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Abstract: This paper presents a systematic numerical study on the structural performance of a newly 

developed quick-buildable beam-column joint with double-grouted sleeves considering its surface-

to-surface contact behaviour between the prefabricated concrete and grouting mortar and strain 

penetration of the transition rebar. Theoretical analysis is also conducted to predict the load-bearing 

capacity of the proposed connection. After validation with experimental data, the finite element model 

is employed to investigate the effects of different factors including protruding beam length and 

grouting mortar thickness on the structural behaviour of the joint. Results indicate that the maximum 

stress of the reinforcing bars in the joint with no protruding beam is approximately 15.0% greater 

than that with a protruding beam, while the maximum stress of the joint anchorage bars decreases by 

around 87.0% when the short sleeves are placed completely in the joint core area. As the protruding 

beam length increases, the maximum crack width drops rapidly first and then slowly with a turning 

point of 1.36 times the short sleeve length, and the highest load-bearing capacity is achieved when 

the protruding beam length and short sleeve length equal. With the rising grouting mortar thickness, 

the maximum stress of the transition rebar reduces rapidly first and then slowly with an inflexion 

point of 50 mm. The change in eccentricity of the transition rebar leads to an around 3% change in 

the load-bearing capacity of the joint without a projecting beam. The theoretical predictions are in 
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satisfactory agreement with numerical results and can be adopted for practical engineering design. 

Keywords: Finite element analysis; Prefabricated concrete joints; Double-grouted sleeves; 

Protruding beam; Rapid construction; Parametric analysis 

1. Introduction 

Prefabricated reinforced concrete structures are gradually accepted as an alternative to some 

conventional monolithic reinforced concrete structures for different practical applications because of 

less environmental impact, good quality, reduction in formwork, and accelerated construction speed 

[1-4]. To upgrade the construction industry, the Chinese government announced that the application 

ratio of precast structures including prefabricated concrete, steel, and wood structures ought to be 

over 30% in new construction through approximately ten years of effort [5]. The ratio should reach 

40 to 55% in some provinces and municipalities by 2025 [6-8]. The damage and failure of 

prefabricated reinforced concrete buildings subjected to earthquakes often result from poorly 

designed connection systems. Therefore, their seismic response including stiffness, strength, 

deformability, and ductility is highly dependent on the mechanical performance of the links between 

prefabricated members [9-14]. 

   For prefabricated concrete frame structures, the connections between prefabricated beams and 

columns play a critical role and thus reasonable design of the beam-column joints is of great 

importance. In recent years, various beam-column joints have been proposed to tackle the linking 

problems in prefabricated concrete frame buildings such as dowel pin connections [15-18], welded 

connections [19-23], bolted connections [24-29], prestressed connections [30-35], rebar lapping 

splice connections [36-40], and mechanical sleeve and spiral-confined splice connections [41-45]. 

Although dowel pin connections with controllable tolerances are easy to fabricate, they are only 

commonly used in single-story industrial and low-rise residential buildings due to relatively lower 

stiffness and distinctive force transmission mechanism. Welded connections have high dependence 

on the welding quality, and the installation costs may rise as the welding construction needs to be 

carried out by experienced and skilled workers [20]. The seismic performance of the beam-column 

joints with bolted connections can be significantly improved by introducing energy dissipation 

devices. However, bolted joints may cause additional steel consumption problems and require very 

compact tolerances for the precast members, which may still be a great challenge for some 

manufactures of prefabricated units [46]. The prefabricated frame structures with prestressed 
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connections have the advantages of minor damage and lower residual deformation of structural 

elements under earthquakes. However, this type of connection with lower energy dissipation capacity 

resulting from the lower inherent damping due to the post-tension method frequently requires the 

installation of energy dissipation devices to enhance its seismic capacity [47]. Since rebar lapping 

splice connections can be designed to make their structural behaviour emulative to the monolithic 

connections, they have been widely used. Nevertheless, the rebar lapping method used in the core 

zone of beam-column joints frequently results in reinforcement congestion problems and construction 

defects in the connection zone of the joint with rebar tying and in-situ concrete pouring. To tackle 

these shortcomings, another kind of emulative connection, i.e., mechanical sleeve and spiral-confined 

splice connections, was developed to move the connection region to the beam end outside the core 

area of the beam-column joint. For instance, Yan et al. [41] proposed and tested a type of precast 

beam-column joint with single-grouted sleeves and found that the seismic response of the proposed 

connection was similar to that of the reference counterpart and grouted sleeves affected the 

performance of beam’s plastic hinge. Ma et al. [45] explored a beam-column joint connected using 

grouted spiral-confined lap splices under reverse lateral loading and reported that the developed 

linking approach can be used in seismic zones owing to its superior seismic behaviour compared with 

monolithic joint. However, the existing mechanical coupler and spiral-confined splice connections 

still require rebar tying and post-concrete pouring on site. 

To solve the above-mentioned limitations, the authors recently proposed a novel prefabricated 

beam-column connection linked using double-grouted sleeve connectors, as shown in Fig. 1 [48]. 

Such connection has the prominent advantages of shorter linking length (only around 30 mm), larger 

controllable tolerances provided by the short and long sleeves with a larger inner diameter, and 

eliminating the projecting steel bars from the prefabricated components which may cause injury. 

Besides, on-site concrete casting and tying of reinforcement are also eliminated, which can 

significantly accelerate construction and save costs. 

Note that considering the cost and time consuming, only a small number of precast specimens 

connected using double-grouted sleeves were experimentally investigated in Ref. [48]. A systematic 

numerical study is therefore required to complement the experimental work to explore the effects of 

different factors on the mechanical performance of the proposed joint. Macro-level joint models and 

continuum-based finite element models are usually employed for prefabricated beam-column joints 
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[49]. The macro-level joint models are mainly applied to analyse the entire or part of the frame 

structures and cannot be effectively utilised to simulate the mechanical performance of a joint or 

connection segment, while a three-dimensional (3D) continuum-based finite element (FE) model is 

more elaborate and can reflect the detailed response in the crucial region of the joint. It was reported 

that it is challenging to simulate the pinching effects of load-displacement response under cyclic 

loading with large deflections [50-52], while the simulated monotonic load-displacement curves that 

represent an envelope of hysteretic response using finite element method was found to agree well 

with the experimental data [25, 53-55]. 
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Fig. 1. Schematic diagram of the developed prefabricated frame structure linked using double-

grouted sleeve connectors: (a) precast column and beam in place; (b) after installation. 

   The primary purpose of this study is to systematically investigate the structural behaviour of the 

newly proposed fast-installable beam-column joint linked by double-grouted sleeve connectors under 

monotonic loading using FE method implemented with Abaqus○T  software. The surface-to-surface 

contact between the grouting mortar and prefabricated concrete and the strain penetration of the 

transition rebar in the double-grouted sleeve splice are taken into consideration in FE model which is 

validated with the corresponding experimental results presented in a previous study [48] in terms of 
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load-deflection response and failure modes. Afterwards, a series of simulations are conducted using 

the validated FE model to estimate the stress distribution of the steel cages and sleeves as well as the 

effects of some critical parameters including the protruding beam length, grouting mortar thickness, 

strengths of grouting mortar and precast concrete, and rebar diameter and eccentricity on the structural 

performance of the developed joint with double-grouted sleeves. Finally, theoretical analysis is 

undertaken to predict the load-carrying capacity of the proposed joint with various diameters of rebar 

considering the determination of failure control cross-section, the predictions of which are compared 

with numerical results to gain insights into the underlying mechanisms. 

