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Abstract

Precast concrete with a moment-resisting frame with hybrid beam–column connections
(HBC), which is featured by inelastic deformation induced by opening and closing of the
interface between precast beam and column, has been emphasized in recent years. Precast
concrete frame structures with HBC are difficult to simulate because current numerical
models usually adopt multiple elements to simulate contact surfaces, resulting in complex-
ity, low computational efficiency, and a difficult modeling process. To explore the opening
and closing behavior of the interface of the hybrid beam–column connection, a refined
multi-spring model (MSM) with only two gap elements whose position and capacity is
determined by a simple advanced section analysis method is proposed. The proposed
multi-spring model, which is obviously with high computational efficiency, is able to track-
ing accurately the change in compressive zone height of the interface between precast beam
and column and count in “beam elongation effects”. The proposed model was employed to
simulate four prestressed precast beam–column connections. The accuracy of the analytical
model was validated by examining three aspects: global mechanical performance, stress in
prestressed tendons, and compression zone depth.

Keywords: hybrid beam–column connection; multi-spring model; compressive zone height;
precast concrete frame; beam elongation effects; section analysis method; opening and
closing of the interface

1. Introduction
Compared with conventional monolithic concrete structures, precast concrete systems

are advantageous in product quality, cost efficiency, and speed of construction [1–5]. Pre-
cast concrete frame systems with hybrid beam–column connections are widely used and
commonly accepted in main design codes worldwide.

Many scholars have conducted a large number of test studies on hybrid connections,
increasing the understanding of HBC [6–11].

In precast frames with HBC, the inelastic deformation demand is concentrated at and
provided by the opening and closing of the beam–column interface. A variety of numerical
models, including macro-models (lumped plasticity model, MSM) and micro-models (Solid
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model), have been proposed to predict the behavior of hybrid connections with different
levels of complexity [3,12–20]. Lumped plasticity models are used widely with good
accuracy and low computational cost, but it is difficult to simulate “beam elongation
effect”, the shift in the neutral axis, or many other characteristics that reflect the joint’s
true behavior.

MSM can be used to analyze the rocking behavior and capture the beam elongation
effects of HBC, and such an approach has been widely used to model hybrid connections.
In this model, the joint itself was assumed to remain rigid, while the beams and column
elements were assumed to remain elastic. Inelastic action was supposed to concentrate in
the grout (at the beam–column interface) and mild steel bars. Truss elements were used to
model the reinforcing steel, while a prestressing element was used to prestress the joint
and gap elements together, which were evenly spaced along the height of the interface and
used to represent the grout (at the beam–column interface) behavior [17–21].

Refined Solid Model: In this approach, concrete members are modeled using solid
elements. Ordinary reinforcement and prestressing tendons are modeled with truss or beam
elements. At the connections, the reinforcement elements are either rigidly connected to
the concrete elements or connected using interface elements to simulate bond-slip behavior.
The initial prestress is also commonly applied via the temperature-induced contraction
method or the initial stress method [15,22–26]. The main advantage of this model type
is its ability to establish a highly detailed representation of the connections, where all
components are explicitly modeled. However, its drawbacks include complex model
construction, lower computational efficiency, and less robust numerical stability.

In MSM, the number of springs significantly influences the model’s accuracy. To
enhance accuracy, it is generally necessary to configure a sufficient number of springs.
However, this leads to a substantial increase in the number of model elements, which com-
promises computational efficiency and stability [16,19,27]. The conventional multi-spring
models often determine the location and mechanical properties of interface springs through
purely mathematical integration schemes (e.g., Gaussian, Lobatto). This approach suffers
from two fundamental deficiencies:

1. Lack of Physical Clarity: The springs lack a direct correspondence to identifiable
physical mechanisms (e.g., concentrated compression zone, discrete shear transfer).
This obscures the model’s interpretation and hinders its utility for guiding design.

2. Numerical Inefficiency: The proliferation of springs required by these methods often
leads to numerical instability and significant computational cost, limiting the model’s
practicality for large-scale or dynamic analysis.

Therefore, a critical scientific problem remains: How to develop a multi-spring mod-
eling framework that moves beyond mathematical abstraction to one grounded in clear
physical mechanics, while simultaneously achieving superior computational robustness
and efficiency for prestressed precast connections?

