joint failure 

Sp4 25.1 200 121.2 24.24 3ʌ12 
Joint -beam 

failure 

Sp5 25.7 200 70.1 28.04 - Beam failure 

Sp6 24.4 200 66.4 26.56 3ʌ12 Beam failure 

Sp7 24.7 275 115.4 46.16 3ʌ12 
Joint -beam 

failure 

Sp8 25.1 400 163.7 65.48 3ʌ12 Joint failure 
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The shear resistance of the RC column is given in Eq. 2.21, in which the 

concrete (ὺ) contribution and transverse reinforcement (links) are combined.  

V =ὺὦὨ  Eq. 2.21 

 

Where;  

ὺ ὺ ρȢςυ  
Ȣ 
  
  

  or  Eq. 2.21-i 

ὺ ὺ ρ
 ὔ

ὃὺ
   

Eq. 2.21-ii 

ὺ   
πȢχω

‎
  
 ρππ ὃ

Ὠὦ

τππ

Ὠ
 

Eq. 2.21-iii 

   
  

  taken as not greater than 3    

         taken as not less than 1                

   Asv = the area of the transverse reinforcement  

    fsv  = the yielding strength of the transverse reinforcement  

   Ὓ = centre to centre spacing of shear links 

     N = compression axial load  

   Ac = the gross section area 

   V = ultimate shear forces  

    h = the section depth  

    M = the ultimate bending moment  

    ‎  = the partial factor of safety (1.25) 

     d=  the section effective depth 

     bv = the section width 

The code incorporates the compression axial load (Eq. 2.21-i and ii) in the 

evaluation of the nominal concrete shear strength, while it recommends using 

Eq. 2.21-ii ñto avoid shear cracking prior to ultimate loadò. Moreover, BS 8110 

stipulates that the shear stress that is induced in a section (v= V/bvd), should 

not exceed the value of 0.8 Ὢ  or 5 MPa , where Ὢ  is the cube compressive 

strength of concrete. 
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2.4.3.2 Eurocode 2 (2004) 

Like BS 8110, no joint provisions are given in (Eurocode 2, 2004). Eurocode 

2 introduced the ñvariable strut inclination methodñ to evaluate the jointôs shear 

strength, which corresponds to the diagonal concrete strut capacity with no 

direct influence on shear resisting from the concrete.  

- The memberôs shear strength (VRd,c) without transverse 

reinforcement is given in Eq. 2.22. 

ὠ ȟ  ὅ ȟὑρππ” Ὢ πȢρυ„ ὦὨ Eq. 2.22 

 

Where: 

           ὅ ȟ
Ȣ

    

ὑ  ρ  ςȢπ    

”    

„
ὔ

ὃ
   

 

Where; ‎ is a partial factor of safety, d is the effective section 

depth, b is the section width, Ὢ is a characteristic compressive 

strength for concrete, ὃ  is the area of the tensile rebars, Ac is 

the gross sectional area   

 

- For members that do require shear links, Eurocode 2 (2004) permits 

the use of the ñvariable strut inclination methodò, which conforms with 

the truss mechanism. The member shear strength that can be provided 

by vertical shear links (Eq. 2.23) is limited to the resisting capacity of 

the concrete strut (VRd, max), as given in Eq. 2.24, where the maximum 

applied shear forces (VEd) should not exceed VRd, max . 

ὠ ȟ  
ὃ

Ὓ
 ὤ Ὢ  ὧέὸ— Eq. 2.23 

ὠ ȟ

ὦὤὺὪ

ὧέὸ—ὸὥὲ—
 Eq. 2.24 

Where:  

ὃ = the shear reinforcement area 

S= the spacing between shear links 

Z= the lever arm between the upper and lower chords 

Ὢ = yield strength for shear links 
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ὺ  πȢφ    [a reduction factor for cracked concrete] 

Ὢ = the diagonal compressive forces in concrete 

—= the angle of concrete struts from the member longitudinal axis; 

Eurocode 2 (2004) recommends that — can be selected within 

the range of 22o to 45o  

 

2.4.3.3  ACI-ASCE 352R-02 Committee (2002)   

The ACI-ASCE 352R-02 Committee code presents provisions for designing 

two types of RC beam-column joints in relation to both the loading conditions 

and the deformation levels. These two types include Type-1 and Type-2, 

where Type-2 connections are relevant to members subjected to deformation 

reversals that are induced by seismic actions, and Type-1 connections are 

designed on the basis of strength without considerable inelastic deformation. 

This section reviews the Type-1 provisions, where the ductility requirements 

are not applied.     

- To evaluate the design joint shear demand (forces), (ACI-ASCE 352R-

02 Committee, 2002) provides a formula (Eq. 2.25) for joints type-1. 

This formula corresponds with the flexural strength of the connected 

beams, where the shear forces are based on the yielding of the beam's 

rebars in the flexural tension zone. However, the code does not 

consider the strain hardening and the large plastic deformation that can 

arise from combined forces (e.g. bending, shear, and torsion), given 

that these influence the joint forces and the distortion level.  

           ὠ  ὃ Ὢ  ὠ 2.25 

Where;  

     Vjh = the joint shear forces  

      As = area of flexural reinforcements 

      Fy = the yielding strength of the flexural reinforcement  

      Vc = the column shear forces  

- According ACI-ASCE 352R-02 Committee (2002), the joint resisting 

strength (Vn) is given in Eq. 2.26, since the function of Ὢ in correlation 

to the confinement factor (‎) depends on the number of the joint faces 

that are framed with other members (beams and column) regardless of 

the joint linkôs contribution and bond condition in the joint region.      
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           ὠ  πȢπψσ ‎ Ὢ ὦὬ  2.26 

Where;  

Ὢ  concrete compressive strength in MPa. 

‎ = The confinement factor for the Type-1 joint is taken as: 

       15 and 12 for continuous and discontinuous corner joints, 

respectively.  

        20 and 15 for continuous and discontinuous exterior joints, 

respectively. 

        20 and 24 for continuous and discontinuous interior joints, 

respectively. 

Ὤ = the column depth 

ὦ = the effective width of the exterior joint shall be taken as the least 

of the following,  

- (bb+bc)/2  

- bb +bc/2  

- bc     

Note:  the bb and bc are the beam and column width 

respectively. 

 

ACI-ASCE 352R-02 Committee stipulates that the joint transverse 

reinforcement should be provided by unconfined sides. Whereas, the later 

version of ACI Committee 318 (2014) states that joint links are required to 

avoid buckling of the columnôs main reinforcement. Moreover, to satisfy bond 

conditions, member rebars should be developed into the joint region in 

accordance with the codeôs provisions. However, the code model cannot be 

utilised as a rational method to identify the shear transfer through the joint 

region by considering the influential parameters, such as joint links, truss 

action and the columnôs axial load.   

 

2.4.3.4 NZS 3101 (2006) 

The New Zealand code provides design recommendations for beam-column 

joints that consider the type of loads and the ductility demand. The code 

assumes that the single diagonal strut action and joint truss mechanism can 

both carry the joint shear forces. For the joints under non-seismic loading, the 
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computing of shear forces (ὠᶻ) is the same as suggested in Eq. 2.25, while 

the code restricts the jointôs demand on the concrete crushing capacity of the 

compressive struts that are given in Eq. 2.27. 

 

ὠᶻ πȢς ὪὦὬ  έὶ ρπ ὦὬ  Eq. 2.27 

 

- The shear resisting capacity (ὠ  of the joint is presented in Eq. 2.28, 

where the contributions of the diagonal strut (Vch) and truss 

mechanisms (Vsh) are superimposed. The provided areas of horizontal 

(Ajh) and vertical (Ajv) joint shear reinforcements shall correspond to Eq. 

2.28-ii and 2.28-iii, respectively.  

ὠ ὠ  ὠ  = ὠ  ὃ  Ὢ   Eq. 2.28  

 

Where; 

ὠ  = ὠᶻ πȢυ  
  

   Eq. 2.28-i 

ὃ  = 
ᶻ   

 
   Eq. 2.28-ii 

ὃ  = 
 
ᶻ  ɀ  

 
   

Eq. 2.28-iii 

ὠ = 0.6 ὠ 
ᶻ  ὅὔ Eq. 2.28-iv 

ὔ= the columnôs axial load 

ὠ = vertical shear forces that are carried by the diagonal concrete strut 

Ὢ  = yield strength of the horizonal shear reinforcements 

Ὢ  = yield strength of the vertical reinforcements 

ὅ = 
  

  [ for unidirectional joint loads, ὅ  factor is taken as unity] 

ὃ = the column gross sectional 

 

The shear transfer capacity of the diagonal concrete strut according to the 

code provisions (Eq. 2.28-i) depends on the depth of the columnôs flexural 

compression zone at the joint boundaries and the amount of bond stress that 

develops over this depth. It is assumed that the dimension of the diagonal 
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strut between the column and the beam nodes is not affected by the beamôs 

compression zone. However, this assumption is applicable to the flexural 

dominated beam failure under cyclic forces, where a large reduction in the 

beamôs compression zone can occur due to severe cracks and spalling of 

concrete induced by the beamôs plastic hinge.  

2.5 Long-Term Behaviour of Reinforced Concrete Members 

under Sustained Torsional Loads  

The long-term response of reinforced concrete members is affected by the 

time-dependent characteristics of concrete, i.e., creep and shrinkage. Creep 

and shrinkage increase deformation and influence the redistribution of 

stresses; excessive member deflections can be caused by creep and 

shrinkage. The phenomena of creep and shrinkage are affected by a number 

of factors, such as the environmental conditions, member details, and the 

properties of the concrete. A summary of the main known factors that affect 

creep and shrinkage in structural concrete is given in the (ACI 209.1R-05, 

2005) report, which includes the following:  

¶ Properties of concrete material (e.g. aggregate and binder).    

¶ Concrete mixture proportions.   

¶ Period and type of curing. 

¶ Ambient conditions (e.g. temperature and relative humidity). 

¶ Structural design details, size and shape of the members. 

¶ Loading age. 

Several models have been introduced to predict the creep and shrinkage of 

concrete - for example, ACI 209.R-92 (1992), Eurocode 2 (2004), and fib 

Model Code (2010a). Bazant and Baweja (2000) suggest that these models 

are considered the most influential factors in the codes expressions. However, 

these models are outside the scope of this study; the actual creep coefficients 

and shrinkage strains are experimentally quantified in this investigation. To 

account for the effects of time dependent deformations on the memberôs 

behaviour, there is a considerable amount of literature that has considered the 

beamôs deflections and curvatures under sustained flexural loads. However, 

few studies have investigated the long-term influence of torsional load. 

Further, none of the conducted research works have addressed the sustained 

torsional forces on the strengthened RC members with FRPôs warps. A review 

of these previous works that considered time-depended torsional 

deformations is presented in Section 2.5.3.  
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 Creep  

Under sustained load, concrete strain develops with time ï this is called creep.  

The creep strain can be several times larger than the instantaneous elastic 

strain. The rate of the strain development varies with time; it is rapid just after 

the application of the load and slows significantly with time (Figure 2.18). 

Gilbert (2002) reported that 50% of the total creep is induced in the first 2 to 3 

months of loading and 90% of creep takes place within three years. In another 

study, Troxell (1958) identified that 70% of creep occurs within the first three 

months and about 83% of the final creep develops in the first year. Further 

details are given by Neville and Brooks (2010), who found that 25%, 50%, and 

75% of ultimate creep takes place at about 14, 90, and 365 days, respectively. 

These studies indicate that at least half of the ultimate creep occurs in the first 

90 days of loading.  

Two types of creep components have been identified, basic and drying creep 

(ACI 209.2R-08, 2008; Neville et al., 1983). Basis creep develops with no 

movement of moisture in or out of the concrete samples, while drying creep 

arises as an additional component under drying conditions (Neville et al., 

1983).      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aside from the interaction between drying creep and shrinkage, the total 

concrete strain of a member at any given time subjected to a constant load is 

often assumed to be the sum of the initial strain induced by the load stress 

and the time dependent deformations (creep and shrinkage), as shown in 

Figure 2.18: Creep strain under sustained load 

(Ghali et al., 2002) 



-50- 
 

      

 

Figure 2.19 (Neville, 2011). Hence, for practical applications, it is common that 

the evaluation of compressive creep is experimentally carried out by deducting 

the instantaneous strain and the shrinkage strain from the measured total 

strain, as given in Eq. 2.29a. However, the tensile creep induced strains could 

be obtained by adding the measured total strain to the shrinkage strain (since 

they act in opposite directions) and deducting the instantaneous strain as 

given in Eq. 2.29b.  

 

     ‐  = ‐  ï ‐  ï ‐  Eq. 2.29a 

     ‐  = ‐  ï ‐  + ‐  Eq. 2.29b 

 

Where; 

    ‐  = the creep strain at time t 

‐ = the resulting total strain at time t 

‐  = the initial strain induced by the load at time of loading (to)  

‐ = the free shrinkage strain for unloaded samples at time t 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the assumption of a linear relationship between stress and strain for 

members under constant loads, an effective modulus of elasticity method is 

widely adopted to consider the effect of creep strain on concrete structures 

(Eq. 2.30) (Gilbert, 1988). However, this method neglects the ageing of 

concrete and stress variation throughout the loading stages. Therefore, with a 

Figure 2.19: Components of concrete strain under constant load 

(Gilbert and Ranzi, 2010) 
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view to account for the ageing effects, the age-adjusted effective modulus was 

introduced by Trost (1967) and extended by Bazant (1972), where the ageing 

coefficient …(t,t0) is simply incorporated to adjust the effective modulus, as 

presented in Eq. 2.31. Ghali et al. (2002) indicated that the ageing coefficient 

varies between about 0.6 and 0.9. For samples where the initial loading 

exceeds five days, Neville et al. (1983) suggested that the average value of 

the final ageing coefficient can be taken as equal to 0.8. The value of 0.8 has 

been used by Forth et al. (2003), along with Nie and Cai (2000), while Gilbert 

and Ranzi (2010) recommend lower values, e.g. 0.65 and 0.75 for members 

that were loaded during early ages and later ages (larger than 28 days), 

respectively.  