2. Finite element modelling 

2.1 Model configuration 

In this study, three prefabricated beam-column joints with no protruding beam (BCJ-1 to BCJ-3), two 

precast beam-column joints with a protruding beam of 425 mm (BCJ-4 and BCJ-5), and one cast-in-

place beam-column joint (BCJ-C) tested in a previous study [48] are selected and modelled using 

Abaqus to predict the structural behaviour of the prefabricated beam-column joint with double-

grouted sleeve connectors in comparison with that of cast-in-place counterpart. For each model, the 

beam with a total length of 1500 mm has a cross-section of 200 mm ×  350 mm and the column 

with an entire height of 1500 mm has a cross-section of 350 mm ×  350 mm. The dimensions of 

the key groove on both sides of the gap are 100 mm ×  150 mm ×  25 mm, and its depth is 5 mm 

less than that of the designed counterpart to account for the uneven distribution of keyway depths 

resulting from manufacturing the samples. All columns are reinforced with 8 longitudinal bars with 

a same diameter of 16 mm and rectangular hoop of 8 mm @ 100 mm. All beams contain 4 longitudinal 

bars with a same diameter of 16 mm. The rectangular hoop of 8 mm @ 100 mm for all beams is 

chosen as transverse reinforcement, while its space is less than 100 mm in some local zone for the 

prefabricated joints. The effects of two lengths of 0 and 425 mm for the protruding beam, 16 and 18 

mm for the transition rebars, and grouted sleeve with wedges (GSW) and grouted sleeve with wedges 

and threads (GSWT) for the grouted sleeves on the structural performance of the joint are considered. 

   Because rubber sleeves were installed with a hole in the centre of cross-section at the ends of the 

steel sleeves during the stage of preparing the precast columns and beams [48], the transition bars 

were approximately located at the centre line of the grouted sleeves. Thus, the centre line of the 

transition bars can be the same as that of the grouted sleeves when establishing the FE model. 
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2.2 Element type and mesh size 

A half model established symmetrically with regard to the longitudinal axis of the specimens at the 

centroid of the cross-section is adopted to reduce the computational costs given the symmetry of the 

joints and loading conditions. The precast concrete, grout, grouting mortar, sleeves, and loading plate 

are modelled using eight-node linear brick reduced integration hexahedral solid elements (C3D8R). 

Elements with reduced-integration are selected because they can reduce computer run time [56]. Two-

node linear 3D truss elements (T3D2) commonly used in FE analysis are adopted for modelling the 

reinforcement and transition rebar [26, 49, 52, 55-57]. All mesh sizes for different model members 

are determined by the mesh sensitive analysis conducted to achieve a satisfactory compromise 

between computational efficiency and accuracy. Finer and coarse meshes are used in important areas 

and some other regions, respectively. The FE meshes for the entire beam-column joints are illustrated 

in Fig. 2. 

 

 
Fig. 2. Finite element models for the prefabricated beam-column joint linked using double-grouted 
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425 mm (BCJ-4 and BCJ-5). 

2.3 Contact properties 

The surface-to-surface hard contact is chosen to model the normal behaviour between the precast 

concrete and grouting mortar with a friction coefficient of 0.67 for tangential behaviour as per Ref. 

[26] and trial calculations. As no significant bond slip occurs between the grout and sleeve in the 

experimental tests, the sleeve can be simplified into a common steel pipe and the effects of wedges 

and threads can be ignored. Hence, the outer surface of the grout is bounded to the inner wall surface 

of the simplified sleeve by “Tie” constraint. The loading plate is tied on the beam end for avoiding 

stress concentration and applying vertical loading. The reinforcing bars, transition bars, sleeves, and 

grout are embedded in the model with an assumption of perfect bond employed. 

 

 
Fig. 3. Stress-strain relationships of: (a) precast concrete, grout, and grouting mortar for CDP 

model; (b) steel sleeves, reinforcing bars, and transition bars. 

2.4 Material models 
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approximately simulate the grout and grouting mortar. In practice, the concrete damage plasticity 

(CDP) model is employed in Abaqus (Fig. 3a), which is able to predict the elastic-plastic behaviour 

of concrete for tension and compression damage characteristics. The concrete uniaxial compression 

and tension stress-strain relationship provided by GB50010-2010 [58] is adopted. The compression 

stress-strain behaviour can be expressed as follows: 

   (1  𝐷                                   (1) 

𝐷  {
1  

𝜌c𝑛

𝑛− +𝑥c
𝑛
               𝑥 ≤ 1

1  
𝜌𝑐

𝛼c(𝑥c−  2+𝑥c
        𝑥 > 1

                        (2) 

𝜌  
𝑓c,r

𝐸c𝜀c,r
                                  (3) 

𝑛  
𝐸c𝜀c,r

𝐸c𝜀c,r−𝑓c,r
                                (4) 

𝑥  
𝜀c

𝜀c,r
                                   (5) 

where     is the elastic modulus,   ,r  is the axial compression strength, 𝛼   is the parameter of 

descending segment of the curve, and   ,r is the strain at the compression peak stress according to 

[59]. The compression stress increases linearly with an increase in strain before the stress reaches 40% 

of the peak stress. 

   It is assumed that the tension stress-strain curve is linear before reaching the maximum stress, but 

after that, the tension stress-strain response can be described as follows: 

σ  (1  𝐷                                    (6) 

𝐷  {
1  𝜌 [1 2  0 2𝑥 

5]       𝑥 ≤ 1

1  
𝜌t

𝛼t(𝑥t−  1 7+𝑥t
              𝑥 > 1

                       (7) 

𝑥  
𝜀t

𝜀t,r
                                   (8) 

𝜌  
𝑓t,r

𝐸c𝜀t,r
                                  (9) 

  ,r    ,r
  54 × 65 × 10−6                          (10) 

where   ,r is the axial tensile strength, 𝛼  is the descending segment parameter of the constitutive 

curve, and   ,r is the strain at the maximum tension stress. 

   The tension and compression damage variables (   and   ) can be calculated as follows [60]: 

   1  √
𝜎t

𝐸c𝜀t
                              (11) 
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   1  √
𝜎c

𝐸c𝜀c
                              (12) 

They are used after the tension stress reaches its peak value and the end of linear response of the 

comprehension stress-strain curve, respectively. Table 1 lists the material parameters of concrete, 

grout, and grouting mortar used for FE simulations, while the input parameters for the CDP model 

are given in Table 2. 

Table 1 Material details of concrete, grout, and grouting mortar (GM) [48]. 

Item 
Cubic compressive 

strength    (MPa) 

Axial compressive 

strength   ,r (MPa) 

Axial tensile 

strength   ,r (MPa) 

Elastic modulus 

   (MPa) 

Concrete 39.8 26.62 2.64 32460 

Grout 86.2 54.12 3.51 38424 

GM 82.1 51.54 3.42 38129 

Note:   ,r,   ,r, and    are calculated from    based on [58]. 

 

Table 2 Major plasticity material parameters for CDP model. 

 Poisson’s 

ratio, 𝜈  

Dilation 

angle, 𝜓 

Flow potential 

eccentricity, 𝑒 
 b /    

Shape 

factor, 𝑘 

Viscosity 

parameter 

Concrete 1# 0.2 30 0.1 1.16 2/3 0.001 

Concrete 2# 0.2 30 0.1 1.16 2/3 0.0005 

Grout 0.2 30 0.1 1.16 2/3 0.0005 

GM 0.2 30 0.1 1.16 2/3 0.0005 

Note:  b /     is the ratio of compression strength subjected to biaxial loading to uniaxial 

compression strength; Concretes 1# and 2# are adopted for the monolithic and precast samples, 

respectively. 

