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Abstract: In order to study the restoring-force characteristics of precast concrete ring-lap beam-
column joints, three precast concrete ring-lap beam-column joint specimens and one cast-in-place
concrete beam-column joint specimen were designed and fabricated, and low-circumferential re-
peated loading tests were conducted. The results show that the bearing capacity of the ring-lap
beam-column joint is higher than that of the cast-in-place beam-column joint, and with the increase
in the lap length, the bearing capacity, ductility, and energy dissipation capacity of the ring-lap beam-
column joint increase significantly, and the local damage is also mitigated. Based on the test results
and the existing restoring-force model theory, a trifold restoring-force model is proposed for precast
concrete ring-lap beam-column joints considering the effect of lap length. The proposed restoring-
force model is consistent with the hysteresis curve of the assembled column, which indicates that
the proposed restoring-force model can better reflect the influence of the lap length on the hysteresis
characteristics, and can provide a reference for the structural elastic–plastic analysis and engineering
application of the precast concrete ring-lap beam-column joint. The proposed restoring-force model
can better reflect the influence of lap length on the hysteretic properties, which can provide a reference
for the structural elastoplastic analysis and engineering application of this precast concrete ring-lap
beam-column joint.

Keywords: precast concrete structures; beam-column joint; ring-lap joints; SCOPE system; restoring-
force models

1. Introduction

Reinforced concrete (RC) components have been widely used in the design of both
civilian and military protective structures, especially beam-column joints. The reliability
of precast beam-column joints has a significant effect on structural integrity and seismic
performance and plays a crucial role in the structure’s connections [1–4]. The traditional
prefabricated beam-column joint connection is made by extending the lower reinforcement
of the prefabricated beam into the prefabricated column for the lap joint and pouring
concrete afterward, as shown in Figure 1. Since the steel bars of precast beams are anchored
into the joints inside the columns, the joints have dense steel bars in the core area, which
makes the process of concrete placement difficult, and the construction process complicated
and inefficient. In the 1980s, domestic and foreign researchers began to extensively study a
frame structure composed of a secant system [5–9], which forms a continuous load transfer
system by placing open-type bent-anchored reinforcement in the precast columns, lapping
with the L-shaped reinforcement protruding from the bottom of the beam ends, and post-
casting concrete, as shown in Figure 2. This frame structure places the lap joint area at the
beam end, avoiding the beam-column joint and improving the difficult problem of dense
reinforcement within the beam-column joint. However, the connection requires a long lap
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length, resulting in a long post-cast area at the beam end. Many of the studies showed that
the interface between the U-shape steel reinforcement and the concrete was the weakest
link of the connection, and damage in the bottom of the key slot end often resulted in the
final failure of the specimen [10,11]. For this reason, it is necessary to ensure that there is
sufficient lap length between the U-shaped steel bars and protruding bottom reinforcement
of the precast beam. Therefore, this paper proposes a new type of precast concrete ring-lap
beam-column joint, as shown in Figure 3, in which the steel bars protruding from the
bottom of the beam ends are bent 180◦ to form a bend hook and lap with the closed-loop
bars placed in the prefabricated column, to enhance the anchorage capacity and shorten
the length of the post-cast area at the beam end.
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At this stage, domestic and foreign researchers tend to study the hysteresis charac-
teristics and restoring-force models of members through low-circumferential reciprocal
loading tests. H. Rodrigues et al. [12] analyzed the biaxial cyclic behavior of reinforced
concrete columns using a trifold-type restoring-force model. Yan Changwang et al. [13]
developed a trifold linear restoring-force model for the hysteretic properties of steel-bone
ultra-high strength concrete frame joints, and Guifeng Z. et al. [14] also used a trifold linear
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restoring-force model to analyze the hysteretic properties of corroded reinforced concrete
frame columns. The keyway beam bottom bar anchored into a precast beam-column
connection studied by Guan Dongzhi et al. used a flat-top trifold-type skeleton curve to
establish the restoring-force model [15]. Xue Jianyang et al. [16] conducted a proposed static
force test for the beam-column joints of concrete antique buildings with attached viscous
dampers and obtained the fourfold linear restoring-force model of the joints by fitting.
Ding Wei et al. [17] sought rules from the skeleton curves of composite-shear walls with
concealed bracings in steel-tube frames (composite-shear walls), and thereby developed
the quadric-linear restoring-force model in this study. While the curvilinear restoring-force
model can simulate the test results well, it has not been widely used due to the relative
complexity of the calculation [18]. Combined with the above research by domestic and
foreign scholars, it is found that the trifold model is more suitable for the application of
the restoring-force model of beam-column joints. In addition, for the conventional beam-
column joints, the trifold model has better applicability; however, for the hysteresis curves
with the obvious pinching phenomenon, the symmetric trifold hysteresis rule can be better
used to obtain the restoring-force model [19,20].