Creep is a load dependent deformation that is either caused by compression 

or tension stresses; any increment or decrement in the member stresses (æů) 

affects the resulting strain levels. Ghali and Favre (1986) employed the 

principal of superimposition approach to account for stress variation (æůt) due 

to the load, or any other factors, e.g. shrinkage and creep restraint or 

temperature deformation. This is because the total strain at time (t) is 

approximated to be equivalent to the sum of the instantaneous creep that is 

produced by the initial load (ůo), in addition to the strain (elastic and creep) 

caused by the change of stress  (æůt), as given in Eq. 2.32. Similarly, the linear 

superposition of creep was considered by Mu et al. (2008) in order to evaluate 

the curvature of a beam due to shrinkage. Importantly, restrained members 

under constant strain exhibit a stress relief known as concrete relaxation. 

Neville et al. (1983) indicated that creep and concrete relaxation mechanisms 

are closely connected, and they are influenced by the same factors. Also, it 

has been identified by Altoubat and Lange (2001), Neville (2011), and 

Ranaivomanana et al. (2013), that concrete relaxation affects the cracking 

resistance of concrete by reducing the restrained shrinkage stresses.  
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Where;  
Ὁ

ȟ
 = the effective modulus of elasticity of concrete 

Ὁ  = the modulus of elasticity of concrete at time (to)  

 ɲ ȟ        [the creep coefficient at time (t)] 

Ὁ
ȟ

= the age adjusted modulus of the elasticity of concrete 

to  = the initial time of loading 

 ʔ = the adjusted ageing coefficient   

„  = the initial stress at time (to) 

Ў„ = the stress variation at time (t) 

  

 Shrinkage  

Shrinkage strains represent the volumetric changes in the concrete that are 

associated with the drying process (water loss) and chemical changes in the 

hydrating cement paste. As opposed to creep, shrinkage is independent of 

load, given that the majority of shrinkage deformations initiate when drying 

begins in the hardened concrete and develop gradually at a continuously 

decreasing rate, as shown in Figure 2.20. In the presence of reinforcement, 

the restrained shrinkage deformations can produce compression stresses in 

the steel bars and tensile stresses in the concrete. These stresses can  affect 

the memberôs curvature in singly and unsymmetrically reinforced sections (Mu 

et al., 2008; Neville et al., 1983). Regarding internal reinforcement restraint, 

shrinkage can promote cracks in members that are externally restrained by 

adjoining members. For example, external end restraints are imposed when a 

member is cast between existing structures (Beeby and Forth, 2005; Shehzad 

et al., 2019). 

Various types of shrinkage have been identified in the extant literature (Hasan, 

2016; Neville, 2011; ACI 209.1R-05, 2005), including plastic shrinkage, 

autogenous shrinkage, carbonation shrinkage, and drying shrinkage. 

Carbonation shrinkage develops due to the chemical reaction between the 

cement paste in the hardened cement and carbon dioxide that ingresses from 

the surrounding atmosphere (Neville, 2011). However, ACI 224R-01 (2001) 

reported that the shrinkage caused by carbonation reactions is of minor 

importance in comparison to the total drying shrinkage, as the expected 

penetration of carbon dioxide does not exceed 12mm into the members that 

are made from concrete of low porosity. Another type of shrinkage is plastic 

shrinkage, which occurs in fresh concrete and results from the loss of moisture 



-53- 
 

      

 

by the rapid evaporation of moisture from the concrete surface. Cracks that 

are linked to plastic shrinkage can be avoided by reducing the surface loss of 

water.  

Autogenous shrinkage is a chemical process that takes place in the hydrating 

cement matrix without moisture exchange with the surrounding atmosphere 

at an ambient temperature. ACI 209.1R-05 (2005) indicates that this type of 

shrinkage can be inconsiderable for many normal strength concrete. 

However, autogenous shrinkage tends to be more important in the drying 

concrete of low cement/water ratios or with high cement content, such as high 

performance concrete mixtures (Figure 2.20). This is because the available 

water is insufficient to maintain the hydration reactions which need and reduce 

the capillary pore water (Gribniak et al., 2008; Sakata and Shimomura, 2004). 

In general, the ratio of autogenous shrinkage to the overall long-term 

shrinkage strain ranges from between 10% to 20% for normal strength 

concrete, as shown in Figure 2.20 (Hasan, 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most significant long-term shrinkage for hardened concrete is drying 

shrinkage, this is significantly affected by the surrounding humidity, 

Figure 2.20: Components of shrinkage for (a) normal and (b) high 
strength concrete 

(Gribniak et al., 2008) 
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temperature and member size and shape (exposed area). Drying shrinkage is 

also influenced by the mixture properties (e.g. binder quantity, water content, 

and type of aggregate) (Neville and Brooks (2010); Gilbert (2002); ACI 224R-

01 (2001)). For normal strength concrete, with a disregard for autogenous 

shrinkage contribution, drying shrinkage is often considered the total long-

term shrinkage deformations (ACI 209.1R-05, 2005). Nevertheless, in most 

cases, separating the shrinkage types is not required, since the total shrinkage 

(‐ ) can be taken as the sum of all the shrinkage components (Gilbert 

2002).   

 

 Members under Sustained Torsional Load  

As mentioned earlier, very few tests have been carried out under a sustained 

torsional load. A review of the available published works has therefore been 

produced, where it is found that no studies have investigated the time 

dependant behaviour of externally strengthened RC members with FRP 

wraps under constant loads, including torsional forces. However, these 

research outcomes have shown that there is a significant increase in member 

deformations in terms of twist angle over time, as this reflects the influence of 

concrete creep. A discussion of these studies is provided in this section.  

For plain concrete samples under sustained torque, Neville et al. (1983) 

reported that the creep coefficients obtained from torsionally loaded samples 

were very close to the samples under compression loads. Also, they indicated 

that the strains in the principal directions (compression and tension) were 

equal, as there was no change in the axial strains for the loaded and unloaded 

samples. Ishai (1964) tested 78 rich cement mortar samples, which were 

torsionally loaded for periods of up to 24 weeks. The creep was identified by 

measuring the variations of the twist angle over time, as given in Figure 2.21. 

It can be noted that the resulting shape of the twist angle-time curves is similar 

to the development of the creep deformations. 
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Experimental and analytical investigations of RC beams under sustained pure 

torsion were carried out by Inge Karlsson and Anderson (1974). The aim was 

to identify the time-dependent post-cracking behaviour of the tested beams, 

by taking into account the creep of concrete. The full-scale beams were 

loaded for 400 days under the same ambient conditions (a temperature of 

20Co and a relative humidity of 60%) as the supplementary concrete samples. 

An increase in the beamôs deformations in terms of twisting angles over time 

was observed (Figure 2.22), as the authors indicate that the deformation 

variations correspond to the creep of concrete. The ratio of instantaneous 

angle of twist to the final measured twist of angle ranged between 2.5 to 3. 

The twisting of the beams was influenced by the creep rate, in which the 

deformations varied rapidly after the loadôs application and gradually slowed 

over time, as shown in Figure 2.22. Also, the authors introduced an analytical 

approach based on the truss model to evaluate the time-dependent twist 

deformation under pure torsion; this approach is discussed in details and 

presented in Appendix A.       

 

Figure 2.21: Torsional creep and creep recovery for samples stored in 
water 

(Ishai, 1964) 
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Further experimental investigations into the role of sustained torsion on the 

behaviour of RC beams were carried by Goode (1975). The beams were 

loaded for a period of up to two years; the beams were unloaded and reloaded 

through the testing duration. The loads correspond to the beamôs cracking 

level, which were predicated according Saint Venant theory. Two different 

cross-sectional dimensions and concrete compressive strengths were 

employed, where the member geometry and concrete strength controls the 

cracking stiffness of the members. The beams were tested as pairs, where 

each pair had the same geometry but different transverse reinforcement 

ratios, and where either the links spacings were doubled or halved.  

Figure 2.23 shows the long-term rotational deformations for a group of the 

beams. A considerable increase in the beamôs rotations can be noted, in which 

the average twist angle after one year was about five times the initial angle, 

as shown in Figure 2.24. Nevertheless, in comparing these results with the 

final rotational ratio obtained by Inge Karlsson and Anderson (1974) (which 

was approximately three), it is found that this increase was likely related to the 

level of the initial loads and the formation of new cracks. In the Inge Karlsson 

and Anderson (1974) tests, the beams were initially exposed to their upper 

limit (the yield threshold) and cracks mostly extended over the beams. The 

authors identified that elastic theory (Saint Venant) can predict the cracking 

load, as described in Section 2.2.   

Figure 2.22: Twist angle over time for the RC beams 

(Elfgren 1973) 
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Goode (1975) found that in the beams loaded to 75% of their ultimate 

capacity, the maximum crack width increased from 0.3 mm (measured on first 

loading) to 0.7 mm at the end of the tests. The influence of the beam links in 

enhancing torsional stiffness was more obvious when the truss mechanism 

was mobilised after the beams reached their cracking loads. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Anil and Pandit (1980) tested plain and reinforced concrete beams under 

constant torsion for about 500 days, while the amount of the sustained load 

was subsequently increased at the loading periods. The test outcomes 

Figure 2.23:  Beam rotations, unloading, reloading and recovery with time 
for the beam with different stirrups spacings (120, 60, and 30 
mm) 

(Goode, 1975) 

Figure 2.24: The ratio of the long-term rotation to the initial rotation for the 
tested beams 

(Goode, 1975) 



-58- 
 

      

 

conform with the previous studies, where the influence of concrete creep on 

the increase of the beam rotations over time at a decreasing rate were 

identified (Figure 2.25 and 2.26).   

The growth of the time dependent twist angles was 2.1 times the short-term 

twist angle for the plain concrete samples and 2.07 for the reinforced concrete 

beams. However, there was a drop in the final twist angles of about 25% for 

the pre-stressed beams. This decline can be attributed to the reduction in the 

tensile creep strains, which were counterbalanced by the pre-stressing 

actions in the direction of the tensile stresses produced by the torsion.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25: Twist angle-time curves for the plain concrete beams under 
different load values  

(Anil and Pandit, 1980) 

Figure 2.26: Twist angle-time curves for the reinforced concrete beams 
under different load values 

(Anil and Pandit, 1980) 
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A more recent investigation of the long-term deformations that develop under 

torsional loads was conducted by Allos and Rashid (1989). Eight pre-stressed 

beams were tested for periods of up to 350 days, and the companion beams 

were loaded to failure in order to determine the torsional capacities. The time-

dependent deformations in terms of the ratio of the final to the instantaneous 

rotations were graphically presented by using a hyperbolic expression (Figure 

2.27); this expression was developed by Ross (1937) and Lorman 1941  

(Neville et al., 1983).  

A similar observation to that reported in previous studies (Anil and Pandit, 

1980; Goode, 1975; Inge Karlsson and Anderson, 1974) can be deduced from 

the twist-time curves that presented by Allos and Rashid (1989); the rise in 

the beamôs rotations with a progressively decreasing rate due to creep strains 

is illustrated in Figure 2.27. The amounts of the total time-dependent beam 

rotation ratios varied from 1.39 to 3.92, while it has been found that the long-

term twist angle increased in relation to the magnitude of the applied torque 

when the member loads were less than 35% of the ultimate load. Otherwise, 

the applied torque at the levels of the yield threshold did not appreciably affect 

the long-term rotation values. Again, the author believes that regarding such 

a high torsion, the influence of developing new cracks and further 

propagations of the already formed cracks on the increase of the time-

dependent beam's rotations should be minimised.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.27: The rotations ratios (coefficient) for the beams under 
sustained torsion 

(Allos and Rashid, 1989) 
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2.6 Numerical Modelling of RC Sections under Torsional 

Forces.  

 Introduction  

A non-linear finite element analysis of reinforced concrete structures under 

torsional forces is reviewed in this section. For over 50 years, many 

researchers have utilised Finite Elements (F.E) techniques to analyse 

reinforced concrete structures under different loads conditions. In particular, 

Vecchio and Collins (1992) attempted to model reinforced sections subjected 

to torsional loads based on MCFT constitutive relationships. They utilised a 

plane stress material model and the subsequent derived concrete constitutive 

relationship that they deduced from testing reinforced concrete panels in order 

to simulate the nonlinear behaviour of reinforced concrete beams. However, 

limited works have been devoted to investigate the behaviour of reinforced 

concrete three-dimensional models under eccentric loads or direct torques 

combined with other forces (e.g. bending and flexural shear), as given in 

Section 2.6.4. In addition, there have been few research attempts for 

modelling a strengthened RC member with FRP wraps that consider the effect 

of out and in-of-plane stresses induced by torque actions, as discussed in this 

section. Moreover no efforts have been made in the extant literature to model  

beam-column joints under torsional forces as well as investigate the influence 

of sustained torsion on the time-dependent behaviours of RC structures. This 

demonstrates the need to employ a constitutive model for concrete that should 

realistically reflect its tri-axial behaviour, as torsion is a three-dimensional 

problem. Further, the developed F.E. model should be capable of simulating 

both short-term and long-term behaviours in complex geometries and loading 

conditions, like beam-column joints strengthened with CFRP warps.  

