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Abstract 

Based on the available experimental data, fiber models for four prefabricated fiber‑reinforced concrete beam–column 
joint specimens with grouted sleeve connections are first developed in OpenSees software. Then, the simulated 
seismic performance of the specimens is compared with the experimental results. Finally, the effects of axial load 
ratio and shear‑to‑span ratio on the seismic performance of the specimens are further investigated numerically. 
The results indicate that Concrete02 material model and Reinforcing Steel material model can accurately simulate 
the constitutive relationship of concrete and reinforcing steel, respectively; the beam–column joint elements can 
accurately simulate different damage behaviors of the joint zone. Fiber‑reinforced concrete can significantly improve 
the seismic performance of the specimens. The relative errors of the simulated seismic performance indexes are 
about 15%. It is recommended that the optimum value of shear‑to‑span ratio for prefabricated FRC BCJs is 2.0–2.5. 
The effect of axial load ratio on the seismic behavior of PBCJs‑CM is very small, and can be negligible in the case 
that the prefabricated FRC BCJs has a moderate value of shear‑to‑span ratio. The fiber model developed in this article 
can provide a numerical simulation basis for subsequent studies of prefabricated fiber‑reinforced concrete beam–
column joint specimens with grouted sleeve connections.

Keywords Prefabricated concrete frame joint, Fiber‑reinforced concrete, Fiber model, Axial load ratio, Shear‑to‑span

1 Introduction
The assembled building realizes standardized design, 
factory production, assembled construction and 
information management. Its mass production method 
can largely reduce the generation of construction waste 
and energy consumption during construction, as well 
as reduce carbon emissions in the whole life cycle of 
the building, which is in line with the concept of green 
ecological development and promotes the sustainable 
development of the construction industry (Li et  al., 
2022; MOHURD (Ministry of Housing and Urban–Rural 
Development of the People’s Republic of China) 2014a; 
; ; MOHURD (Ministry of Housing and Urban–Rural 
Development of the People’s Republic of China) 2014b; 
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Ministry of Housing & Urban–Rural Development of 
Jiangsu Province, 2017; Ministry of Housing & Urban–
Rural Development of Jiangsu Province. Technical 
specification for assembled monolithic concrete 
structure, 2014). Therefore, prefabricated-reinforced 
concrete (PRC) structures have been widely studied in 
recent years (Parastesh et  al., 2014;  Girgin et  al., 2017; 
Kurama et  al., 2018). At present, several connection 
methods have been proposed for beam–column joints 
(BCJs), such as sleeve cold extrusion connection, slurry 
anchor connection, and grouted sleeve connection. 
Among them, grouted sleeve connections are most 
commonly used.

The seismic performance of BCJs is a key issue limiting 
the development of PRC structures (Nadir et  al., 2021; 
Xue et al., 2021). The seismic performance of PRC BCJs 
with wet connections is usually closer to that of cast-in-
place concrete (CPRC) BCJs (Guan et al., 2019; Xia et al., 
2020). Experimental investigations have shown that the 
displacement ductility, energy dissipation capacity and 
shear resistance capacity of FRC members are good. 
Dangwal and Singh (Dangwal & Singh, 2023) proved 
experimentally that high strength fiber-reinforced con-
crete (HSFRC) can improve the bearing capacity, stiff-
ness and energy dissipation capacity of BCJs. Qian et al. 
(Qian et  al., 2023) investigated an innovative re-center-
ing shape memory alloy bars and engineered cemen-
titious composites (SMA-ECC) based prefabricated 
beam–column joints and found that the specimen joints 
can undergo large displacement with superior self-cen-
tering and energy dissipation capacities. Zhuang et  al. 
(Zhuang et al., 2022a) studied the drift ratio limits of PVA 
fiber-reinforced concrete columns under different per-
formance levels through the quasi-static tests. The exper-
imental results indicated that the PVA fiber can improved 
the seismic performance of reinforced concrete columns. 
PVA fiber not only can improve dynamic and mate-
rial properties of fiber-reinforced concrete (Noushini 
et al., 2013, 2015), and also can improve the ductility and 
damping characteristics of reinforced concrete members 
(Fischer & Li, 2002). The performance enhancement in 
terms of stiffness, strength, ductility, and energy absorp-
tion capacity, which could be achieved by replacing 
concrete with the high-performance material ECC, dif-
ferent fiber-reinforced concrete (Gencturk et  al., 2013; 
Gul et al., 2023; Parra-Montesinos & Chompreda, 2017; 
Saghafi et al., 2021; Said & Razak, 2016; Suryanto et al., 
2022). In 2023, Sun et  al. first investigated the seismic 
performance of prefabricated concrete and prefabricated 
fiber-reinforced concrete (FRC) BCJs by the quasi-static 
tests (Sun et al., 2023a). In reference (Sun et al., 2023a), 
the design and fabrication of the test specimens were 
given in detail. The prefabricated beams were connected 