In this paper, one cast-in-place beam-column joint with three precast concrete ring-lap
beam-column joints was fabricated according to the lap length of assembled concrete beam-
column ring-buckle-lap joints, and low-circumferential cyclic loading tests were conducted.
By comparing and analyzing the hysteresis curves and skeleton curves of the tests, a trifold
restoring-force model applicable to the beam-column joint with ring-lap was proposed,
and a symmetric trifold hysteresis rule conforming to this connection was obtained by
using linear fitting. The restoring-force model is compared with the experimental results to
provide a theoretical basis for the engineering application of this new beam-column joint.

2. Form of Construction
2.1. Introduction to the Loop Fastening Technique

The new ring-buckle connection technology proposed in this paper is to use U-shaped
load-bearing reinforcement at the bottom of the prefabricated beam end at the beam-column
joint, and ring-shaped reinforcement at the column joint as the beam-column connection
reinforcement, with the upper reinforcement and the cast-in-place part unchanged, and
to put four short bars through the four corners of the lap ring-buckle area and encrypt
the hoops in the connection section of the ring-buckle site, with the connection schematic
shown in Figure 4. The load-carrying mechanism forms a continuous load transfer system;
the steel bars protruding from the bottom of the beam ends are bent 180◦ to form a bend
hook, and lap with the closed-loop bars placed in the prefabricated column from the bottom
of the beam ends, and the connection is completed with post-casting concrete.
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2.2. Test Piece Design

One conventional cast-in-place beam-column joint specimen and three ring-lap beam-
column joint specimens, numbered XJ-1, UX-1, UX-2, and UX-3, were designed and pro-
duced, in which the longitudinal reinforcement and hoop reinforcement in the columns
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were identical. The beams were symmetrically reinforced, and the reinforcement rates of
all members were the same except for the different construction forms. Cast-in-place beam-
column joint specimen XJ-1 and ring-lap joint specimen UX-1, specimen UX-2, specimen
UX-3 showed the structural form of the specimens as shown in Figure 5 and the design
parameters of each specimen as shown in Table 1. The concrete strength grade of the speci-
mens is C30. The mechanical properties of the concrete specimens were tested according to
the Standard for Mechanical Properties of Ordinary Concrete (GB50081-2002) [21], and the
test results are shown in Table 2. By the test method of “Tensile test for metallic materials
Part 1: Room temperature test method” (GB/T228.1-2010) [22], the mechanical material
tensile test was carried out on steel bars, and the test results are shown in Table 3.
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2.3. Test Piece Production

For the cast-in-place beam-column joint specimen XJ-1, the reinforcement cage was
tied following the reinforcement allocation and then poured. For ring-lap beam-column
joint specimens UX-1, UX-2, and UX-3, all were cast in the form of a secondary concrete
pour, first placing a rigid spacer at the joint position, followed by pouring the foundation
column and the part of the beam beyond the joint, then removing the wooden spacer
after it had hardened, and then pouring the concrete in the joint area. The purpose of the
secondary pour was to simulate the assembly construction process. Finally, the specimens
were cured for 28 days and were then ready for testing. Figure 6 shows the fabrication
process and the completed elements.
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Table 1. Specimen design parameters.

