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ABSTRACT 

The present work complements recent attempts to investigate the causes of 

vulnerabilities inherent in half-joint structures. Herein, such vulnerabilities are 

attributed to shortcomings of the mechanism of force transfer underlying the adopted 

methods of design, rather than the detailing of the specified reinforcement as widely 

believed. The work is intended to demonstrate that the forces in half-joint beams are 

transferred by beam action, and not by the strut-and-tie mechanisms assumed to develop 

in the presence of the specified reinforcement. Through the use of the compressive 

force-path method, which has been developed on the basis of a beam mechanism of load 

transfer, it is shown that the predictions of half-joint beam behaviour correlates closely 

with the findings of a finite-element analysis package which was at first shown to be 

capable of successfully reproducing the experimentally-established structural behaviour 

of such beams.   
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List of Notations 

av  shear span 

Asv,II2v, Asv,II2h amounts of transverse reinforcement required per unit length in  

  vertical and horizontal, respectively, directions 

b  width of compressive zone 

C', T'  couple of forces at the interface between the compressive and tensile 

  zones developing on account of bending of the cantilever-like portions 

  between successive flexural or inclined cracks (see Fig. 2) 

fc  compressive strength of concrete (established from cylinder tests) 

ft  strength of concrete in direct tension 

fy, fyv  yield stress of longitudinal and transverse, respectively, steel 

Fc  compressive stress resultant developing in concrete of the compressive 

  zone on account of bending 

Mf  flexural capacity  

V  shear force; Vf, VII,2 are the values of V corresponding to Mf  and loss of 

  bond between concrete and longitudinal reinforcement, respectively 

TII,2v, TII,2h transverse tensile stress resultant developing vertically and  

  horizontally, respectively, in the compressive zone due to loss of bond 

  between concrete and flexural steel in tension 

xc  depth of compressive zone 

σt  transverse tensile stresses developing in the compressive zone due to 

  loss of bond between concrete and flexural steel in tension (see Fig. 3) 
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INTRODUCTION 

Half-joint beams - also referred to as dapped-end beams - are commonplace in bridge 

girders and precast/pre-stressed concrete construction. In fact, within the UK highways 

England network alone there are over 400 concrete bridges with half joints (Desnerck et 

al., 2016). 

 Since the collapse of a section of the de la Concorde Overpass in Quebec, 

Canada in 2006, half-joint details have been under scrutiny (Mitchell et al., 2011). A 

half-joint failure has also led to a bridge collapse in Lecco, Italy in 2016 (BBC News, 

2016). The key challenge has been to understand the inherent vulnerabilities in half-

joint structures. This has been primarily attempted by investigating the effect on 

structural behaviour of changes in the reinforcement layout resulting from adopting 

various types of strut-and-tie mechanisms of transfer of forces from the full-depth 

section through the nib, to the supports (Desnerck et al., 2016; Mitchell et al., 2011; 

Mitchell et al., 2012; Mattock and Chan, 1979; Lu et al., 2012). 

 In contrast with such work, the vulnerabilities in half-joint structures have been 

attributed, not to the detailing of the reinforcement layout, but to shortcomings 

(described in Kotsovos, 2017) of the strut-and-tie mechanism of load transfer 

underlying the specified reinforcement layout. By developing a method within the 

context of the compressive force path (CFP) theory (Kotsovos and Pavlovic, 1999; 

Kotsovos, 2014)
 
for designing transverse reinforcement for half-joint beams, it is shown 

that specifying a reinforcement layout similar to that of beams with constant depth 

throughout their span can lead to design solutions which satisfy the requirements of 

current codes for structural performance. This is because the transverse reinforcement 

specified in accordance with the CFP theory is intended for strengthening the region of 
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the path of the compressive forces developing on account of bending rather than 

contributing to the mechanism of load transfer. 