 

 Concrete Constitutive Models 

Constitutive relationships are essential to formulate the material stiffness 

matrix and relate stresses and strains developed across the modelôs 

elements. The models of concrete behaviour that are commonly used in 

nonlinear F.E analysis can be broadly classified as (i) plasticity models, (ii) 

damage continuum models, (ii) coupled plasticity, and (iv) damage models. 

These models have been calibrated based on experimental data by 

incorporating a number of parameters (Cotsovos et al., 2009). These 
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parameters typically correspond to the post-cracking behaviour of concrete in 

both compression and tension, which also includes concrete softening, 

tension stiffening, and shear retention ability across cracks (i.e. aggregate 

interlock). However, the concrete constitutive models that are based on 

uniaxial or biaxial stress-strain behaviour can be considered unrealistic for 

multiaxial stress states. For example, for a concrete specimen under confining 

stresses (e.g. triaxial compression), the failure stresses are a function of the 

three principal directions (Robert and Manfred, 2015; Kurt H. Gerstle, 1978). 

Furthermore, concrete compressive strength is not only a function of the 

uniaxial compressive strain ( ᶰ , but also a function of the lateral strains 

governing the tensile damage in the lateral directions (2 and 3). Moreover, the 

damage mechanics can be employed to define the post-peak softening 

behaviour of concrete materials that cannot be characterised by the classical 

plasticity theory. Correspondingly, Selby and Vecchio (1997; 1993; 1991) 

refined the MCFT constitutive relationships in order to account for the 

confinement and lateral expansion effects for a member under multiaxial 

stresses. This refinement that has been incorporated into the total strain 

model, which allows us to simulate complex behaviour, such as confinement 

enhancement effects, concrete degradation-softening phenomenon in relation 

to cracking levels, loss of tension stiffening, and crack slip. The introduced 

constitutive relationships are based on an orthotropic nonlinear elastic model 

(see Figure 2.28) that accounts for the asymmetric response of concrete 

under multiaxial stress conditions, where the total strain model is the 

continuum damage model. The accuracy of the Selby and Vecchio model that 

is based on the total strain model has been verified through a finite element 

analyses of RC beams subjected to bending and torsion, along with RC shear 

walls under axial and lateral loads, as presented in Selby and Vecchio (1997; 

1991).   

Two commercially available finite element programs (Midas FEA and  DIANA)  

have utilised for the total strain model based on MCFT theory and its three-

dimensional refinement by Selby and Vecchio (1991; 1993) to simulate the 

nonlinear response of concrete. Hii and Al-Mahaidi (2006; 2005) employed 

the total stain model to simulate the concrete behaviour of RC beams under 

torsional forces using the DIANA program. The hardening and softening 

behaviours of concrete corresponded to the Thorenfeldt function (Thorenfeldt, 

1987), while the lateral cracking and confinement effects were quantified 

based on the  Selby and Vecchio (1993) model. The reduction in shear 
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stiffness for cracked concrete was adjusted by using the shear retention factor 

(which should be taken less than 1). A bilinear stressïstrain relationship was 

employed for concrete behaviour in tension. Similarly, Prakash et al. (2010) 

utilised the total strain model to investigate the RC columns subjected to 

different torsion, bending, and shear ratios using the same compression 

function and models that were employed by Hii and Al-Mahaidi (2006; 2005). 

In terms of tension, the concrete behaviour was based on an exponential 

softening relationship that corresponded to the concrete fracture energy and 

bandwidth of a crack (smeared crack mode). Further details about these 

investigations are discussed in Section 2.6.4. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The ANSYS package is utilised William and Warnke's (1974) failure criterion 

for determining the state of failure for both cracking and crushing failure 

modes conforming to the smeared crack mode. The incorporated concrete 

model has been formulated based on a regression analysis of experimentally 

obtained data that were involved in testing of concrete cylinders and cubes 

under uniaxial compression and tension loads (Cotsovos et al., 2009). The 

Figure 2.28: Symmetry conditions in the orthotropic model 

(Selby and Vecchio, 1997) 
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formulated constitutive relationships in compression and tension are 

presented in Figure 2.29. The presented graphs (Figure 2.29) show the strain 

hardening (ascending branch) and strain softening (descending branch) 

behaviours for concrete before and beyond the peak strength values, while 

the failure is governed by the William-Warnke function as a failure surface. 

The failure surface can be defined in ANSYS by using only two parameters 

(the uniaxial tensile and compressive strengths) out of five. The other 

parameters include peak biaxial compressive strength and confined triaxial 

compressive strength (compressive meridian and tensile meridian).  However, 

one of the  drawbacks of ANSYS is the proposed model in tension; this model 

does not correspond with the concept of fracture energy that is commonly 

used to model the cracking of concrete. In this concept, concrete cracking is 

characterised by using only the tensile strength of concrete - i.e. a single 

material property (Ronagh and Baji, 2014). A number of researchers have 

used the ANSYS package for the analysis of RC beams under torsional 

forces, which are also described in Section  2.6.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29:  Concrete modelling in ANSYS 

(Cotsovos et al., 2009) 
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A non-smeared approach is incorporated in the commercially available 

software ABAQUS, based on the concrete plasticity model (i.e. damage 

plasticity model-DPC). This plasticity model employs the yield function 

introduced by Lubliner et al. (1989), as amended by Lee and Fenves (1998), 

which in turn is a modification of the Drucker-Prager strength hypothesis. It 

assumes that there are two failure modes of concrete, tensile cracking and 

crushing in compression, using isotropic damaged elasticity in combination 

with isotropic tensile and compressive plasticity. This function is adopted to 

define the yield criterion, flow potential and viscosity parameters. The 

behaviour of concrete under uniaxial tension and compression that is utilised 

in ABAQUS is presented in Figure 2.30, which involves hardening and 

softening branches. It can be noted that for tensile loading, damage and 

plasticity are initiated when the equivalent applied stress reaches the peak 

uniaxial tensile strength („ . While under compressive loading, concrete 

damage is initiated at a different stage than the plasticity limit „ , which 

corresponds to the damage level (Ὠ . Recently, Obaidat et al. (2020) and 

Ganganagoudar et al. (2016) utilised the DPC model (ABAQUS) to investigate 

the behaviour of RC beams subjected to torque actions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.30: Concrete modelling in concrete damage plasticity (a) Tension 
(b) Compression 

(ABAQUS, 2008) 
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 Concrete Cracking  

It is generally agreed that one of the most important factors that affects the 

nonlinear behaviour of RC structures is cracking of concrete. Due to a physical 

discontinuity caused by a formed crack, the earliest attempt (Ngo and 

Scordelis, 1967) to simulate the cracking of concrete was based on the 

discrete crack concept. This concept represents the development of a crack 

by discontinuous nodes along the boundaries of the elements. However, this 

concept cannot be considered feasible to model a complex three-dimensional 

problem; the model needs to be updated to mesh through the analysis 

process, which is very time consuming and cumbersome. Further, cracks are 

forced to develop at the elementôs boundaries, and hence, a mesh bias is 

produced (Borst et al., 2004; Rots, 1988). In addition, it can produce stability 

and convergence problems due to using interface elements that are required 

at the location of expected cracks.   

Rashid (1968) introduced the smeared crack concept as a counterpart to the 

discrete crack concept, where the influence of cracking is smeared over a 

finite area. The smeared crack assumption of a locally formed crack is evenly 

scattered over a wide surface, in which numerical modelling is relatively 

simple (Midas, 2015).  Thus, this concept considers the presence of cracks by 

modifying the coefficients in the material stiffness matrix. Also, using the 

smeared crack concept preserves the topology of the created mesh, which 

does not restrict the orientation of the crackôs planes (Rots, 1988). Hence, the 

smeared concept dominates in modelling of reinforced concrete structures. 

This smeared concept can be categorised into fixed cracks and rotating cracks 

modes. Further details about the smeared crack concept and its modes are 

discussed in Chapter 7.    

 

 Previous Research Investigations Using Finite Elements 

Models    

As previously discussed, limited attempts have been carried out using the 

finite element method to investigate the behaviour of RC sections under 

torsion actions. A summary of the available numerical models in the extant 

literature using finite elements method is presented in Table 2.3. Generally, 

most of these models were created based on the smeared crack concept, 

which have confirmed the feasibility of this concept significantly when they 

employed the total strain cracks model (Prakash et al., 2010; Hii and Al-
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Mahaidi, 2006; Hii and Al-Mahaidi, 2005; Selby and Vecchio, 1991). However, 

recent research conducted by Obaidat et al. (2020) and Ganganagoudar et al. 

(2016) have utilised the damaged plasticity model to simulate the response of 

RC beams. The outcomes of the research of Obaidat et al. (2020) show 

significant deviations from experimental results for several specimens - i.e. 

overestimating and underestimating the torsional capacity and twist angles, 

receptively. The authors argued these deviations would be fewer if a suitable  

bond model was used between FRPôs strips and concrete, rather than 

assuming perfect bond conditions. Moreover, there was still a deviation in the 

observed F.E. values  from the test values (post cracking behaviour) for the 

unstrengthened beam (no strips used). Also, discrepancies were noted in the 

testsô peak torque, the corresponding twist angles and the numerically 

obtained values (reached to 20%) based on Ganganagoudar et al. (2016) 

model.   

As mentioned in Section 2.6.1, the earliest attempt to utilise the total strain 

model-smeared crack concept to simulate torsional behaviour of RC beams 

was made by Selby and Vecchio (1991). A more recent development of the 

F.E. model based on the total strain crack model for modelling RC beams 

strengthened with CFRP wraps has been proposed by Hii and Al-Mahaidi 

(2005; 2006). This model has shown very good agreement with the 

experimental results in terms of torque-twist angles, strains, and crack 

developments. The proposed models accurately predicted the pre-cracking 

and post-cracking behaviours in all loading stages, significantly after the 

adjustment of the shear retention factor. Hii and Al-Mahaidi (2005) identified 

the optimal shear retention factor, which was 0.25. Further, they found that 

concrete tensile strength computed according to 0.3ЍὪ was most relevant to 

the tests results. Hii and Al-Mahaidi (2006) also recommend increasing the 

value of the shear retention factor (up to 0.3) by using a greater number of 

CFRP wraps. The CFRP wraps were modelled as an orthotropic linear-elastic 

material using plane stress elements and the contribution of the transverse 

direction and shear stiffness of the CFRP warps was neglected. The 

interaction between CFRP wraps and concrete was assumed to be perfectly 

bonded. Other  attempts have been made by Ameli et al. (2007) and 

Santhakumar et al. (2007), who investigated the behaviour of strengthened 

RC beams using the ANSYS package in accordance with William and 

Warnkeôs (1974) failure criterion. Ameli et al. (2007) modelled the FRPs 

laminates using elastic shell elements, where the fibresô modulus of elasticity 
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and strength were reduced based on the measured thickness ratio of the used 

laminates (laminate thickness/fibre thickness). This is because the resin- the 

laminate matrix strength and stiffness are very small compared to the fibres, 

which corresponds with the fib Bulletin 14 (2001) recommendations. When 

compared with the experimental results, the numerical solution produced 

deviations through the cracking stage in terms of torque-twist angle. 

Meanwhile, the observed torsional capacities were reasonably predicted.  

Santhakumar et al. (2007) used a layered solid element to simulate the CFRP 

laminate, although the authors did not provide further details about the 

parameters that should be employed to adjust the layered solid element. 

Further, the produced load-deflection curves were not validated using 

experimental obtained values. In addition, there were significant deviations 

between the experimental and the F.E. momentïstrain curves before cracking 

stage and peak load. All the aforementioned models assumed perfect bond 

conditions between steel rebars and concrete and did not introduce any model 

(FRPôs-concrete bond model) that can be used to consider the interaction 

between wraps and concrete surface.    

Prakash et al. (2010) utilised the total strain crack model to investigate the 

influence of combined torsion, bending and shear forces on  RC columns. The 

ratio of  torsion to bending (T/M) was found to be 0.4 and the examined 

columns have different height-to-diameter ratios. A rotated smeared crack 

concept was utilised to represent the concrete cracking and the confinement 

of concrete was considered according to  Selby and Vecchio's (1993) model, 

which was incorporated into the total strain crack model in DIANA software. 

