
Salah E. El-Metwally/ Et al /Engineering Research Journal 172 (December 2021) C1 – C19 

 

    

C1 

 

Performance of Exterior Beam-Column Joints with U-Shaped Bars for 

Different Stirrups Detailing: Numerical Study 

 

Mohamed H. El-Naqeeb
1
, Salah E. El-Metwally

2*
, Basem S. Abdelwahed

3
 

1
Teaching Assistant, Structural Engineering Department, Badr University in Cairo (BUC), Cairo, Egypt 

2
Prof. of Structural Concrete, 

3
Lecturer of Structural Engineering, 

Structural Engineering Department, Mansoura University, El-Mansoura, Egypt 
*
Corresponding author, Email: selmetwally@mans.edu.eg 

 

Abstract 

The relevant detailing of joint reinforcement plays a major role in ensuring adequate 

performance of reinforced concrete frames in terms of strength and ductility. The 

reinforcement detailing of joints with U-shaped bars in most common codes is 

achieved by providing a minimum stirrups reinforcement ratio and a maximum 

spacing between them; however, the contribution of the cross ties configuration within 

the joint core in the shear resisting mechanism is not considered. The nonlinear finite 

element analysis using ABAQUS software has been employed in this study to 

numerically investigate the influence of different joint reinforcement configurations on 

joint performance. Four sets of beam-column connections with different joint stirrups 

configurations have been modeled for achieving this purpose, considering two 

validated experimentally tested beam-column connections as reference. This study 

reveals that achieving the codes minimum joint reinforcement ratio using both internal 

cross ties and outer stirrups instead of outer stirrups only is more efficient in terms of 

joint strength and deformation capacity which indicates that the contribution of the 

cross ties considering its shape and location in the shear strength resistance should be 

considered. It has been observed that both the joint strength and deformation capacity 

have been significantly improved with the use of two closed rectangular cross ties or 

one polygon cross tie within the joint region. Hence, those two layouts are considered 

as the most practical solutions in which the maximum spacing between the stirrups can 

be considerably increased without affecting the joint performance. The results also 

proved that the induced stress in the joint stirrups doesn’t necessarily reach their yield 

strength even at the instant of joint failure. Hence, the yielding assumption for all 

layers of joint reinforcement in some analytical models and different international 

codes is unsafe and needs some revision. 
 

Keywords: Reinforced concrete frames; Exterior joints; Nonlinear finite element 

analysis; U-shaped bars; Stirrups detailing; Cross ties; Shear strength; Yielding. 
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1. Introduction  

The convenient performance of reinforced concrete (RC) frames is governed by the 

proper design and detailing of its components; beams, columns, and joints. Joints 

should be well designed and detailed to satisfy both the strength and ductility 

requirements (El-Metwally and Chen, 2017). A lot of damage in different buildings 

was recorded as a result of the inadequate joints ductility due to improper joint 

confinement by joint reinforcement, as presented in Fig. 1. 

Joint reinforcement is generally provided in the form of transverse 

reinforcement and intermediate vertical bars. Both of them play an important role in 

resisting shear stresses within the joint. In addition, they provide a good confinement 

condition for the compressed concrete in the main diagonal strut and participate in 

resisting the shear force developed in the truss mechanism, as in Fig. 2 (Paulay et al., 

1978). On the other side, Hanson and Connor (1967) and Ugale and Khante (2020) 

observed that joints without transverse reinforcement can’t resist extra loads after 

advanced stages of reversed cyclic loading and exhibit large displacement with wide 

cracks. 
 

 

Fig. 1 Beam-column connection failure during Kocaeli earthquake, Turkey (Saatcioglu 

et al., 2001). 
 

Hwang et al. (2005) studied the role of joint hoops in the shear transfer 

mechanism in exterior beam-column joints. They indicated that the main function of 

the joint hoops is to work as a tension tie and limit the cracks' width. On the other side, 

Kuang and Wong (2011) noted that the performance of joints with horizontal stirrups 

ratios greater than 0.4% did not significantly improve for this excess of reinforcement. 