by the anchorage of the bottom reinforcement, while the 
prefabricated columns were connected using grouted 
sleeves (Sun et al., 2023a). Concrete or FRC was poured 
in the core zone of the joint, as shown in Fig.  1. The 
experimental results proved that FRC can improve the 
seismic behaviors of prefabricated BCJs, which was con-
sistent with the conclusion in the references (Dangwal 
& Singh, 2023; Noushini et  al., 2013, 2015; Parra-Mon-
tesinos & Chompreda, 2017; Saghafi et al., 2021; Zhuang 
et al., 2022a).

Combined with experiment investigations, numerical 
methods are important for predicting the structural 
response of buildings. So far, many finite-element models 
(FEMs) have been developed to simulate the seismic 
behavior of reinforced concrete (RC) members. Among 
them, fiber models are computationally inexpensive, 
easy to model, and have better accuracy (Zhuang et  al., 
2022b). Prefabricated joints are subjected to complex 
stresses and are prone to the formation of structural 
defects that lead to stress concentrations. In practical 
engineering, while the entire structure is often in an 
elastic phase, the joints may have transitioned to a plastic 
phase and suffered severe damage. This can eventually 
lead to structural failure. Therefore, it is crucial to focus 
on joint analysis for RC frame structures in numerical 
modeling. How to effectively reflect the seismic 
performance of prefabricated FRC BCJs using numerical 
simulation methods is very important to promote the 
development of prefabricated FRC BCJs. Paulay (Paulay, 
1989) pointed out that the deformation of BCJs mainly 
consisted of shear deformation of joint shear blocks and 
corner deformation at the beam–column intersections. 
Pantazopoulou and Bonacci (Pantazopoulou & Bonacci, 
1994) pointed out that the slip of reinforcement causes 
blocked load transfer at the intersection and further leads 
to damage of the joint shear block. Lowes and Altoontash 
(Lowes & Altoontash, 2003) proposed a beam–column 
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Fig. 1 Prefabricated concrete or FRC BCJs (Sun et al., 2023a)
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joint element, which was then modified by N-Mitra 
(Mitra, 2007). It consists of three components to simulate 
the different damage behaviors of BCJs. The shear panel 
component is located in the middle of the beam–column 
joint element and is used to simulate the shear behavior 
of strength and stiffness degradation of the joint core 
zone under shear damage. Under low-cycle reciprocating 
loads, bond-slip occurs between the reinforcement 
and concrete, which in turn leads to pinching of the 
hysteresis loops and has a significant impact on the load–
displacement curve. Using the stress-slip relationship for 
reinforcement proposed by Eligehausen and Hawkins, 
a reinforcement bond-slip constitutive model, Bar-slip, 
was developed in OpenSees software (Eligehausen et al., 
1982; Hawkins et al., 1982). It analyzes the effect of slip 
on the connection by considering the effects of concrete 
strength, reinforcement material properties and degree 
of anchorage. There are some numerical simulation 
investigations on the seismic performance of PRC 
BCJs. Paudel, Tanapornraweekit, and Tangtermsirikul 
(Paudel et  al., 2022) evaluated the seismic behavior 
of prefabricated U BCJs with good accuracy using 
LS-DYNA finite-element software. Xia et  al., (2023) 
established a refined finite-element model using 
ABAQUS software. C3D8R solid elements was employed 
for the concrete, grouting material, longitudinal steel 
bar, and sleeve, while T3D2 truss elements are used for 
the stirrup and steel bar cage of the base. The bond slip 
between the steel bar and concrete and the steel bar 
and grouting material was simulated using the cohesive 
model. The numerical relative errors of the established 
finite-element models were within 15%. However, 
there is no knowledge on the numerical study of the 
seismic performance of prefabricated FRC BCJs with 
grouted sleeve connections. In addition, the suitability 
of the existing constitutive models for the prefabricated 
FRC BCJs with grouted sleeve connections needs to be 
verified by numerical simulation investigations.

To further promote the development of FRC in 
prefabricated BCJs, the seismic performance of 

prefabricated FRC BCJs is investigated numerically 
in this article. One prefabricated concrete and three 
prefabricated FRC BCJs are selected from references 
(Sun et al., 2023a, 2023b). The FEMs of the prefabricated 
specimens are established using OpenSees software. 
The simulated seismic performance of the specimens is 
compared with the experimental results in reference (Sun 
et al., 2023a). Based on this, the effects of axial load ratio 
and shear-to-span ratio on the seismic behavior of the 
precast BCJs are further investigated numerically.