 Following a concise description of the manner in which the proposed version of 

the CFP method is implemented for the design of half-joint beams, the method is 

applied for re-designing a particular half-joint beam for which there is published 

experimental information of its behaviour for various reinforcement layouts (Desnerck 

et al., 2016). The latter experimental information is used to verify the validity of a finite 

element analysis (FEA) package (Kotsovos, 2015), and the latter is subsequently used to 

demonstrate the effectiveness of the resulting design solutions by comparing the 

predictions of structural behaviour obtained by the CFP and FEA methods. Testing the 

validity of the proposed design method by means of FEA is deemed to be an essential 

stage of the verification process, since it is expected to reduce the cost of the subsequent 

experimental investigation of the method's ability to produce design solutions satisfying 

the code requirements for structural performance. 

 

IMPLEMENTATION OF CFP METHOD TO HALF-JOINT BEAMS 

Load transfer 

The physical state of a half-joint RC beam at its ultimate limit state is schematically 

represented in Fig. 1. From the figure, it can be seen that, as for the case of an RC beam 

with constant depth throughout its span (Kotsovos and Pavlovic, 1999; Kotsovos, 

2014), the 'cracked' tensile zone of the beam essentially comprises cantilever-like 

portions forming between successive flexural or inclined cracks. A schematic 

representation of such a cantilever is shown in isolation in Fig. 2. The only force acting 

on this cantilever is the bond force developing at the interface between concrete and 

flexural steel, where the two materials interact, since, in accordance with the crack 
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mechanism of concrete (Kotsovos and Newman, 1977; Kotsovos and Newman 1981), 

the
 lack of shearing movement precludes the development of any forces at the crack 

interfaces (Kotsovos and Pavlovic, 1999; Kotsovos, 2014). Therefore, it is through 

bending of the cantilever-like portions that load is transferred, as indicated in Fig. 2, 

along the crack-free compressive zone of the beam element up to the tip of the crack 

closest to the support (Kotsovos and Pavlovic, 1999; Kotsovos, 2014) .
 
 Since, as 

indicated in Fig. 1 and discussed later, this crack may practically form at the location of 

the support, 'cantilever action' is considered to be the sole mechanism of load transfer 

characterising half-joint beams. It should be noted at this stage that 'cantilever action' is 

essentially a form of beam-like action which allows for the physical state of an RC 

beam at its ultimate limit state.
 

Causes of load transfer failure 

In view of what was discussed in the preceding section, the beam suffers loss of load-

carrying capacity when load transfer ceases. This occurs when either the crack-free 

compressive zone of the beam shown in Fig. 1 loses its load-carrying capacity or the 

mechanism of load transfer stops functioning. 

 Loss of load-carrying capacity of the crack-free compressive zone(which as 

discussed in the preceding section practically extends throughout the beam span) occurs 

due to the development of internal transverse tensile stresses (σt in Fig. 1) (Kotsovos 

and Pavlovic, 1999; Kotsovos, 2014).  Such stresses, which eventually lead to flexural 

failure in regions where the acting bending moment attains its largest value, have been 

shown to develop for transverse deformation compatibility purposes (Kotsovos and 

Pavlovic, 1999; Kotsovos, 2014). They are induced at locations adjacent to cross 

sections with a small compressive-zone depth where the transverse expansion of 

concrete increases sharply due to the large axial compressive stresses developing on 
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account of bending. It should be noted that flexural failure is ductile when yielding of 

the tensile longitudinal reinforcement occurs before failure of concrete in the 

compressive zone when its tensile strength in the transverse direction is exhausted 

(Kotsovos 2014). 

 As regards the forces (indicated as C' and T' in Fig. 2) which develop at the 

interface of the crack-free region and the cantilever-type portions on account of the 

cantilever bending, these do not appear to have any effect on load-carrying capacity, 

since there has been no 'cantilever' failure of beam/column elements reported to date. 