2.4.2 Steel sleeves, reinforcing bars, and transition bars 

The constitutive relationships for the steel sleeves and reinforcing bars are kept the same and 

described using a bilinear elastic-plastic model. The hardening modulus      is equal to 0 01   , 

where    is the initial elastic modulus (Fig. 3b). The Poisson’s ratio for all the steel materials is taken 

as 0.3. Table 3 lists other mechanical parameters of reinforcing rebar, transition rebar, and steel sleeve 

adopted. In order to simulate the relative displacement and strain penetration between the transition 

rebar and grout (mortar) in an easier way, the post-yielding modulus of the transition rebar is 

deliberately reduced, as displayed in Fig. 3b; the detailed approach is to be presented next. 

As the strain distribution at the transition rebar-grout interface is complicated and affected by a 

wide range of factors leading to the real strain distribution being difficult to measure, and the good 

interface bond between the transition bar and grout occurs in the small zone of the transition bar end, 

a useful assumption of uniform strain along the transition rebar in the gap and strain penetration 
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regions is made for simplification in this study, which has been also used by others to study the 

structural behaviour of grout-filled sleeves with acceptable accuracy [61-64]. As depicted in Fig. 4, 

the relationship between the average strain of the transition bar in the gap and strain penetration 

regions (   ) and the total deformation of the transition bar (𝐿∆) in relation to the entire length of the 

transition bar (𝐿 ) can be expressed as: 

    
𝐿∆

𝛾𝐿t
                                (13) 

where 𝛾 is the modification coefficient of deformation length. 

Table 3 Material properties of reinforcing rebar, transition rebar, and steel sleeve [48]. 

Item Diameter (mm) Area (mm2)    (MPa)    (MPa)    (GPa) 

Stirrup 8 50.24 431 580 200 

Longitudinal rebar 16 200.96 428 569 198 

Transition rebar 1# 16 200.96 418 556 198 

Transition rebar 2# 18 254.34 428 559 200 

Steel sleeve / / 390 527 206 

Note:    is the yield strength;    is the tension strength;    is the elastic modulus. 

However, the relative displacement and strain penetration between the transition rebar and grout 

are rather difficult to simulate via finite element modelling directly. For simplicity, the perfect bond 

between the transition rebar and grout is assumed in the FE model, and the total deformation of the 

transition bar (𝐿∆) is assumed concentrated in the small thickness of the grouting mortar (𝐿g). Thus, 

the corresponding strain of the transition bar in the grouting mortar area (   ) can be expressed as: 

    
𝐿∆

𝐿g
                                 (14) 

Substituting Eq. (13) into Eq. (14) gives: 

    𝛾
𝐿t

𝐿g
      (𝐿 ≤ 16  + 𝐿g)                   (15) 

where     can be calculated as: 

    
𝑓u−𝑓y

𝐸h1
+                                 (16) 

Note that 𝛾 should be smaller than 1.0 but herein is taken as 1.0 to approximately compensate the 

restraining effect of the grouting mortar on the deformation of the transition rebar resulting from the 

perfect bond between the transition bar and grouting mortar in the FE model. In addition, the true 

stress-strain relationship is required for FE models. The true stress  T, true strain  T, and true plastic 

strain    can be obtained as: 

 T   N(1 +  N                              (17) 



11 

 T  ln (1 +  N                              (18) 

    T  
𝜎T

𝐸b
                                (19) 

where  N and  N are the engineering stress and strain, respectively. 
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Fig. 4. Schematic diagram of the proposed double-grouted sleeve splice. 

2.5 Boundary and loading conditions 

To make the simulated boundary conditions of FE model as close as possible to those of the tested 

specimen, the displacements in X and Z directions as well as the rotations in Y and Z directions on 

the top of the column are restricted, and so are the displacements in X, Y, and Z directions as well as 

the rotations in Y and Z directions on the bottom of the column. The symmetrical boundary conditions 

are employed at the model to simulate the mechanical performance of the complete beam to column 

joint. The constant vertical load of 350 kN is initially imposed on the top surface of the prefabricated 

column for simulations, which is half the maximum experimental axial compression load of 700 kN. 

Subsequently, a monotonic displacement-based vertical loading is used on the top face of the loading 

plate to simulate the loading process of a hydraulic actuator used in experiments. The boundary and 

loading conditions for FE simulations are shown in Fig. 2. Details can be found in a previous study 

[48] about the sample preparation, test setup, instrumentation, and loading schemes. 

3. Validation of finite element simulations 

To the authors’ best knowledge, so far, only an experimental study on the structural behaviour of the 

proposed novel joint with double-grouted couplers has been reported in the existing literature [48]. 

Therefore, the established FE model can only be validated using experimental results acquired from 

[48] in terms of load-deflection response at beam free end and failure modes, followed by a detailed 

analysis of stress distribution of the steel cages and sleeves. 

3.1 Load-deflection response 

Fig. 5 illustrates the simulated load-deflection response of beam-column joints in comparison with 
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experimental results. The average envelope of the experimental hysteretic curves is adopted for 

comparison given the significant distinction of the measured load-deflection curves in the push and 

pull directions. As seen, the simulated elastic stiffness by FE model is slightly greater than the 

experimental data, which can be explained by the fact that the stiffness change resulting from the 

cracking and crushing of concrete and grouting mortar is not considered in the material constitutive 

models and the bond between concrete and reinforcement is assumed to be perfect for FE modelling. 

Overall, there exists a satisfactory agreement between simulation and experimental results in terms 

of load-deflection curves. Table 4 lists the simulated and experimental yield and peak loads, indicating 

a good agreement between them with a discrepancy of only about 4% and 2%, respectively. Thus, the 

proposed FE model can be adopted to predict the load-carrying capacity of the joint with short and 

long couplers. 
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Fig. 5. Experimental and simulated load-displacement response of the specimens. 

Table 4 Comparison between experimental and FE simulation data. 

Specimen Experimental result  Simulation result  Comparison 

 𝑃   (kN) 𝑃ma   (kN)  𝑃   (kN) 𝑃ma   (kN)  𝑃  /𝑃   𝑃ma  /𝑃ma   

BCJ-1 33.89 44.98  35.77 45.24  0.95 0.99  

BCJ-2 37.39 44.56  35.80 45.29  1.04 0.98  

BCJ-3 44.27 54.28  46.33 56.89  0.96 0.95  

BCJ-4 37.32 44.43  38.80 45.50  0.96 0.98  

BCJ-5 35.87 42.62  38.98 44.38  0.92 0.96  

BCJ-C 36.77 45.04  39.48 45.24  0.93 1.00  

Mean       0.96 0.98 

SD       0.04 0.02 

Note: 𝑃   and 𝑃   are the experimental and simulated yield loads, respectively; 𝑃ma   and 𝑃ma   

denote the experimental and simulated peak loads, respectively; SD is the standard deviation. 

3.2 Failure modes 

Although there is no mature tool in Abaqus available for demonstrating the cracks of the concrete, 

the tension and compression damage parameters can be approximately regarded as an indicator of 

cracking development [57]. Fig. 6 depicts the failure modes of the simulated and tested specimens. 

During the tests, obvious large tensile cracks for samples BCJ-1 to BCJ-3 and fine tensile cracks for 

samples BCJ-4 and BCJ-5 in the linking region were observed at the final failure stage, which can be 

also well found in the FE simulations. Both suggest that all the samples are subjected to a flexural 

failure mode at the beam end near prefabricated column face with the yielding of steel rebars and the 

crushing of concrete or both concrete and grouting mortar. The simulation results indicate that the 

grouted sleeves with higher stiffness and strength inhibit the propagating and widening of the cracks, 

which is consistent with the experimental results. In addition, the simulation results also illustrate the 

failure mechanism of a strong column and a weak beam followed by a stronger joint as no damage is 

(e) (f) 
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caused in the core zone of the joint. 