2  Quasi‑Static Test Programs and Numerical 
Models

2.1  Overall Design of Quasi‑Static Test Programs
One prefabricated concrete and three prefabricated 
FRC BCJs from reference (Sun et  al., 2023a, 2023b) are 
selected for the numerical simulation. Specimen PRC1 is 
a PRC BCJs. Specimen PFRC1 and PFRC2 are PRC BCJs 
reinforced with PVA fibers (see Fig. 2a). Specimen PFRC3 
is a PRC beam–column joint (BCJ) reinforced with steel 
fibers (see Fig.  2b). There are no stirrups in the core 
zone of specimens PFRC2, but there are stirrups in the 
core zone of the other three specimens. Tables  1 and 2 
list the mix ratios of PVA and steel FRC. Fig. 3 shows the 
design details of specimens PRC1, PFRC1 and PFRC3. 
In the joint core zone, the design parameters of the four 
prefabricated BCJs are designed in Table 3. The mechani-
cal properties of concrete, PVA concrete and Steel FRC 
can be seen in Tables 4 and 5 (Sun et al., 2023a, 2023b). 
The mechanical properties of steel bars are described in 
Fig. 4.

2.2  Numerical Models of Prefabricated BCJs
2.2.1  Constitutive Models of Materials
OpenSees software provides a large number of mate-
rial models for users to choose from. Among them, 
uniaxial materials can establish force–displacement 

Fig. 2 Photos of fibers

Table 1 Mix ratio of PVA fiber‑reinforced concrete

Cement 
(kg/m3)

Sand (kg/
m3)

Stone 
(kg/m3)

Water 
(kg/m3)

Water 
reducing 
(kg/m3)

Volume 
content of 
fibers
(%)

400 753 1080 165 5.4 0.30

Table 2 Mix ratio of steel fiber‑reinforced concrete

Cement 
(kg/m3)

Sand (kg/
m3)

Stone 
(kg/m3)

Water 
(kg/m3)

Water 
reducing 
(kg/m3)

Volume 
content of 
fibers (%)

400 753 1080 165 5.4 1.00



Page 4 of 15Zhuang et al. Int J Concr Struct Mater           (2024) 18:26 

relationship, which have the advantages of clear theo-
retical logic, simple working principle, and easy deter-
mination of material model parameters. Based on 
the modified Kent-Park concrete model, Concrete02 
constitutive model was proposed (see Fig.  4), which 
effectively takes into account the tensile properties of 
concrete (Scott et  al., 1982), thus enabling the simula-
tion of the hysteretic performance of confined con-
crete in tension and compression. The introduction of 
the reinforcement coefficient K also takes into account 
the strengthening effect of stirrups on the strength 
and ductility of the concrete in the core zone, which 
can more accurately simulate the constitutive relation-
ship of the concrete. When subjected to tension, the 
skeleton curve of the Concrete02 constitutive model 
is a bi-fold model, i.e., elastic rising section and linear 
falling section; when subjected to compression, the 

skeleton curve of Concrete02 constitutive model is 
based on Kent-Park model, which consists of 3 parts: 
parabolic rising section(εc < ε0 ), oblique linear falling 
section ( ε0 ≤ εc ≤ ε0.2 ), and flat linear residual section 
( ε0 ≤ εc ≤ ε0.2 ). When εc < ε0 , the equation of the skel-
eton curve is

When ε0 ≤ εc ≤ ε0.2 , the equation of the skeleton 
curve is

When ε0 ≤ εc ≤ ε0.2 , the equation of the skeleton 
curve is

(1)σc = kf ′c

[

2εc

ε0
−

(

εc

ε0

)2
]

(2)σc = kf [1− Zm(εc − ε0)]
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Fig. 3 Details of prefabricated BCJs (Sun et al., 2023a)

Table 3 Design parameters of prefabricated BCJs in the joint core zone

Note: Vc is volume content of fibers

Specimen No Concrete or FRC Vc (%) Axial load ratio (n) Spacing of stirrups

PRC1 (Sun et al., 2023a) C35 0 0.15 50

PFRC1(Sun et al., 2023b) PVA FRC 0.30 0.15 50

PFRC2 (Sun et al., 2023a) PVA FRC 0.30 0.15 No stirrups

PFRC3 (Sun et al., 2023a) Steel FRC 1.00 0.15 50

Table 4 Compressive strength of concrete and FRC

Note: f is cub compressive strength; f’ is the average of cub compressive 
strengths