Perfect bond conditions were assumed between embedded bars and 

concrete. The overall behaviour of the modelled columns was reasonably well 

predicted in comparison with the test results. However, the numerical results 

were somewhat stiffer than the experimental values for columns under 0.4 

T/M loads ratio. Good agreement was obtained in the elastic portion between 

the numerical and experimental results for columns under bending and shear 

loads before stopping the analysis due to a convergence problem. For 

columns under pure torsion loads, the created model was underestimated in 

the elastic region, while they agreed well with the test results at the post-

cracking stage.  On the other hand, this investigation confirmed the viability of 

the total strain crack model to simulate the cracking of concrete and the 

developed strain levels.  
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Mostofinejad and Talaeitaba (2011) introduced the F.E. model to simulate the 

nonlinear behaviour of different RC beam sections (i.e. rectangular, box, and 

T-beamôs sections) under torsion. The model was based on the smeared 

crack concept with using William and Warnkeôs (1974) concrete failure 

criterion (see Table 2.3). A comparison between the numerically obtained 

torque-twist curves and experimental observations reveal that the proposed 

model cannot adequately present the post-cracking behaviours for the 

modelled beams. Meanwhile, the model reasonably predicted cracking and 

ultimate torque with agreement with the test values, which ranged between 

78% to 89%. Deifalla et al. (2020) attempted to model lightweight concrete T-

flanged beams subjected to different ratios of   combined shear, torsion, and 

bending using the smeared crack concept (ANSYS  package). The stress-

strain relationships for the lightweight concrete were based on experimentally 

obtained data. The produced load-deflection curves, using the proposed 

numerical model, showed consistent deviations from the test results in both 

pre and post-cracking stages. However, the predicted ultimate loads showed 

good agreement with the tests results -i.e.  the coefficient of variation was only 

0.033.
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Table 2.3: Summary of FE studies on RC sections under torsional forces 

 

1 All models loaded up to failure (short-term  loads) 
2 Near Surface Mounted FRP strips 

Author  Numerical approach  Concrete Model  F.E. Software Load details1  Memberôs details 

Selby and Vecchio 
(1991) 

3D F.E., Smeared crack concept, 
Rotated angle crack mode 

Total strain crack model SPARCS  The torque was applied as nodal forces at the 
beamôs end 

RC beams 

Hii and Al-Mahaidi 
(2005) 

3D F.E., Smeared crack concept, 
Fixed angle crack mode 

Total strain crack model DIANA  Load applied via loading arm to produce torsion  RC beams and 
strengthened RC beams 
with FRPôs wraps  Hii and Al-Mahaidi 

(2006) 

Ameli et al. (2007) 3D F.E., Smeared crack concept William and Warnke 
model 

ANSYS  The torque was applied at the beamôs free end  RC beams and 
strengthened RC beams 
with FRPôs wraps 

Santhakumar et al. 
(2007) 

3D F.E., Smeared crack concept William and Warnke 
model 

ANSYS  The loads were applied on two opposite 
moments arms joint to the beams  

RC beams and 
strengthened RC beams 
with FRPôs wraps 

Prakash et al. (2010) 3D F.E., Smeared crack concept, 
Rotated angle crack mode 

Total strain crack model DIANA The torque was applied at the columnôs free end 
using a rigid block 

RC columns 

Mostofinejad and 
Talaeitaba (2011) 

3D F.E., Smeared crack concept William and Warnke 
model 

ANSYS  The load was applied on the free end of the 
beams in the form of two forces equal in 
magnitude and with opposite directions (couple). 

RC beams  

Ganganagoudar et 
al. (2016) 

3D F.E., Damage Plasticity 
Model 

Lubliner et al, Lee and 
Fenves model 

ABAQUS The torque was applied at the beams free end Strengthened RC beams 
with FRPôs wraps 

Deifalla et al. (2020) 3D F.E., Smeared crack concept Experimentally measured 
stress-strain relationships 
were used 

ANSYS  The load was applied at a single line of nodes on 
the upper plate of the free beam end 

RC T-Flanged beams 

Obaidat et al. (2020) 
3D F.E., Damage Plasticity 
Model 

Lubliner et al. and Lee 
and Fenves model 

ABAQUS The torque was applied at the beams free end Strengthened RC beams 

with NSM2 FRPôs strips. 
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2.7 Conclusions  

After the review it is clear that no one has clarified the behaviour and the level 

of the jointôs forces for a beam-column joint subjected to multiple actions 

including torsion with considering different beam wraps. The review is 

attempted to obtain as much help from related research investigations as 

possible. Accordingly, the current considerations of torsion in RC members 

and proposed torsion mechanisms, theories, and analytical models present in 

the literature has been presented with a view to identify the beam torque 

effects on the pre and post cracking capacities of RC members. The previous 

research on the behaviour of the strengthened reinforced concrete beams with 

different FRP schemes under torsional forces has also been reviewed, 

wherein the level of enhancement in the beamsô torsional strengths have been 

quantified in accordance with the fibre configurations, fibre orientations, and 

the types of fibres used. Joint force transfer mechanisms and factors affecting 

the joint shear strengths have been discussed by taking into account the 

actions of the diagonal strut and truss mechanism analogies. Further, an 

attempt has been made to identify the influences of eccentric forces on the 

jointôs deformations and strengths. The design guidelines according to the 

codes of practice for RC beam-column joints have been critically reviewed by 

recognising the influential factors that are incorporated in the 

recommendationôs expressions.  The time-dependent effects of torsional 

forces have been assessed in relation to creep and shrinkage deformations. 

The numerical models and the conducted investigations using finite elements 

method have been reviewed and discussed. Based on the extant literature, 

the following main conclusions can be made: 

 

¶ In comparison to concentrically loaded joints, much less research has 

investigated the effect of beam torsion on joint behaviour. The extant 

research has concentrated on the influence of the eccentricity of the 

beam axis from the column axis, as well as the effect of transverse 

beams and slabs, in which it has been observed that the  jointôs strength 

is reduced due to the eccentricity of the beams. However, none of the 

published works have addressed the influence of combined forces 

including torsion on the jointôs demands and distortion levels.    

¶ The absence of a rational analytical model to predict the behaviour of 

beam-column joints strengthened with torsional FRP schemes that are 

subjected to beam torsion is confirmed.   
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¶ The literature has identified that torque combined with flexural and direct 

shear forces can reduce the capacity of RC beams and affect their 

behaviour in terms of decreasing the memberôs ductility and altering 

rebar strains, the flexural compression zone, section curvatures, plastic 

hinge location, and cracking levels.   

¶ Several analytical models based on MCFT and STM methods have 

been proposed to predict the memberôs behaviour under actions of pure 

torsion or combined loads. The derived expressions correspond with 

the smeared stresses and strain distributions over the sectionôs sides, 

where the force variations in the bottom and upper chords cannot be 

identified. Empirical constitutive formulas for cracked concrete have 

been introduced within the MCFT and STM methods to account for the 

softening of concrete, which complies with the level of tensile stresses.  

¶ The effectiveness of externally bonded CFRP wraps and strips for 

enhancing torsional strength and the behaviour of RC beams has been 

confirmed. Five distinctive schemes have been specified, which include 

continuous vertically oriented wraps along the beam member, U-wrap, 

strips wrap (hoops), 45O oriented fibres and horizontally oriented fibres.   

¶ The truss model has been employed to predict the strengthened 

member capacities by superimposing both wraps and rebar 

contributions. However, the variation of the strut inclination angle 

through the member sides due to interactions between the torsion, 

flexure, and shear was not considered.  

¶ There is no research that has investigated the effects of FRP beam 

strengthening schemes on the beam-column joint behaviour where the 

joints  are subjected to the action of beam torsion, and none has 

quantified the influence of fibre orientations and ratios on the joint 

behaviour, failure mode and  plastic hinge position.   

¶ The main factors that can affect the jointôs shear strength and force 

transfer mechanism has been identified from the literature. These 

include concrete strength, transverse reinforcement (joint ties), bond 

and anchorage, column axial load, and the jointôs aspect ratio. 

Corresponding to these factors, the literature has shown that two 

resisting actions, including the diagonal strut and truss mechanisms, 

can transmit the jointôs forces.  

¶ The code provisions (e.g. BS8110, Eurocode2, ACI-ASCE 352R-02, 

and NZS 3101) for joint design strengths are based on different 

approaches. These include the truss mechanism, variable strut 
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inclination method, diagonal strut capacity, and the function of concrete 

strength.  

¶ The code provisions for RC joints do not provide guidelines to evaluate  

joint shear demand under combined actions. Further, in non-seismic 

regions, the design provisions do not consider strain hardening and the 

large plastic deformation in the beamôs main rebars; these plastic 

strains can arise due to the interaction between the combined loads and 

can be transmitted to the joint zone.    

¶ Only a few studies have investigated the influences of sustained 

torsional loads on RC beam deformations, while no attempt has been 

made to address these time-dependent deformations on beam-column 

joints strengthened by FRP wraps. Also, there is a lack of quantifying 

strain variations in concrete and reinforcement (e.g. top and bottom) 

over the memberôs sides that are associated with torsional time-

dependent deformations.    

¶ The experimental results showed changes in the beamôs twisting 

deformations influenced by creep and the rate of creep, wherein the 

beamôs rotations varied rapidly after load application and gradually 

slowed over time.  

¶ The literature indicates that there are considerable rises in the RC 

beamôs time-dependent rotations; these were on average between 1.39 

and 5 times larger than the short-term twist angles.   

¶ Limited attempts were carried out using finite element method to 

simulate the behaviour of RC sections subjected to torque actions. 

While, no efforts have been paid to predict the short and long-term  

torsional behaviour of RC beam-column joints considering a beam 

torque. 

¶ The total strain crack model and smeared crack concept have been 

successfully utilised in the previous research investigations to model the 

RC sections and strengthened RC beams with FRPs warps under 

torsional forces.     
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Based on the literature and the lack of direct relevant research, this 

investigation intends to provide a better understanding into the behaviour of 

reinforced concrete beam-column joints under combined loads with 

considering the following aspects.  

I.  The failure mechanism, ductility and deformation levels of the beam-

column joins subjected to multiple actions including torsion.  

II.  Quantifying the increase in the beams forces, developed strains, and 

plastic hinge location that correspond to the type of  beam warps and 

level of torsional moment.   

III. Identifying the effects of wrapping degree (full or partial) and wraps 

fibres orientations on damage of concrete, struts angles, and joints 

distortion levels.     

IV. Developing a rational approach based on the truss analogy  to evaluate 

the joints forces (demands)  which accounts the interaction between 

the combined forces. 

V. Proposed an analytical model to predict the joints strengths under  

combined loading with considering the influential  parameters that 

affect the RC joints   which were  addressed in the literature.  

VI. Investigating the effects of sustained torsional forces that combined 

with flexural and direct shear on the beam-column joint behaviours with 

presence of a beam wraps. 

VII.  The variation in the developed strains in the rebars and the concrete 

surfaces due to sustained torsion.   

VIII. Investigating the behaviours of the beam-column joint subjected to 

different torsion to bending-shear ratios by using the total strain crack 

model-smeared crack concept (MIDAS FEA); in addition, quantifying 

the rise of the rebars strains induced by various loading ratios, together 

with two different concrete strengths and multiple CFRP layers.   
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Chapter 3 Experimental programme  

3.1 Introduction 

The experimental programme that was conducted within the laboratories of 

the School of Civil Engineering (University of Leeds) is described in this 

chapter. The design details of the test specimens, geometries, and the 

procedure that was utilised for testing the specimens are all presented. The 

experimental work consisted primarily of testing eight equivalent exterior RC 

beam-column joints, which were constructed using concrete and deformed 

steel bars. In addition, in order to comply with the torsional strengthening 

systems that have been proposed in the literature, three different CFRP 

wrapping systems were employed to strengthen the beam region of the beam-

column joints. Supplementary tests for determining the mechanical properties 

of the materials used to construct the specimens are detailed, together with 

the required instrumentations, loading rigs, and number of samples. 

3.2  Aim of Experimental Programme 

The aim of this program is to investigate the short and long-term behaviour of 

RC beam-column joints subjected to torsion and with effective CFRP 

strengthening systems applied only to the beam. The short-term testing 

programme  was set to identify the failure modes, crack pattern, joint 

deformations, ductility, and carrying capacity of the beam-column joints under 

torsion combined with flexural and direct shear forces. Further, quantifying the 

strain escalations in the beamôs main rebars due to the interaction between 

the applied loads and measure the rebar strains at different locations was 

performed in order to determine strain developments and possible plastic 

hinge locations. This short-term investigation was also intended to analyse the 

effect of three effective strengthening configurations (e.g. full wrapping, strips, 

and 45o strips) on the behaviour of beam-column joints.  

The main objective of the long-term testing programme is to evaluate the 

influence of a sustained torsional force on the beam-column joint in terms of 

time-dependent rotation, deflection, crack propagations and widths. In 

addition, the strain variations on the beamôs surfaces and rebars due to the 

long-term torsional forces are considered. This programme involves the 

investigating the time-dependent behaviour and the strain developments in 

the beam-column joint subjected to consecutive loading stages, where the 1st 
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stage was under sustained bending moment and after a couple of months, 

torsional forces were applied to supplement the initial bending forces. 

3.3 Beam-Column Joint Details   

As identified earlier in Chapter 2, the beams wrapping schemes can enhance 

beams stiffness and carrying capacities; this can be very significant when the 

induced stresses increase the level of inelastic deformations in the flexural  

plastic zone (near the columnôs face) where a damage can be developed in 

the column of the joint. Hence, it is important to recognise the effects of the 

wrapping schemes and any changes to the combined forces resulting from a 

change in building use or a structural change to the frame. On the other hand, 

the perimeter beams in monolithic framed structures are under significant 

torque in corresponding to the level of bending moment from the slab (Pham 

et al., 2019). Further, the influence of the slab loads on the torsional distress 

of the perimeter beams become more critical in the case of column removal 

or loss; ultimately ensuring that the damage is kept away from the joint and is 

located in the beam itself.  

The tested beam-column joint is hypothetically located at the 4th floor of a six 

storey ordinary moment resisting frame (i.e. typical frame components that 

are often designed to attain limited torsional loads in corresponding to codes 

provisions). The frame detail is shown in Figure 3.1, which was analysed with 

SAP 2000 software to quantify the member forces. The members were 

designed according to the ACI Committee 318 (2014) recommendations, 

while the joint panel details correspond with the ACI-ASCE 352R-02 

Committee (2002) recommendations - connection Type-1. Hooked end bars 

(900) were used without any splice to provide a sufficient bonding length and 

prevent anchorage failure of the jointôs horizontal bars. The jointôs aspect ratio 

is 1.05; a number of studies have noted a decrease in joint shear capacity with 

an aspect ratio larger than 1.4 (Chun and Shin, 2014; Hamil, 2000b). The 

beam and column lengths of the exterior joint have been extended beyond the 

contra-flexure points as determined from the SAP modelling. A non-

symmetrical distribution of live loads (see Appendix B) has been considered 

between the floors and spans, such that the maximum induced beam torque 

is 2.24 kN.m this is close to the calculated threshold value (3.04 kN.m), where 

the threshold limit is defined as 25% of the torsional cracking moment (ACI 

Committee 318, 2014). Hence, the design is óstandardô and no additional 

torsional reinforcement was needed in accordance with the ACI 318-14 
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recommendations. More details about  the frame dimensions, loads 

arrangements, loads combinations, modelling details, torsion reinforcements 

check, and the joint design details are presented in Appendix B.  