The overarching goal of this study is to develop, validate, and demonstrate a
refined MSM for prestressed precast concrete connections that explicitly links the
model’s parameters to physical components and behaviors, thereby offering enhanced
interpretability, numerical stability, and computational efficiency compared to existing
integration-based approaches.

The proposed refined MSM that utilizes only two compression-only spring elements
to simulate the mechanical behavior of the compression zone at the interface, with a clear
physical interpretation, and significantly improves computational efficiency. A section
analysis method is employed to determine the positions and weighting factors of the
two gap elements. Numerical simulations of multiple tests demonstrate that the results
closely match experimental data in terms of overall mechanical performance, mild steel
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reinforcement strain, prestressed tendon stress, and the center of compression. These
findings confirm the validity of the proposed model.

2. Methodology
2.1. Methodological Scheme

Problem Definition and Scoping

(1) Objective: To develop a mechanically clear and computationally efficient MSM for
prestressed precast concrete connections.

(2) Scope Definition: The model focuses on simulating the key behavioral aspects of
the connection, including the concrete compressive zone, the unbonded prestressing
tendon, and the interface shear transfer.

Critical Review of Existing Approaches

(1) Analysis of Conventional Multi-Spring Models: Examine models that use Gaus-
sian/Lobatto integration to determine spring locations and properties. Identify their
core limitations:

(2) Lack of Physical Meaning: Spring Distribution and properties are derived mathemati-
cally, not from physical material behavior.

(3) Numerical Instability: A relatively large number of springs is required to obtain
sufficiently accurate analysis results. However, an excessive number inevitably in-
creases model complexity, raises modeling workload, and introduces computational
convergence issues.

Identification of Research Gap: The need for a model where spring location and
properties are directly linked to the connection’s physical mechanics, with the goal of
achieving the most accurate calculation results with the fewest springs.

Conceptualization of the proposed Model

(1) Core Innovation: Replace the numerous, mathematically defined springs with a
minimal set of macro-scale springs, each with a distinct physical role.

(2) Spring System Definition: This paper develops a section analysis method (SAM) to
determine the distribution of the spring and the mechanical property for each gap
element is derived from the mechanical property of the scope of concrete it represents.

The key steps of the model development are shown in Figure 1. The detailed modeling
methodology is described below.

Figure 1. The key steps of the model development.
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2.2. Principle

The opening and closing of the beam–column interface under external forces, as the
HBC undergoes deformation, is the primary cause of structural nonlinear behavior.

The nonlinear behavior of HBC is primarily generated by the opening/closing of its
contact interfaces. Therefore, the model must be capable of accurately simulating the stress
and strain distribution at the joint interfaces. The length of the inner lever arm (distance
from reinforcement to compression center) at the contact interfaces should be accurately
simulated, which is proportionate to the capacity of HBC. With increasing loading, the
neutral axis moves from infinity into the contact interface and decreases in size with
increasing gap opening; finally, with the crushing of the edge concrete, the compression
zone increases in size. Figure 2 shows that two gap elements in the compression area (the
proposed model in this paper, hereinafter referred to as model 2) can simulate the shift in
the neutral axis more accurately than one gap element (model 1). In model 2, with two
suitable locations and mechanical property gap elements, the simulated neutral axis firstly
moves from outside the contact interface into the contact interface, and the compression
center moves downward into the scope between F1 and F2; with the loading increasing,
the F1 begins to decline, and the compression center begins to move upward (shown in
Figure 2c). The key to model 2 lies in defining the positions and weightings of the two gap
elements to accurately simulate the mechanical performance of the contact surface and the
position of the compression center.

2.3. Section Analysis Method for Distribution and Mechanical Property of the Gap Elements

The key to the proposed model lies in how to define the positions and weightings of the
two gap elements to accurately simulate the mechanical performance of the contact surface.

In reference [19], Gaussian integration and Lobatto integration are used to determine
the spring positions and mechanical properties. However, this method, which relies solely
on mathematical derivation to determine the spring positions and mechanical properties,
lacks clear physical significance. Additionally, it requires the setup of three or more pairs
of springs. An excessive number of springs will inevitably increase the complexity of the
model and lead to numerical stability issues.

To accurately simulate the variation in the height of the compression zone on the
contact surface of the connection during forward loading, this paper develops a section
analysis method (SAM), which is developed based on the cross-section analysis method
proposed in Reference [28]. This program can solve for the bending moment capacity and
the height of the compression zone of the contact surface under a given rotation angle.