Najafgholipour and Arabi (2020) conducted a nonlinear finite element study to 

investigate the influence of two different stirrups layouts within the joint core, as in 

Fig. 3. For joints with expected shear failure mode, they found that the provision of 

four legs straight tie improves both the joint strength and deformation capacity, while, 

the deformation capacity is only improved in the case of joints with beam failure 

mode. Ata et al. (2003) compared the performance of exterior beam-column joint 

using different stirrups shapes within the joint core. They observed that the provision 

of additional diamond shape cross tie and vertical bar within the joint panel improved 

the joint capacity by 31% as a result of the increased number of the developed struts. 
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                                         (a)                                            (b) 

Fig. 2 Shear resisting mechanisms (Paulay et al., 1978): (a) diagonal strut mechanism; 

and (b) truss mechanism. 
 

Recently, some studies investigated the effect of nontraditional joint 

reinforcement detailing. For instance, the use of inclined crossbars within the joint 

region, as in Figs. 4a and 4b, with this option, Lu et al. (2012) and Rajagopal and 

Prabavathy (2014) recorded a significant improvement in the joint's performance. 

Also, the use of square spiral confinement instead of square ties, as shown in Fig. 4c 

was investigated by Asha and Sundararajan (2018) and an improvement in the 

connection performance in terms of high joint capacity and less joint shear distortion 

was observed.  
 

 
                                           (a)                                    (b) 

Fig. 3 Considered joint stirrups layout in Najafgholipour and Arabi (2020) study: (a) 

with cross ties; and (b) without cross ties. 
 

 
              (a)                                 (b)                                     (c) 

Fig. 4 Nontraditional joint reinforcement: (a) Lu, et al. (2011) details; (b) Rajagopal and 

Prabavathy (2013) details; and (c) Asha and Sundararajan (2018) details. 
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International codes (ACI 318-19, ACI 352R-02, and Eurocode 8) specified a 

minimum transverse reinforcement within the joint panel in each direction with a 

maximum spacing between them as presented in table 1. The performance of exterior 

joints designed according to the ACI 352R-02 and Eurocode 8 was experimentally 

investigated by Tsonos (2007). All specimens were designed to have sufficient joint 

strength, in spite of that, some specimens exhibited joint failure mode. He observed a 

weak performance with brittle failure scenarios, and he recommended that some of 

these codes assumptions should be modified.  
 

Table 1 Codes provisions 

Item ACI 318-19 ACI 352-02R EC-8 
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,    , 
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Min of 

  

 
,    , 175mm 

Astr min is the minimum stirrups area, S max is the maximum spacing between the stirrups,    is 

the spacing between the stirrups,   
   is the column breadth in the considered direction,    is 

the yield stress of the stirrups,   is the joint gross area,    is the core area of the joint,    is 

the minimum dimension of the column,      is the joint horizontal shear force,    is the 

column axial stress level which is equal to (        ),     is the design strength of concrete in 

compression,      is the design strength of concrete in tension, ,    is the minimum dimension 

of the concrete core, and    is the beam bar diameter.  

In this study, the nonlinear finite element analysis is utilized to investigate the 

effect of joint stirrups configuration on the performance of exterior beam-column 

connections. The analysis is performed using the nonlinear finite element software 

ABAQUS, where different nonlinearity sources can be considered effectively. The 

analysis accuracy is verified by two experimental tests. In order to achieve the study 

objective, nineteen beam-column connections with different configurations of joint 

stirrups have been modeled. The analysis results show that the joint performance, in 

terms of joint strength and deformation capacity, is improved with the provision of 

cross ties. The results also indicate that the contribution of the cross ties considering 

their shape and location in the shear strength resistance should be considered.  
 