 However, although, as discussed above, there has been no evidence of cantilever 

failure reported to date, the mechanism of load transfer may stop functioning - and thus 

lead to brittle failure of beam/column elements (Kotsovos and Pavlovic, 1999; 

Kotsovos, 2014) - due to loss of bond between concrete and flexural reinforcement. In 

fact, loss of bond is inevitable after yielding of the flexural reinforcement; if yielding 

occurs in regions characterised by the presence of large shear forces - such regions 

being commonly referred to as critical lengths in Codes
 
(EC8, 2004) or considered as 

critical (ACI 318, 2014) - loss of bond results in redistribution of the internal forces as 

shown in Fig. 3 (Kotsovos and Pavlovic, 1999; Kotsovos, 2014). It may be noted in the 

figure that, as a result of the redistribution of the internal forces, transverse tension σt 

develops in the compressive zone for purposes of transverse deformation compatibility 

as discussed earlier. 

 Yielding of the flexural reinforcement (location 3 in Fig. 1) is not the only cause 

of loss of bond. The latter may also occur in the regions of the re-entrant corner and the 

bottom corner of the full-depth portion of the beam (locations 1 and 2 in Fig.1 

respectively). It is caused by branching along the flexural reinforcement of inclined 

cracking which has been reported to be a characteristic of half-joint beam behaviour 
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(Mattock and Chan. 1979). Therefore, the mechanism of load transfer may also stop 

functioning in the regions of the above inclined cracking, thus leading to redistribution 

of the internal forces and changes in the stress field as already discussed earlier by 

reference to Fig. 3. 

 

Criterion for brittle failure 

As discussed in the preceding section, in accordance with the CFP method brittle failure 

of half-joint beams can only occur due to loss of bond between concrete and flexural 

tension reinforcement. This may occur either in the regions of the re-entrant corner or 

the bottom corner of the full depth portion of the beam, or in the critical lengths, i.e. 

locations 1, 2 and 3 in Fig. 1. For the latter case (location 3), which is also relevant for 

beams with constant depth throughout their length, it has been proposed that the 

maximum shear force that can be sustained just before the cantilever action stops 

functioning can be obtained from (Kotsovos 2014) 

 

𝑉𝐼𝐼,2 = 𝐹𝑐 ×

[
 
 
 
 

1 −
1

1 + 5 ×
|𝑓𝑡|

𝑓𝑐
⁄

]
 
 
 
 

          (1) 

 

where 𝐹𝑐 is the value of the compressive force developing on account of bending when 

flexural capacity Mf is attained and fc and ft are the values of concrete strength in 

compression and tension, respectively. 

 Expression (1) is proposed herein as criterion of brittle failure of half-joint 

beams, not only in location 3, but also locations 1 and 2. 
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Preventing brittle failure 

Expression (1) implies that before the acting shear force becomes equal to 𝑉𝐼𝐼,2, the 

transverse tensile stress 𝜎𝑡 developing in the compressive zone (see Fig. 3) is smaller 

than 𝑓𝑡. Failure occurs when the tensile strength of concrete is exhausted, i.e. when the 

acting shear force leads to the development of a transverse stress 𝜎𝑡 > 𝑓𝑡. It has been 

shown that such failure can be delayed until 𝑀𝑓  is attained by providing transverse 

reinforcement in an amount sufficient to sustain 𝜎𝑡  when the compressive zone is 

subjected to a shear force  𝑉𝑓 corresponding to flexural capacity (Kotsovos, 2014). The 

value of σt is obtained from expression (1) by replacing 𝑓𝑡  with 𝜎𝑡  and  𝑉𝐼𝐼,2 with  𝑉𝑓 

and solving for σt, i.e.  

|𝜎𝑡| =
𝑓𝑐

5 × (
𝐹𝑐

𝑉𝑓
⁄ − 1)

          (2) 

Then, the vertical and horizontal stress resultants per unit length developing within the 

compressive zone of the element in Fig. 3 are 

𝑇𝐼𝐼,2𝑣 = 
𝜎𝑡 × 𝑏

2⁄           (3𝑎) 

𝑇𝐼𝐼,2ℎ = 
𝜎𝑡 × 𝑥𝑐

2⁄           (3𝑏) 

where 𝑥𝑐 is the depth of the compressive zone.  