Number Connection
Joints

Form of Longitudinal
Reinforcement

Longitudinal
Reinforcement

Form of Lap
Reinforcement

Lap
Reinforcement Lap Length

XJ-1 Cast-in-place
junction
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2.4. Loading Options

According to the relevant codes of the Seismic Test Procedure for Buildings (JGJ/T101-
2015) [23], this test was carried out by applying horizontal proposed static loading at the
cantilevered end of the beam, fixing the column body to the ground and applying horizontal
pressure by jacks at both ends to ensure that the column body would not follow the horizontal
movement of the beam ends during the loading process. Figure 7 shows the test loading site.
To simulate the effect of repeated loading, cyclic loading ∆/Lbeam = 0.2%, 0.4%, 0.8%, 1.2%,
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1.6%, 2%, 2.4%, 2.8%, 3.2%, and 3.6% was carried out according to the angular amplitude of
floor displacement, with three cycles for each amplitude. The maximum floor displacement
angle of 3.6% tested in the experiments far exceeded the allowable elastoplastic limits specified
in the Code for Seismic Design of Buildings (GB50011-2010) [24] to simulate severe earthquake
damage. The loading was terminated when the specified maximum displacement was reached,
or the horizontal load was reduced to 85% of the maximum value. Figure 8 shows a graph of
the test loading curve.
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Figure 8. Test loading curve.

3. Test Curve Analysis and Skeleton Curve Modeling
3.1. Hysteresis Curve Analysis

The hysteresis curve is the load-displacement curve of the member under the action
of the proposed static force, reflecting the energy dissipation capacity of the joint and the
trend of the bearing capacity. The hysteresis curve for each specimen, derived through the
proposed static force low-circumferential reciprocal test, is shown in Figure 9. It can be seen
that the existing specimen XJ-1 hysteresis curve is relatively complete, the hysteresis loop
presents a typical shuttle shape, and the forward loading and reverse loading hysteresis
curve presents a symmetrical distribution. Before displacement exceeds 0.4%, the loading
force curve of the specimen shows a linear distribution, then the load increase is minimal,
and the displacement increases; at around 2.8% of displacement, the horizontal load of the
specimen reaches its peak, and then the load decreased. The hysteresis curve did not show
any apparent pinching phenomenon.
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Figure 9. Hysteresis curve for each specimen: (a) Specimen XJ-1; (b) Specimen UX-1; (c) Specimen
UX-2; (d) Specimen UX-3.

The hysteresis curve of specimen UX-1 shows that the curve is generally symmetrical
overall. When the displacement is within the range of 0.4%, the loading curve of the
specimen is linearly distributed; when the removal of positive and negative loading is about
2%, the specimen reaches the bearing capacity, after which the load gradually decreases
with the increase in displacement.

The hysteresis curve of specimen UX-2 is asymmetrical and has the phenomenon of
“pinching” compared to specimen A. When the displacement amount is lower than 0.4%,
the loading force curve of the specimen is linearly distributed; after that, the change of the
forward and reverse loading curves is different; when the displacement amount of reverse
loading reaches 2%, the specimen reaches the peak bearing capacity, and after that the load
decreases slightly with the increase in the displacement amount; when the displacement
amount of forward loading reaches 2%, the specimen reaches the peak bearing capacity.
However, the corresponding value is smaller than that of the reverse loading, after which
the load decreases faster as the displacement increases.

The hysteresis curve of specimen UX-3 has good symmetry and a certain degree of
“pinching” phenomenon. In the elastic phase, i.e., at the beginning of loading, the curve is
linear, with very little energy dissipation in the member. After this, it increases gradually
and changes non-linearly. When the displacement of the load reaches 2%, the specimen
also reaches the peak load capacity, and then the load starts to decrease gradually until it
falls below 85% of the peak load.

Comparing the hysteresis curves for the four specimens under low-circumferential
reciprocating loads, the following conclusions can be drawn:

The peak load of beam-column joint specimens UX-1, UX-2, and UX-3 with loop
lap joints is higher than that of cast-in-place beam-column joint specimen XJ-1. Still, the
hysteresis curve has the phenomenon of “pinching,” which indicates that the skeleton in
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the connection area shows slippage. Comparing three specimens of beam-column joints
with ring-buckle and lap, it can be found that with the increase in the lap length, the
load capacity of the specimen is increased, and the “pinching” phenomenon is relatively
reduced, which indicates that the increase in the lap length can help to reduce the degree
of reinforcement slippage. In addition, as the lap length increases, the rate of reduction in
load-carrying capacity decreases, indicating that the increase in lap length helps to mitigate
local damage to the concrete.

The above hysteresis curve analysis shows that the seismic performance of ring-lap
beam-column joints is better than that of cast-in-place beam-column joints, so it is of
practical significance to study the restoring-force model of ring-lap beam-column joints.