2. Experimentally Tested Exterior Beam-Column Connections for 

Calibration 

A specimen of exterior beam-column connection without joint reinforcement named 

SP-6, Fig. 5a, tested by (Al-Osta et al., 2018) and another specimen with joint 

reinforcement named Jo, Fig. 5b, tested by (Mahmoud et. al, 2014) have been selected 

for the verification of the adequacy of the nonlinear finite element analysis for 

modeling exterior beam-column connection. Both connections were tested under the 

action of monotonic loads. The test consisted of two stages; stage one, the column load 

of 1050kN and 200kN was applied at the upper end of the column for specimen SP-6 
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and Jo, respectively. After the end of the first stage, the beam was loaded using a 

second hydraulic jack. In specimen SP-6, the beam load was applied downwards while 

in specimen Jo, the beam load was applied upwards. A high reinforcement ratio was 

provided in the beam of specimen SP-6 to avoid the beam reinforcement yielding. In 

specimen SP-6, the column has a length of 1200 mm with a cross-section of 200×250 

mm and reinforced with 6ф20 and the beam clear length is 900 mm with a cross-

section of 200×250 mm and equal reinforcement at the top and bottom 4ф20. For 

specimen Jo, the column has a length of 2300 mm with a cross-section of 200×300 

mm and reinforced with 4ф16 and the beam clear length is 900 mm with a cross-

section of 200×300 mm and reinforced with 2ф12 and 3ф16 as top and bottom 

reinforcemement, respectively. The beam bars of specimen SP-6 were anchored by U-

bars and of specimen Jo by L-bars. The details of the connections, reinforcement and 

material properties, are summarized in Table 2. 
 

 
                  (a)                                                                   (b) 

Fig. 5 Specimens details: (a) Specimen SP-6 (Al-Osta et al., 2018); and (b) Specimen Jo 

(Mahmoud el al., 2014). 
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Table 2 Specimens details 

Specimen 
       

            
(MPa) 

   (MPa) Column Reinforcement Beam Reinforcement 

Main Transverse Longitudinal Stirrups Tension Compression Stirrups 

SP-6 30 605 580 6ф20 
1ф8@50 

mm 
4ф20 4ф20 1ф8@50mm 

Jo 20.3 400 240 4ф16 
1ф8@150 

mm 
4ф16 2ф12 

1ф8@100m

m 
 

3. Nonlinear Finite Element Analysis 

ABAQUS software provides an extensive library for the materials and elements, 

enabling the accurate simulation of the complex nonlinear behavior of concrete 

structures. The concrete damage plasticity (CDP) model is employed in this study to 

simulate the concrete material behavior. This model is a continuum, plasticity-based 

damage model in which two major failure mechanisms are considered for the concrete 

elements; concrete crushing and tensile cracking. This concrete material model has 

been widely used in several studies (Najafgholipour and Arabi, 2020 and Dabiri et al., 

2020) and has shown its ability for accurate simulation of the nonlinear behavior of 

exterior beam-column connections. Different parameters are required to be defined for 

this model; the plasticity parameters, concrete uniaxial behavior in both compression 

and tension, and the scaler damage parameters in both compression and tension.  

The major plasticity parameters for the CDP model, as presented in table 3, are 

the dilation angel of concrete, the eccentricity and its default value is 0.1, which 

indicates that the material's dilation angle remains approximately constant over a broad 

variety of confining pressure stress values, the ratio between the second stress 

invariant on the tensile meridian and the compressive meridian,          , at the 

initial yield, this condition has to be met, the ratio between the concrete biaxial 

compressive strength,    , and the concrete uniaxial compressive strength,    , and its 

default value is 1.16, and the viscosity parameter,  , which is an effective parameter 

for resolving the convergence problems for the material models with a strain-softening 

behavior (Simulia, 2014). The used values of these parameters, table 3, are chosen 

according to the recommended values given by Najafgholipour and Arabi (2020) and 

Simulia (2014), which gave the best fit with the experimental results. 
 

Table 3 Plasticity parameters used in ABAQUS 

Dilation angel Eccentricity Kc    /    Viscosity parameter 

36 0.1 0.667 1.16 0.00035 

 

The concrete uniaxial behavior in compression is simulated using the stress-

strain model developed by Thorenfeldt et al. (1987), Fig. 6a. This model is described 

by Eq. (1) in which,   
  is the cylinder strength,    is the strain corresponding to a 

stress equal to   
 , and n and k are parameters based on the concrete strength (Wight 

and MacGregor, 2012). Moreover, the stress strain model proposed by Aslani and 

Jowkarmeimandi (2012), Fig. 6b, is used for the simulation of the behavior of concrete 

in tension, where the ascending part assumes a linear relation until reaching the 

concrete tensile strength    which takes a value of     √  
  according to the ACI 318-
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19 and a corresponding strain     while the descending part is be described by Eq. (2).  