Concrete 
grade

Vc (%) f (MPa) f’ (MPa)

Specimen 
1

Specimen 
2

Specimen 
3

C35 0 36.10 35.57 35.02 35.56

C35 0.1 36.02 35.01 37.10 36.04

C35 0.2 37.58 38.45 34.88 36.97

C35 0.3 38.85 39.89 36.01 38.25

C35 0.4 36.41 37.08 35.55 36.35

Table 5 Compressive strength of steel FRC

Concrete 
grade

Vc (%) f (MPa) f’ (MPa)

Specimen 
1

Specimen 
2

Specimen 
3

C35 0.5 35.02 35.56 37.21 35.93

C35 0.75 37.58 34.89 38.45 37.42

C35 1.0 40.11 38.58 36.54 38.41
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Equations  (4, 5 and 6) show the corresponding 
equations for the parameters in Eqs. (1, 2 and 3):

In the above equations, ε0 is the strain corresponding 
to the peak load of the concrete; ε0.2 The strain 
corresponding to the decrease of concrete stress to 20% 
of the peak load; k is the reinforcement coefficient of 
the stirrup; Zm is the slope of the residual segment of 
the straight line; ρs is the volume ratio of reinforcement; 
fyk is the yield strength of the stirrup; fc′ is the 
compressive strength of cylindrical concrete; h′ the 
width of the concrete in the core zone; sh is the spacing 
between the stirrups.

Reinforcing steel constitutive model (see Fig.  5) is 
used as the constitutive model for reinforcement. The 
reinforcing steel constitutive model is based on the 
Chang–Mander constitutive model (Chang & Man-
der, 1994), while the buckling model of reinforcement 
(Gomes–Appleton model (Gomes & Appleton, 1997) 
and Dhakal–Maekawa model (Maekawa & Dhakal, 
2002)) and fatigue damage model [Coffin–Manson 
model (Coffin, 1954; Manson, 1953)] are introduced. In 
this article, Dhakal–Maekawa buckling model is used 

(3)σc = 0.2f ′c

(4)ε0 = 0.002k

(5)k = 1+
ρsfyk

f ′c

(6)Zm = 0.5\mathord/\vphantom0.5

[

3+ 0.29f ′c
145f ′c − 1000

+ 0.75ρs

√

h′

sh
− ε0

]

\kern− 0pt

[

3+ 0.29f ′c
145f ′c − 1000

+ 0.75ρs

√

h′

sh
− ε0

]

to simulate buckling of compressed steel bars (Zhuang 
et  al., 2022b). The Coffin–Manson model is used to 
simulate the adverse effects of the low-cycle fatigue 
accumulation damage of steel bars (Zhuang et  al., 
2022b). It has three parameters, namely, the strength 
degradation parameter Cd, the fatigue damage param-
eter Cf, and the fatigue damage index α2. According to 
the previous study in reference (Zhang et al., 2016), the 
three parameters in the Coffin–Manson model can be 
obtained. In Fig. 6, fy, fu are the yield strength and ulti-
mate strength of the reinforcement, respectively; εsh is 
the starting point strain of the reinforcement and εu is 

the strain of the reinforcement corresponding to fu; Es 
is the initial modulus of elasticity of reinforcement; Esh 
is the starting point modulus of the reinforcement.
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There are differences in construction quality, curing 
conditions and methods between cast-in concrete and 
post-cast zone concrete. The bond-slip between rein-
forcing steel and concrete is susceptible to the effects of 
greater reinforcement slippage in the BCJs. The Bond-
SP01 constitutive model (Zhuang et al., 2022b) is chosen 
to simulate the bond-slip effect of reinforcement steel at 
the end of the beam and column, and the grouted sleeve 
connection. It has 6 parameters, i.e., yield strength fy, 
slip at yield Sy, slip at failure Su, intensification factor at 
the initial intensification phase b and hysteresis factor 
R. Zhao and Sritharan (Zhao & Sritharan, 2007) calcu-
lated and analyzed a large amount of pull-out test data to 
obtain a fitting formula for Sy, and recommended ranges 
for parameters Su, b, and R. Fig.  7a shows the variation 
of S/Sy with the increase of the loading step in uniaxial 
tension (S is the slip value). Fig.  7b shows the variation 
of the tensile stress with the increase of the slip value S 
for HRB400 steel bars reinforced C35 concrete and PVA 
fiber-reinforced concrete. The diameters of HRB400 steel 
bars are 14  mm and 20  mm, respectively. Before yield-
ing, the slip of the reinforcement increases very slowly 
and the slip values are small. After yielding, the slip of the 
reinforcement increased rapidly, while the stress basically 
did not increase and the slip is very significant. This is 
also consistent with the phenomenon that the degrada-
tion rate of the bond between the reinforcement steel and 
the concrete (or FRC) gradually increases after the con-
crete or FRC has gone through the stages of cracking and 
crushing in the test. Under the same stress conditions, 
the slip value of the reinforcement with a greater diam-
eter is large and its bond-slip effect is more significant, 
which is consistent with the findings in reference (Cao 
et al., 2016).