The beam-column joints were scaled down to ¾ of their nominal size in order 

to be compatible with the laboratory testing apparatus. Similar reinforcement 

ratios for columns and beams were used in the scaled model, while beam and 

column sizes were reduced to 300 x 210 mm and 285 x 210 mm, respectively 

(It should be noted that even at this size, the specimen is still equivalent to 

some full-scale in-situ RC elements). A typical section detail and the layout of 

the exterior beam-column joint specimens are shown in Figure 3.2. While the 

specimens were re-orientated (180o about the beamôs main axis) in order to 

apply the loads from the beamôs bottom side rather than from the beamôs top 

side due to the limitation in the testing infrastructure.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 3.1: Frame Model 

 



-77- 
 

      

 

 

  

  

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

3.4 Experimental Plan  

The experimental plan is categorised into two main testing series, as shown 

in Figure 3.3; the short-term series and the long-term series. The beam-

column joints in the short-term series were tested under a monotonic load; the 

load was applied either at the beam tip (flexural test -see Appendix C ) or at 

the end of a rigid steel cantilever arm (see Figure 3.22), so as to induce a 

torque combined with the flexural and shear forces. These specimens were 

tested up to failure. Meanwhile, the long-term specimens were subjected to 

sustained loads, which lasted for a period of no less than 90 days; since the 

previous studies showed that at least half of the concrete creep develops in 

the first 90 days of loading (Neville and Brooks, 2010; Gilbert, 2002; Troxell, 

1958). The control (unstrengthened) specimens were tested and considered 

Figure 3.2: Reinforcement and section details for the scaled specimen 
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as a baseline in order to help investigate the effect of the torsional moment on 

the beam-column jointôs behaviour. Further details about testing setups and 

procedures are presented in Section 3.9.  

In addition to the beam-column joint specimens, supplementary tests were 

carried out to identify the mechanical characteristics of the concrete mix, the 

creep coefficients, and the shrinkage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The specimens were identified as X-I-F-R, according to the type of testing, 

beam loading, and strengthening scheme. Here, X refers to the test series, I 

refers to the control (unstrengthened, or strengthened) specimen, F is the 

loading type, which includes flexural, combined with torque or sequential  

loading (flexural and direct shear followed by torsion), and R refers to the 

strengthening configuration by the externally bonded CFRP sheets (the 

sheets were bonded using epoxy resins). 

Figure 3.3: Experimental programme plan 
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The short-term test group (SH) and a long-term test group (LN) were divided 

to strengthened or unstrengthened members  and then according to their 

loading type- i.e.  F, C, and S  refer for flexural, combined, and sequential 

loading, respectively. The strengthened members were further subdivided into 

three categories based on the wrapping configurations (A for full-continuous 

beam wrapping, H for strip (hoops) beam wraps, and I for 45o inclined strip 

wrapping).   

The first group (short-term) consisted of five specimens, SH-U-F, SH-U-C, 

SH-S-C-A, SH-S-C-H, and SH-S-C-I, while the second group (long-term) 

included the following specimens: LN-U-C, LN-S-C-H, and LN-U-S. The 

groups and specimen details are given in Table 3.1. 

Table 3.1: Beam-column joint details 

Group Loading 

type 

Member 

detail 

Specimen Scheme 

Type 

SH 

(short-term 

testing 

mode) 

 

Flexure and 

Shear  
Control 

(unstrengthened) 

 

SH-U-F N.A. 

Combined 

with Torsion  

SH-U-C N.A. 

Combined 

with Torsion  

Strengthened 

 

SH-S-C-A Full-

continuous   

Combined 

with Torsion  

SH-S-C-H Strips 

Combined 

with Torsion  

SH-S-C-I 45o strips 

LN 

(Long-term 

testing 

Mode) 

Combined 

with Torsion  

Unstrengthened 

 

LN-U-C N.A. 

Sequential    LN-U-S N.A. 

Combined 

with Torsion  

Strengthened LN-S-C-H Strips 
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3.5 Strengthening Schemes with CFRP 

This study considered full and partial strengthening systems, with a view to 

explore the influence of two different levels of strength and confinement of the 

beam area on the joint behaviour. Hence, three different externally bonded 

CFRP schemes were employed to strengthen the beam regions, as shown in 

Figure 3.4. These schemes consisted of either continuous full-wrapping or 

partial wrapping, with vertically oriented CFRP hoops and 45o inclined strips.  

fib Bulletin 14 (2001) recommendations were adopted to predict the 

enhancement level in the torsional capacity for each specimen at ULS 

(ultimate limit state). As mentioned in Chapter 2, these recommendations are 

based on the space truss mechanism, which can be used to evaluate the FRP 

capacity. The designed FRP strain ‐  and fibre ratio (Table 3.2) were 

modified according to the effective fibre strain (Triantafillou and Antonopoulos, 

2000), as given in Eq. 2.8a, and the effective fibre ratio  ”
Ὢ

 according to Hii 

and Al-Mahaidi (2007) (Eq.2.9 to 2.10). The employed wrapping schemes 

were formed from a single layer (ply) of CFRP strips-wraps, in order to 

compare the contributions of different schemes with using identical plies 

number. Further, the majority of proposed schemes in the extant literature 

were introduced by using one ply as presented in Table 2.1; while the 

effectiveness of using multiple FRPôs  layers is limited by the failure of 

concrete substrate in corresponding to concrete strength as discussed in 

Section 2.3.3.  

The overall memberôs torsional capacities were determined by the 

superposition of both rebar and CFRP contributions (Eq.2.4). The ACI 

Committee 318 (2014) recommendations were employed to evaluate the 

torsional memberôs strength, which represents the steel rebarsô contribution 

(Tusteel  is the lesser of Eq.3.1 and  3.2). 

Tusteel= 
  

 ὧέὸὥ Eq.3.1 

Tusteel= 
  

 ὧέὸὥ Eq.3.2 

 

Where; 

       Ὕ  όὰὸὭάὥὸὩ ὸέὶήόὩ ὴὶέὨόὧὩὨ ὦώ ίὸὩὩὰ ὶὩὦὥὶί Ὥὲ ὔȢάά     

        ὃ   ὸὬὩ ὥὶὩὥ έὪ έὲὩ ίὸὭὶὶόὴ ὰὩὫ Ὥὲ άά    
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(a) (b) (c) 

Figure 3.4: Strengthening schemes, (a) Full wrapping, (b) Strip wrapping- 
hoops, (c) 45o inclined wrapping 

        Ὢ   ὸὬὩ ώὭὩὰὨ ίὸὶὩὲὫὸὬ έὪ ίὸὭὶὶόὴ Ὥὲ ὓὖὥ 

        Ὓ   3ÐÁÃÉÎÇ ÂÅÔ×ÅÅÎ ÓÔÉÒÒÕÐÓ ÃÅÎÔÒÅ ÔÏ ÃÅÎÔÒÅ ÉÎ ÍÍ  

        ὴ    ὖὩὶὭάὩὸὩὶ ὸὬὥὸ Ὥί ὩὲὧὰέίὩὨ ὦώ ίὸὭὶὶόὴ Ὥὲ άά 

       ὃ

    ὃὶὩὥ έὪ ίὬὩὥὶ Ὢὰέύ ÅÑÕÁÌ ÔÏ πȢψυ ÏÆ ÔÈÅ ÁÒÅÁ ÅÎÃÌÏÓÅÄ ÂÙ  ÓÔÉÒÒÕÐÓ Ὥὲ άά 

     

Table 3.2: CFRP schemes details 
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SH-S-C-A Full  0.47% 4200 90o 210 - 1 

SH-S-C-H Hoops  0.23% 5000 90o 100 200 1 

SH-S-C-I Inclined 

strips 

 0.23% 5000 45o 100 200 1 

LN-S-C-H Hoops  0.23% 5000 90o 100 200 1 
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3.6 Casting Specimens   

Each beam-column joint was cast using two batches of concrete, where a 

mechanically driven drum mixer of 200-liter capacity was used for mixing the 

concrete. A slump test was carried out to verify the workability, in accordance 

with BS EN 12350-2 (2000). Several samples were also taken (Figure 3.5) 

from each batch; these included, three cubes, six cylinders, three prisms 

(100*100*500 mm), and two bobbins  for the short test specimens, while eight 

additional prisms (200*75*75mm) and two additional bobbins were used for 

the long-term test specimens. Table 3.3 shows the concrete samples and test 

details.  

Table 3.3: Concrete samples details  

No

. 

Test description  Specimen  Dimension  

1 Concrete compressive strength  

(fck, cube) 

Cubes 100*100*100 mm 

2 Concrete compressive strength (fck), 

splitting tensile test (ft,sp) and 

modulus of elasticity (Ec) 

Cylinders 

 

300*150 mm 

 

3 Compressive creep and shrinkage Prisms 200*75*75 mm 

4 Flexural strength (ft, fl) Prisms 100*100*500 mm 

4 Tensile creep, shrinkage and direct 

tensile test 

Bobbins 365*75 mm 

 

A T-shape steel mould was built according to the beam-column joint size, 

where the concrete mix was poured into the mould and was compacted using 

a hand-held vibrator (see Figure 3.6). The specimens and sample surfaces 

were adequately levelled with a trowel after completion of the casting and 

subsequently covered with polyethylene sheets. All the plain concrete 

samples were demoulded after 24 hours and kept in the controlled fog room 

for 28 days under 99% relative humidity conditions (Figure 3.7). While the 

beam-column joint specimens were cured by using the wet hessian cloth and 

were covered with the polyethylene sheets (Figure 3.7) prior to the tests to 

prevent moisture loss to the atmosphere. 
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Figure 3.5: Casting of samples 

Figure 3.6: Casting using the hand-held vibrator 

Figure 3.7: Curing of the samples 
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3.7 Material Properties   

 Concrete Properties  

The constituent materials that were used to produce concrete are high 

strength cement, normal-weight fine aggregate, normal-weight coarse 

aggregate, and water. The required (characteristics) compressive strength 

(Ὢ  for the concrete is 35MPa (equivalent to a C35/45), which is based on ACI 

Committee 214R (2011). Several trail mixes were cast to verify the batch 

quantities and its characteristics. Table 3.4 shows the details of the materials 

and the mixing proportions for concrete (1 m3), which were adopted for casting 

the specimens. The compressive strength, tensile strength, and the modulus 

of elasticity of each batch of concrete were identified in the laboratory. The 

concrete samples were cured inside a curing room (99% relative humidity) 

and tested according to the relevant  testing standard as presented in Sections 

3.7.1.5 and 3.7.1.6. In addition, concrete creep induced deformations were 

determined by subjecting the concrete samples to sustained loads during the 

testing periods (Section 3.7.1.7 and 3.7.1.9); while shrinkage induced strains 

were recorded when the concrete  sample were exposed to drying after 28 

days curing (Section 3.7.1.8). 

 

Table 3.4 Concrete mix proportions. 

 

 

3.7.1.1 Coarse Aggregate  

Ten mm uncrushed natural coarse aggregate from north Nottinghamshire 

(Tarmac Roadstone) was used in all tests. Table 3.5 shows the grading details 

of the coarse aggregate; the grading curve complied with BS 882 (1992) limits, 

as shown in Figure 3.8. The drying of the coarse aggregate was carried out 

using the drying parker plant in the Casting Shop at the University of Leeds.  

Cement 

Kg/m3 

Fine 

Aggregate 

Kg/m3 

Coarse 

Aggregate 

Kg/m3 

Mixing 

Water 

Kg/m3 

█╬  

(Cylinders) 

MPa 

320 920 960 165 35 
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Table 3.5:  Particle size distribution of coarse aggregate 

Sieve Size 

(mm) 

Weight 

Retained 

(g) 

 
% 

Retained 
 

 
Cumulative 
% Retained 

 

 
% 

Passing 
 

14 0 0 0 100 

10 145.5 14.55 14.55 85.45 

8 439.5 43.95 58.5 41.5 

5 398 39.8 98.3 1.7 

2.36 13.5 1.35 99.65 0.35 

1.18 3.5 0.35 100 0 

pan 0 0 100 0 

Total  1000    

 

 

 

 

 

 

 

 

 

 

 

 

3.7.1.2 Cement  

The cement used in the concrete mixes for all specimens was Portland 

cement (CEM 52.5 N), which complies with the requirements of BS EN 197-1 

(2011). The cement was supplied in airtight bags of 25 kg; storage conditions 

maintained their dryness and protected them from atmospheric and humidity 

Figure 3.8: Grading of coarse aggregate and BS 882 limits 
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effects. The chemical composition and physical properties of the cement that 

provided by the manufacturer are shown in Table 3.6.   

Table 3.6: Chemical and physical properties of cement 

 

3.7.1.3 Fine Aggregate  

River clean washed sand with a 5 mm maximum fine aggregate size was used 

in the casting of the specimens of this experimental work. Sieve analyses were 

performed to determine the grading of the fine aggregate, as given in Table 

3.7. As can be seen in Figure 3.9, the grading curve conforms with the 

stipulated limits presented in BS 882 (1992).      