  

  
   

  (
   
  

)

    (
   
  

)
             (1) 

     (
   

  
)
    

            (2) 

The scaler damage parameters in compression    and in tension    are only 

introduced to the model in the descending portion of the stress-strain curve as 

suggested by Jankowiak and Lodygowski (2005), according to Eqs. (3) and (4) and as 

shown in Fig.6. 

      
  

  
                                           (3) 

      
  

  
                                                                                   (4) 

  

 
(a)                                                                               (b) 

Fig. 6 Definition of concrete behavior: (a) in compression; and (b) in tension. 

 

The uniaxial stress-strain relation of concrete in compression is introduced to 

the CDP model in terms of an inelastic strain   ̃
  ;  

  ̃
         ̃ 

   ,    ̃ 
   

   

    
                                      (5) 

and the corresponding stress    where    is the initial elastic modulus which is taken 

as     √  
 MPa according to the ACI 318-19.  

The input data for the damage parameter    is used to automatically convert the 

inelastic strain   ̃
   into plastic stain   ̃

  
 as follows; 

  ̃
  

   ̃
   

  

(    )

  

  
                                                                   (6) 

Similarly, the stress-strain relation in uniaxial tension is defined in terms of a cracking 

strain   ̃
   and the corresponding stress   . 

  ̃
         ̃ 

                                                                      (7) 
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The behavior of steel reinforcement is assumed to be elastic perfectly-plastic. 

The steel yield stress is taken as the reported value in the experimental program. The 

steel modulus of elasticity is considered as          , and the Poisson's ratio = 

0.3. In ABAQUS, the steel reinforcement is modeled as one-dimensional bars 

embedded inside the concrete elements using the embedment constraint and no bond-

slip relation is defined between the concrete and steel reinforcement.  

The concrete and the loading plate are modeled using the eight nodded 3D 

hexahedral element C3D8R. This element has three translation degrees of freedom at 

each node with a reduced integrated continuum hourglass control option. While the 

steel reinforcement is modeled using a 2- node T3D2 element that has two translation 

degrees of freedom at each node.  
 

4. Analysis Verification 

The geometric models for the tested specimens, employed for the analysis verification, 

are shown in Fig. 7, where a small uniform mesh size of 25 mm is used. The boundary 

conditions are applied to the top surface of the column,        , and at the 

bottom surface,           , which simulate the boundary conditions of the 

experimental test setup. Two separated load steps are generated; step one starts with 

applying the column axial stress at the upper surface of the column. In the second step, 

the beam load is introduced using a controlled displacement at a reference point in the 

center of the beam loading plate. This reference point is interactive with the upper 

coupling nodes of the loading plate using coupling constraint, while a full bond 

between the contacted surfaces between the loading plate and the beam is assumed by 

using a tie constraint.  

The comparison between the load-deflection curves of the experimentally tested 

specimens and the numerical models is shown in Fig. 8 in terms of the beam end or tip 

load-deflection relation. The predicted peak loads obtained from the numerical 

modeling for specimens SP-6 and Jo are         and        , respectively, while the 

corresponding measured failure loads are       and        . 

The visualization of the cracks in the numerical model can be recognized by 

plotting the plastic strain contours (Simulia, 2014). A comparison between the crack 

patterns is presented in Fig. 9. For specimen SP-6, the first crack within the joint 

occurred at 45.0kN in the experimental test while the predicted cracking load was 

44.4kN. The observed mode of failure of the specimen was a joint failure, as depicted 

from the numerical model, Figs. 9a and 9b, with approximately vertical cracks 

localized within the joint core and some cracks extended to the upper column. On the 

other side, the crack initiation of specimen Jo at the tension side of the beam during 

the experimental program was recognized at a vertical load of 10.0kN while the 

diagonal cracks within the joint region began to initiate at a beam load of 45.0kN. 