 

Fig. 6. Failure modes: experimental against FE simulation results. 

As seen in Fig. 7, the damage of the grouting mortar in samples BCJ-1 to BCJ-3 is greater than 

that in samples BCJ-4 and BCJ-5. This is because the grouting mortar in samples BCJ-1 to BCJ-3 is 

arranged in the cross-section subjected to maximal flexural moment and the resistance in the regions 
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(c) (d) 
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on both sides of the grouting mortar reinforced by grout-filled couplers is significantly higher than 

that of the grouting mortar. The above analyses imply that the developed FE model can be used to 

satisfactorily predict the failure modes and crack patterns of the precast beam-column joint with short 

and long sleeves. 

 

Fig. 7. Failure modes of grouting mortar. 

3.3 Stress distribution 

3.3.1 Steel cages 

It is worth mentioning that the transition rebar was not attached with strain gauges as the strain gauges 

could make the transition rebar difficult to install. Thus, strain of the transition rebar was not measured 

during the experimental tests. Such limitation can be remedied by FE simulation. Although the 

assumption of the perfect bond between the transition reinforcement and grout can result in the 

strain/stress distributions of the transition rebars being different from the actual situation, the post-

yielding modulus of the transition rebars is reduced to ensure that the simulated maximum stress of 

the transition bars is close to the actual situation. Therefore, the stress of the transition bars can be 

used for stress comparison and analysis. Fig. 8 shows the simulated Von-Mises stress distribution of 

the reinforcement cages at the end of loading. As seen in Fig. 8a and b, the stress of the joint anchorage 

rebars in samples BCJ-1 and BCJ-2 is very small (only approximately 70 MPa), attributing to the 

larger outer surface area of the short-grouted sleeve that provides a greater bond force between the 

concrete and sleeve compared to a steel bar. As the diameters of the top and bottom transition bars 

increase, the maximum stress of the joint anchorage bars goes up by 87% but is still very small (Fig. 
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BCJ-4 BCJ-5
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8c). However, as the short-grouted sleeves are completely moved from the joint core area to the 

protruding beam, the maximum stress of the joint anchorage bars rises by around 700%, while the 

maximum stress of the transition bars declines obviously (Fig. 8a-e). The maximum stress of all the 

steel bars in specimens BCJ-1 and BCJ-2 is 15.1% and 15.3% greater than that in specimens BCJ-5 

and BCJ-4, respectively, indicating that the linking location between the prefabricated column and 

beam has a significant effect on the ultimate stress of the steel bars. Even if the discontinuous 

distributed stress resulting from the higher stiffness of the couplers in the prefabricated specimens 

happens, the maximum stress of the steel bars in the prefabricated joint with a protruding beam can 

be similar to that in the cast-in-place counterpart as the maximum stress of all the bars in specimens 

BCJ-4 and BCJ-5 is only 4.4% higher than that in specimen BCJ-C (Fig. 8d-f). 
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Fig. 8. Von-Mises stress distribution of reinforcement cages in specimens (in MPa). 

3.3.2 Steel sleeves 

Fig. 9 presents the simulated stress distribution of the steel sleeves. It can be seen that the maximal 

stress of all the sleeves is less than 390 MPa, indicating that the steel sleeves do not yield and can 

meet the strength requirement. The maximum stress of the sleeves in sample BCJ-3 is 18.4 % greater 

than that in sample BCJ-1, implying that the design parameters of the short and long steel sleeves 

used in the developed joint should match the tensile capacity of the linking bars (Fig. 9a and c). For 

samples BCJ-1 to BCJ-3 with no protruding beam, the maximum stress occurs in the long sleeve, 

while for samples BCJ-4 and BCJ-5 with a protruding beam length of 425 mm, the maximum stress 

exists in the short sleeve. Accordingly, the protruding beam significantly affects the stress distribution 
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of the short and long sleeves, which should be considered when designing the joint. 

Overall, the finite element modelling can provide insight into the key results that cannot be 

acquired by limited experimental investigations. The above analyses show that the proposed FE 

model is dependable and thus can be employed for parametric studies to explore the effects of some 

key parameters on the mechanical behaviour of the proposed prefabricated beam-column joint. 

 

 
Fig. 9. Stress distribution of grouted sleeves in specimens (in MPa). 

4. Parametric analysis 

Based on the prototypes BCJ-1 and BCJ-5 that represent two different types of joints (i.e., with or 

without a protruding beam), FE models are established to study the influences of different factors on 

the structural behaviour of the prefabricated beam-column connection with double-grouted couplers, 

including length of protruding beam, thickness of grouting mortar, strengths of grouting mortar and 

precast concrete, diameter of rebar, and eccentricity of transition rebar. 

4.1 Effect of protruding beam length 

4.1.1 Load-deflection response 

To investigate the effect of the protruding beam on mechanical performance of the developed joint, 

FE models with a wide range of protruding beam lengths from 137.5 mm (i.e., half the short sleeve 

length) to 525 mm (i.e., 1.5 times the prefabricated beam height) are developed. Fig. 10a displays the 

simulated load-deflection response at beam free end for specimens with various protruding beam 

lengths. The initial stiffness is almost not affected by the length of the protruding beam, whereas with 

the rise of loading before yielding, the rate of stiffness decline is enhanced with increasing protruding 

beam length (Figs. 10a and 11b). The yield load of specimen with a protruding beam length of 137.5 

mm is the smallest, while as the length of the protruding beam reaches the short-grouted sleeve length 
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of 275 mm, the yield load achieves the largest. However, the further rise in protruding beam length 

does not lead to an obvious change in the yield bearing capacity of the joint. As the protruding beam 

length increases, the peak load and the second secant stiffness go up first but then drop (Figs. 10a and 

11 b). In addition, as seen in Fig. 10a, the specimen with the protruding beam length being the same 

as the length of the short-grouted sleeve achieves the highest ultimate load-bearing capacity compared 

to other models. 
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Fig. 10. Simulation results for specimens with different protruding beam lengths: (a) load-

displacement response; (b) maximum crack width in the grouting mortar region. 
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Fig. 11. Simulated secant stiffness for specimens: (a) schematic diagram; (b) with different 

protruding beam lengths. 

4.1.2 Failure modes 

Fig. 12 illustrates the final failure modes of samples with various protruding beam lengths. The 

compression damage of the models primarily occurs at the grouting mortar area. The tension cracks 

in the grouting mortar region of the specimens are significantly wider than those in other specimens 

with a protruding beam length smaller than that of the short-grouted sleeve, i.e., 275 mm. However, 
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as the protruding beam length increases, the compression crushing is transferred from the grouting 

mortar region to the beam end near column face and the range of the tension damage goes up. 

Moreover, with the rising protruding beam length, the maximum crack width in the linking region 

drops rapidly first when the protruding beam length is smaller than 375 mm (i.e., approximately 1.36 

times the short sleeve length), and then drops slowly afterwards (Fig. 10b). These indicate that the 

short sleeve length should be carefully considered when designing the protruding beam. 

 

 

 
Fig. 12. Failure modes of the joints with various protruding beam lengths. 
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According to the experimental observations, the damage of the grouting mortar in specimens with no 

Protruding beam 137.5 mm

(a)

22.5 mm 

Crush

Large tensile cracks 

(b)

Protruding beam 275 mm

125 mm 

CrushCrush

Large tensile cracks 

(c)

Protruding beam 325 mm

125 mm 

Crush

Fine tensile cracks 
(d)

Protruding beam 375 mm

100 mm 

Crush

Fine tensile cracks 

(e)

Protruding beam 475 mm

200 mm 

Crush

Fine tensile cracks 

(f)

Protruding beam 525 mm

225 mm 

Crush

Fine tensile cracks 

(a) (b) 

(c) (d) 

(e) (f) 



21 

protruding beam was greater than that with a protruding beam. Thus, FE models for specimens with 

grouting mortar thicknesses from 30 mm to 110 mm based on the prototype BCJ-1 are established to 

explore the effect of grouting mortar thickness on mechanical behaviour of the proposed joint. Fig. 