 It should be noted that the second term of expression (3) is divided by 2 since, as 

indicated in Fig. 3, the transverse tensile stresses due to the loss of bond develop within 

half the length of the element considered (Kotsovos 2014). 
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 Therefore, the amount of transverse reinforcement required per unit length to 

sustain 𝑇𝐼𝐼,2𝑣 and 𝑇𝐼𝐼,2ℎ is equal to  

𝐴𝑠𝑣,𝐼𝐼2𝑣 =
𝑇𝐼𝐼,2𝑣

𝑓𝑦𝑣
⁄           ;           𝐴𝑠𝑣,𝐼𝐼2ℎ =

𝑇𝐼𝐼,2ℎ
𝑓𝑦𝑣

⁄           (4) 

where fyv is the yield stress of the transverse reinforcement. 

 Since transverse reinforcement is usually placed in the form of stirrups, the 

larger of the values resulting from expressions (4) is adopted. 

 

VERIFICATION 

Most information on half-joint behaviour published to date has been obtained from tests 

on specimens in which failure is preceded by yielding of the flexural tension 

reinforcement of the nib (Desnerck et al., 2016; Mattock and Chan, 1979; Lu et al., 

2012; Lu et al., 2015). This is because the nibs are usually designed as corbels with the 

diagonal compressive force being balanced by the tensile force sustained by transverse 

steel bars placed at the ends of the full-depth portion of the beam (see Fig. 4) (Mattock 

and Chan, 1979; Lu et al., 2012; Lu et al., 2015). And yet, it has been found that load-

carrying capacity can be achieved well after the strength of the transverse bars is 

exhausted (Mattock and Chan, 1979). 
 
Such behaviour indicates that the transverse bars 

may only form part of the mechanism of load transfer between the nib and the full-depth 

portion of the beam. 

 In view of the above, the work presented herein is intended to demonstrate by 

means of FEA, not only the validity of the proposed design method, but also the role of 

the transverse reinforcement within the context of this method. The package (RC-

FINEL) adopted for this purpose has formed the subject of numerous publications 
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(involving the investigation of over 100 cases under both static and dynamic loading) 

cited in Kotsovos 2015 where it is comprehensively described. Therefore, only a 

concise description of the package's main features is provided in what follows together 

with an indication of its ability to produce realistic predictions of structural-concrete 

behaviour. The structural forms analysed for this purpose are half-joint beams with a 

particular geometry and varying reinforcement layouts for which there is published 

information on their experimentally-established behaviour. The package is subsequently 

used to verify the validity of the proposed design method by using it to investigate the 

behaviour of a similar structural configuration designed in accordance with the 

proposed CFP method so as to be characterised by specified load-carrying capacity and 

mode of failure.  

 

Half-joint beams investigated 

As discussed in the preceding section, the verification of the ability of the adopted FEA 

package to produce realistic predictions of structural-concrete behaviour has been based 

on the use of experimental information on the behaviour of half-joint beams (Desnerck 

et al., 2016). The design details of the specimens are shown in Fig. 5. Using the 

reinforcement layout of specimen NS-REF shown in Fig. 5(a), the amount of 

reinforcement required to safeguard a load-carrying capacity of 300 kN was established 

by using a strut-and-tie approach (Desnerck et al., 2016). The effect of changes in the 

reinforcement layout was studied by testing three additional specimens with the 

reinforcement layout of specimen NS-REF modified as follows: one specimen (NS-NU) 

without U-bars (see Fig. 5(b)); one specimen (NS-ND) without the diagonal bars (see 

Fig. 5(c)); and one specimen (NS-RS) with a reduced number of stirrups (see Fig. 5(d)). 

The mean values of yield stress of the reinforcement were 539 MPa, 529 MPa and 578 
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MPa for the 10 mm, 12 mm and 20/25 mm diameter bars, respectively, whereas the 

mean concrete strength at the time of testing (40 days after casting) was 37 MPa. Full 

details of the specimens tested can be found in Desnerck et al., 2016 where the results 

obtained are presented. 