 
(a) 

Figure 2. Cont.
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Figure 2. Shift in the compression center (numerically simulated); (a) model 1 (one spring for compres-
sion zone); (b) model 2 (two springs for compression zone); (c) position of compression center.

The SAM employs the section strip analysis method (Figure 3) to analyze the mechanics
of the contact surface. Based on the mechanical properties of steel reinforcement and
concrete, force equilibrium and moment equilibrium are utilized to analyze the sectional
stress state.

 
Figure 3. Schematic diagram of section strip division.

The procedure is as follows (Figure 4):
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Figure 4. Flowchart of the SAM.

After determining the height of the compression zone, the position of the resultant
force point in the concrete compression zone is solved using the following method:

Assuming the rotation angle of the beam–column contact surface is θ (Figure 5), the
compression zone is divided into n equal segments, with the height of each segment
denoted as h1, h2, h3, . . ., hi, . . ., hn. The distance from the center point of each segment to
the neutral axis is C1, C2, C3, . . ., Ci, . . ., Cn, and the deformation development range of
each segment is Lp (plastic zone length). The strain of each segment is then given by the
following:

εi = Ci · θ/Lp (1)

Figure 5. Force diagram of the compression zone of the contact surface.

Once the strain is known, the stress can be determined based on the uniaxial constitu-
tive relationship of concrete.

Fi = F(εi) (2)
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The resultant force of the compression zone is calculated as follows:

F = b ·
n

∑
i=0

Fi · xi (3)

where b denotes the width of the beam section at the joint.
The resultant moment is given by the following:

M = b ·
n

∑
i=0

Fi · xi · Ci (4)

The distance from the point of resultant force to the neutral axis is as follows:

x = M/F (5)

The plastic hinge length at the beam end is taken as h/3 [29]. The constitutive re-
lationship of concrete is modified to account for the confining effect of stirrups, and the
stress–strain curve of confined concrete is determined with reference to [30]. Using the
aforementioned algorithm, the variation in the height of the concrete compression zone
and the relationship between the position of the resultant force in the concrete compression
zone (distance from the beam bottom) of the contact surface and the rotation angle are
calculated, as shown in Figure 5.

The SAM is used to determine the position of the height of the compression zone and
the resultant force. The minimum distance from the resultant force point of the compression
zone to the bottom edge of the section is assumed to be h1, and the position of the neutral
axis at the maximum sectional deformation (θ = 0.05) is h2.

In the model, the minimum distance from the resultant force point of the compression
zone to the bottom edge of the section corresponds to the location of spring C7-B7. There-
fore, this spring is positioned at h1. Since the spring represents the mechanical properties
of the concrete within the area centered at its location, it represents the concrete within the
area extending to a distance of 2h1 from the bottom.

The maximum height of the neutral axis is h2. Thus, the total area represented by
springs C6-B6 and C7-B7 corresponds to the concrete within the area extending to a distance
of h2 from the bottom. The distance from spring C6-B6 to the bottom edge of the section is
calculated as follows (shown in Figure 6):

(h2 − 2h1)/2 + 2h1 = h1 +
h2

2
(6)
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Figure 6. Determination of the position of gap elements: (a) section analysis results; (b) distribution
of springs.
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The mechanical property of each gap element is derived from the mechanical property
of the scope of concrete it represents. Details of the model will be introduced in Section 2.2.

3. Experiment and Numerical Model
3.1. Experiment

Tests were conducted on four specimens of Unbonded Post-Tensioned Precast
beam–column connections [4]: two exterior precast connections and two interior pre-
cast connections. The model is shown in Figures 7 and 8. Reinforcement information
is in Table 1. Quasi-static tests were carried out to investigate the hysteretic behavior,
stiffness, bearing capacity and deformation capacity of the beam-to-column dry connection
assembled by post-tensioned tendons under slow reversed cycle loading.

(a) 

 
(b) 

Figure 7. Cont.
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(c) 

(ii) Interior Connection Top View 

(i) Interior Connection Side View 

Figure 7. Connection specimens: (a) interior connection; (b) exterior connection; (c) reinforcement drawing.

  
(a) (b) 

Figure 8. Connection test: (a) specimen fabrication; (b) specimen loading.

Table 1. Test specimens.