13a depicts the simulated load-displacement response at beam free end for specimens with various 

grouting mortar thicknesses. With the rising grouting mortar thickness, the stiffness before yielding 

gradually declines, while the yield load and corresponding displacement slightly increase. This can 

be explained by the fact that the increased deformation capacity in the grouting mortar region 

resulting from the enhanced elongation capacity of the transition bar helps increase the yield 

deflection and reduce the stiffness, and the yielding of the transition rebar is delayed as its length 

increases, leading to an enhanced yield load. The peak load slightly reduces first and then slightly 

goes up with the rising grouting mortar thickness when the grouting mortar thickness is smaller and 

greater than 50 mm, respectively. As seen in Fig. 13b, as the grouting mortar thickness goes up, the 

maximum stress of the tension transition rebar declines rapidly first and then slowly when the 

grouting mortar thickness is smaller and greater than 50 mm, respectively. However, a greater tension 

damage of the grouting mortar gradually takes place with the increase of the grouting mortar thickness 

(Fig. 14). 
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Fig. 13. Simulation results for specimens with different grouting mortar thicknesses: (a) load-

displacement response; (b) maximum stress of the tension transition rebar. 
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Fig. 14. Failure modes of grouting mortar in specimens with various grouting mortar thicknesses. 
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Fig. 15. Load-displacement response for specimens: (a) BCJ-1 with various grouting mortar 

strengths; (b) BCJ-1 with various precast concrete strengths; (c) BCJ-5 with various precast 

concrete strengths. 
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FE models for specimens with cubic concrete strengths varying from 30 MPa to 80 MPa for grouting 

mortar and from 40 MPa to 60 MPa for precast concrete are investigated. Only the prototype BCJ-1 

with no protruding beam is adopted to study the impact of grouting mortar strength on mechanical 

behaviour of the joint because the grouting mortar in specimen BCJ-1 is placed in the critical zone 

with maximal flexural moment. As seen in Fig. 15a and b, with the rising strength of the grouting 

mortar or precast concrete, the load-bearing capacity of specimens goes up after yielding and then 

drops, while the change only occurs in the local zone of the load-displacement curves. This indicates 

that increasing the strength of the grouting mortar or precast concrete has a limited influence on the 

load-carrying capacity of the connection without a projecting beam. However, when the double-

grouted sleeve splice is far away from the beam end near column face, no obvious change can be 

found in the local region of the load-displacement curves and the rise in precast concrete strength for 

the joint with a protruding beam leads to a slight enhancement in the load-bearing capacity (Fig. 15c). 

Table 5 Details of the specimens with different diameters of rebar for simulations. 

Model ID 
 j  

(mm) 

 j  

(mm) 

    

(mm) 

    

(mm) 

𝑃   

(kN) 

∆   

(mm) 

𝑃ma   

(kN) 

∆ma   

(mm) 

𝑃  

(kN) 

𝑃  

(kN) 

𝑃 /

𝑃ma   

𝑃 /

𝑃ma   

BCJ-1-JU16-TU16 16 16 16 16 35.77 4.45 45.24 44.81 42.63 42.63 0.94  0.94  

BCJ-1-JU16-TU18 16 16 18 16 45.30 6.12 55.32 44.35 53.95 53.95 0.98  0.98  

BCJ-1-JU16-TU20 16 16 20 16 55.61 8.10 62.34 45.84 66.61 65.19 1.07  1.05  

BCJ-5-JU16-TU16 16 16 16 16 38.98 6.01 44.38 55.88 43.63 43.63 0.98  0.98  

BCJ-5-JU16-TU18 16 16 18 16 38.70 5.91 44.46 55.86 43.63 43.63 0.98  0.98  

BCJ-5-JU16-TU20 16 16 20 16 38.90 5.85 44.61 55.88 43.63 43.63 0.98  0.98  

BCJ-5-JU18-TU16 18 16 16 16 48.18 7.50 53.98 54.26 55.22 55.22 1.02  1.02  

BCJ-5-JU18-TU18 18 16 18 16 48.50 7.53 54.44 52.46 55.22 55.22 1.01  1.01  

BCJ-5-JU20-TU16 20 16 16 16 48.25 6.86 61.44 48.53 68.17 63.34 1.11  1.03  

BCJ-5-JU20-TU18 20 16 18 16 59.19 9.42 62.98 55.88 68.17 68.17 1.08  1.08  

BCJ-5-JU20-TU20 20 16 20 16 59.18 9.19 63.02 53.00 68.17 68.17 1.08  1.08  

Mean           1.02 1.01 

SD           0.06 0.05 

Note:  j   is the diameter of upper tension joint anchorage bar;  j   is the diameter of lower 

compression joint anchorage bar;     is the diameter of upper tension transition rebar;     is the 

diameter of lower compression transition bar. 

4.4 Effect of rebar diameter 

To investigate the effect of the transition and joint anchorage bars on mechanical behaviour of the 

precast beam-column joint connected using short and long sleeves, 11 FE models for specimens with 

various diameters of the tension transition and tension joint anchorage bars are developed, the details 

of which are given in Table 5. For labels, BCJ-1-JU16-TU16 (reference model) and BCJ-5-JU16-
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TU16 (reference model), “BCJ-1” and “BCJ-5” stand for the joint with no protruding beam and with 

a protruding beam length of 425 mm, respectively, “JU16” represents the tension joint anchorage 

rebar diameter of 16 mm, and “TU16” denotes the tension transition bar diameter of 16 mm. It is 

worth noting that three different diameters (i.e., 16 mm, 18 mm and 20 mm) for the tension transition 

and tension joint anchorage bars are considered for FE simulations because they are located in the 

critical areas in the joint. However, owing to the smaller stress on the joint anchorage bars resulting 

from the good bond behaviour between the short sleeve and precast concrete for specimen BCJ-1, the 

influence of the diameter of the joint anchorage bar for the specimen BCJ-1 is not taken into account 

in this study. 
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Fig. 16. Simulation results for BCJ-1 with various diameters of tension transition rebar: (a) load-

displacement response; (b) grouting mortar crack width-loading displacement curves. 

4.4.1 For specimen BCJ-1 

Fig. 16a displays the load-displacement curves at beam free end for specimen BCJ-1 with various 

diameters of the tension transition rebar. Increasing the tension-transition-rebar diameter results in a 

continuous enhancement in yield and ultimate loads of the joint. As the tension-transition-rebar 

diameter increases from 16 mm to 20 mm, the yield and ultimate load-bearing capacity goes up by 

55.5% and 37.8%, respectively (Table 5). This indicates that the transition bar diameter has a 

significant impact on the load-carrying capacity of the joint without a projecting beam. Fig. 16b 

presents the grouting mortar crack width-loading displacement curves for specimen BCJ-1 with 

various diameters of the tension transition rebar. It can be found that the grouting mortar crack width-

loading displacement curve for specimen BCJ-1-JU16-TU20 is obviously different from those for 

specimens BCJ-1-JU16-TU16 and BCJ-1-JU16-TU18. There exist two turning points in the curve for 
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specimen BCJ-1-JU16-TU20. With the increase of the tension-transition-rebar diameter from 16 mm 

to 18 mm, the maximum crack width only declines by 0.48 mm, while as its diameter goes up from 

16 mm to 20 mm, the maximum crack width drops by 7.03 mm, which is 72.6% smaller than that of 

specimen BCJ-1-JU16-TU16. 