 The beam in Fig. 5 is also shown in Fig. 6 with different reinforcement layouts 

which, in accordance with the proposed CFP method, is capable of safeguarding the 

requirements of current codes for structural performance. From the latter figure, the 

bottom flexural reinforcement of the nib is significantly larger than its counterpart in the 

beams in Fig. 5; in fact, it is the same with that of the full-depth portion of the beam. 

Such reinforcement has been selected in order to safeguard linear behaviour throughout 

the beams' loading history. Moreover in contrast with the beams in Fig. 5, the tension 

reinforcement of the beams in Fig. 6 is monolithically connected to steel end plates 

intended to prevent anchorage failure. The transverse reinforcement layout specified for 

the beam in Fig. 6(b), has been designed in accordance with the proposed CFP method 

so as to prevent non-flexural failure before the beam's flexural capacity is exhausted at a 

load level of over 560 kN . 

 

FEA Modelling 

The FE model of the half-joint beam shown in Figs 5 and 6 is depicted in Fig. 7. From 

the figure, it can be seen that the beam is subdivided into 25 (5x4x1 in the full-depth 

portion of the beam, 2x2x1 in the nib and 1x1x1 in the support) 27-node Lagrangian 

brick concrete elements with a 3x3x3 integration rule. The reinforcement bars are 

represented by 3-node isoparametric line elements with 2 integration points aligned 

between successive brick-element nodes in either vertical, horizontal or diagonal 

directions as indicated by the dashed lines included in the figure. Both the flexural and 
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the transverse reinforcement arrangement is equivalent to that of the specimens 

investigated in terms of both bar location and cross-sectional characteristics. 

 RC-FINEL is a purpose-built package capable of performing not only static, but 

also dynamic analysis, the latter being effected through the unconditionally stable 

average acceleration method of the implicit Newmark integration scheme (Kotsovos, 

2015). Moreover, it uses three-dimensional (3D) non-linear (NL) analysis in order to 

allow for (a) the NL behaviour of concrete under triaxial stress conditions, which 

invariably develop prior to local failure (i.e. cracking), and (b) the introduction of non-

homogeneity and stress redistribution after the occurrence of cracking.  

The nonlinear analysis is based on the iterative procedure known as the modified 

Newton-Raphson which is used to calculate stresses, strains and residual forces. Every 

Gauss point is checked, at first, in order to determine whether loading or unloading 

takes place, and then in order to establish whether any cracks close or form. The 

development of a crack is followed by immediate loss of load-carrying capacity in the 

direction normal to the plane of the crack. At the same time, the shear stiffness of 

concrete is also reduced drastically to 10% of its value before the occurrence of the 

crack. Three cracks can form at each integration point, with the first crack modifying 

the state of stress from triaxial to biaxial, the second, from biaxial to uniaxial, and the 

third leading to local loss of load-carrying capacity.   

Depending on the results of the previous checks, changes are introduced to the 

stress-strain matrices of the individual FE’s and, consequently, to the stiffness matrix of 

the structure. Based on these modified matrices, deformation, strain and stress 

corrections are evaluated. Convergence is accomplished once the above corrections 

become very small. It should be pointed out that the formation and closure of cracking 

is checked separately during each load step. 
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The implementation of the above procedure is based on the use of suitable 

analytical models describing the behaviour of concrete, steel and their interaction under 

short-term loading conditions. Although the models adopted for this purpose are fully 

described elsewhere (Kotsovos, 2015), it is important to highlight some of their main 

features. The material model of concrete behaviour is characterised by both simplicity 

(fully brittle, with neither strain-rate nor load-path dependency, fully defined by a single 

material parameter - the uniaxial cylinder compressive strength fc) and attention to the 

actual physical behaviour of concrete in a structure (unavoidable triaxiality which is 

described on the basis of experimental data of concrete cylinders under definable 

boundary conditions).  

The material model used to describe the deformational behaviour of the steel 

reinforcement in either tension or compression follows current code recommendations, 

so that the stress-strain curve is fully defined by using the values of the yield stress and 

the ultimate strength together with the values of the corresponding strains, with the 

yield strain taken as the ratio of the yield stress to the elastic modulus of elasticity. 