2.2.2  Finite‑Element Model of Prefabricated BCJs
Displacement-based non-linear beam–column elements 
are applied to simulate precast beam or precast column 
elements, and together with the fiber model in OpenSees 
software. Beam–column joint element consists of three 
components, used to simulate different damage behaviors 
at BCJs, as shown in Fig. 8. The shear panel component is 
used to simulate the shear behavior of the joint, i.e., the 
stiffness and strength degradation under shear damage in 
the core zone of the joint. Eight bar-slip spring elements 
are used to simulate the strength and stiffness degrada-
tion of the joint. Four interface-shear springs are applied 
to simulate the degradation of shear transfer capacity at 
the joint interface. The constitutive model of the shear 
panel is Pinching4 model, as shown in Fig.  9. In Fig.  9, 
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Mpi and Mni (i = 1, 2, 3) are the bending moments; 
θpi and θni (i = 1, 2, 3) are the drift ratios. It can accu-
rately simulate the strength and stiffness degradation, 
and pinching effect of the prefabricated BCJs. The key to 
defining Pinching4 model is to define 16 parameters for 
the eight characteristic points of the skeleton curve enve-
lope in the positive and negative directions, 6 key param-
eters for the unloading–reloading path, and stiffness and 
strength degradation criteria. The interfacial shear spring 
(interface-shear) is defined as an elastic material, and no 
degradation of the shear transfer is considered.

The fiber model is used for establishing the finite 
model, as shown in Fig.  10. It is proposed to show the 
pinching effect on the hysteretic behavior of precast-
reinforced columns and precast beams by considering 
the bond-slip effect. During the tests, it was observed 
that the grouted sleeve connection remained undamaged 
(Sun et  al., 2023a, 2023b). Hence, the equivalent area 
method is used to consider the influence of the grouted 
sleeve. The grouted sleeve fiber is converted to an equiva-
lent steel rebar based on the area equivalence principle 
according to the AASHTO guide (Culmo et  al., 2018). 
In Fig.  10, S1 area represents the core concrete, i.e. the 

confined concrete area. S2, S3, S4 and S5 areas outside 
the confined concrete area represent the unconfined 
concrete area. The finite model consists of four fiber col-
umn elements, six fiber beam elements, and one beam–
column joint element. The finite model is established in 
OpenSees Software, as described in Fig.  11. Five fiber 
column elements are established (nodes 1–6). Six fiber 
beam elements are established (nodes 8–15). Beam–col-
umn joint elements are established between nodes 3, 4, 
10 and 11 to simulate the reinforcing bond-slip and shear 
behavior in the core zone of the joint. The fiber model 
of the prefabricated BCJ is loaded using the lateral drift 
ratio loading mode as the experimental loading mode in 
reference (Sun et al., 2023a). The lateral drift ratios are set 
in Table 6. Each drift ratio is loaded three cycles.

3  Numerical Results and Discussion on the Seismic 
Performance

3.1  Hysteresis Curves of Prefabricated BCJs
Due to the experimental hysteresis, curves in reference 
(Sun et  al., 2023b) were affected by various factors, the 
measured hysteresis curves in the positive and negative 
loading directions performed asymmetric characteristics, 
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Fig. 10 Cross section of the fiber model
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Fig. 11 Schematic diagram of the finite‑element model 
of prefabricated BCJs

Table 6 Lateral load loading mode of prefabricated BCJs

Loading level Drift ratio (%) Displacement (mm) Number 
of cycle

1 0.10 1.50 3

2 0.30 4.50 3

3 0.50 7.50 3

4 0.75 11.25 3

5 1.00 15.00 3

6 1.50 22.50 3

7 2.00 30.00 3

8 2.75 41.25 3

9 3.50 52.50 3
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while the numerical models are established without 
distinguishing the loading directions. Therefore, the 
experimental hysteresis curves of specimen PFRC1 from 
reference (Sun et  al., 2023b) are moderately shifted to 
compare the accuracy of the finite-element models, 
which has no effect on the calculation of the relevant 
seismic behavior indexes.