 

Fig. 17. Plastic strain distribution for specimen BCJ-1 with various diameters of tension transition 

rebar. 
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Fig. 18. Load-displacement response for specimen BCJ-5 with various diameters of tension 

transition rebar and tension joint anchorage rebar. 

It can be ascribed to the distribution of the plastic strain components, as depicted in Fig. 17. The 

plastic deformation of specimen BCJ-1-JU16-TU18 is similar to that of specimen BCJ-1-JU16-TU16. 

Their plastic deformations are primarily concentrated in the two ends of the long-grouted sleeve (Fig. 

17a and b). However, unlike specimens BCJ-1-JU16-TU16 and BCJ-1-JU16-TU18, the concentration 

of plastic deformation of specimen BCJ-1-JU16-TU20 is primarily located at the end of the long-

grouted sleeve near the side of loading point and no significant plastic damage occurs in the grouting 

mortar region. This is because the moment capacity in the grouting mortar region is obviously greater 

than the moment demand when the tension-transition-bar diameter increases from 16mm to 20 mm, 

resulting in the moment control cross-section being transferred from the grouting mortar region to the 

end of the long coupler near the side of loading point. Consequently, the damage locations and failure 

modes of the joint with no protruding beam can be controlled by changing the diameter of the tension 
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transition bar. 

0 10 20 30 40 50 60
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

C
ra

ck
 w

id
th

 (
m

m
)

Loading displacement (mm)

 BCJ-5-JU16-TU16

 BCJ-5-JU16-TU18

 BCJ-5-JU16-TU20

 Maximum crack width

0.34

0.30

0.27

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

8

9

C
ra

ck
 w

id
th

 (
m

m
)

Loading displacement (mm)

 BCJ-5-JU16-TU16

 BCJ-5-JU18-TU16

 BCJ-5-JU20-TU16

 Maximum crack width

0.34

1.74

7.71

 

Fig. 19. Grouting mortar crack width-loading displacement curves for specimen BCJ-5 with various 

diameters of tension transition rebar and tension joint anchorage rebar. 

4.4.2 For specimen BCJ-5 

Figs. 18 and 19 respectively display the load-displacement response at beam free end and grouting 

mortar crack width-loading displacement curves for specimen BCJ-5 with various diameters of the 

tension transition rebar and tension joint anchorage rebar. As seen in Figs. 18a and 19a, a rise in the 

diameter of the tension transition rebar in specimen BCJ-5 almost has no influence on the load-

deflection response but can slightly reduce the maximum crack width in the grouting mortar region 

which declines by 0.07 mm when the tension linking rebar diameter increases from 16 mm to 20 mm. 

This is because the tension transition rebar is far away from the beam end near column face, as a 

result of which increasing the tension linking rebar diameter for the joint with a projecting beam does 

not change its load-deflection response. However, rising the diameter of the tension joint anchorage 

bar not only significantly enhances the load-carrying capacity and stiffness, but also obviously 

increases the maximal crack width in the grouting mortar zone which goes up by 7.37 mm with the 

increase of tension joint anchorage bar diameter from 16 mm to 20 mm (Figs. 18b and 19b). 

   As given in Table 5, the yield and maximum loads of specimen BCJ-5-JU18-TU16 are 23.6% and 

21.6% greater than specimen BCJ-5-JU16-TU16, respectively, while the yield and maximum loads 

of specimen BCJ-5-JU20-TU16 are 0.1% and 13.8% greater than specimen BCJ-5-JU18-TU16, 

respectively. This suggests that a continuous increase in the diameter of the tension joint anchorage 

bar in specimen BCJ-5 cannot continuously improve its yield load unless the diameter of the tension 

transition rebar increases simultaneously as the yield and maximum loads of specimen BCJ-5-JU20-

(a) (b) 
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TU18 are 22.9% and 16.7% greater than specimen BCJ-5-JU18-TU16. The plastic strain distribution 

for specimen BCJ-5 with various diameters of the tension transition rebar and tension joint anchorage 

rebar is shown in Fig. 20. The plastic deformation of all samples is primarily concentrated in the area 

in the beam end near column face, suggesting that the rise in tension joint anchorage bar diameter 

does not completely transfer the damage location from the beam end near column face to the linking 

region. Hence, the damage locations and failure modes of the joint with a protruding beam cannot be 

completely controlled by only changing the tension joint anchorage bar diameter. Note that changing 

the diameter of the bars can essentially alter their tension capacity. As a result, as an alternative, the 

strength grade of rebar can be also used to adjust the mechanical performance of the connection. 

 

Fig. 20. Plastic strain distribution for specimen BCJ-5 with various diameters of tension transition 

rebar and tension joint anchorage rebar. 

4.5 Effect of transition rebar eccentricity 

4.5.1 Load-deflection response 

According to Xu et al. [65], an eccentricity of embedded bar resulting from construction errors may 

occur in the grouted sleeve and its influences should be considered, while the study was only focused 

on the single-grouted sleeve splices. The effect of rebar eccentricity on mechanical performance of 

the structural components with double-grouted sleeves is still unclear. Thus, the influence of 

eccentricity of the tension transition rebar in the short and long sleeves is explored here. Note that 

although the eccentricity of the transition rebar may result in a decrease in the tensile strength of the 

double-grouted sleeve splice itself, it is not considered in the FE model due to a lack of relevant 

experimental results. An experimental study is required to systematically explore the effect of the 

eccentricity of the transition rebar on the tensile strength of the double-grouted sleeve splice. Fig. 21 

shows the load-displacement response at beam free end with the tension transition rebar being 

BCJ-5-JU16-TU16 BCJ-5-JU18-TU16 BCJ-5-JU20-TU16
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eccentric to the top or bottom of the inner wall of the grouted sleeves (i.e., with an eccentric distance 

of 8 mm). As seen in Fig. 21a, the upward eccentricity increases the ultimate load-carrying capacity 

of sample with no protruding beam by 3.3%, while the downward eccentricity declines its ultimate 

load-bearing capacity by 2.8%. The reason for this is that the control cross-section of load-carrying 

capacity is located in the linking region with the transition rebar and the change of force arm resulting 

from the off-centre of the tension transition rebar leads to a change of resistance of cross-section. 

However, the eccentricity of the tension transition rebar almost does not affect the load-bearing 

capacity of specimen with a protruding beam (Fig. 21b), as the grouting mortar region with the tension 

transition rebar is far away from the control cross-section of load-bearing capacity. 
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Fig. 21. Load-displacement response for specimens with various eccentricity of tension transition 

rebar: (a) BCJ-1; (b) BCJ-5. 

4.5.2 Crack width in grouting mortar region 

The grouting mortar crack width against loading displacement curves for the joint with eccentricity 

of the tension transition rebar are plotted in Fig. 22. For BCJ-1, the downward and upward eccentricity 

increases and declines the maximum crack width in the grouting mortar zone by 0.13 mm and 0.08 

mm, respectively (Fig. 22a), while for BCJ-5, the downward and upward eccentricity rises and 

reduces the maximum crack width in the grouting mortar region by 0.04 mm and 0.13 mm, 

respectively (Fig. 22b). This indicates that whether the joint has a protruding beam or not, the 

downward and upward eccentricity can result in an increase and decrease of the crack width in the 

linking region, respectively and the protruding beam can reduce the negative impact of eccentricity 

of the transition rebar because the increment of the maximum crack width for the joint with a 

protruding beam is 69.2% lower than that with no protruding beam. This can be also ascribed to the 
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change of force arm resulting from the eccentricity of the tension transition rebar causing the change 

of deformation capacity of the grouting mortar region. Consequently, the eccentricity of the transition 

rebar has an impact on the mechanical performance of the prefabricated beam-column connection, 

which should be considered in design and construction. 