 

 

 

 

 

 

 

 

 

Property value Unit  Requirements of 

standard 

Initial setting time  110  min  Ó 45  

Soundness (expansion)  1.1  mm  Ò 10  

Compressive strength 2 days  27  MPa  Ó 20  

Compressive Strength 28 days  58  MPa  Ó 52.5  

C3S  51.33  %  -  

C2S  21.14  %  -  

C3A  7.49  %  -  

C4AF  8.86  %  -  

Figure 3.9: Grading of fine aggregates and BS 882 limits 
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Table 3.7: Particle size distribution of fine aggregates 

 

 

3.7.1.4 Mixing Water 

Clean tap water was used for mixing and curing, in accordance with the EN 

BS 1008 (2002) standard.  

 

3.7.1.5 Compressive and Tensile Strength Tests 

The compressive strengths of the concrete mixes were determined according 

to the BS EN 12390-3 (2009) standard, where six concrete cubes of 

100x100x100 mm and six cylinders of 150x300 mm were tested at 28 days 

for each concrete mix. The average compressive results for both cubes and 

cylinder samples are given in Table 3.8.   

 

Sieve Size 
(mm) 

Weight 
Retained 

(g) 

 
% 

Retained 
 

 
Cumulative 
% Retained 

 

 
% 

Passing 
 

10 0 0 0 100 

5 8.5 1.7 1.7 98.3 

2.36 42 8.4 10.1 89.9 

1.18 44 8.8 18.9 81.1 

600 µm 56 11.2 30.1 69.9 

300 µm 219.5 43.9 74 26 

150 µm 114.5 22.9 96.9 3.1 

75 µm 11.5 2.3 99.2 0.8 

Pan 4 0.8 100 0 

Total  500    
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Table 3.8: Experimental results of concrete compressive strength 

 

Mix Identification █╬   

(cylinder) 

MPa 

STD 

MPa 

█╬◊  

 (cube) 

MPa 

STD 

MPa 

SH-U-F 34 1.2 43.5 2.8 

SH-U-C 35.5 1.8 45.3 3.5 

SH-S-C-A 30 2.5 38.6 3.7 

SH-S-C-H 33.8 2.7 43.2 3.4 

SH-S-C-I 36.6 2.3 46.1 4.5 

LN-U-C 33.7 2 42.7 4.1 

LN-U-S 34.2 3 44.3 3.2 

LN-S-C-H 33.4 2.8 44.2 4.3 

 

The indirect tensile tests were performed to determine the tensile strength of 

the concrete samples. The indirect tensile strengths were obtained via the split 

cylinder test and the flexural test. As shown in Table 3.3, the concrete prisms 

and cylinders were tested according to EN 12390-5 (2009) and EN 12390-6 

(2009) to determine the flexural and tensile splitting strengths, respectively.  

Two bobbins were also employed to obtain the direct tensile strength. Figure 

3.10 shows the test machines that were used for the compressive and tensile 

tests. Table 3.9 presents the results for the direct and indirect tests, as well as 

the predicted tensile strengths according to ACI Committee 318 (2014) and 

Eurocode2 (2004). ACI Committee 318 (2014) suggested that the tensile 

strength (ft) should be equal to πȢσσὪ    , which represents the level of the 

principal tensile stresses that produce shear cracking. It can be deduced from 

Table 3.9 that the direct tensile results are close to the ACI codeôs limit. While 

Eurocode 2 (2004) suggest that direct tensile could be approximately 

determined from the splitting tensile strength multiplied by a reduction factor 

equivalent to 0.9.  Further, Raphael (1984) found that the tensile strength 

values of the tested samples under direct axial loads were less than those 

obtained from the flexural and splitting tensile tests.   
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Table 3.9: Experimental results of concrete tensile strength  (ft ) 

Mix 

Identification 

ft  (split) 

MPa 

ft  (direct) 

MPa 

ft  (flex.) 

MPa 

ACI -318 

MPa 

EC21 

MPa 

SH-U-F 3.10 1.86 4.20 1.92 3.15 

SH-U-C 3.24 2.10 4.40 1.97 3.24 

SH-S-C-A 2.71 1.89 3.80 1.81 2.90 

SH-S-C-H 2.90 2.01 3.90 1.92 3.14 

SH-S-C-I 3.42 2.11 4.52 2.00 3.31 

LN-U-C 3.04 1.73 4.40 1.92 3.13 

LN-U-S 3.15 2.33 4.10 1.93 3.16 

LN-S-C-H 3.07 1.92 4.00 1.91 3.11 

1 Eurocode 2 (2004) proposed a formula to calculate ñthe mean axial tensile 

strengthò (Ὢ πȢσὪὧ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
(c) (d) 

Figure 3.10: Testing Machines a) Compressive strength test b) Splitting 
tensile strength test c) Flexural test d) Direct tensile test 

(b) (a) 
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3.7.1.6    Concrete Modulus of Elasticity 

The static modulus of elasticity (Ec) of the concrete was determined according 

to the BS 12390-13 (2013) method. Three cylinders of concrete (as described 

in Table 3.3) were tested for each mix, where two electrical resistance strain 

gauges were symmetrically fixed on the vertical sides of each cylinder, as 

shown in Figure 3.11. Strain readings and stresses were captured using data 

acquisition software, and these outcomes were used to evaluate the modulus 

of elasticity, based on equation 3.3. The test results are summarised in Table 

3.10. 

 

Ὁ      Eq. 3.3 

Where, „ is the upper stress that corresponded to , „ is the lower stress 

that corresponded to 0.1Ὢ , ‐  is the corresponded strain reading at upper 

stress (loading cycle 3), and ‐ is the corresponded strain reading at lower 

stress (loading cycle 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11: Test of modulus of elasticity 



-91- 
 

      

 

Table 3.10: Concrete modulus of elasticity results  

 

Mix Identification  Modulus of 

Elasticity at age  28 

days  

SH-U-F 31.6 

SH-U-C 32.1 

SH-S-C-A 29.8 

SH-S-C-H 31.5 

SH-S-C-I 32.2 

LN-U-C 31.7 

LN-U-S 32 

LN-S-C-H 31.3 

 

3.7.1.7    Compressive Creep Test 

To identify the creep coefficients of the specimens under sustained loads, 

compressive creep tests were conducted. Each testing rig consisted of two 

concrete prisms (Table 3.3) subjected to a sustained compressive load 

controlled by a pre-calibrated steel tube dynamometer, as illustrated in Figure 

3.12. The magnitudes of the applied loads corresponded with 20% of the 

samplesô compressive strength at 28 days. Further, for strengthened 

specimen (LN-S-C-H),  wrapped prisms with CFRP sheets with the same  fibre 

ratio that was used for the specimen were  tested to determine the creep 

coefficients. 

The concrete surface strains were taken from two (opposite) sides of each 

prism, using a 150mm DEMEC dial gauge. The strain readings were taken 

before and after the application of the load to evaluate the elastic strain. The 

load level (±5%) was maintained over the tests durations by adjusting the nuts 

of the loading rig, while the strains were regularly measured throughout the 

testing period. The creep coefficient of each mix was calculated after 

subtracting the elastic strain and free shrinkage (measured on a duplicate 

control prism) from the measured total strain obtained from the loaded 

samples, according to Eq.3.4.  
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Where, • is the creep coefficient, ‐ is the measured total strain at time t, ‐ 

is the initial measured strain, and ‐  is the free shrinkage strain at time t.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.7.1.8  Shrinkage Specimens  

For each mix, four concrete control prisms (Table 3.3) were used to obtain the 

shrinkage data. The prisms were exposed to drying after 28 days curing at 

which point drying shrinkage was recorded. Note: Two of the prisms were 

wrapped with CFRP sheets with the same fibre ratio that was used for the LN-

S-C-H specimen; this was done on the 28th day when the curing was complete 

and ensured that the prisms and the joint specimen had the same drying path.  

As with the loaded prism samples, DEMEC points were attached to two 

opposite sides of each prism using epoxy adhesive (see Figure 3.13). After 

curing, all prisms were stored in the control room at a temperature of   20oC 

(± 5) and an average R.H. of  50% (±10%). The ambient  conditions ( Temp. 

and R.H.) for the control room were close to the average environmental  

conditions of the laboratory where the tests of the beam-column joints  were 

carried out. A hand-held dial gauge of 150 mm (Figure 3.14) was used to 

measure shrinkage over the test period. The  ‐  corresponded with the 

•     Eq. 3.4 

Figure 3.12: Compressive creep test 
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average strain readings of the four prisms. There was no potential effect  of 

the fluctuation in the ambient condition was observed; the obtained reading 

showed that all fluctuations in the shrinkage induced strains within the 

acceptable range of 5% for this test.  

 

. 

 

 

 

 

  

  

  

 

 

 

 

 

 

 

 

3.7.1.9  Tensile Creep Test 

The tensile creep of the concrete mixes used for the long-term tests was 

measured using concrete bobbins (see Figure 3.15), the details of which have 

been previously given in Table 3.3. Electrical Resistance Strain (ERS) gauges 

were glued to the specimens and a tensile stress of 1 MPa was applied at 28 

days and was maintained throughout the test duration. Calibrated load cells 

were used to apply the load and were connected to data logger to monitor the 

load level. In addition, unloaded concrete bobbins were used to measure 

drying shrinkage. The specimens (bobbins) were cured in the fog room and 

thereafter were tested in the control room along with the shrinkage specimens 

Figure 3.13: Shrinkage samples 

Figure 3.14: 150 mm DEMEC gauge with calibration bars 
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where the average relative humidity (R.H.) was 50% (±10%) and the 

temperature was 20oC (± 5).  

A similar procedure to that used to calculate the compressive creep strains 

and creep coefficients was adopted to evaluate the tensile creep strains. As 

before, the elastic strain and free shrinkage readings were deducted from the 

measured total tensile strain obtained from the loaded bobbins.   

 

 

 

 

 

 

 

 

 

 

 

3.7.1.10 Time-dependent Tests Results 

The time dependent deformations of the concrete are presented in this 

section, as determined from the tests on the creep and shrinkage prism 

samples. Sample concrete prisms (eight prisms) were taken from each batch 

of concrete used for casting the beam-column joint specimens under 

sustained (constant) loads (LN-U-C, LN-S-C-H and LN-U-S) to determine 

creep coefficients and shrinkage data. The measured creep coefficients and 

shrinkage strains will be used to predict the curvature of the beams and 

surface strains (Chapter 5) according to Eurocode 2 (2004); these predictions 

were then compared with the experimental results given in Chapter 5.  

Figure 3.16 shows the average compressive creep strains with time for the 

LN-U-C, LN-S-C-H, and LN-U-S specimens. The corresponding creep 

coefficients are presented in Figure 3.17. These coefficients were calculated 

from the experimentally measured compressive strains according to Eq. 3.4. 

A stress of 20% of the concrete compressive strength (Ὢ) (as given in Table 

3.8) was applied; this is less than the stress to strength ratio lower of 0.3, 

Figure 3.15: Tensile creep test 
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which is the likely micro-cracking threshold (Neville et al., 1983) and should, 

therefore, maintain the development of creep at a decreasing rate. Similarly, 

Figure 3.19 shows the tensile creep strains; the tensile creep samples were 

subjected to a tensile stress equal to 1 MPa. This value corresponds to 

average stresses in concrete that can develop between cracks in the tension 

zone (Forth, 2015). The results obtained from the free shrinkage control 

samples are presented in Figure 3.18. The time-dependent Figures (3.16 to 

3.19) are presented as smoothed curves in order to address any influence of 

the fluctuations in ambient conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.17: Compressive creep coefficients results  

Figure 3.16: Compressive creep strains developments with time 
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Figure 3.16 represents the compressive creep for 3 mixes of the same 

concrete. After 120 days the LN-S-C-H specimen exhibited the lowest creep, 

being 76% of the highest creep obtained from the LN-U-S prism sample, of 

the factors that can affect creep (as presented in Chapter 2), mix proportion, 

loading age, properties of concrete materials, size and shape of members 

could all be considered constant. There was some variation in the 

Figure 3.18: Developed shrinkage strains with time  

Figure 3.19: Tensile creep strains developments with time 
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experimental ambient conditions, which could have affected the rate of 

moisture loss. However, a more significant effect on the latter is that prisms 

taken from the mixes used to cast the CFRP wrapped specimens (i.e. beams 

regions) were partially sealed in order to represent the larger the 

volume/surface (v/s) ratio of the CFRP wrapped sections and hence the 

slower óevaporationô of moisture or longer drying path length in these beam-

column joint specimens. Realistically, there was much less of a difference 

(about 12%) between the unstrengthened prism samples for both measured 

shrinkage and creep ï this is well within the 20% error recommended by 

Brooks. 

In terms of specific creep, tensile creep was much higher than compressive 

creep. The final specific tensile creep was between 3 to 4 times larger than 

the specific compressive creep after 120 days. This is in-line with the findings 

of Forth (2015). The analysis of the joint used in this investigation uses the 

truss mechanism where the inclined concrete strut is predominately under 

compressive stresses (arising from torsional shear-flow actions) during the 

pre-cracking stage. Hence, the compressive creep coefficients were used to 
evaluate the effective concrete modulus ╔▄██

◄ȟ◄
 in accordance with the code 

model (Eurocode, 2004).   