Finally, the assumption of perfect bond is considered to provide an adequate description 

of the interaction between steel and concrete. This is compatible with the smeared-crack 

approach adopted for the analytical description of the cracking processes of concrete, as 

well as the fact that the tensile strength of concrete is smaller than that of the 

experimentally-established strength of the bond between the two materials. 

 

Results of Analysis 

Typical results of those obtained by FEA of the beams in Fig. 5 are summarised in 

Table 1 and Figs 8 and 9. Table 1 gives the values of load-carrying capacity and 

maximum deflection at mid span obtained by analysis together with their counterparts 
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established by experiment. Figure 8 shows both the numerically-predicted and the 

experimentally-established variations of the mid-span deflection with increasing load 

for all beams, whereas Fig. 9 provides an indication of the deformed shape and crack 

patterns at various load stages which are typical for all beams. It should be noted, 

however, that the deformed shape for the last, non-converged load stage does not apply 

for beam NS-RS, since for this beam the analysis terminated abruptly without 

providing the output required to draw the beam's deformed shape. 

 As regards the beams shown in Fig. 6, their load-carrying capacities established 

by analysis are provided in Table 2, which also contains the values predicted by the 

proposed design method. Figures 10 and 11 show the crack patterns and deformed 

shapes of the beams at various stages of the applied load. 

 

Discussion of results 

Verification of FEA package 

Figure 8 provides an indication of the adopted FEA package capabilities to provide 

predictions of the half-joint beams' deformational response to the applied load. The 

analytically obtained values of load-carrying capacity and maximum deflection at mid 

span are also included in Table 1 where they are compared with their experimentally-

obtained counterparts. From the table, it can be seen that the deviation of the analytical 

from the experimental values of peak load and maximum deflection is of the order of 

7% and 9%, respectively.  

 As established experimentally, specimens NS-REF, NS-ND and NS-NU were 

predicted to fail after yielding of the flexural tension and the diagonal reinforcement. 

This is confirmed by the deformed shape shown in Fig. 9(e) for the non-converged load 

stage which also appears to indicate that yielding preceded loss of load-carrying 
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capacity. In contrast with the above specimens, specimen NS-RS failed within the full-

depth portion of the beam. Although analysis and experiment are in agreement as 

regards the peak-load level, it has not been possible, in this case, to establish the 

location and causes of failure through the use of either of these methods. 

 However, an indication of the location and causes of failure may be obtained 

through the proposed CFP method. As discussed in a previous section, premature 

failure may occur due to loss of bond between concrete and the flexural tension 

reinforcement in the absence of adequate transverse reinforcement. From Fig. 5(d), it 

can be seen that most of the full-depth portion of the beam is susceptible to this type of 

failure due to the large spacing (of the order of 400 mm) of the transverse 

reinforcement. Ignoring the presence of the transverse reinforcement, expression (1), 

for 𝐹𝑐 = 1000 𝑘𝑁 , 𝑓𝑐 = 37 𝑀𝑃𝑎 , and 𝑓𝑡 = 2.8 𝑀𝑃𝑎 , gives 𝑉𝐼𝐼,2 = 280 𝑘𝑁  which 

suggests loss of load-carrying capacity due to loss of bond within the full-depth portion 

of the beam before flexural capacity of the nib is exhausted at an acting shear force of 

the order of 400 kN  (see Table 1). The presence of transverse reinforcement may be 

capable of preventing premature failure if the amount of such reinforcement were 

sufficient to sustain the action of the transverse tensile stresses σt developing in the 

compressive zone after loss of bond as discussed in a previous section by reference to 

Fig. 3. 