The numerical simulation and test hysteresis curves of 
the three prefabricated BCJs are compared, as described 
in Fig.  12. Due to some errors in the fabrication and 
loading of the specimens from the reference (Sun et al., 
2023a), the hysteresis curves obtained from the tests 
showed some differences in the seismic performance 
in the positive and negative directions, while the differ-
ences in the simulated results were smaller. The simu-
lated hysteresis curves are almost close to those obtained 
from the test, reflecting the simulated loading–unload-
ing paths and directions, the selected element types and 
material constitutive models can better reflect the shear 
effect and reinforcement bond-slip effect. In the late 
stage of displacement amplitude loading, the simulated 
load decreases more slowly than the experimental results 

because the finite-element model considers the bond slip 
of reinforcement. The shapes of the hysteresis curves of 
the three prefabricated FRC BCJs are fuller than those 
of specimen PRC1. The hysteresis curves of specimens 
PFRC1 and PFRC2 almost coincide, indicating that add-
ing PVA fibers can reduce or even eliminate the use of 
stirrups. In general, the simulated hysteresis curves are 
developed using the polyline model, taking into account 
the computational efficiency, the overall pinch phe-
nomenon, stress–strain characteristic points matched 
well with the overall trend. Coupled with the inherent 
randomness of the tests due to concrete variability and 
processing level limitations, the simulated results are suf-
ficient for seismic analysis and corresponding extended 
analysis of prefabricated BCJs.

3.2  Skeleton Curves of Prefabricated BCJs
Fig. 13 shows the test and numerical simulation skeleton 
curves of the prefabricated BCJs. Since there is some 
error in the fabrication and loading of the specimens, the 
test skeleton curves have some differences in the seis-
mic performance in the positive and negative directions. 
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Fig. 12 Hysteresis curves of prefabricated BCJs



Page 9 of 15Zhuang et al. Int J Concr Struct Mater           (2024) 18:26  

The numerical simulation and test skeleton curves of the 
prefabricated BCJ basically overlap in the rising section. 
During positive loading, the simulated and experimental 
skeleton curves of specimens PFRC2 and PFRC3 basically 
overlap. During negative loading, the simulated accuracy 
of specimens PRC1 is high. The skeleton curves of speci-
mens PRC1 declined relatively gently. The bearing capac-
ity of the three precast specimens reinforced with fibers 
was significantly higher than that of specimen PRC1. 
The core zone of specimen PFRC2 was not equipped 
with stirrups. The simulated skeleton curves of specimen 
PFRC2 was basically consistent with that of specimen 
PFRC1, indicating that the bearing capacity of the speci-
men using FRC in the core zone of the joint were less 
affected by the stirrups.

3.3  Bearing Capacity and Ductility of Prefabricated BCJs
The simulated yield points of the prefabricated BCJs are 
calculated using the energy area method in reference 
(Park, 1989), which is the same as the experimental yield 
point calculation method in reference (Sun et al., 2023a). 
From Tables 7 and 8, it can be found that the simulated 

relative errors of the bearing capacity are below 15%. 
The simulated relative errors of the ductility coefficients 
of specimen PRC1 is -17.6%, while those of the three 
prefabricated FRC BCJs are below 5%. The numerical 
results indicate that the established fiber models have a 
high precision for simulating the bearing capacity and 
displacement ductility of prefabricated FRC BCJs with 
grouted sleeves connections.

The simulated bearing capacity of the three prefab-
ricated FRC BCJs is greater about 15% than that of 
specimen PRC1. The simulated displacement ductil-
ity coefficients of the three prefabricated FRC BCJs are 
greater about 20% than that of specimen PRC1. There-
fore, the addition of PVA and steel fibers in the core zone 
of the joint can greatly improve the bearing capacity of 
prefabricated BCJs and have a great influence on the dis-
placement ductility of prefabricated BCJs. The simulated 
bearing capacity and displacement ductility coefficients 
of specimens PFRC1 and PFRC2 are almost the same, 
indicating that FRC in the core zone of the joint can 
improve the bearing capacity and displacement ductility 
of prefabricated BCJs without equipped with stirrups.
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Fig. 13 Skeleton curves of prefabricated BCJs
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3.4  Energy Dissipation Curves of Prefabricated BCJs
Fig.  14 describes a comparison of test and numerical 
simulation normalized cumulative hysteretic energy coef-
ficient EN of the prefabricated specimens, which is calcu-
lated using the same method as in reference (Sun et al., 
2023a). The simulated and experimental total cumula-
tive hysteretic energy-dissipation of the three prefabri-
cated BCJs is calculated in Table 9. At the initial loading 