Connection
Type

Specimen
Name Slab Steel Bending

Steel Shear Steel Length of Unbonded
Mild Steel (mm) Unbonded PT

Interior
A2 12C6 3C22 -- 360 (inside column) 4Φs15.2

A3 12C6 3C22 -- 120 (outside column)
(10% weakened) 4Φs15.2

Exterior
B2 12C6 3C16 3C14 360 (inside column) 4Φs15.2

B3 12C6 3C16 3C14 120 (outside column)
(10% weakened) 4Φs15.2

3.2. Numerical Model

The proposed numerical model was developed using OpenSees 3.3.0 [31], as shown in
Figure 9.

(1) Zero-length elements with compression-only material properties (gap elements) are
adopted to simulate the opening/closing behavior of the contact interface.

(2) Truss element with STEEL02 [32] material (assigned initial strain), which takes
isotropic hardening and Bauschinger effect into consideration, is used to simulate PT.

(3) Distribution reinforcement in slab, energy dissipation mild-steel are all simulated by
zero-length elements using STEEL02 material. CONCRETE02 [33] material is used to
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simulate the concrete, transverse confinement effect is accounted [34]. The length of
the truss element in this model (Lmodel) is different from the actual length of unbonded
reinforcement in test (Ls), so the material properties and area of the elements require
modification (Kim, 2002) [18] using Formula (7).

A1 = A0Lmodel/Ls, f1 = f0Ls/Lmodel (7)

where A1, f1 are the area and yielding strength of the mild steel in the numerical
model; A0, f0 are in test.

(4) Vertical coupling restraint is applied to limit the shear slip between C5 and B5, ne-
glecting shear slip between the precast beam and column.

(5) In the links of C2-B2 and C10-B10, two elements are used: one zero-length element
(assigned Concrete01 material with compression-only material properties) to simulate
the contact interface and one zero-length element to simulate the behavior of rebar in
the slab.

(6) Two zero-length elements are used to model the compressive behavior of the contact
interface and mild energy dissipation steel for C3-B3 and C11-B11 links.

(7) Shear reinforcement in exterior connections is simulated by a zero-length element
(assigned Hysteretic material) between C4 and B4. Noting that the bond length
of shear reinforcement is 15d (d is the diameter of rebar), which is shorter than the
anchorage length, the force-displacement relation of the zero-length element is derived
from the bond–slip relation between concrete and rebar.

F = πd × τ0 × 15d = 15πd2 × f (s) (8)

where s stands for slip displacement, and f (s) is the bond–slip relation between
concrete and rebar [35].

(8) In the links of C6-B6, C14-B14, C7-B7, and C15-B15, zero-length elements with
compression-only material properties (gap elements) are used to simulate the contact
interface. According to the section analysis method, the minimum position of the
compression center is 56 mm (take A3 for example); setting gap element 1 (Figure 10)
at this position simulates the compressive zone with 112 mm high at the bottom
of the contact interface. (C6-B6, C14-B14) is designed to simulate the rest concrete
when the scope of the compressive zone exceeds the representative scope of gap
element 1. For A3, the position of gap element 2 is (188 − 112)/2 + 112 = 150. Where
188 mm is the calculated height of the compression zone using the section analysis
method (shown in Figure 10). The mechanical property for C6-B6, C14-B14, C7-B7,
and C15-B15 is derived from the mechanical property of the scope of representa-
tive concrete element with the length of h/3 (the length of the plastic zone is h/3
(Chong et al., 2012) [29], where h is the beam section height). The length of the truss
element in this model (Lcmodel) is different from the actual length of the plastic zone, so
the material properties and area of gap elements require modification (Kim, 2002) [18]
using Formula (9).

Ac = 3Ac0Lcmodel/h, fc(ε) = fc0(ε)h/(3Lcmodel) (9)

where Ac, fc(ε) are the area and constitutive relationship of the concrete material in
the numerical model; Ac0, fc0(ε) are in test.

(9) Figure 11 shows the position of gap elements between C2-B2, C10-B10, C3-B3, and
C11-B11. The mechanical property of the gap elements is derived from the mechanical
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property of the representative concrete. The rest scope of the interface is simulated by
the gap elements between C5-B5 and C13-B13.

(a) 

 
(b) 

Figure 9. Numerical model: (a) exterior joint; (b) interior joint.

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0

50

100

150

200

250

300

350

400

H
ei

gh
t o

f c
om

pr
es

si
ve

 z
on

e 
(m

m
)  Height of compressive zone

 Height of compressive center

Rotation (rad)

56

18
8

   
(a) (b) (c) 

Figure 10. Position of the gap elements (C6-B6, C14-B14, C7-B7, and C15-B15): (a) section analysis
results; (b) distribution of gap elements; (c) plastic zone.