 In the region of the load point, the spacing of the transverse reinforcement is of 

the order of 400 mm (see Fig. 5); therefore, the tensile force that could be sustained by 

the reinforcement within this spacing is 𝑇𝑠 = 𝐴𝑠𝑣 × 𝑓𝑦𝑣 = 3𝜋𝑑2

4⁄ × 539 ×

10−3 = 127 kN and, in accordance with expression 3(a), this is equivalent to 𝜎𝑡 ≈

2.2 MPa < 𝑓𝑡 = 2.8 MPa. Hence, the transverse reinforcement in the region of the 
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support cannot prevent failure due to loss of bond. On the other hand, the spacing of the 

transverse reinforcement in the region of the re-entrant corner is less than half the 

spacing in the region of the load point and, therefore, the reinforcement can sustain 

values of 𝜎𝑡 at least twice as large as those sustained in the region of the load point. As 

a result, replacing 𝑓𝑡 with 𝜎𝑡 ≈ 4.4 MPa, expression (1) gives 𝑉𝐼𝐼,2 ≈ 373 kN  which 

shows that the presence of the transverse reinforcement in this region prevents failure 

due to loss of bond. 

 From the crack patterns shown in Fig. 9, it can be seen that slightly-inclined 

cracking first initiates within the nib at a load level of about 15% the load-carrying 

capacity (LCC). Further cracking (extending deeply into the compressive zone at mid 

span and spreading towards the ends of the full-depth portion of the beam) occurs at a 

load level of about 30% LCC at which a deep inclined crack also forms in the region of 

the re-entrant corner. With increasing load, cracking spreads throughout the beam web 

and, eventually, loss of load-carrying capacity of all, but one (NS-RS), specimens is 

found to occur due to failure of concrete in the compressive zone of the nib (see  Fig. 

8(d)) well after yielding of the diagonal and/or flexural reinforcement of the nib. These 

findings are not only in agreement with their experimentally established counterparts 

(Desnerck et al., 2016), but also confirm that cracking extends throughout the half joint 

beam-span as discussed in a previous section by reference to Fig. 1. 

 

Verification of proposed design method 

From Fig. 6, it can be seen that the diagonal and U-bars reinforcing the nib of the beams 

in Fig. 5 have been replaced with flexural tension reinforcement in an amount such as 

that of the full-depth portion of the beam. The reason for this has been to prevent 

yielding of the nib flexural reinforcement in an attempt to create in the region of the 



17 
 

support stress conditions similar to those of a beam with constant depth throughout its 

span. 

 Table 2 provides the values of load-carrying capacity predicted by FEA and the 

proposed CFP method for beams CFP-NS and CFP. For the former beam, both methods 

produced values of load-carrying capacity significantly smaller than the values 

corresponding to flexural capacity, whereas for the latter both methods predict flexural 

failure of the full-depth portion. The predicted value of load-carrying capacity of beam 

CFP-NS was obtained from expression (1) using  𝐹𝑐 = 1339 kN,  𝑓𝑐 = 37 MPa , and 

𝑓𝑡 = 2.8 MPa. As discussed in a previous section,  𝐹𝑐 is the value of the compressive 

force developing on account of bending when  𝑀𝑓 is attained, with  𝑀𝑓, in the present 

case, being calculated using the rectangular stress block proposed in Kotsovos 2014. 

The resulting value is indicated in Table 2.  

 In accordance with the proposed CFP method, the provision of transverse 

reinforcement (calculated through the use of expressions 2-4) throughout the full-depth 

portion of the beam should prevent failure linked with the loss of bond at locations 1, 2, 

and 3 (see Fig. 1) for the reasons discussed in a previous section. The transverse tensile 

force that can be sustained by the transverse reinforcement (2xD11@145.75) indicated 

in Fig. 6(b) within a length equal to the reinforcement spacing (145.75 mm) is 𝑇𝑠 =

𝐴𝑠𝑣 × 𝑓𝑦𝑣 = 2𝜋 × 112

4⁄ × 539 × 10−3 = 102.5 kN  and, in accordance with 

expression 3(a), this is equivalent to 𝜎𝑡 ≈ 4.6 MPa > 𝑓𝑡 = 2.8 MPa . As a result, 

replacing 𝑓𝑡  with  𝜎𝑡 ≈ 4.6 MPa , expression (1) gives  𝑉𝐼𝐼,2 ≈ 519 kN > 𝑉𝑓 =

493 kN. Therefore, the proposed CFP method predicts a flexural mode of failure at the 

load level indicated in Table 2.  
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 From Fig. 10, it can be seen that the cracking process of beam CFP-NS is similar 

to that shown in Fig. 9 for the beams in Fig. 5. It is characterised by  the formation of 

nib flexural and/or inclined cracking at an early load stage in spite of the low tensile 

stresses developing in the steel flexural reinforcement which, even at the beam's 

ultimate limit state, do not exceed half the value of the yield stress of the steel. 