Table 7 Test and numerical simulation bearing capacity and displacement ductility coefficients

Note: Δy and Δu indicate the test displacements at the test yield load Fy and maximum load Fu, respectively (Sun et al., 2023a; Zhuang et al., 2022b); Δy,c and Δu,c 
indicate the numerical displacements at the numerical yield load Fy,c and maximum load Fu,c, respectively µ; is the test ductility coefficient, and µ=�u/�y;µc is the 
numerical ductility coefficient, and µc=�u,c/�y,c

Specimen no Test result Numerical simulation result

Fy (kN) Fu (kN) Δy (mm) Δu (mm) µ Fy,c (kN) Fu,c (kN) Δy,c (mm) Δu,c (mm) µc

PRC1 67.02 84.58 21.22 44.55 2.10 73.70 86.70 20.90 51.17 2.47

PFRC1 75.75 86.99 15.71 50.22 3.20 82.09 84.83 16.54 52.26 3.16

PFRC2 75.81 85.98 15.64 47.29 3.02 86.10 87.79 16.57 52.25 3.15

PFRC3 77.52 88.38 16.18 51.09 3.16 86.09 88.79 16.60 52.44 3.16

Table 8 Numerical accuracy of bearing capacity and 
displacement ductility coefficients

Specimen No Fy,c % Fu,c % Δy,c % Δu,c % µc %

PRC1 9.97 2.50 − 13.80 − 1.50 − 17.62

PFRC1 13.65 0.81 5.28 4.06 − 1.25

PFRC2 13.57 2.00 5.95 10.49 4.30

PFRC3 11.05 0.46 2.97 2.60 0
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Fig. 14 Cumulative energy‑dissipation curves of prefabricated BCJs
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stage, the simulated and experimental curves almost 
overlap, but there are differences between the simulated 
and experimental curves at the middle and last loading 
stages. At the last loading displacement, the increase of 
the simulated total cumulative energy-dissipation of each 
specimen is smaller than the experimental result. The 
simulated and experimental curves of specimen PFRC1 
almost overlap. The simulated total cumulative energy-
dissipation of specimen PFRC1 is larger than that of 
specimen PFRC2, indicating that the prefabricated FRC 
specimen without stirrups in the core zone of joint can 

get good energy dissipation capacity. The simulated total 
cumulative energy-dissipation of each prefabricated 
specimen is relatively close to the experimental result 
with a maximum relative error of less than 11%.

3.5  Stiffness Degradation Curves of Prefabricated BCJs
The simulated average loop stiffness K (Zhuang et  al., 
2022b) is used to measure the stiffness degradation of the 
prefabricated BCJs. The experimental and numerical sim-
ulation stiffness degradation curves of the three prefab-
ricated BCJs are compared, as described in Fig.  15. The 
simulated initial stiffness is greater than the experimental 
one. After the first 6 cycles of loading, the simulated aver-
age loop stiffness curve is very close to the experimental 
stiffness. The stiffness degradation of each specimen is 
first fast and then slow. In the later stages of loading, the 
stiffness of each specimen is very low, indicating a high 
degree of damage to the specimen. The initial stiffness 
of specimen PFRC1 is almost equal to that of specimen 
PFRC2, and the degradation rates of the two specimens 
are also almost equal, indicating that with or without stir-
rups in the core zone of prefabricated joints has a very 
small effect on the stiffness degradation. The stiffness 

Table 9 Numerical results and accuracy of the total cumulative 
hysteretic energy‑dissipation

Specimen No Test value T 
( kN ·m)

Numerical 
simulation value S 
( kN ·m)

Relative 
error ( (S‑T) / 
T) %

PRC1 43.11 42.06 − 2.44

PFRC1 48.45 48.11 − 0.7

PFRC2 46.90 42.41 − 9.57

PFRC3 48.52 43.49 − 10.37
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degradation of specimens PFRC1 is almost the same with 
of specimen PFRC2. FRC can provide large stiffness in 
the early deformation stage, while in the large deforma-
tion stage, the stiffness provided by fiber-reinforced con-
crete was not enough to make up for the defects in the 
anchorage or grouted sleeve connections.