3.2. Skeleton Curve Analysis

The skeleton curve is an essential basis for determining the characteristic points in
the restoring-force model by presenting the maximum load value for the first cycle of each
level of loading displacement in the hysteresis curve, forming a new trajectory curve. The
characteristic point of the skeleton curve is an essential factor in reflecting the curve’s
trend, which can be derived from the displacement corresponding to the yield load of the
member, the displacement corresponding to the maximum load, and the displacement
corresponding to the ultimate load, etc. The skeleton curves of the three loop lap members
are shown in Figure 10, from which it can be found that the skeleton curves of the loop lap
members can be roughly divided into the following three stages of the changing trend.
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Figure 10. Skeleton curve for each specimen.

The slope of the OA and OD sections indicates the elastic stiffness of the member, and
the load rises significantly with the displacement increase, showing a linear relationship,
which represents the force characteristics of the member in the elastic phase.

The slope of the AB/DE section indicates the stiffness of the member; with the increase
in displacement, the load rises more slowly than the OA/OD section, probably due to the
degradation of stiffness, the increase in concrete cracks, and the reduction in reinforcement
strength. This may be due to stiffness degradation, increased concrete cracking, and
reduced reinforcement strength.

The slope of the BC and EF sections indicates the softening stiffness of the member,
after which the load decreases with increasing displacement, the stiffness degrades more
significantly, the reinforcement yields, and the member eventually loses its load-carrying
capacity. The force characteristics are consistent with the macroscopic damage state of
the member.

By observing the skeleton curves of the three ring-lap beam-column joint members, it
is found that the general trend of change follows the three stages described above, which
reflect the force condition of the members more intuitively.
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3.3. Proposed Skeleton Curve Model

The skeleton curve obtained from the test results can be roughly divided into the above
three stages. As different members develop damage to varying joints during the stressing
process, it is impossible to see exactly how each stage changes, and using a unified formula
for expression is impossible. Therefore, the skeleton curves obtained from the test results
need to be dimensionlessly processed by taking the ratio of the load P corresponding to
each stage of displacement to the maximum load Pm throughout the test process (P/Pm)
and the ratio of the removal ∆ at each location to the expulsion ∆m corresponding to
the maximum load (∆/∆m) to obtain the corresponding P/Pm~∆/∆m skeleton curves, as
shown in Figure 11.
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By observing the skeleton curves of the dimensionless treatment, it can be found that
the skeleton curves of the three different lap lengths show a similar trend; only in the
degradation stage, due to the apparent difference in the stiffness degradation of various
members leading to an inevitable variability of the curves, the elastic step, and the yielding
stage match. Therefore, the dimensionless skeleton curve can be expressed as a trifold
skeleton curve model.

The trifold skeleton curve model obtained after linear regression fitting is shown in
Figure 12. Point A (0.4, 0.8) in the figure is the yield point for favorable loading, and point
D (−0.4, −0.8) is the yield point for negative loading. The tangent method determines the
yield point [25] and is then verified by the equivalent elastic–plastic yielding method [26].
Point B (1, 1) is the displacement point corresponding to the maximum load that the
member can withstand during favorable loading, and point E (−1, −1) is the displacement
point corresponding to the maximum load that the member can withstand during negative
loading, which can be obtained simply by statistical observation. Points C (1.6, 0.7) and
F (−1.6, −0.8) are the damage points corresponding to positive and negative loading,
i.e., determined by dropping the load to below 85% of the ultimate load. The regression
equations and slopes for each stage are shown in Table 4.

3.4. Comparison of Skeleton Curve Model and Experimental Skeleton Curve

The regression equations for each stage obtained from Table 3 were substituted into
the skeleton curves of the beam-column joints for the three lap lengths. Taking UX-1 as
an example, Pm

+ = 237.83 kN and ∆m
+ = 50 mm were substituted into the regression

equation for the OA section to obtain P = 9.7777 × ∆, and so on, to receive the dimensioned
skeleton curves for UX-1, UX-2, and UX-3. The calculated dimensional skeleton curves
were compared with the test results of the three components, respectively, as shown in
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Figure 13. The comparison shows that although there is some deviation between the
skeleton curve model and the skeleton curves obtained from the tests, they can match. It
indicates that the fitted trifold skeleton curve model better reflects the load-displacement
curve relationship of the ring lap of the assembled concrete beam-column joints of the
geometrical configurations and material properties used in this study.