Moreover, as reported in the literature (Desnerck et al., 2016; Mattock and Chan, 1979), 

inclined cracking first forms in the region of the re-entrant corner (see Fig. 10(a)), and it 

is followed by deep flexural cracking in the mid-span region (see Fig. 10 (b)) which 

progressively spreads towards the end of the full-depth portion, while the inclined crack 

at the re-entrant corner penetrates deeper within the full-depth portion (see Fig. 10 (c)). 

An important feature of the crack pattern as load increases is the formation of 

longitudinal cracking along the upper face (see Fig. 10 (d)) extending towards the mid 

span region (see Fig. 10 (e)) eventually leading to failure indicated by the swelling of 

the first top element adjacent to the nib (see Fig. 10 (f)). Such cracking is indicative of 

the development of transverse tensile stresses in the compressive zone which are 

considered to develop after loss of bond between concrete and longitudinal steel for the 

reasons discussed in a previous section by reference to Fig. 3. 

 The provision of transverse reinforcement has not been found to have a 

significant effect on the crack pattern before the formation of near-horizontal cracking 

within the compressive zone. In fact, Figs 10 (a) to 10 (e) also provide a realistic 

description of the crack process of beam CFP. However, after the formation of near-

horizontal cracking, the presence of transverse reinforcement, although unable to 

prevent the extension of such cracking towards the mid span region, prevents premature 

loss of load-carrying capacity, the latter eventually occurring when the flexural capacity 

of the full-depth portion is exhausted (see Fig. 11).  
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CONCLUDING REMARKS 

The paper proposes a method developed within the context of the CFP theory for 

designing half-joint beams. In accordance with this method force transfer is 

accomplished by a form of beam-like action which allows for the physical state of 

structural-concrete members at their ultimate limit state. 

 Such a load transfer leads to the development of tensile stresses at particular 

locations of the compressive zone; the provision of transverse reinforcement is intended 

to sustain these tensile stresses when concrete strength is exhausted, rather than to 

contribute to force transfer as assumed by most, if not all, other methods proposed to 

date for the design of RC structures. 

 The work presents a numerical investigation of the applicability of the proposed 

CFP method for the case of half-joint beams. The package adopted for this purpose is 

first used to predict the ultimate limit-state characteristics of a number of half-joint 

beam specimens for which comprehensive experimental information on their behaviour 

is available in the literature. 

 Having demonstrated the ability of the package to produce close predictions of 

structural concrete behaviour, the reinforcement is designed in accordance with the 

proposed CFP method so as the half-joint beam to exhibit a flexural mode of failure at 

mid span. FEA shows that the proposed design method is capable of, not only achieving 

its aims, but also predicting the mode of failure and load-carrying capacity of the half-

joint beams investigated in the absence of transverse reinforcement. 
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Tables 

 

 

 

 

SPECIMEN 

LOAD-CARRYING CAPACITY 

(kN)  

MAX. DEFLECTION AT MID SPAN 

(mm)  

ANALYSIS TEST 
ANALYSIS/

TEST 
ANALYSIS TEST 

ANALYSIS/ 

TEST 

NS-REF 432 402 1.075 12.4 11.5 1.08 

NS-ND 276 245 1.127 10  9  1.11  

NS-NU 300 296 1.01 8.6 8 1.075 

NS-RS 372 359 1.07 11 10 1.1 

Mean value (Standard deviation) 1.07 (0.048)  1.09 (0,017) 
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