4  Parametric Analysis of Effect Factors 
on the Seismic Behaviors Of Prefabricated FRC 
BCJs

4.1  Effect of Axial Load Ratio on Prefabricated FRC BCJs
Due to limited experimental data, the effect of axial load 
ratio (n) on some seismic performance indexes of pre-
fabricated FRC BCJs with grouted sleeve connections is 
further investigated numerically. The column and beam 
cross-sectional dimension, shear-to-span ratio, fiber 
volume content and reinforcement of specimen PFRC3 
are kept constant by varying its axial load ratio (n) only 
from 0.15 to 0.6. The effect of n on the seismic behavior 
of the prefabricated FRC BCJ is described in Fig. 16. As n 
increases from 0.15 to 0.6, the hysteresis curve and skel-
eton curve of the prefabricated FRC BCJs almost overlap, 
indicating that increase of the axial load has no effect on 

the hysteresis curve and skeleton curve of the prefabri-
cated FRC BCJs. As n increases from 0.15 to 0.6, the stiff-
ness degradation rates of the prefabricated FRC BCJs are 
almost the same. As n increases from 0.15 to 0.6, the peak 
load of the prefabricated FRC BCJs increases from 103.28 
kN to 112.60 kN, with an increase of 9.02%. When n is 
not greater than 0.45, the bearing capacity of prefabri-
cated FRC BCJs increases; when n is greater than 0.45, 
the bearing capacity of prefabricated FRC BCJs is almost 
unchanged. From above analysis, it can be found that the 
effect of n on the seismic behavior of prefabricated FRC 
BCJs can be negligible in the case that the prefabricated 
FRC BCJs has a moderate value of shear-to-span.

4.2  Effect of Shear‑to‑Span Ratio on Prefabricated FRC 
BCJs

The column and beam cross-sectional dimension, axial 
load ratio, fiber volume content and reinforcement of 
specimen PFRC3 are kept constant by varying its shear-
to-span ratio (s) only from 2 to 3.5. The effect of s on the 
seismic behavior of the prefabricated FRC BCJs with 
grouted sleeve connections is described in Fig.  17. As s 
increases from 2 to 3.5, the hysteresis curve and skeleton 
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Fig. 16 Effect of axial load ratio on prefabricated FRC BCJs
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curve change very significantly. The stiffness degrada-
tion curve varies greatly. At the same loading displace-
ment, the stiffness degradation rate of the prefabricated 
FRC BCJs becomes smaller and smaller. The initial stiff-
ness of the prefabricated FRC BCJs also becomes smaller 
and smaller. The peak load of the prefabricated FRC BCJs 
decreases from 103.28 kN to 57.04 kN, with an decrease 
of 44.77%. The simulated bearing capacity and displace-
ment ductility coefficients of prefabricated FRC BCJs 
are shown in Table 10. It can be found that the bearing 
capacity and displacement ductility coefficients of PBCJs-
CM gradually decrease as s increases. When s is greater 

than 2.5, the ductility coefficient of PBCJs-CM is greater 
than 3.0. Therefore, it is recommended that the optimum 
range of s for prefabricated FRC BCJs is 2.0–2.5.

5  Conclusions
In present study, the seismic performance of 
prefabricated FRC BCJs is investigated numerically. The 
following conclusions are obtained.

(1) The Concrete02 material model and Reinforcing 
Steel material model can accurately simulate the 
constitutive relationship of concrete and reinforcing 
steel, respectively. The beam–column joint elements can 
accurately simulate different damage behaviors of the 
joint zone. The Bond_SP01material model can accurately 
simulate the bond-slip between the reinforcing steel, 
concrete, and grouted sleeve connections.

(2) The simulated hysteresis curves and skeleton 
curves of prefabricated BCJ specimens are similar to the 
experimental results. The simulated seismic performance 
indexes such as bearing capacity, displacement duplicity, 
energy-dissipation capacity and stiffness degradation are 
not much different from the experimental results with a 
relative error of about 15%.
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(c) Stiffness degradation (d) Peak loads
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Fig. 17 Effect of shear‑to‑span ratio on prefabricated FRC BCJ specimens

Table 10 Numerical results and accuracy of the total cumulative 
hysteretic energy‑dissipation

λ Fyc (kN) Δyc (mm) Fmc (kN) Δuc (mm) µc

2.0 86.10 16.57 103.28 52.25 3.15

2.5 67.92 17.38 81.53 52.50 3.02

3.0 51.81 21.29 67.04 52.50 2.47

3.5 46.12 24.53 57.04 52.50 2.14
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(3) PVA and steel FRC have a great effect on improving 
the seismic behavior of prefabricated BCJs with grouted 
sleeve connections. Compared with the PVA FRC 
BCJs, the simulated bearing capacity of steel FRC BCJs 
improves more greatly.

(4) It is recommended that the optimum value of shear-
to-span ratio for prefabricated FRC BCJs is 2.0–2.5. 
The effect of axial load ratio on the seismic behavior of 
PBCJs-CM is very small, and can be negligible in the case 
that the prefabricated FRC BCJs has a moderate value of 
shear-to-span ratio.
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