 

Figure 11. Position of the gap elements (C2-B2, C3-B3, C10-B10, C11-B11).
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4. Experimental Validation
4.1. Validation of Skeleton Curves

As can be seen from Figure 12, the skeleton curve of the exterior joint is asymmetric.
This is due to the asymmetric reinforcement in the upper and lower parts of the beam
section. For the interior joint, although the reinforcement in the upper and lower parts of the
beam section is asymmetric, the overall reinforcement is symmetric when considering both
the left and right sides under column-top loading. Therefore, the skeleton and hysteretic
curves of the interior joint exhibit symmetric characteristics.
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Figure 12. Validation of the proposed model: skeleton curves: (a) A2; (b) A3; (c) B2; (d) B3.

The test and calculation results for exterior joints B2 and B3 reveal the following
features: Due to the effect of prestressing, the joint exhibits elastic behavior before cracking
at the interface. After the interface cracks, the sectional stiffness decreases. During positive
loading (where the upper reinforcement of the section is in tension), since the prestressed
tendons are located in the middle and lower parts of the section, the cracking moment at
the interface is relatively small. After cracking, due to the contribution of the ordinary
reinforcement and the slab distribution reinforcement, the joint’s stiffness does not decrease
significantly but gradually reduces until the reinforcement yields. During negative loading
(where the upper reinforcement of the section is in compression), since the prestressed
tendons are located in the middle and lower parts of the section, the cracking moment at
the interface is larger. After the section cracks, the neutral axis shifts upward, resulting in a
significant reduction in sectional stiffness.

Under positive loading, as the bending moment increases, the stress in the ordinary
reinforcement gradually increases, subsequently yielding and entering the strain-hardening
stage. Throughout this process, the joint’s load-bearing capacity continues to increase until
the concrete in the compression zone reaches its maximum compressive capacity. After this
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point, the compressive capacity of the concrete enters the descending branch, the resultant
point of the compression zone moves upward, the lever arm between the tensile and
compressive resultants decreases, and the joint’s load-bearing capacity begins to decline.

Under negative loading, because the prestressed tendons do not yield and due to the
contribution of the slab, the height of the concrete compression zone is relatively small and
less prone to crushing. Even under large deformations, the joint’s negative load-bearing
capacity continues to increase until the concrete in the compression zone eventually crushes,
leading to a slight decline in the negative load-bearing capacity.

4.2. Validation of Hysteretic Behavior

Due to the prestressing tendons remaining essentially in the elastic state, the hysteretic
curves of the joints exhibit a significant pinching effect. For the exterior joints, no residual
deformation is observed during negative loading, while the interior joints overall display
a pronounced pinching effect. The ordinary reinforcement is arranged in the upper part
of the joint. During loading, after the ordinary reinforcement yields and enters the plastic
state, it provides a strong energy dissipation capacity. Therefore, under positive loading,
the hysteretic curves of the joints enclose a larger area, indicating higher energy dissipation
capacity. Under negative loading, the prestressing tendons remain elastic, resulting in
limited energy dissipation capacity. Consequently, the area enclosed by the hysteretic
curves is relatively small, reflecting lower energy dissipation capacity.

As can be seen from Figure 13, under positive loading, the multi-spring model calcu-
lates the joint bearing capacity in better agreement with the test results. This indicates that
the compressive spring skeleton curve derived in this study can accurately simulate the
failure mechanism of the concrete in the compression zone. Under negative loading, the
calculated bearing capacity is comparable to the test results, but the occurrence position
shows some discrepancy. Overall, the hysteretic curves calculated by the model agree well
with the experimental results.
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Figure 13. Validation of the proposed model: hysteretic behavior: (a) A2; (b) A3; (c) B2; (d) B3.
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4.3. Validation of the Stress of PT

To further investigate the accuracy of the model, the calculated stresses in the pre-
stressing tendons were compared with the experimental results, as shown in Figure 14. As
can be seen from Figure 14, the calculated results for joints A2 and B3 show good agreement
with the test data, while some discrepancies exist between the calculated results and the
test data for joints A3 and B2. Overall, the calculated stresses in the prestressing tendons
match the experimental results well.
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Figure 14. Validation of the proposed model: stress of prestressed tendon.