Buildings 2023, 13, x FOR PEER REVIEW 10 of 15 
 

Table 4. Regression equations for each stage of the skeleton curve model. 

Stage Regression Equation Slope 
OA P/Pm+ = 2.0556Δ/Δm+ 2.0556 
AB P/Pm+ = 0.2963Δ/Δm+ + 0.7037 0.2963 
BC P/Pm+ = −0.4292Δ/Δm+ + 1.4292 −0.4292 
OD P/Pm+ = 2.0556Δ/Δm+ 2.0556 
DE P/Pm+ = 0.2963Δ/Δm+ − 0.7037 0.2963 
EF P/Pm+ = −0.1948Δ/Δm+ − 1.1948 −0.1948 

 
Figure 11. Dimensionless skeleton curve. 

 
Figure 12. Skeleton curve model. 

3.4. Comparison of Skeleton Curve Model and Experimental Skeleton Curve 
The regression equations for each stage obtained from Table 3 were substituted into 

the skeleton curves of the beam-column joints for the three lap lengths. Taking UX-1 as an 
example, Pm+ = 237.83 kN and Δm+ = 50 mm were substituted into the regression equation 
for the OA section to obtain P = 9.7777 × Δ, and so on, to receive the dimensioned skeleton 
curves for UX-1, UX-2, and UX-3. The calculated dimensional skeleton curves were com-
pared with the test results of the three components, respectively, as shown in Figure 13. 
The comparison shows that although there is some deviation between the skeleton curve 
model and the skeleton curves obtained from the tests, they can match. It indicates that 
the fitted trifold skeleton curve model better reflects the load-displacement curve relation-
ship of the ring lap of the assembled concrete beam-column joints of the geometrical con-
figurations and material properties used in this study. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0

-0.5

0.0

0.5

1.0

F

E

O

D

C

B

A

P/
P m

UX-1
UX-2
UX-3

Δ/Δm

O

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-1.0

-0.5

0.0

0.5

1.0

F

E

O

D

C

B

A

P/
P m

Δ/Δm

Figure 12. Skeleton curve model.

Table 4. Regression equations for each stage of the skeleton curve model.

Stage Regression Equation Slope

OA P/Pm
+ = 2.0556∆/∆m

+ 2.0556
AB P/Pm

+ = 0.2963∆/∆m
+ + 0.7037 0.2963

BC P/Pm
+ = −0.4292∆/∆m

+ + 1.4292 −0.4292
OD P/Pm

+ = 2.0556∆/∆m
+ 2.0556

DE P/Pm
+ = 0.2963∆/∆m

+ − 0.7037 0.2963
EF P/Pm

+ = −0.1948∆/∆m
+ − 1.1948 −0.1948

Buildings 2023, 13, x FOR PEER REVIEW 11 of 15 
 

   
(a) (b) (c) 

Figure 13. Comparison of skeleton curve calculation results with test results: (a) Specimen UX-1; (b) 
Specimen UX-2; (c) Specimen UX-3. 

4. Restoring-Force Model 
4.1. Hysteresis RULES 

The loading and unloading process of the component can be described based on the 
above skeleton curve model and the hysteresis rules. The hysteresis rules are listed below 
and are shown in Figure 14. 

(1) Positive loading is performed along the skeleton curve O–A–B–C, while negative 
loading is along O–D–E–F. Unloading along the O–A(O–D) section (elastic phase) occurs 
along the A–O(D–O) direction, i.e., the unloading stiffness in the flexible stage corre-
sponds to the initial stiffness as denoted by K0+(K0−). 

(2) When unloading at point 1 (strengthening phase), it first unloads to point 2 with 
the forward unloading stiffness of K1, then reversely loads to tell 3 with the initial reverse 
loading stiffness of K2. Subsequently, reverse loading is performed along the 3–4 direction 
with the latter reverse loading stiffness of K3. When unloading at point 4, it reversely un-
loads to 5 with the reverse unloading stiffness of K4. Forward reloading is performed 
along the 5–6–1 direction with the initial and later forward loading stiffness of K5 and K6, 
respectively. This loading pattern continues in successive cycles. Therefore, the overall 
loading and unloading cycle follows the O–A–1–2–3–4–5–6–1–B–7 route. 