Finally, the specimen failed due to beam flexural failure, Fig 9c. The crack 

visualization of the numerical model, Fig. 9d, indicates that also the numerical model 

exhibited the same failure mode with a typical crack pattern. The results clearly show 

the accuracy of the proposed numerical model for the considered exterior beam-

column connections.  
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Fig. 7 Numerical models: (a) boundary conditions; (b) applied loads; (c) meshing of 

specimen SP-6; (d) reinforcement of specimen SP-6; (e) meshing of specimen Jo; and (f) 
reinforcement of specimen Jo 

 

 
Fig. 8 Load-deflection curve of the tested specimens: (a) specimen SP-6; and (b) 

specimen Jo.         
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Fig. 9 Failure modes of the tested specimens: (a), (b) experimental crack pattern and 

numerical simulation of SP-6; (c), (d) experimental crack pattern and numerical 

simulation of Jo. 

 

5. Effect of Traditional Joint Horizontal Stirrups 

The validated model for specimen SP-6 is utilized to investigate the effect of the 

provision of joint horizontal stirrups. In this section, the effect of providing horizontal 

outer rectangular 2 legs stirrups according to the ACI 352-02R on the connection 

performance is investigated. The ACI 352-02 requires a considerable amount of joint 

reinforcement and narrow spacing between the stirrups layers. The first model in this 

investigation is the traditional joint reinforcement, Fig. 10, named model O, in which, 

the joint is reinforced by five layers of 8 mm single horizontal stirrups which satisfy 

the ACI-352-02R requirements for both the stirrups minimum area and the maximum 

spacing between the stirrups. 
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(a)                                      (b) 

Fig. 10 Traditional joint reinforcement: (a) reference model SP-6; and (b) Model O.  

 

The load-deflection curve of Model O is obtained and is compared with the 

predicted load-deflection curve of the reference calibrated model without any joint 

reinforcement, Fig. 11. The obtained peak load for Model O is 86.89kN, while for the 

reference model it is 64.4kN. Clearly, the results show a significant increase, about 

35%, of the joint capacity with the provision of joint stirrups. Also, an improvement of 

the deformation capacity is observed. 
 

 
Fig. 11 Effect of traditional joint reinforcement according to the ACI-352-02R. 

 

The nominal joint horizontal shear strength,   , is obtained according to the 

ACI-352-02R using Eq. (8). This equation does not consider the contribution of the 

joint horizontal stirrups in resisting the joint horizontal shear force; accordingly, this 

shear force is only resisted by the concrete strength   . However, the main purpose of 

the minimum joint stirrups is to achieve a good confinement condition for the main 

compression strut. On the other side, many available analytical models developed by 

Vollum and Newman (1999), Bakir and Boduroglu (2002) and Hegger et al. (2003) 

consider the contribution of the joint stirrups in resisting the horizontal shear force; 

hence, the joint horizontal shear strength,   , is as given by Eq. (9).  

                        √  
                                                                                                             

(8) 

                                                                                                                                            

(9) 

where,    is the concrete resistance and    is the stirrups contribution. 

  The obtained joint shear strength,   , from the numerical models for both the 

reference specimen and the Model O is compared with the expected values from the 
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ACI 352-02R and the aforementioned analytical models, table 4. It should be noted 

that the shear strength of specimen SP-6 is lower than the estimate of the ACI 352-02R 

since the joint does not satisfy the requirement of the Code for horizontal 

reinforcement. Upon reviewing the results in the table, the necessity to provide joint 

reinforcement in order to achieve a satisfactory performance of the connection, is 

clear.  
 

Table 4 Expected joint strength for model SP-6 and model O 

Model 

Joint shear force Vj (kN) 

  

        
 

  

           
 

  

           
 

  

          
 

Numerical 

ACI 

352-

02R 

Vollum 

and 

Newman 

(1999) 

Hegger 

et al. 

(2003) 

Bakir and 

Boduroglu 

(2002) 

SP-6 231.21 272.76* 239.16 238.50 256.98 0.85 0.97 0.97 0.90 

O 312.00 272.76 359.43 321.75 364.90 1.14 0.87 0.97 0.86 

*The joint does not satisfy the requirement of the Code for horizontal reinforcement. 
 