 

 Steel Bars 

Deformed high strength steel bars were used to reinforce the beam-column 

joint specimens, as shown in Figure 3.20. Sixteen-millimetre diameter (ʌ16 

mm) and ʌ12 mm bars were used for the main reinforcement in all specimens, 

while  ʌ8 mm bars were used as the transverse reinforcement (beam stirrups 

and column links). Uniaxial tensile strength tests were performed on a number 

of steel samples ï i.e. an average of three samples or more used for each 

rebar size, in accordance with the EN BS 10002-1 (2001) standard, with a 

view to identify the rebarsô physical properties. The test properties of the steel 

rebar are given in Table 3.11.  
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Table 3.11: Mechanical properties for steel bars 

 

 CFRP Fabric and Epoxy Resin 

Unidirectional carbon fibre reinforced fabrics (CFRP) of 0.22 mm thickness 

were employed to strengthen the beam areas using three different 

configurations, as described in Section 3.5. The specifications (as provided by 

the manufacturer) of the unimpregnated fabrics are shown in Table 3.12. A 

medium viscosity epoxy resin (EL2) from Easy Composites was used to attach 

and impregnate the CFRP fabrics. The mechanical properties of the cured 

EL2 epoxy resin (according to the manufacturer datasheet) are as follows: the 

tensile strength is 70-80 MPa, the elongation at break is 6-8%, and the 

modulus is 3.5-4.6 GPa.  

 

Bar diameter 

(mm)  

Tensile strength  

(MPa) 
Yield Strain Max. Strain 

16 563 0.0028 0.0053 

12 565 0.0026 0.0071 

8 571 0.0029 0.0079 

Figure 3.20: Reinforcements detailing the beam-column joints 
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Table 3.12: Mechanical properties of the carbon fibre sheets 

 

3.8 Application of CFRP Jackets.  

Surface preparations and corners rounding (the radius about 15 mm) of the 

cured members (SH-S-C-A, SH-S-C-H, SH-S-C-I, and LN-S-C-H) were 

performed in order to try and avoid any stress concentrations and gaps 

between the CFRP laminate and the concrete (see Figure 3.21). These 

procedures were achieved using sand paper and a grinding machine, followed 

by surface cleaning, i.e., brushing, air blowing, and vacuuming to remove any 

dust and loose particles before the application of the CFRP sheets on the 

concrete substrate.   

A dry layup technique was employed to reinforce the members, i.e., a priming 

coat with EL2 epoxy resin was applied by brush to the surface of the members; 

the sections were then wrapped with unimpregnated CFRP fabrics using the 

priming layer to adhere the wrapping. A 210 mm overlapping length of wrap 

was applied in the beamôs transverse direction at the beam top side to prevent 

wrap debonding. Finally, the CFRP fabrics were adequately ówetô with epoxy 

using an impregnation roller (Figure 3.21), whilst ensuring that any air bubbles 

or excessive resin between and through the fabrics were firmly expelled.   

The dry layup method was utilised because is widely used to retrofit structures 

for number of reasons, (1) easy to use, (2) no need to expensive equipment 

such as that requires to vacuum and impregnating the fibres sheets in the 

case of using the wet layup method, and (3) this method can be use with 

different types of fibres and resins. However, any remain air voids can 

potentially induce cracks in the laminates; in addition, the resin proportion, 

impregnation, and final laminates quality are affected by the laborers skills.  

 

Material  Property Unit  Value 

Fibre properties 

(unimpregnated ) 

Tensile strength MPa 2530 

Tensile Modulus GPa 230 

Strain - 1.5% 

Density g/cm3 1.76 
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3.9  Test Procedure and Instrumentation  

  Short-Term Testing Procedure  

As described in the experimental plan (Section 3.4), five beam-column joints 

were tested under monotonic load up to failure. The load was applied to the 

tip of the beam for the flexural loaded specimen (SH-U-F) in order to induce 

bending and vertical shear forces (see Appendix C - concentric loading test 

setup). It was also applied at the end of a rigid steel cantilever arm for the SH-

U-C, SH-S-C-A, SH-S-C-H, and SH-S-C-I specimens to produce a torque (T) 

in combination with flexural (M) and direct shear (S) forces, where the T/M-S 

ratio was equal to 1.57 to verify the efficiency of the torsional strengthening 

schemes under predominantly torsional loads - i.e. the applied torque was 

about 1.5 times larger  than the combined bending moment. This was done to 

address the strain variations around the member sides, rebar yielding, and 

joint deformations due to torsional failure mode.  

The length of the loading arm was 157 cm, measured from the vertical beam 

centreline (see Figure 3.22). A constant compressive axial load of a pre-

specified magnitude (πȢρ ὃ Ὢὧᴂ) was applied to the column ends during the 

tests which represents a typical load from the upper floors of a structure,  

complied  with the design codes (ACI Committee 318, 2014; Eurocode 1, 

2002), where ὃ  is the columnôs gross area and Ὢ  is the compressive strength 

for the concrete. As discussed in the Chapter 2, this level of column load can 

potentially enhance the joint shear strength (Antonopoulos and Triantafillou, 

Figure 3.21: Preparation and application of the CFRP sheets 
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2003); while  buckling of the columnôs rebars and sudden jointôs failure can be 

promoted under large axial loads (Shigeru Hakuto and Hitoshi, 2000). 

Hydraulic jacks were used to apply the loads, which were monitored through 

all the loading regimes via data acquisition software. For the beamôs load, an 

average loading rate of 0.5 mm/min was employed (the load was applied 

under displacement control using LVDT 7) to capture the crack initiation and 

strain developments.   

Technical instruments were used to evaluate the specimenôs behaviour by 

measuring strains, deformations and loads. Several linear variable differential 

transformers (LVDTôs) were employed to measure the deflection, twist angle, 

and the jointôs deformations. Further, a number of electric resistance strain 

(ERS) gauges were fixed on the steel bars and CFRP sheets to capture the 

strain development through all loading stages. The instrumentation details are 

also given in this section. Figure 3.22 schematically illustrates the setup of the 

tests and the load application.  
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Figure 3.22: Testing schematic diagrams 
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  Long-Term Testing Procedure  

Three beam-column joints (LN-U-C, LN-U-S, and LN-S-C-H) were tested 

under a constant load for periods of no less than 90 days. The loads were 

applied at the end of the rigid steel cantilever arm to induce torsional, flexural, 

and shear forces in the LN-U-C and LN-S-C-H specimens (single loading 

stage- i.e. there was no change in the load value throughout the testing 

durations. The  value of the applied  loads for the specimens was about 90% 

of the torsional cracking load, which was predicted  according to Eq. 3.5 (Hsu, 

1968a). Since the predicted cracking load (Ὕ  for specimen SH-U-C was 

closely matched with the experimentally observed load; where the actual (test 

result) and predicted Ὕ   were 11.4  and 11.47 kN.m, respectively.  

Ὕ ρ πȢπτ” Ὕ  Eq. 3.5 

Where, 

Ὕ  cracking torque (kN.M) 

”  the total volume percentage of the main and transverse reinforcements 

Ὕ  the torsional capacity of plain concrete sections according to Eq. 3.5.1 

(kN.M), which corresponded to St. Venant theory  

Ὕ φὦ ρπὬ Ὢ ρρςȢωψρπ   Eq. 3.5.1 

b= the width of the beam  (in) 

h= the total depth of the beam (in) 

Ὢ = the cylinderôs compressive strength of concrete (psi) 

 

Two consecutive loading stages were considered for the LN-U-S specimen; 

the first stage applied a constant load to the end of the beam (see Figure 3.23) 

which was 30% of the beamôs bending capacity- about two times of cracking 

bending moment. This load was set to investigate the long-term flexural 

behaviour of the joint members in terms of the pattern of the cracks, the crack 

widths, and the strain variations due to creep and shrinkage. The steel 

cantilever loading arm was supported from the end of these specimens and 

kept horizontal to avoid any torsional loads resulting from the armôs self-

weight. This was achieved using two LVDTôs which were placed at the ends 

of the arm to ensure the loading arm was constantly level during the 1st stage. 

The second stage began after 65 days of concentric loading (bending and 

direct shear imposed at the beamôs tip)  when, at this stage a torsional force 

was applied to the end of the beam via the steel cantilever loading arm. The 

2nd stage took 100 days and examined the influences of torsional creep on the 
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strain and cracking developments. All loads were manually applied using 

jacks. 

In a similar manner to the short-term testing procedure, a number of ERS 

gauges and LVDTôs were used. While DEMEC points were also placed on the 

surface of the beam in order to measure the strain levels on the concrete 

surface. Initial readings of the surface strains were obtained during the pre-

load stage before applying the sustained loads at age 28 days. After applying 

the sustained loads, the cracks observations, surface strain readings were 

recorded daily for the initial two weeks, and in the next two weeks, the strain 

readings and widths of existing cracks were taken twice in a week, and after 

that, once a week throughout the testing durations.  However, the monitoring 

of the specimenôs surfaces was performed every day to detect of new visible 

cracks. Accordingly, the cracks were measured using a crack width 

microscope along each crack and the largest crack width was quantified. The 

all specimens were tested in the laboratory which the average ambient 

conditions for the laboratory were close to for the control room (an average 

temperature of 20oC and an average R.H. of  50%)  where   the creep and 

shrinkage samples were tested (see Figure 3.24).  
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Figure 3.23: Test setup for two consecutive loading stages  
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 Electrical Resistance Strain (ERS) Gauges  

Different sizes of metallic foil strain gauges (2, 5, 30 mm) were used to 

measure the strain at the surface of the CFRP wrap, the steel bars, and the 

concrete surfaces of the joint specimens. Before attaching the gauges, the 

surface of the steel rebar had to be prepared. This involved smoothing the 

steel rebars using sand paper, then cleaning the surface with a chemical 

substance (acetone). For the concrete mounted ERS gauges, a thin layer of 

epoxy adhesive was applied to the concrete prior to surface finishing with sand 

paper. The gauges were then bonded in their intended positions using a glue 

(CN cyanoacrylate) and connected to the data logger with special wires. Also, 

the ERS gauges were attached to CFRP wraps along the fibres direction by 

using a thin layer of epoxy adhesive with fast hardener (EL2).  

Electrical resistance strain gauges were placed on the beamôs main bars at 

100 from the column face, while they were placed on the beam stirrups a 

distance of  200 and 450 mm away from the column face. Further strain 

gauges were fixed to the top main beam bars at the mid of the column and at 

the mid-height of the links in the joint regions. They were also located on the 

Figure 3.24: Environmental conditions of the laboratory 
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column bars, 100 mm above and below the joint boundaries, as shown in 

Figure 3.25.  

Further ESR gauges were attached on the beams rebars to capture strain 

developments induced by sustained load (long-term testing mode). Figure 

3.26 shows the locations of these embedded ESR gauges in the beamôs 

regions, where they are placed at different zones that range from a zone under 

high flexural stress (near the column face) to a zone under low flexural stress 

close to the beamôs end. Also, within each zone, the gauges were mounted 

on the main rebars to capture strain variation around the beamôs face due to 

the torque actions combined with flexural and direct shear forces. 

For each strengthened specimen, three 2 mm ESR gauges were placed on 

the pre-cured CFRP sheets at 250, 450 and 650 mm from the column face 

(see Figure 3.27), where a thin layer of epoxy was applied on the  laminateôs 

surface. Before the bonding of ESR, final surface cleaning preparation is 

performed with a liquid conditioner and followed by applying a neutralizing 

liquid. The conditioner was used as a mild etchant and to accelerate the 

cleaning process. The neutralizing liquid was used to neutralizes any chemical 

reaction produced by the conditioner in which provides an optimal surface 

condition for ESR gauge to be glued on the CFRPôs surfaces. The bonded 

ESR gauges were aligned to the  fibres directions (e.g. ESRôs were orientated 

at 90 and 45 degrees from the beamôs longitudinal axis and glued to the 

vertical and 45o inclined strips, respectively).  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.25: Position of steel strain gauges 
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 LVDTôs 

Several Linear Variable Displacement Transducers (LVDTôs) were employed 

to measure the displacements and the twist angles of the beam-column joint 

specimens. LVDTôs 1 and 2 were placed at the mid height of the column  (joint 

distortion angle), LVDT 7 with the load cells ( monitor the loads) and LVDTs 3 

to 6 at  end of the beams (deflection and twisting angle), LVDTs 8 and 9 on 

the columns (above and below the joint panels and near supports) to check 

the columnôs rotation, as shown in Figure 3.22. The LVDTôs were calibrated 

before each test.   

Figure 3.27: CFRP strain gauges 

Strain gauges 

Strain gauges Strain gauges 

Figure 3.26: Strain gauge positions  for long-term specimens 
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Two diagonal LVDTôs (1 and 2) were fixed with aluminium brackets glued to 

the joint surface, as shown in Figure 3.28b. These measured the jointôs 

average shear distortion angle (Ὓ) by adopting a similar procedure that was 

used by Almusallam and Al-Salloum (2007); Sasmal (2009). A schematic 

diagram below (Figure 3.28a) illustrates the deformed shape of the joint, 

where the shear distortion angle (Ὓ) was derived according to Pythagorasôs 

theorem, as given in Equations 3.6 to 3.8. 
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(a) 

Figure 3.28: a) Schematic diagram of the joint deformation  b) 
Diagonal LVDTôs   
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(Ὀ+ ὒὠὈὝ)2 -  (Ὤ  + ɿ )
2 =  (Ὀ + ὒὠὈὝ)2 - (Ὤ  - ɿ )

2   Eq.3.6 

ɿ   = 
 

   Eq.3.7 

 Ὓ =    Eq.3.8 

Where, Ὀ is the length of the joint diagonal, ὒὠὈὝ and ὒὠὈὝ are the change 

in length of the diagonals in mm, Ὤ  and Ὤ   are the depth of the 

column and the beam in mm, respectively, ɿ    is the deformation of the joint 

in mm, Ὓ is the shear distortion angle in radians.  