   In summary, compared with other parameters, the diameters of steel bars including transition rebar 

and joint anchorage rebar can be regarded as the most influential parameter because they have a great 

influence on the overall behaviour of the proposed joint, comprising load-bearing capacity, crack 

width in the linking region, damage location, and failure mode. Therefore, rebar diameters located in 

different segments of the joint should be carefully designed to achieve intended design purposes. 
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Fig. 22. Grouting mortar crack width-loading displacement curves for specimens with various 

eccentricity of tension transition rebar: (a) BCJ-1; (b) BCJ-5. 

5. Theoretical predictions of load-bearing capacity 

Herein, the load-bearing capacity of the proposed beam-column connection with various diameters 

of rebar is theoretically predicted and compared with simulation results presented in Section 4.4. The 

developed beam-column connection can be regarded as an emulative cast-in-place counterpart. 

Therefore, based on the common bending capacity calculation approach for cast-in-place flexural 

members [58], the bending capacity of the beam (𝑀 r ) at different cross-sections can be easily 

calculated. Since the beam can be divided into different segments due to the presence of the short and 

long sleeves, which results in the fact that the moment capacity of different cross-sections may be 

varied to achieve certain design purposes. As a result, the existing calculation method based on the 

cross-section of the maximum bending moment cannot be directly used to calculate the load-bearing 

capacity of the proposed beam-column joint, and the failure control cross-section needs to be properly 
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determined. Hence, in this study, the method for determining the failure control cross-section is 

developed. It should be mentioned that the strength of the grouted sleeve region is significantly higher 

than that of the zone reinforced with steel rebars, indicating that the failure control cross-section only 

exists in the part reinforced with rebars. A schematic diagram of the failure control cross-section is 

given in Fig. 23. 

Regarding the precast beam-column joint with no protruding beam, it is assumed that the moment 

demand of cross-section C-C (𝑀C
′  ) is equal to its moment capacity (𝑀C ). Therefore, the moment 

demand of cross-section E-E (𝑀E
′ ) can be described as: 

𝑀E
′  

𝐿e

𝐿c+𝐿d+𝐿e
𝑀C                             (20) 

   If 𝑀E > 𝑀E
′ , the failure is governed by the cross-section C-C (Fig. 23a), and the load-carrying 

capacity (𝑃 ) can be obtained as: 

𝑃  
𝑀C

𝐿c+𝐿d+𝐿e
                               (21) 

   If 𝑀E < 𝑀E
′ , the failure is governed by the cross-section E-E (Fig. 23b), and the load-bearing 

capacity (𝑃 ) can be obtained as: 

𝑃  
𝑀E

𝐿e
                                  (22) 

   Otherwise, if 𝑀E  𝑀E
′ , the failure is governed simultaneously by both cross-sections C-C and 

E-E (Fig. 23c), and the load-bearing capacity (𝑃 ) can be obtained as: 

𝑃  
𝑀C

𝐿c+𝐿d+𝐿e
 

𝑀E

𝐿e
                             (23) 

   For the precast beam-column joint with a protruding beam, it is assumed that the moment demand 

of cross-section A-A (𝑀A
′ ) is equal to its moment capacity (𝑀A). Therefore, the moment demand of 

the cross-sections C-C (𝑀C
′ ) and E-E (𝑀E

′ ) can be expressed as: 

𝑀C
′  

𝐿c+𝐿d+𝐿e

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
𝑀A                         (24) 

𝑀E
′  

𝐿e

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
𝑀A                         (25) 

   If 𝑀C > 𝑀C
′  and 𝑀E > 𝑀E

′ , the failure is governed by the cross-section A-A (Fig. 23d), and the 

load-bearing capacity (𝑃 ) can be given as: 

𝑃  
𝑀A

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
                            (26) 

   If 𝑀C  𝑀C
′  and 𝑀E > 𝑀E

′ , the failure is governed simultaneously by both cross-sections A-A 
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and C-C (Fig. 23g), and the load-bearing capacity (𝑃 ) can be calculated as: 

𝑃  
𝑀A

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
 

𝑀C

𝐿c+𝐿d+𝐿e
                      (27) 

 

Fig. 23. Failure control cross-section of the proposed beam-column connection: (a)-(c) without a 

protruding beam; (d)-(j) with a protruding beam. 
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   If 𝑀C > 𝑀C
′  and 𝑀E  𝑀E

′ , the failure is governed simultaneously by both cross-sections A-A 

and E-E (Fig. 23h), and the load-bearing capacity (𝑃 ) can be obtained as: 

𝑃  
𝑀A

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
 

𝑀E

𝐿e
                          (28) 

   If 𝑀C  𝑀C
′  and 𝑀E  𝑀E

′ , the failure is governed simultaneously by all the cross-sections A-

A, C-C, and E-E (Fig. 23j), and the load-bearing capacity (𝑃 ) can be described as: 

𝑃  
𝑀A

𝐿a+𝐿b+𝐿c+𝐿d+𝐿e
 

𝑀C

𝐿c+𝐿d+𝐿e
 

𝑀E

𝐿e
                     (29) 

   If 𝑀C < 𝑀C
′   or 𝑀E < 𝑀E

′  , the cross-section A-A is not the failure control cross-section. 

Therefore, it is assumed that the moment demand of cross-section C-C (𝑀C
′ ) is equal to its moment 

capacity (𝑀C). Thus, the moment demand of the cross-section E-E (𝑀E
′ ) can be expressed as: 

𝑀E
′  

𝐿e

𝐿c+𝐿d+𝐿e
𝑀C                             (30) 

   If 𝑀E > 𝑀E
′ , the failure is governed by the cross-section C-C (Fig. 23e), and the load-carrying 

capacity (𝑃 ) can be obtained as: 

𝑃  
𝑀C

𝐿c+𝐿d+𝐿e
                               (31) 

   If 𝑀E < 𝑀E
′ , the failure is governed by the cross-section E-E (Fig. 23f), and the load-bearing 

capacity (𝑃𝑐) can be calculated as: 

𝑃  
𝑀E

𝐿e
                                  (32) 

   Otherwise, if 𝑀E  𝑀E
′ , the failure is governed simultaneously by both cross-sections C-C and 

E-E (Fig. 23i), and the load-bearing capacity (𝑃 ) can be derived as: 

𝑃  
𝑀C

𝐿c+𝐿d+𝐿e
 

𝑀E

𝐿e
                             (33) 

The load-carrying capacity of the proposed beam-column connection is theoretically predicted 

using the equations above and the existing calculation method and compared with simulation results, 

as listed in Table 5. 𝑃  and 𝑃  are the load-bearing capacities obtained using the developed approach 

and the existing calculation approach based on the maximum bending moment, respectively. As 

shown in Table 5, 𝑃  of specimens BCJ-1-JU16-TU20 and BCJ-5-JU20-TU16 is 2.2% and 7.6% 

greater than the corresponding 𝑃 , respectively, indicating that the existing calculation method can 

overestimate the load-bearing capacity of the proposed joint when the reinforcement ratio of different 

segments differs greatly; thus, the failure control cross-section should be correctly determined. In 

addition, the mean value and standard deviation (SD) of 𝑃 /𝑃ma    for the joint with various 
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diameters of rebar are 1.01 and 0.05, respectively. Such satisfactory agreement between the 

calculations and simulations confirms that the load-bearing capacity of the joint connected using short 

and long sleeves with various reinforcement ratios in different segments can be satisfactorily 

predicted using the developed method. 