6. Effect of Horizontal Stirrups Configuration 

In this section, the traditional shape of joint stirrups provided in Model O is replaced 

with stirrups of different shapes to assess the effect of the position and shape of the 

cross ties on the joint performance. It is worth mentioning that the ACI 352-02R 

doesn’t consider the contribution of the cross ties and its layout in the joint shear 

strength. Four sets of connection details, named A, B, C, and D with different stirrups 

layout, as illustrated in Fig. 12, are modeled with only 3 layer of joint stirrups instead 

of 5 layers as required by the ACI 352-02R. The results of the models of the four sets 

are presented in terms of the load-deflection curves as in Fig. 13, joint strength, 

ultimate deformations as in table 5, and induced stresses in the stirrups, Fig. 14. 

From the load-deflection curves of the four sets of connection details, presented 

in Fig. 13, it is noticed that the joint performance in terms of joint strength and 

deformation capacity is significantly affected by the layout of the horizontal stirrups. 

The maximum load in each model, corresponding displacement Δo, and ultimate 

displacement Δu measured at 20% drop of the strength, are summarized in table 5. The 

results of the models A1, B1, C1 and D1 indicate that the provision of different 

vertical bars passing through the joint core in case of joint with an aspect ratio equal to 

1, does not affect the joint performance when the traditional two legs stirrups are used. 

Providing cross ties in the joints parallel to the column width direction is 

examined by comparing the results of models A2 and B3, for which the obtained peak 

load is 83.5kN and 83.62kN, respectively. This observation indicates that the provision 

of cross ties in this direction has a minor effect on the joint capacity. On the other side, 

its main benefit is to improve the deformation capacity; the ultimate displacement is 

11.89mm for A2 and 13.65mm for B3. Also, similar observations are obtained for B1 

and B4. 

The provision of inner cross ties as in model C2, doesn't contribute to achieving 

the minimum reinforcement ratio for the shear resistance mechanism according to the 

ACI 352-02R where only the stirrups area for the legs penetrating all the column depth 

are considered; hence, the stirrups reinforcement ratio in both models C1 and C2 is 
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considered the same according to the Code. However, both the joint strength and 

deformation capacity have significantly been improved by the provision of this cross 

tie.  

 

 

Fig. 12 Different configurations of joint reinforcement. 
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Fig. 13 Load-deflection curves of numerical models: (a) set A; (b) set B; (c) set C; and 

(d) set D.  

 

Table 5 Results of the numerical sets 

Set Model 
Peak load 

(kN) 
Δo (mm) Δu (mm) 

A 

A1 77.39 7.32 11.02 

A2 83.50 8.17 11.89 

A3 87.47 8.80 12.26 

B 

B1 76.77 7.23 10.57 

B2 86.17 9.35 13.79 

B3 83.62 8.37 13.65 

B4 78.14 7.28 11.32 

B5 80.07 7.88 13.10 

C 

C1 75.65 8.91 11.24 

C2 80.07 11.63 14.37 

C3 83.96 7.78 13.36 

C4 90.65 10.58 16.03 

C5 86.35 9.17 15.32 

D 

D1 75.10 7.11 10.28 

D2 80.90 8.85 13.35 

D3 85.74 8.46 15.22 

D4 85.41 11.24 15.30 

D5 84.79 8.80 15.42 
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Fig. 14 Induced stress in the joint stirrups. 

 

Models A3, C3, and C5 have the same stirrups area at the critical section of the 

joint; nevertheless, their obtained peak loads are 87.47, 83.96 and 86.35kN, 

respectively. Also, the ultimate deformations are 12.26, 13.36, and 15.32mm, 

respectively. The deformation capacity has been improved by 25% for the same 

stirrups area. This indicates that the shape of the joint stirrups has a direct influence on 

the deformation capacity. 

The superior performance of the connection is obtained when using the layout 

of model C4. The nominal strength of this model increased by 8% compared to that of 

model C3 and its deformation capacity has been improved by 20%; though the ACI 

352-02R considers the two models to have the same stirrups area with respect to the 

joint shear strength mechanism.  

The relation between the ultimate displacement and the stirrups volumetric ratio 

within the joint panel is shown in Fig. 15. Since this ratio accounts for the 

configuration of the cross ties, the results in the figure indicate that the provision of 

cross ties, regardless of its orientation, has a significant influence on the deformation 

capacity. Nevertheless, no considerable increase in the ultimate deformation can be 

achieved with a volumetric ratio larger than 1.5%. 
 