 

 DEMEC Points 

DEMEC studs were used to measure the surface strain of the concrete. The 

DEMEC points were glued along the length of the beam (long-term series), 

equally spaced at 100 mm and starting 5 mm from the face of the column of 

each row. Four rows of DEMEC points were fixed to the beamôs sides at levels 

of 42, 114, 186 and 258mm, measured from the top of the beam (see Figure 

3.29). A further three rows of points were glued to the top and bottom faces of 

the beam at levels of 42, 105, and 168 mm measured from the beamôs side 

(see Figure 3.30). This allowed the strain due to torsion to be measured 

around the beam.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29: DEMEC points on the beamôs sides 
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3.10  Summary  

This chapter has presented the methodology that was adopted during the 

experimental programme. This program aims to investigate the short and 

long-term behaviours of RC beam-column joints under combined loads which 

set out to quantify the interaction between torsion, flexure, and direct shear on 

the membersô deformation, cracking history, failure and ductility levels. By 

incorporating three effective wrapping schemes using CFRP sheets, the 

testing program has considered changes to the joint demands, from the 

changes to the beam rebar strains at the column face and the jointôs distortion 

levels. The time-dependent deformations and strain variation in the 

specimens was also monitored. The beam-column jointsô details, geometries, 

materials used, jacketing and testing procedures have been described. The 

supplementary samples, casting, curing, test types along with the 

instrumentation used  have also been presented. Following on from this 

chapter, the results of the short and long term experimental tests are 

described and discussed in Chapters 4 and 5, respectively. 

 

 

Figure 3.30: DEMEC points on the beamôs bottom and top 
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Chapter 4  Short-Term Tests: Results and Discussion 

4.1 Introduction 

The results of the short-term tests for beam-column joints specimens that 

were subjected to monotonically increasing loads are discussed in this 

chapter. This series of tests involved five beam-column joints utilising two 

different loading conditions (either flexural and shear or combined with torsion) 

and three wrapping schemes (as all of which were described in Chapter 3). 

For each test subjected to flexure and shear only, the beam end deflection 

was monitored throughout all loading stages, and the maximum loads were 

recorded. For the beam-column joints subjected to combined forces including 

torsion, twist angles were also measured using LVDTs positioned at the beam 

tip. The rebar strain at critical regions of the beams and columns are also 

presented and discussed. In addition, (i) the CFRP strain levels for each 

strengthening scheme are provided and discussed; (ii) the propagation and 

crack patterns are discussed in relation to the level of load and strengthening 

type; and (iii) the ductility levels, joint distortions angles, and plastic hinge 

locations are presented. The failure modes and the parameters that affected 

the membersô deformations and capacities are subsequently identified and 

comparisons are made with the interaction formulas presented in Chapter 2.    

4.2 End Beam Deflection and Twist angle  

In this section, the end beam deflections and twist angle variations of the 

control (SH-U-F and SH-U-C) and strengthened beam-column joints (SH-S-

C-A, SH-S-C-H, and SH-S-C-I) are presented; the effects of the torsional 

forces and their interaction with the flexural and shear loads are investigated. 

As deduced from the literature survey (Sections 2.2.1 and 2.2.2), the torsional 

forces produce tensile stresses in the beamôs chords (top and bottom rebars). 

Hence, the yielding of rebars can occur either in the sectionôs bottom (Mode-

1), top (Mode-2), one side, or all sides (Mode-3) at different regions along the 

beamôs length, depending on the ratio and direction of torsion, bending, and 

direct shear. Correspondingly, to determine the mode of failure at a region  

near to columnôs face (affect jointôs demand and level of damage), a set of 

interaction formulas (Hsu, 1993; Thurlimann, 1979; Elfgren, 1972) have been 

utilised in this study to predict the member capacities under combined forces 

(Section 2.2.2). The ultimate carrying capacity that was experimentally 
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obtained for each beam-column joint is compared with the predicted peak 

load, as calculated according to Eq.2.2a (Mode-1) and Eq.2.2b (Mode-2).  

Near to the column faces, the tests results is expected to correspond to Mode-

1, due to the high strain levels caused by the superposition of the flexural and 

torsional tensile forces. In the top rebars (Mode-2), flexural compression 

forces counteracted the torsional tensile forces, hence minimising the strain 

in the beam's compression rebar (considerably at the columnôs face). While 

these compression forces were insignificant near to the beamôs tip -away from 

the flexural plastic hinge region. Mode-3 (Eq. 2.2c) predominates in members 

subjected to substantial shear stresses; this mode did not apply in this 

experimental plan. All rebar strains will be discussed later.   

In order to apply Eq.2.2a and Eq.2.2b, the nominal member strengths under 

pure torsion (Ὕ ), bending (ὓ ), and shear (ὠ ) all need to be evaluated 

using Eq.4.1 to 4.3 and which have previously been shown in Chapter 2 

(Section 2.2.2). The torsion and shear formulas are based on the truss 

mechanism and they are applicable for sections that the yielding of the rebars 

occur before any failure in the concrete struts. For the strengthened beams, 

the nominal torsional strength was modified in this study in order to 

incorporate the fibre contributions (Ὕ  , which were computed according to 

Eq.2.4 using superposition.  

  

ὓ  ὃὪ    Ὠ  Eq.4.1 

Ὕ  ςὃ 
  

 + Ὕ   Eq.4.2 

ὠ  ςὨ 
ςὃ Ὢ

Ὠὺ

ὃ Ὢ

Ὓ
 

Eq.4.3 

 Where;  

  ὃ = area of longitudinal reinforcement either in the bottom (Mode-1) or the 

top (Mode-2) of the beam   

  ὃ  = area of longitudinal reinforcement in the top of the beams 

  Ὢ ȟὪ  = tensile strength for top and bottom rebars, respectively   

  ὃ  , ὖ = area and perimeter of shear flow zone calculated according ACI 

318 code (Table A.1- Appendix A)  

  ὃ  = area of transverse reinforcement (stirrups)  

  Ὢ = tensile strength of the beam stirrups  

  dv = lever arm length between top and bottom rebars  

  S = spacing between stirrups centre to centre  
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 Influence of Torsion  

Figures 4.1a and 4.1b show the beam-end deflection curves for the 

unstrengthened specimens, SH-U-F and SH-U-C, respectively. The deflection 

curve for the SH-U-F sample, which was concentrically loaded to produce only 

flexural and shear forces, reveals that the rate of displacement increased after 

the yield of the beam bottom rebars at a load of approximately between 50 to 

55 kN (more details about rebars strains are given in Section 4.5). The 

specimen showed a nonlinear response beyond the cracking load (about 22 

kN). Tension failure mechanisms were identified, in which large plastic 

deformations in the rebar caused  severe flexural cracks (Figure 4.2a) in the 

beam tension zone. Where significant increases of  the beamôs cracks widths 

were observed in a region near to the columnôs face (the plastic hinge region) 

beyond 50 kN. Prior to failure, a crushing of concrete was observed in the 

beamôs top adjacent the columnôs face (the flexural compression zone-see 

Figure 4.2a), followed by ruptures of the beamôs bottom rebars- i.e. the flexural 

plastic hinge region. The ultimate carrying capacity is very closely predicted 

(see Figure 4.1a) based on the flexural sectional analysis presented in the ACI 

318 code using the measured tensile strength of the rebars (Table 3.11).   

In contrast, Figure 4.1b shows a severe decline in load capacity (83%) for the 

SH-U-C sample when compared with the SH-U-F sample. The reduction in 

load capacity of the SH-U-C specimen is not surprising due to the presence 

of the applied torsional force which has clearly dominated here. Inclined 

cracks propagated around the beam after the cracking load of 7.6 kN and near 

the failure load, significant damage was observed in the form of very large 

cracks and spalling of concrete, which extended through the beam region at 

around 300 mm away from the column face, as well as near the loading arm 

at the end of the beam. These cracks and concrete damage (Figure 4.2b) 

were formed in the regions of significant plastic deformations induced in  the 

rebars (transverse and main rebars). Since a beams with adequate ductile 

failure induced a torsional plastic hinge at a zone with a large concentration 

of torsional rotation- a beam twisting (Lopes and Bernardo, 2009),  as shown 

in Figure 4.2b . This agrees with similar observations reported by Peng and 

Wong (2011) and Tirasit and Kawashima (2007) (as described in chapter 2), 

and illustrated how torsion can alter the plastic hinge location.  

The beam twist angle (‪  for the SH-U-C sample is plotted against applied 

torque in Figure 4.3. It can be observed that the beam rotation behaviour 

exhibited three different stages during loading: a linear elastic stage, a non-
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linear post cracking stage (ascending) and a non-linear failure stage 

(descending). The linear elastic stage represents the concrete behaviour up 

to the cracking torque (11.4 kN.m), with a relatively high twisting rigidity that 

agrees with St. Venantôs theory. After cracking, a non-linear increase in the 

beamôs rotation with a lower twisting rigidity can be observed up to the peak 

load. The mechanism during this stage can be quantified according to the 

space truss analogy, as described in Appendix-A. After the peak load, the third 

stage involves a progressive decline in the memberôs stiffness and strength 

due to softening of the concrete struts and large plastic deformations in the 

beam rebars.     

As mentioned earlier, the beam bottom rebar near the column face, which 

represents the flexural plastic zone, exhibited higher strains than those found 

in the top reinforcement (obtained strain data are presented in Section 4.5). 

This was due to the combination of torsion and bending moments that 

corresponds to a Mode-1 failure - yielding  in the beamôs bottom rebars (Figure 

4.2b). From Figure 4.1b, it can be seen that the predicted ultimate load, 

according to Eq.2.2a, agrees well with the maximum value obtained from the 

SH-U-C test. This reveals that the capacity of the truss elements (e.g. steel 

rebars as equivalent ties and the concrete as an equivalent strut) was fully 

mobilised up to the peak load. After the peak load, severe degradation 

(softening) took place in the concrete strut as its strength reduced and the 

transverse reinforcement yielded corresponded with the levels of the principal 

compressive and tensile stresses that acted on the diagonal struts. These 

principal stresses related to the magnitude of the applied torsion and shear. 

However, Figure 4.1b showed an over-estimation of the peak load, according 

to Mode-2 (Eq.2.2b). This over-estimation indicates that the level of the  

applied torque did not cause yielding in the top rebars at the peak flexural 

compression zone which this agrees with minimal strain reading observation 

(Section 4.5).    

The shift of the plastic deformation in the beamôs rebars and concrete damage 

away from the column face and into the beam region as shown in Figure 4.2b 

(i.e., away from the flexural dominated zone which is often close to the column 

face) can possibly happen due to two effects. First, the variation of flexural 

stresses along the beamôs length (e.g. maximum at column face) can promote 

yielding of the main reinforcement in the weaker chords (top rebars) that 

accompanied with severe cracks corresponding to level of plastic 

deformations in the steel rebars, where torsional forces dominate (e.g., low 
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bending to torsion ratio) such as the beam zones furthest from the face of the 

column. Secondly, at the column face, a considerable amount of beam shear 

is transferred into the column by the inclined concrete struts, which reduces 

the stress and strain levels in the stirrups located close to the column. In fact 

from the test it can be seen that larger shear deformations were observed in 

other beamôs regions further away from the beam end, where the beam sides 

were severely damaged (Figure 4.2b).           

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4.1: Load - end beam deflection (a) for SH-U-F sample (b) 
for SH-U-C sample 
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(a) 
Plastic hinge  

Figure 4.2: SH-U-F and SH-U-C specimen failures (a) under flexural actions 
(b) under combined actions 
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4.3 Effect of Torsional Strengthening Schemes    

Figure 4.4 shows the effects of the different CFRP wrapping schemes on the 

strengthened specimensô behaviour. When compared with the SH-U-C, it is 

noticeable that the increase in load capacity is proportional to the increase in 

the wrapping-fibre ratio (”), as the fully wrapped specimen (SH-S-C-A) 

attained the maximum load levels (Figure 4.4 a, b, c, and d). Various 

enhancements to the cracking strengths (Tcr) were observed; these 

observations were more noticeable at the peak torques (Tu). The following 

section discusses in greater detail the behaviour of each strengthened 

member, fibre contributions, and the factors that affected the failure mode. 
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Figure 4.3: Torque-twist diagram for SH-U-C specimen 
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 Full Continuous Wrapping Scheme   

Figure 4.5 shows the load and end beam deflection of the SH-S-C-A specimen 

compared with the SH-U-C specimen. A significant difference from the SH-U-

C specimen can be noticed after the cracking load, as the SH-S-C-A specimen 

showed a linear increase in the load capacity up to the peak load, which 

corresponds to the elastic behaviour of the CFRP wraps and the confinement 

pressure that can be produced by full jacketing up to the rupture of the CFRP 

occurred. No damage was seen throughout the loading stages up to the peak 

load. These continuous transverse CFRP wrappings (90o oriented fibres) 

appreciably reduce the stresses and level of deformations induced in the 

beam stirrups. Also, enhance the strutôs resistance by decreasing the 

softening of the concrete and confining the concrete. However, a sudden 

brittle failure was observed shortly after the peak load as the fibres ruptured 

and the concrete was crushed. Although crushing (spalling) of the concrete 

Figure 4.4: Peak capacities (a) Ultimate bending moment  (b) Ultimate 
Torque (c) Ultimate vertical shear (d) Cracking Torque 




































































































































































































































































































































