(3) When unloading at point 7 (softening phase), it first unloads to point 8 with the 
forward unloading stiffness of K1, then reversely loads to tell 9 with the initial reverse 
loading stiffness of K2. Subsequently, reverse loading is performed along the 9–10 direc-
tion with the latter reverse loading stiffness of K3. When unloading at point 10, it reversely 
unloads to 11 with the reverse unloading stiffness of K4. Forward reloading is performed 
along the 11–12–7 direction with the initial and later forward loading stiffness of K5 and 
K6, respectively. This loading pattern continues in successive cycles. Therefore, the overall 
loading and unloading cycle follows the O–A–B–7–7–8–9–10–11–12–7–C route. 

It can be observed in the experimental load-displacement curves, as shown in Figure 8, 
that at the same displacement control level, the unloading curves of different cycles nearly 
coincide. In contrast, the loading curves degrade to varying degrees. Hence, the unloading 
stiffness remains constant during three-cycle displacement loading. For simplicity, the 
loading stiffness is also considered to be the same. At different displacement control levels, 
however, the loading and unloading stiffness gradually decreases with the increase in the 
loading displacement, known as stiffness degradation. The phenomenon of stiffness deg-
radation is caused by crack development, steel reinforcement yield, and accumulation of 
plastic damage in concrete. The degradation of stiffness is discussed as follows to obtain 
the loading and unloading stiffness. 

-100 -80 -60 -40 -20 0 20 40 60 80 100

-300

-200

-100

0

100

200

300

Test curve
Calculated curve

 Drift(%)

UX-1

La
te

ra
l L

oa
d(

kN
)

Displacement(mm)

-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0

-100 -80 -60 -40 -20 0 20 40 60 80 100
-400

-300

-200

-100

0

100

200

300 UX-2

 Drift(%)
-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0

La
te

ra
l L

oa
d(

kN
)

Test curve
Calculated curve

Displacement(mm)
-100 -80 -60 -40 -20 0 20 40 60 80 100

-400

-300

-200

-100

0

100

200

300 UX-3

 Drift(%)
-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0

La
te

ra
l L

oa
d(

kN
)

Test curve
Calculated curve

Displacement(mm)

Figure 13. Comparison of skeleton curve calculation results with test results: (a) Specimen UX-1;
(b) Specimen UX-2; (c) Specimen UX-3.

4. Restoring-Force Model
4.1. Hysteresis RULES

The loading and unloading process of the component can be described based on the
above skeleton curve model and the hysteresis rules. The hysteresis rules are listed below
and are shown in Figure 14.
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Figure 14. Hysteresis Rules.

(1) Positive loading is performed along the skeleton curve O–A–B–C, while negative
loading is along O–D–E–F. Unloading along the O–A(O–D) section (elastic phase) occurs
along the A–O(D–O) direction, i.e., the unloading stiffness in the flexible stage corresponds
to the initial stiffness as denoted by K0

+(K0
−).

(2) When unloading at point 1 (strengthening phase), it first unloads to point 2 with
the forward unloading stiffness of K1, then reversely loads to tell 3 with the initial reverse
loading stiffness of K2. Subsequently, reverse loading is performed along the 3–4 direction
with the latter reverse loading stiffness of K3. When unloading at point 4, it reversely
unloads to 5 with the reverse unloading stiffness of K4. Forward reloading is performed
along the 5–6–1 direction with the initial and later forward loading stiffness of K5 and K6,
respectively. This loading pattern continues in successive cycles. Therefore, the overall
loading and unloading cycle follows the O–A–1–2–3–4–5–6–1–B–7 route.

(3) When unloading at point 7 (softening phase), it first unloads to point 8 with the
forward unloading stiffness of K1, then reversely loads to tell 9 with the initial reverse
loading stiffness of K2. Subsequently, reverse loading is performed along the 9–10 direction
with the latter reverse loading stiffness of K3. When unloading at point 10, it reversely
unloads to 11 with the reverse unloading stiffness of K4. Forward reloading is performed
along the 11–12–7 direction with the initial and later forward loading stiffness of K5 and
K6, respectively. This loading pattern continues in successive cycles. Therefore, the overall
loading and unloading cycle follows the O–A–B–7–7–8–9–10–11–12–7–C route.