4.4. Validation of the Shift in Compression Center at Contact Interface

To further validate the accuracy of the analytical model, this study takes joints A3 and
B3 as examples to compare the calculated and experimental values of the compression zone
height during positive loading.

Using test data, including the moment of the interface, stress of prestressed tendon,
and rotation of the interface, the position of the compression center and stress of mild
steel are calculated according to force equilibrium and moment equilibrium on the contact
surface. The whole procedure can be summarized as follows.

1. Impose a rotation θ, and obtain the moment M0 based on test results (Figure 15);
2. Guess an initial neutral axis position; calculate the strain of concrete in the compression

zone using the section analysis method, evaluate corresponding compression force Fc,
and calculate the position of compression center C0;

3. Calculate the tensile force of the prestressed tendon Fp according to the section rotation
and measurement;

4. Calculate the tensile force of mild steel based on the section equilibrium.

Fy = Fc − Fp

5. Evaluate moment capacity;

M = Fy
(
C0 + Cy

)
+ Fp

(
C0 + Cp

)
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Cy, Cp are the distances from the neutral axis to the mild steel and prestressed tendons,
respectively;

6. Does M = M0?
Yes, Go to Step 7;
No, Revise neutral axis position and go to Step 2.

7. End.
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Figure 15. Rotation of the contact interface and stress of PT. (a) A3 test; (b) B3 test.

Figure 16 presents the experimental and calculated results of the compression zone
height for joints A3 and B3. As shown in Figure 15, the proposed model can effectively
simulate the process where the height of the compression zone at the contact interface
initially decreases to a minimum and then increases with the growing drift angle. The
simulated compression zone height shows good agreement with the experimental results.
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Figure 16. Comparison of the compression center position between simulation and test. (a) A3;
(b) B3.
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4.5. Comparison of Different Models

The proposed model in this paper was compared with other commonly used models in
terms of computational efficiency, model complexity, computational efficiency, simulation
of neutral axis position, and simulation of compression zone height. The comparison results
are shown in Table 2.

Table 2. Comparison between the proposed model and other models.

Indicator Proposed Model Plastic Hinge Model Traditional MSM Solid Model

Computational
Accuracy High

Low (cannot reflect the actual
mechanical mechanism of

the structure)

Increases gradually with the
number of springs High

Model
Complexity Simple Simple

Increases gradually from
simple to complex as the

number of springs increases
Complex

Computational
Efficiency High High Decreases gradually as the

number of springs increases

Low (suitable only for
component-level

simulation, difficult for
global structural analysis)

Neutral Axis
Variation Accurate Unable to simulate Simulation accuracy improves

with more springs Accurate

Compressive
Zone Height Accurate Unable to simulate Simulation accuracy improves

with more springs Accurate

5. Conclusions
This paper investigates the stress state at the contact surface of prestressed precast

beam–column joints and establishes a multi-spring analytical model, where two compres-
sion springs are used to simulate the mechanical behavior of the compression zone at the
contact surface. An SAM for the contact surface was developed to determine the height
of the compression zone and the location of the resultant force point, thereby defining the
positions and mechanical properties of the springs to accurately simulate the stress state
of the contact surface. The proposed model was applied to numerically analyze four test
specimens. The results indicate the following.

The load-bearing capacity of the specimens analyzed using the proposed model
correlates well to the experimental results. Under positive loading, the calculated hysteretic
curves show good agreement with the test results, whereas under negative loading, some
discrepancies are observed, primarily manifested as smaller enclosed areas of the calculated
hysteretic curves and lower energy dissipation capacity. The calculated stresses in the
prestressed tendons generally align well with the experimental results.

The compression zone height of the specimens under positive loading was simulated.
The results demonstrate that the proposed model can effectively capture the process where
the compression zone height at the contact surface initially decreases to a minimum and
then increases with the increasing displacement angle. The simulated compression zone
height matches well with the experimental results.

In summary, the proposed model can accurately simulate the mechanical behavior
of HBC using a relatively small number of elements. It particularly excels in capturing
the mechanical mechanisms and load-bearing performance of the interface under loading,
providing a scientific analytical method for the precise simulation of such joints. With its
simple construction, high computational efficiency, and strong accuracy, the model offers
significant advantages in simulation precision and computational stability compared to
conventional engineering models (such as the plastic hinge model and ordinary MSM),
making it well-suited for practical engineering applications.
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