Salah E. El-Metwally/ Et al /Engineering Research Journal 172 (December 2021) C1 – C19 

 

    

C16 

 

  
Fig. 15 Effect of stirrups volumetric ratio. 

 

From the stress distribution in the stirrups within the joint panel shown in Fig. 

14, for all models, the maximum stress in each layout is varied, and the location of its 

maximum value depends on the shape of the stirrup. The provision of the cross ties 

makes the stirrups work more effectively rather than using outer stirrups only, where 

the maximum stress value is located in the middle of the straight cross ties and in the 

inclined parts of the polygon shapes. This observation explains why the joints 

reinforced by 3 layers with cross ties performs better than the traditional 5 layers of 

outer stirrups; hence, when the stirrups layout as in models A3, B2, C4, and C5 are 

used, the maximum spacing between the stirrups according to ACI 352-02R can be 

considerably increased without a significant effect on the connection performance.  

For the most efficient models; A3, B2, C4, C5, a comparison between the 

predicted joint shear strength and the obtained values according to the ACI-352-02R 

and models from literature, considering the total cross section area of the stirrups 

located at the mid distance of the column depth, is summarized in table 6. The 

maximum stress in the outer stirrups and cross ties in each layer of these models is 

plotted in Fig. 16. 

From the results in Fig. 16, it is noticed that the stress in the stirrups doesn't 

reach the yield value in all layers, where the stirrup in the middle height has the 

highest stress while the other layers are less effective, especially those located in the 

lower third of the joint region. This observation indicates that estimating the joint 

strength based on the assumption of the stirrups yielding for all layers, as in most 

available analytical models and codes, is not safe and needs a revision. 

 
                                        (a)                                                                 (b) 

Fig. 16 Maximum stress in stirrups layers: (a) cross tie; and (b) outer stirrup. 
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Table 6 Expected joint strength for the most efficient models 

Model 

Joint shear force    (kN) 

  

        
 

  

           
 

  

           
 

  

          
 

Numerical 

ACI 

352-

02R 

Vollum 

and 

Newman 

(1999) 

Hegger 

et al. 

(2003) 

Bakir 

and 

Bodur

oglu 

(2002) 

A3 314.04 272.77 364.23 321.75 386.50 1.15 0.86 0.98 0.81 

B2 309.37 272.77 364.23 321.75 386.50 1.13 0.85 0.96 0.80 

C4 325.46 272.77 364.23 321.75 451.27 1.19 0.89 1.01 0.72 

C5 310.02 272.77 364.23 321.75 386.50 1.13 0.85 0.96 0.80 

 

7. Conclusions  

A numerical investigation based on the nonlinear finite element analysis has been 

conducted to assess the influence of stirrups configuration on the performance of 

exterior joints. Different beam-column connections with different configurations of 

joint stirrups, have been modeled. The performance of exterior beam-column 

connection was found dependent on the layout, position and the volume of joint 

stirrups. From the obtained results, the following remarks can be concluded.  

1. The performance of the beam-column connection was found dependent on the 

orientation and shape of the cross ties, where an increase in both the joint 

strength and deformation capacity is obtained using straight cross ties in the 

considered direction or a polygon cross tie. However, the orientation of the 

straight cross ties in the perpendicular direction improved the deformation 

capacity. 

2. The provision of cross ties, regardless of their orientation, has a significant 

influence on the deformation capacity up to a volumetric ratio of 1.5%; beyond 

this limit, no considerable increase in the ultimate deformation can be achieved. 

3. The contribution of the cross ties, with consideration of their layout, to the joint 

shear strength is pronounced; therefore, it is recommended to satisfy the 

minimum joint reinforcement ratio using both the outer stirrups and cross ties 

instead of using the outer stirrups only. 

4. The use of cross ties in the form of two crossed rectangular ties or a polygonal 

cross tie is the most efficient practical solution in which the maximum spacing 

between the stirrups can be considerably increased without affecting the joint 

performance. 

5. The assumption of stirrups yielding in most available analytical models and 

codes is not safe and needs some revision since the stirrups do not necessarily 

reach the yield stress. 
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