It can be observed in the experimental load-displacement curves, as shown in Figure 8,
that at the same displacement control level, the unloading curves of different cycles nearly
coincide. In contrast, the loading curves degrade to varying degrees. Hence, the unloading
stiffness remains constant during three-cycle displacement loading. For simplicity, the
loading stiffness is also considered to be the same. At different displacement control levels,
however, the loading and unloading stiffness gradually decreases with the increase in
the loading displacement, known as stiffness degradation. The phenomenon of stiffness
degradation is caused by crack development, steel reinforcement yield, and accumulation
of plastic damage in concrete. The degradation of stiffness is discussed as follows to obtain
the loading and unloading stiffness.

4.2. Stiffness Degradation

As indicated by the restoring-force model, the secant stiffnesses are considered in
this study to reflect the component stiffness at all phases. To analyze the relationship
between the secant stiffnesses and the displacement load level, the stiffness–displacement
test data are normalized as shown in Figure 15a–f. The y-axis expressed as Ki/K0

+(K0
−)
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(i = 1,2, . . . ,6) corresponds to the ratios of the secant stiffnesses to the initial component
stiffness, where K1 is the forward unloading stiffness, K2 is the initial reverse loading
stiffness, K3 is the latter reverse loading stiffness, K4 is the reverse unloading stiffness,
K5 is the initial forward loading stiffness, and K6 is the latter forward loading stiffness
as considered in the restoring-force model. Meanwhile, the x-axis corresponds to either
the loading displacement levels ∆1/∆m

+ (∆4/∆m
−) or the residual displacement ratios

∆2/∆m
+ (∆5/∆m

−), where ∆1(∆4) and ∆2(∆5) are the loading displacement upon unloading
and residual displacement after complete unloading in the positive (negative) direction,
respectively. Given the trend of the stiffness degradation, the exponential fitting equation
expressed as y = A × e−B*x is considered, and the equations for each stage are shown in
Table 5. Figure 15a–f shows the fitted stiffness-degradation curves and associated control
parameters. The coefficient of determination for curve fitting varies between 0.82 and 0.92,
indicating reasonably good fits. Therefore, the stiffness-degradation curve fitting equations
can be used to effectively determine the loading and unloading stiffness at phases other
than the elastic phase.
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Figure 15. Regression analyses of stiffness-degradation curves: (a) K1/K0
+; (b) K2/K0

−; (c) K3/K0
−;

(d) K4/K0
−; (e) K5/K0

+; (f) K6/K0
+.

Table 5. The regression equation for each degradation stage.

Stage Regression Equation

K1/K0
+ K1/K0

+ = 1.4733 × e (−0.7191*∆1/∆m+)

K2/K0
− K2/K0

− = 0.9156 × e (−1.9001*∆2/∆m−)

K3/K0
− K3/K0

− = 1.5469 × e (−1.2608*∆3/∆m−)

K4/K0
− K4/K0

− = 1.4207 × e (−0.6684*∆4/∆m−)

K5/K0
+ K5/K0

+ = 1.5387 × e (−1.8446*∆5/∆m+)

K6/K0
+ K6/K0

+ = 1.7717 × e (−1.5109*∆6/∆m+)
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According to the basic hysteresis rules shown in Figure 14, the hysteresis curves of
the ring-lapped splice joint can then be obtained. A comparison of the results obtained
using the restoring-force model and test data of each specimen is depicted in Figure 16.
The comparison indicates that the result obtained using the restoring-force model can be
considered feasible.

Buildings 2023, 13, x FOR PEER REVIEW 13 of 15 
 

(d) (e) (f) 

Figure 15. Regression analyses of stiffness-degradation curves: (a) K1/K0+; (b) K2/K0-; (c) K3/K0-; (d) 
K4/K0-; (e) K5/K0+; (f) K6/K0+. 

Table 5. The regression equation for each degradation stage. 