   Note that bond slip and sleeve fracture of the double-grouted sleeve splice can result in premature 

failure of the proposed joint. Therefore, the short and long steel sleeves used should be properly 

designed including sleeve length and diameter. The rebar embedded length of 8 times spliced rebar 

diameter is adopted to determine the lengths of the short and long sleeves because the required 

anchorage length of reinforcement for different types of grouted sleeves with various inner structures 

is experimentally found to be approximately 6-8 times spliced rebar diameter [42, 62, 66-70], and the 

minimum anchorage length of 8 times spliced rebar diameter is recommended in accordance with 

JG/T398 [71]. Thus, the requirements of the short and long sleeve lengths (𝐿  ) and (𝐿m ) can be 

expressed as below: 

𝐿 ≥ 8  + 8  + 𝐿ad + 2𝐿r                        (34) 

𝐿m ≥ 8 m + 16  + 𝐿g + 𝐿ad + 2𝐿r  𝐿 r                  (35) 

where    and  m are the embedded rebar diameters in the prefabricated ends of the short and long 

sleeves, respectively (Fig. 4);    is the transition rebar diameter; 𝐿ad is the adjustment length added 

for easy installation of spliced bar considering construction tolerances and can be taken as 10-30 mm; 

𝐿 r is the protruding length of the transition rebar put into the long sleeve before installation, and 10 

mm is recommended for it; 𝐿r is the thickness of built-in sealing ring and is approximately equal to 

10 mm. Note that if a rubber sleeve is used instead of the built-in sealing ring, 𝐿r should be taken as 

zero as in this study. 

   According to [71], the yield and ultimate tensile bearing capacities in the middle part of both short 

and long sleeves (𝐹g ) and (𝐹g ) should not be lower than the maximal value of the specified yield-

bearing capacity of spliced bar (𝐹   ) and 1.15 times the maximal value of the specified ultimate 

tensile bearing capacity of spliced bar (𝐹   ), respectively. As a result, the following equations can be 

obtained: 

𝐹g     𝐴g ≥ 𝐹        𝐴                          (36) 

𝐹g     𝐴g ≥ 1 15𝐹    1 15    𝐴                       (37) 
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where     and     are the yield and tensile strengths of the short or long sleeve, respectively;      

and      are the specified yield and tensile strengths of the embedded rebar in the precast part or the 

transition rebar, respectively; 𝐴g is the cross-sectional area of the short or long sleeve; 𝐴  is the 

cross-sectional area of the embedded rebar in the precast part or the transition rebar. 

   Then, the required cross-sectional area of the short or long sleeve (𝐴g) can be described as follows: 

𝐴g ≥ 𝑚𝑎𝑥 (
𝑓syk𝐴s

𝜎sy
,
   5𝑓stk𝐴s

𝜎sk
)                         (38) 

   To consider construction tolerances and enable the grout to easily fill the entire space inside the 

sleeve, the difference ( d ff ) between the minimal inner diameter of the sleeve and the maximal 

spliced rebar diameter should not be less than 10 mm [72]. Thus, the required minimal inner diameter 

of the short or long sleeve (𝐷    r) can be calculated as follows: 

𝐷    r ≥ 𝑚𝑎𝑥(  m,    + 2𝑡w +  d ff                     (39) 

where   m is the diameter of the embedded rebar in the precast part; 𝑡w is the thickness of the 

wedge like in this study or the height of ribs such as threaded, conical, and rectangular ribs used to 

prevent grout from slipping for other types of steel sleeves. 

   Subsequently, the required minimal outer diameter of the short or long sleeve (𝐷o   r) can be 

obtained as 

𝐷o   r  √
4𝐴g

𝜋
+ 𝐷    r

                            (40) 

   Because increasing the inner diameter of grouted sleeves can result in a decrease in confinement 

provided by sleeve wall on grout [62], the minimal inner diameters of the short and long sleeves 

determined by the approach presented above can be the recommended optimal sleeve inner diameters. 

Currently, there is no unified internal configuration for grouted sleeves, and different configurations 

can cause different efficiency of the bond between spliced rebar and grout [73]. Hence, the 

performance of the internal configuration designed for the short and long sleeves should be 

experimentally evaluated before being used for the proposed joint. As per [72], the short and long-

grouted sleeve splices with grout strength of 80-95 MPa should fail by rebar fracture, or their ultimate 

tensile capacity should be at least 1.15 times the specified tensile capacity of spliced rebar. It should 

be noted that only fully-grouted couplers are considered and explored in this study. The proposed 

beam-column joint with other types of couplers such as half-grouted couplers is required to be further 

investigated. 
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6. Conclusions 

In this study, a 3D nonlinear finite element model for a newly proposed beam-column joint connected 

using short and long sleeves accounting for its surface-to-surface contact behaviour between the 

grouting mortar and prefabricated part and strain penetration of the transition rebar is developed and 

validated with experimental data. A comprehensive parametric investigation is then carried out to 

evaluate the effects of critical factors on the structural performance of the developed joint. The main 

conclusions can be drawn as follows: 

 The developed finite element model can well simulate the mechanical behaviour of the proposed 

prefabricated connection with good agreement with experimental results in terms of load-

deflection response and failure modes. Stress concentration occurs in the linking region. The 

maximum stress of the reinforcing rebars in the joint without protruding beam is approximately 

15.0% greater than that with a protruding beam length of 425 mm, indicating protruding beam 

can significantly affect the stress distribution of the reinforcing rebars. The maximum stress of 

the joint anchorage bars declines by around 87.0% when the short sleeves are placed completely 

in the core region of the connection. The maximal stress of all the bars in the joint with a 

protruding beam is close to that in the cast-in-situ counterpart. 

 As the protruding beam length increases from 137.5 mm to 525 mm, the maximal crack width in 

the grouting mortar region drops rapidly first and then slowly with a turning point of 1.36 times 

the short sleeve length, and the stiffness before yielding declines as the grouted sleeves with 

larger stiffness are gradually far away from column face. The load-bearing capacity of the joint 

reaches the maximum when the protruding beam length and short sleeve length equal and thus 

the short sleeve length should be considered for design of protruding beam. 

 With the rising grouting mortar thickness from 30 mm to 110 mm, the maximum stress of the 

tension transition rebar declines rapidly first and then slowly with an inflexion point of a grouting 

mortar thickness of 50 mm, but the damage of the grouting mortar gradually increases as the 

improved deformation capacity of the tension transition rebar resulting from its increased length 

reduces the stress concentration of rebar. 

 For the joint with no protruding beam, as the tension linking bar diameter increases from 16 mm 

to 20 mm, the yield and ultimate load-bearing capacity is enhanced by 55.5% and 37.8%, 

respectively, while the maximum crack width in the linking region drops by 72.6% with a damage 
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location at the end of the long-grouted coupler near the side of loading point. These indicate that 

the tension capacity of the transition rebar can significantly affect the load-carrying ability and 

failure mode of the joint without a protruding beam. 

 For the joint with a projecting beam, increasing the diameter of the tension joint anchorage bar 

obviously increases the load-bearing capacity and stiffness as well as the crack width in the 

grouting mortar zone. However, a continuous rise in the diameter of the tension joint anchorage 

rebar cannot continuously improve the yield load unless the tension linking bar diameter 

increases simultaneously. The damage locations of the joint with a protruding beam cannot be 

completely controlled by only altering the joint anchorage rebar diameter. 

 The eccentricity of the tension transition rebar has almost no impact on the load-carrying capacity 

of the connection with a projecting beam. The protruding beam can help reduce the negative 

impact of eccentricity of the transition rebar. The increment of the maximal crack width for the 

joint with a protruding beam is 69.2% lower than that with no protruding beam. 
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