Stage Regression Equation 
K1/K0+ K1/K0+ = 1.4733 × e (−0.7191*Δ1/Δm+) 
K2/K0− K2/K0− = 0.9156 × e (−1.9001*Δ2/Δm−) 
K3/K0− K3/K0− = 1.5469 × e (−1.2608*Δ3/Δm−)   
K4/K0− K4/K0− = 1.4207 × e (−0.6684*Δ4/Δm−)    
K5/K0+ K5/K0+ = 1.5387 × e (−1.8446*Δ5/Δm+) 
K6/K0+ K6/K0+ = 1.7717 × e (−1.5109*Δ6/Δm+) 

According to the basic hysteresis rules shown in Figure 14, the hysteresis curves of 
the ring-lapped splice joint can then be obtained. A comparison of the results obtained 
using the restoring-force model and test data of each specimen is depicted in Figure 16. 
The comparison indicates that the result obtained using the restoring-force model can be 
considered feasible. 

   
(a) (b) (c) 

Figure 16. Comparison of hysteresis curves obtained by the restoring-force model and experiment: 
(a) Specimen UX-1; (b) Specimen UX-2; (c) Specimen UX-3. 

5. Conclusions 
This paper reviewed the development of the ring-lapped splice beam-column con-

nection to improve the connection quality of precast reinforced concrete components and 
their cyclic performance with different lap lengths. On this basis, a restoring-force model 
was established based on measured load-displacement curves considering the softening 
or stiffness degradation. The main conclusions are as follows: 

0.5 1.0 1.5 2

0.5

1.0

Δ4/Δm

K
4/K

0-

R2=0.85

0.0 0.5 1.0

0.0

0.4

0.8

Δ5/Δm

K
5/K

0+

R2=0.82

0.0 0.5 1.0

0.0

0.5

1.0

Δ6/Δm

K
6/K

0+

R2=0.91

-100 -80 -60 -40 -20 0 20 40 60 80 100

-300

-200

-100

0

100

200

300

Displacement(mm)

UX-1

-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0
 Drift(%)

Test curve
Calculated curve

La
te

ra
l L

oa
d(

kN
)

-100 -80 -60 -40 -20 0 20 40 60 80 100

-300

-200

-100

0

100

200

300 UX-2

-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0
 Drift(%)

La
te

ra
l L

oa
d(

kN
)

Displacement(mm)

Test curve
Calculated curve

-100 -80 -60 -40 -20 0 20 40 60 80 100

-300

-200

-100

0

100

200

300 UX-3

-4.0 -3.2 -2.4 -1.6 -0.8 0.0 0.8 1.6 2.4 3.2 4.0
 Drift(%)

La
te

ra
l L

oa
d(

kN
)

Displacement(mm)

Test curve
Calculated curve

Figure 16. Comparison of hysteresis curves obtained by the restoring-force model and experiment:
(a) Specimen UX-1; (b) Specimen UX-2; (c) Specimen UX-3.

5. Conclusions

This paper reviewed the development of the ring-lapped splice beam-column con-
nection to improve the connection quality of precast reinforced concrete components and
their cyclic performance with different lap lengths. On this basis, a restoring-force model
was established based on measured load-displacement curves considering the softening or
stiffness degradation. The main conclusions are as follows:

(1) According to the comparison of the hysteresis curves, it can be found that the
bearing capacity of the ring-lap joint of UX-3 is significantly higher than that of the cast-in-
place joint, while the bearing capacity and stiffness of the side of the beam with the lap is
significantly greater than that of the other side during the reciprocal loading process.

(2) With the increase in the lap length, the bearing capacity, ductility and energy
dissipation capacity of the specimen increase, and the slip of the reinforcement inside
the concrete is also slowed down. Therefore, the effect of lap length on the hysteresis
characteristics of the specimen should be considered when modeling the restoring-force of
the precast concrete ring-lap beam-column joint.

(3) Based on the analysis of the experimental data and linear fitting, the formulae for
calculating the characteristic parameters of the skeleton curve of the assembled ring-lap
beam-column joints were obtained, and the comparison between the experimental and
calculated results showed that they were consistent. It shows that the formula is applicable
to the assembled ring-lap beam-column joints with different lap lengths.

(4) By calculating the theoretical hysteresis curves of the specimens and comparing
them with the test results, it was found that they were in high agreement. This indicates
that the symmetric trifold hysteresis rule established in this paper can effectively reflect the
hysteresis characteristics of the precast concrete ring-lap beam-column joint with different
lap lengths.
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